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ABSTRACT
From a One-Health concept the health of humans, animals and the environment is
interconnected and what happens to one of the domains will affect the other two
simultaneously. This concept can be applied not only to the transmission of bacterial
infectious diseases but also to the transmission of antibiotic resistance. While bacterial
infectious diseases caused by water-borne pathogens are still a leading cause of morbidity
and mortality worldwide, the development and spread of antibiotic resistant bacteria is
threatening human health like never before. If we are not able to control the generation and
spread of antibiotic resistant bacteria, in the near future thousands of people will die of
infections that were treatable before. The relationship between human and animal health
has been widely studied before but the environment is usually set aside minimizing the
impact and effect of contaminated environments on human and animal health.
Contaminated water environments represent a suitable place for the accumulation, spread
and transmission of pathogenic and antibiotic resistant bacteria. In that sense, water
environments are good interfaces where the transfer of antibiotic resistance determinants
between bacteria might occur. Hence water environments might represent a good place for
the surveillance of pathogenic bacteria and antibiotic resistance. In this thesis we aimed to
characterize pathogenic and non-pathogenic bacterial communities as well as antibiotic
resistant bacteria and antibiotic resistance genes in highly contaminated rivers in La Paz
and Oruro in Bolivia as well as in a waster water pump at a suburban community in Oslo.
We also aimed to evaluate the potential of bacterial communities from contaminated water
environments to transfer antibiotic resistance determinants to E. coli and test the effect of
heavy metals in the occurrence and transfer of antibiotic resistance. We found high
prevalence of enterobacteria, pathogenic E. coli and other diarrheal bacteria in water,
agricultural soil and vegetables from an urban-impacted basin in La Paz, Bolivia (Paper I).
Moreover, we repeatedly found the globally distributed and multi-drug resistant E. coli
sequence types ST131 in Norway and ST648 both in Bolivia and Norway showing the
important role of the environment for the dispersion of pathogenic and antibiotic resistant
bacteria (Paper I and II). Additionally, we proved a high capability of bacterial
communities from contaminated water environments to transfer antibiotic resistance
determinants to E. coli. We showed that presence of metals such as ZnSO4 and CuSO4 in
conjugation experiments might favor the transfer/acquisition of more diverse phenotypic
multi-drug resistance profiles and mobile genetic elements carrying higher diversity of
genes including extended spectrum beta-lactamases and other relevant genes conferring
important advantages to the bacterial host (Paper III). Bacterial donors from contaminated
irrigation water transferred a high diversity of antibiotic resistance determinants at
considerable levels showing the potential risk of transmission of antibiotic resistance to
human populations by contaminated irrigation water and vegetables (Paper III). We did not
find significant associations between metal composition, bacterial communities and the
abundance of selected antibiotic resistance determinants in acid mine drainage
contaminated watersheds in Oruro, Bolivia (Paper IV).
Keywords: Water environments, diarrheal bacteria, Escherichia coli, antibiotic resistance,
heavy metals, acid mine drainage.
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1 INTRODUCTION
1.1

ONE-HEALTH: HUMAN-ANIMAL-ENVIRONMENT

The One-Health concept sustains the idea of an interconnection between the health of
humans, animals and the environment where each interface affects the other two in a cyclic
way. This interconnection has been highly associated with the dispersion and transmission
of infectious diseases and antibiotic resistance in human populations1,2. For this reason, it is
crucial to approach these public health issues studying the three different interfaces and
their links. While the relationship between human and animal health has been commonly
studied especially for infectious diseases1,3,4, we know less about the impact of
contaminated environments and ecosystems on human and animal health2, in particular if
we talk about antibiotic resistance5,6.
In the environment, water, soil and air compartments can be contaminated with infectious
and antibiotic resistance bacteria coming from human and animal discharges. Thus,
contaminated drinking or irrigation water, vegetables and agricultural soils as well as
aerosols can lead to transmission of infectious diseases and antibiotic resistant bacteria
(ARB) to humans and animals7,8. Figure 1 depicts the complex transmission network of
antibiotic resistance between the three main domains inside the One-Health concept.
Moreover, in low- and middle-income countries the lack of hygiene and sanitization
practices as well as lack of safe water and the unregulated agricultural practices exacerbate
the problem9,10. This is a situation that is predicted to worsen due to climate change effects
in the upcoming years2. For this reason, many countries have started to tackle antibiotic
resistance with a One-Health overview, recruiting specialists from the clinical, veterinary
and environmental areas to perform surveillance and prevention studies11,12.

Figure 1. Antibiotic resistance transmission routes between humans, animals and the
environment. Rights to reprint by Elsevier7.
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1.2

WATER AND HUMAN HEALTH

Water is a priceless natural resource, essential for the existence of all living organisms. In
the case of humans, the access to safe water sources can make a significant difference
between health and disease. Our daily activities including hygiene and sanitation practices,
the preparation of food or simply drinking a cup of coffee depend on the access to clean
water. Unfortunately, in many parts of the world the access to safe water is limited and
many people struggle walking every day during several hours only to get and bring back
home the amount of water they are able to carry13.
This is a common situation in many low- and middle-income countries where the access to
safe water is limited and rivers, lakes, wells and other water sources are highly
contaminated with fecal discharges from animal and human origin and where also the
correct treatment and disposal of waste is scarce14. Fecal contamination can include
commensal as well as pathogenic microorganisms including parasites, protozoa, bacteria
and viruses which are able to survive in the environment and be transferred to other humans
or animals by the oral-fecal pathway13,14. This phenomenon has special relevance when the
microorganism is able to cause disease in the new host. In the case of bacteria, they can be
pathogenic and cause disease as well as carry antibiotic resistance genes (ARGs) causing
antibiotic resistant infections. ARB can accumulate in the gut microbiome and they might
be able to transfer antibiotic resistance determinants to other bacteria acting as vehicles to
enrich the gut microbiota resistome15,16. At the same time the diverse members of the gut
microbiota might be able to transfer ARGs to pathogenic or opportunistic bacteria inside
our body17,18. Hence, the relevance of human and animal gut microbiota as reservoirs of
ARB and ARGs is doubtless.
Water-associated infectious diseases occur worldwide causing hospitalization of patients
and thousands of deaths annually. Approximately, 4% of total deaths around the world are
caused by water, hygiene and sanitation associated infectious diseases19-21. According to the
role of water in the transmission of the infectious disease they can be classified in five
groups: water-borne, water-based, water-related, water-washed and water-dispersed22. The
number and distribution of water-associated infectious diseases outbreaks around the world
has been highly associated with social and environmental conditions of the region where all
areas in the globe are differentially impacted by the different water-associated categories19
(Figure 2).
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Figure 2. Map with the geographic distribution of water-associated infectious diseases
outbreaks reported around the world between 1991 and 2008. Rights to reprint by PLOS
Neglected Tropical Diseases19.
1.2.1 Water-borne bacterial diseases
In the case of water-borne diseases, the pathogen uses water as a passive vehicle to spread
and infect the host. Common water-borne infectious diseases include: Typhoid fever,
Bacillary dysentery, Cholera, Hepatitis, Leptospirosis and Gastroenteritis among others14.
Gastrointestinal infections are commonly caused by pathogenic enterobacteria such as
pathogenic Escherichia coli, Vibrio cholerae, Shigella spp. and Salmonella enterica among
others. The way of transmission is generally through contaminated drinking water and food
causing dehydration, diarrhea and even death as the final outcome23. Diarrheal diseases are
one of the leading causes of morbidity and mortality worldwide. Only in 2010, 1.9 billion
cases of diarrheal infections were reported around the globe. Pathogenic bacteria were
responsible for more than 700 millions of cases and pathogenic E. coli itself caused
approximately 320 millions of infections in different age groups where children under five
years of age were highly affected24. In the year 2016 more than 1 million of deaths were
caused by diarrheal diseases around the world25.
While E. coli can be a harmless and a common commensal in the gut of humans and
animals, other types of E. coli strains that acquired colonization factors and virulence
determinants can infect humans producing intestinal and extra-intestinal infectious diseases.
Intestinal pathogenic E. coli (InPEC) is the group of strains able to cause watery, bloody
and non-bloody diarrhea in humans and is divided in five pathotypes according to their
virulence properties including: enteropathogenic E. coli (EPEC), enterotoxigenic E. coli
(ETEC), enterohaemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC) and
enteroinvasive E. coli (EIEC)26. ETEC and EPEC are the most commonly reported in
diarrheal patients world-wide24. Extra intestinal pathogenic E. coli (ExPEC) group includes
the strains producing urinary tract infections, septicemia and meningitis27. The ExPEC
sequence type ST131 has been identified as a pandemic lineage causing diverse extraintestinal infections typically multi-resistant to antibiotics28-30.
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During the last decades, diverse strains of E. coli and other enterobacteria carrying multiple
antibiotic resistance determinants have emerged causing serious infection cases in the
clinical and community settings31. Enterobacteria producing extended-spectrum blactamases (ESBLs), such as the world-wide distributed CTX-M group of enzymes are of
particular concern and also considered pandemic being isolated from human, animal and
environmental samples32-34.
Once bacteria face an oligotrophic water environment, they can remain viable and persist
for extended periods of time. In water compartments, bacteria are able to survive and even
grow35-37. Such bacteria might remain infectious and could potentially transfer genetic
material to other bacteria. Many studies have probed the presence of diarrheal pathogens
such as ETEC in drinking water tanks in countries with high incidence of diarrheal diseases
like Bangladesh35,38. ETEC has also been detected tightly attached to vegetables by means
of flagella reflecting the risk of transmission through contaminated drinking and irrigation
water39.
1.2.2 Environmental surveillance of pathogenic and antibiotic resistant
bacteria
The value of clinical epidemiological surveillance of infectious diseases in human
populations is very well known. However, taking into account the One-Health concept and
the environment as an important and interconnected domain for the health of humans and
animals the environmental surveillance of pathogenic and antibiotic resistant bacteria might
be a useful tool to evaluate and make inferences about the prevalence of infectious diseases,
pathogenic bacteria and ARB in human populations.
Many studies have found potential associations between bacterial pathogens found in
municipal wastewater40, drinking water38 and surface waterbodies41 and the prevalence of
disease in the associated human populations. An association between antibiotic resistant
coliforms in children and their environment (animals and water) has also been reported42.
However, the environmental surveillance of ARB and antibiotic resistance has many
knowledge gaps and limiting factors that need to be addressed in order to be able to make
appropriate inferences to improve the health of humans, animals and ecosystems43. Among
the most important, we can mention the need to determine appropriate markers and
sampling areas for the evaluation of the transmission risk of ARB from the environment to
humans, the risk for antibiotic resistance evolution, and the prevalence of antibiotic
resistance in human populations43. Antibiotic resistance is underestimated in many places.
For instance, in low and middle-income countries the lack of equipment and resources for
diagnosis together with the lack of surveillance systems mask the real status of resistance.
This situation makes it difficult to draw a picture about the epidemiology of ARGs,
including resistance to last generation of antibiotics44. Interestingly, if correctly addressed
the environmental surveillance of antibiotic resistance might offer special advantages for
low-and middle-income settings contributing to the evaluation of resistance epidemiology
with low resources43.
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1.3

ANTIBIOTIC RESISTANCE

1.3.1 Origin and evolution
Antibiotics are a group of molecules able to kill bacteria or stop their growth. They have
been widely used since their discovery to treat many bacterial infectious diseases in humans
and animals saving millions of lifes and enabling us to prevent and control infectious
outbreaks, epidemics and pandemics that otherwise would have depleted human
populations45. However, the use of antibiotics and the generation of resistance go hand in
hand and the generation of resistance to every new discovered or developed antibiotic is
inevitable. Antibiotic resistance occurs when bacteria use metabolic or other defenses to
survive in presence of antibiotics and continue growing. The release of antibiotic residues
to the environment, the over use and the non-therapeutic use of antibiotics have accelerated
the generation and evolution of antibiotic resistance causing a worldwide public health
problem46.
Antibiotic resistance and ARGs are ancient47,48 and ubiquitously present in the
environment, especially in soils where diverse bacteria and fungi produce antimicrobials to
protect themselves from other microorganisms causing also a selection pressure for the
transfer and acquisition of ARGs in these microenvironments45,49. Thereby, antibioticproducing microorganisms also need a way to survive to their own attack so they
commonly carry ARGs that allow them to survive in presence of these toxicants49,50. Since
resistance genes are an intrinsic and natural system in many bacteria, it is very common to
find resistant bacteria even in places characterized for having low amount of antibiotic
usage/residues51. Once ARGs are inside the ecosystems they are easily kept with the
potential of being transferred between non-pathogenic and pathogenic bacteria of the same
or closely related species by means of horizontal gene transfer (HGT)51,52, reflecting the
implications of this phenomena for infectious diseases in humans.
Antibiotic resistance can be acquired in bacteria by mutations in target proteins and
regulatory genes, which can be transferred in a vertical way to daughter cells. However,
antibiotic resistance can also be acquired by horizontal transfer of antibiotic resistance
determinants between similar and different species of bacteria by means of mobile elements
such as plasmids, integrons and transposons45. HGT has been widely recognized as one of
the most important and crucial mechanisms for the mobilization and spread of ARGs53. The
mobilization of genetic elements carrying ARGs includes processes such as: a) conjugation
by bacterial plasmids and conjugative transposons, b) transformation by acquisition of free
DNA from the environment and c) transduction by bacteriophages53 (Figure 3). The
occurrence of these HGT mechanisms depends on different constraints and rate factors
where the conjugation and transfer of bacterial plasmids is dominant54 (Table 1).
Furthermore, multidrug resistance in bacteria has evolved by co-resistance mechanisms (coselection of multiple resistance genes within a mobile genetic element (MGE) and/or by
cross-resistance mechanisms (presence of resistance genes with a broad substrate
range)45,55.
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Figure 3. Horizontal gene transfer mechanisms for the acquisition of antibiotic resistance in
bacteria. Rights to reprint by Frontiers in Microbiology53.

Table 1. Constraints and rate factors for different horizontal transfer mechanisms of
antibiotic resistance. Table extracted from Nazarian et al. 2018 with permission from
Frontiers in Microbiology54.
Mechanism

Vector

Constraints

Conjugation

Direct cell-to-cell
contact

Only possible for conjugative and
mobilizable plasmids

Pairwise compatibility of
donor and recipient

Transformation

Free extracellular
DNA

Approximately 1% of species are
naturally transformable (i.e. able to
become competent and act as
recipients)

Competence rate of
recipient

Transduction

Transducing
phages

Donor and recipient must both be in
the host range of the transducing
phage

Size of phage population
common to donor and
recipient

Vesicle-mediated
transfer

Extracellular
vesicles

Vesicles production and uptake low
in some species

Efficiency of donor and
efficiency of recipient
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Rate Factors

The acquisition of antibiotic resistance often comes with a price that is called fitness cost.
In many cases, resistant bacteria present lower virulence and lower capability to growth
compared to the susceptible equivalents when the antibiotic is not present56. The cost is
highly dependent on the resistance mechanism involved where commonly target site and
chromosomal mutations tend to have a higher fitness cost for bacteria45. Nevertheless,
bacteria have the ability to evolve with compensatory mutations in order to reduce the
fitness cost and keep the acquired antibiotic resistance determinant56.
1.3.2 Antibiotics: mechanisms of action
Antibiotics generally target specific bacterial characteristics such as the cell wall, the cell
membrane as well as processes such as nucleic acid and protein synthesis (Figure 4).
Antibiotics targeting the synthesis of the cell wall include the large beta-lactam group
including antibiotics used for decades such as penicillin, and ampicillin and more recent
derivates such as cephalosporins, carbapenems and monobactams. b-lactams in general
bind to penicillin binding proteins (PBPs) in the cell wall and inhibit the synthesis of new
peptidoglycan leading to bacterial lysis. Glycopeptides such as vancomycin also inhibit cell
wall synthesis by interacting with peptidoglycan precursors which obstructs their binding to
PBPs57,58.

Figure 4. Mechanisms of action for the different antibiotic groups. Rights to reprint by
Journal of Anaesthesiology Clinical Pharmacology58.
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Antibiotics including tetracyclines, aminoglycosides, macrolides and chloramphenicol
among others interact with the bacterial machinery for protein synthesis, the ribosome.
They target the big (50S) or small (30S) subunits at the ribosome causing inhibition of
protein synthesis by interacting with t-RNA, stopping translation, and causing the release of
unfinished peptide chains in the bacterial cells58.
Quinolones are able to inhibit DNA synthesis by binding to the subunit A of DNA gyrase
and also to topoisomerase IV in bacteria and thereby disturbing and stoping the DNA
replication process. DNA replication in bacteria needs these two key enzymes to cut, and
release supercoiling of DNA during replication and re-join the DNA chains to continue
with the process58,59. Finally, sulfonamides and trimethoprim act by inhibiting the enzymes
dihydropteroate synthase and dihydrofolate reductase respectively, which inhibits folic acid
metabolism in bacteria58.
1.3.3 Antibiotics: mechanisms of resistance
The main bacterial mechanisms for antibiotic resistance can be grouped in three main
categories including changes in membrane permeability and efflux pumps (Figure 5a and
b), modification of the target (Figure 5c) and inactivation of the antibiotic (Figure 5d).
In Gram-negative bacteria antibiotics need to penetrate the outer membrane (OM)
composed of phospholipids and lipopolysaccharides (LPS). Antibiotics can go trough the
OM using porins, this is the case of many b-lactams, fluoroquinolones and
chloramphenicol. The aminoglycoside group of antibiotics use the mechanism of selfpromoted uptake to penetrate through the OM. Changes in porin number or size can
promote antibiotic resistance by decreasing the penetration of antibiotics and thereby limit
their ability to find their targets57. Efflux pumps can be present in Gram-negative and
Gram-positive bacteria. These are membrane proteins able to pump out of the bacterial cell
different kind of molecules such as antibiotics, metals and other drugs before they reach
toxic concentrations in the host. Efflux pumps can vary in specificity and while some have
very specific substrates to pump out of the cell some other have a broad range of action and
are able to transport a big variety of molecules. Such efflux pumps are denominated multidrug efflux pumps. Changes in regulatory genes and overexpression of efflux pumps
proteins can promote antibiotic resistance in bacteria especially for antibiotics such as
fluoroquinolones, macrolides and tetracycline which need to get into the cell to be able to
exert their action57,58.
Modification of the target is a very effective resistance mechanism in bacteria that occur by
mutations that cause significant changes in the binding sites and prevent the affinity
between the antibiotic and the target. Sometimes bacteria can express these mutations
without altering the normal functioning of the cell but is also common the need of extra
compensatory mutations to maintain all bacterial systems running and express antibiotic
resistance at the same time57. This mechanism promote resistance to b-lactams by
alterations in the active domain of PBPs, to antibiotics interfering with protein synthesis
(tetracyclines, aminoglycosides, macrolides, etc), by mutations in the subunits (30S and
50S) of the ribosome to prevent binding and finally to quinolones by mutations in the
enzymes involved in DNA replication, DNA gyrase and topoisomerase IV, hence
preventing their inhibition and protecting the acid nucleic metabolism in bacteria57,58.
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Antibiotic inactivation is a widely spread mechanism of antibiotic resistance in Grampositive and Gram-negative bacteria. This mechanism consists in the production of
enzymes capable to inactivate the antibiotic by hydrolysis or by group transfer. The widely
known enzymatic group of b-lactamases hydrolyze the b-lactam ring thus causing the
degradation and complete inactivation of beta-lactams (penicillins, cephalosporins,
monobactams and carbapenems)57. More than 300 different b-lactamases have been
reported and they are divided in four groups A (penicillinases), B (metallo-b-lactamases), C
(cephalosporinases) and D (oxacillinases)58. The presence of b-lactamases such as ESBLs
and carbapenemases especially in members of the Enterobacteriaceae family is causing
serious problems worldwide when treating bacterial infections since they are able to
inactivate almost all available beta-lactams including cephalosporins and carbapenems,
which are considered last resort antibiotics32,60. The inactivation by group transfer is caused
by transferases that are able to transfer adenylyl, phosphoryl or acetyl groups to the
chemical structure of antibiotics such as aminoglycosides, macrolides, chloramphenicol and
others. In this way bacteria get resistance because the modified antibiotic is unable to work
and bind to the target.57

Figure 5. Antibiotic resistance mechanisms in Gram-negative bacteria. Rights to reprint by
Springer Nature6.
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1.3.4 Metals and antibiotic resistance
Metals and biocides have a long history of antibacterial usage in the human civilization.
However, even if high levels of biocides and metals may initially suppress bacterial growth
it could actually increase the spread of ARGs resulting from co-resistance and crossresistance mechanisms45,55 (Figure 6). Metals such as copper (Cu), zinc (Zn), mercury (Hg),
arsenic (As) and silver (Ag) have been associated at different levels with the occurrence
and mobilization of ARGs in the environment45,61. Due to the possibility of co-existence of
antibiotic and metal resistance genes in the same MGE; there might be a possibility of
increased antibiotic resistance occurrence and mobilization by means of metals selection62.
There is an overlap between known mechanisms for metals and antibiotic resistance, such
as those for copper and tetracycline, copper and ciprofloxacin, and arsenic and β-lactams55.
A study of the coexistence of antibiotic residues, metals and ARGs in manure and
agricultural soils in China showed that the occurrence of ARGs for sulfonamides and
tetracycline was strongly correlated with metal content indicating the effect of long-term
selection pressure by metals since they are able to accumulate in ecosystems and persist
during long periods of time62.

Figure 6. Co- and cross-resistance mechanisms promoting the co-selection and spread of
antibiotic and metal resistance in bacteria. Co-regulation and co-expression occur when the
expression of antibiotic and metal resistance is regulated by common regulatory units.
Rights to reprint by Elsevier45.
Metals exert their bactericidal effect on bacteria by producing reactive oxygen species
(ROS), altering membrane permeability and function as well as causing DNA damage by
their genotoxic action. Bacteria have developed mechanisms of resistance/tolerance to
metals, some of them similar to antibiotic resistance mechanisms. The most importan
mechanisms for metal resistance in bacteria include reduced uptake, efflux pumps, intraand extra-cellular sequestration, damage repair, metabolic by-pass and chemical
modification63 (Figure 7).
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Figure 7. Mechanisms for metal resistance in Gram-negative bacteria. Rights to reprint
by Springer Nature 63.
1.4

ANTIBIOTIC RESISTANCE IN THE ENVIRONMENT

Antibiotic resistance development has been potentiated by the release of antibiotic residues
and ARB from municipal, agricultural and pharmaceutical sectors to the environment
including watersheds and soils. ARB might also be transferred from the environment to
human and animal populations by consumption of contaminated water or food64 (Figure 8).
Many studies have shown that the release of antibiotics at sub-lethal concentrations into the
environment might promote the transfer and dissemination of antibiotic resistance
determinants64-66. Besides, metals and bioides are also released to the environment at sublethal levels and this might impose a risk of selection and transfer of antibiotic resistance by
co- and cross-resistance mechanisms55,66.
Different environmental compartments have been recognized as important reservoirs of
ARB and ARGs including urban watersheds and sewage systems, agricultural soils and
heavy metal contaminated environments. However, a better understanding of the evolution,
mobilization, transfer and dissemination of ARB and ARGs in the environment is needed in
order to understand in depth the role of the environment in the appearance of antibiotic
resistance in clinical and community settings67. Prevent the formation of environments that
promote the selection and dissemination of ARB and ARGs as well as avoid the
transmission of ARB and ARGs to human and animal microbiota are crucial to mitigate the
development and dissemination of antibiotic resistance67.
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Figure 8. Ecology of antibiotics and antibiotic resistance in humans, animals and the
environment. Rights to reprint by Springer Nature64.
1.4.1 Antibiotic resistance in urban watersheds and wastewater
Urban watersheds, specially in low- and middle-income countries, might face
contamination problems associated with sewage discharge and runoff from surrounding
contaminated areas. This can result in high levels of fecal bacteria, which might affect the
quality of recreational and drinking water, deteriorate the quality of ecosystems, and cause
high risk for waterborne infection diseases in humans68. In many urban settings, watersheds
and soils receive a heavy discharge of contaminants including municipal, agricultural and
industrial residues. As expected, a big part of the contaminants are bacteria from human
and non/human origin. In that sense, urban watersheds and aquatic sediments are good
places for the dissemination and accumulation of pollutants, ARB and ARGs. They also
represent environmental compartments where transfer of antibiotic resistance might
occur5,69.
Waste water and waste water treatment plants (WWTPs) have been largely recognized as
reservoirs of ARB and ARGs as well as a good scenario for HGT. Municipal and hospital
waste waters are an important supplier of ARB and ARGs to the environment, and in
WWTPs they merge with higher numbers of other pathogenic/non-pathogenic bacteria from
different origins and generally in presence of sub-lethal levels of antibiotics, biocides and
metals. This complex mixture between bacteria and agents that might promote or select for
antibiotic resistance transfer and dissemination as well as the possibility for ARGs to be
released from WWTPs to the environment show the importance to study these unique
interfaces70.
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1.4.2 Antibiotic resistance in agroecosystems
In agricultural practices like animal husbandry, high amounts of antibiotics are commonly
used involving the release of residues to the environment. This agricultural practice
involves the usage of tons of antibiotics in order to treat and prevent animal diseases62.
Countries like China, Turkey and The United States report very high amounts of antibiotics
used annually, for animal feeding and growth promotion purposes, going from 8000 to
16000 tons respectively71-73. Once antibiotics are administered to animals, residues of
different nature and ARB are excreted in feces and urine, which in turn will be used as
manure to prepare the fields for cultivation of diverse vegetables and crops for human
consumption. This is how plant agricultural products might also be affected due to an
accumulation of antibiotic residues and ARB from animal husbandry74. The irrigation of
agricultural soils and crops with contaminated water or reclaimed waster water is also
considered an important way to transfer antibiotic residues, ARB and ARGs to crops and
agricultural soils. This transfer not only affect the health of soil ecosystems but also pose
the risk of transmission of ARB and ARGs to human and animal populations by
consumption of contaminated food75.
It is clear that the misuse and overuse of antibiotics in animal husbandry together with the
use of contaminated water for the irrigation of crops are increasing the release of
antibiotics, ARB and ARGs to the environment and the food chain and this is a general and
serious problem around the world. This problem is highly associated with the global food
demand, which is predicted to rise in the upcoming years75. As an example, studies about
the occurrence and accumulation of antibiotic residues in soil, manure and vegetables
specimens from cultivated lands in China suggest that irrigation water and manure are
among the main contaminant sources posing a risk of transmission of antibiotic residues
and ARB to humans by direct consumption of vegetables74.
1.4.3 Antibiotic resistance in extreme environments: acid mine drainage
Extremely acidic environments are rare, and they are usually associated with mineral
exploitation activities. In mining places, the formation of highly acidic waters containing
metals and acid mine drainage (AMD) occurs due to the action of extremophile bacteria
and Archaea that oxidize metal sulphides keeping these extreme conditions76,77.
Comparative studies of bacterial communities in acidic waters, lakes and rivers, associated
with the Iberian Pyrite Belt in Spain found genera such as Leptospirillum, Acidiphilium,
Metallibacterium, Acidithiobacillus, Ferrimicrobium and Acidisphaera as the most
prevalent in highly acidic ecosystems78.
These extreme environments are also good places for the formation of natural biofilms
which are exclusively a product of environmental conditions79,80; these complex structures
allow the sub-formation of micro-conditions inside the biofilm to offer habitats for
microorganisms less adapted81. If we talk about water bodies, biofilms allow the survival of
microorganisms that are not adapted to conditions present in the water column82. Microbial
phyla associated with photosynthetic biofilms in the highly acidic river Rio Tinto in Spain
included Alpha, Beta and Gammaproteobacteria, Nitrospira, Actinobacteria, Acidobacteria,
Firmicutes and Archaea82. Diversity studies showed that depending on the thickness,
biofilms present different prokaryotic diversity. Thick biofilms (>200 um) usually contain
higher diversity of microorganisms because they may create more diverse micro-niches for
less adapted individuals that are not able to survive in extreme conditions outside the
natural biofilm82.
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Environments with high metal content have been proposed as potential reservoirs of ARB
and ARGs that might be transferred to other non-pathogenic and pathogenic bacteria by
means or co- and cross-resistance mechanisms45,55. Due to the high levels of metals in
AMD-impacted watersheds, microbial populations residing in these extreme environments
might use resistance mechanisms such as multi-drug efflux pumps to express resistance to
metals, antibiotics and a variety of other chemicals such as disinfectants. If genes encoding
multi-drug efflux pumps and/or other genes associated with metal an antibiotic resistance
are transferred to bacterial species able to colonize humans or animals, AMD contamination
might facilitate the spread of ARB and ARGs. Indeed, a number of bacterial genera such as
Acinetobacter and Pseudomonas are recognized human pathogens as well as emerging
carriers of ARGs but they are also very well adapted to survive and live in extreme
environments such as AMDs83.
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2 AIMS
This thesis had the general aim to characterize pathogenic and non-pathogenic bacterial
communities as well as ARB and ARGs and its potential to be transmitted to other bacteria
in polluted water environments. We also aimed to evaluate the potential impact of metals in
the occurrence and transfer of antibiotic resistance determinants in human-impacted water
environments.
Specifically we aimed to:
•

Determine the presence and quantity of diarrheal bacterial pathogens in a highly
urban-impacted basin in La Paz, Bolivia and to characterize multi-drug resistant
bacterial isolates extracted from this basin in a previous study for presence of
ESBLs and carbapenem resistance genes. (Paper I)

•

Characterize the phenotype, antibiotic resistance profile and genotype of E. coli
isolates extracted from a waste water pump station in a suburban community in
Norway by the PhP-AREB method and whole genome sequencing. (Paper II)

•

Evaluate the potential of bacterial communities from contaminated water in an
urban and agricultural area to transfer antibiotic resistance determinants to an easy
traceable lab recipient. Evaluate the impact of metals such as ZnSO4 and CuSO4 on
the transfer frequency of antibiotic resistance and on the diversity, richness and
abundance of unique multi-drug resistance profiles (MDRPs) obtained from
conjugation experiments. (Paper III)

•

Characterize the microbial communities and the presence of metals, antibiotics and
biocides in AMD-impacted water environments in Bolivia to evaluate the
association of all tested parameters with a focus on metals with the ocurrence and
quantity of selected antibiotic resistance determinants. (Paper IV)
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3 MATERIALS AND METHODS
The materials and methods used in this thesis are explained in detail in each paper. An
overview is presented below.
3.1

DESCRIPTION OF THE STUDY AREA

The contamination of fresh water threats food security and human health especially in low
and middle-income countries where the high population growth, increased urbanization and
high malnutrition status potentiate the increased demand for sanitized water84. Annually in
Bolivia, around 870.000 diarrheal patients are in need of medical help, from which a very
representative group include children under five years of age85.
Bolivia is a low and middle-income country with watersheds around all its territory.
However, some of them are strongly polluted with chemical and biological agents. One of
the most populated cities in Bolivia is La Paz, with the principal river called Choqueyapu as
a part of the La Paz river basin. The Choqueyapu river receives discharge of different kind
of contaminants including metals and chemical compounds from factories and urban
residues such as detergents, garbage, fecal waste and hospital residues86. In the La Paz
River basin, contaminated river effluents and sludge are used for the production of crops
that later on will supply of fresh produce including vegetables like lettuce and chard to the
nearby La Paz and El Alto cities87.
The territory of Oruro in Bolivia is also highly contaminated due to the exploitation of lead,
silver, zinc and gold among other minerals. This activity generates a permanent damage in
the ecosystems and the degradation of the whole environment due to the release of different
metals and the formation of AMD88. Mine tails contain sulphide minerals and organic
products that end up in nearby waterways and cause long-term pollution problems, even
after the exploitation activities have ceased89,90. In Oruro, some of these water bodies
contaminated with mine residues are the rivers Tagarete, Poopo and Sora Sora88.
3.2

SAMPLE COLLECTION

Water, soil, rinse water of vegetables, sediment and biofilms were collected in the La Paz
River basin and in the Oruro mining district. Both sampling areas are located at the
highlands of the Andean Altiplano in Bolivia where samples were collected from several
different sampling points.
The La Paz river basin was analyzed including its main river “Choqueyapu”. Samples were
taken along the basin at four locations once a month over one year in 2014. For the
conjugation experiments described in Paper III, water samples were again taken from two
of the same sampling points located at the urban and agricultural areas at three occasions in
2016 and 2018. In Oruro samples were taken from AMD-impacted sites at one occasion in
April 2014. Samples were also collected from a community waste water pump station
outside Oslo, Norway. These samples were collected by continuous sampling over 24 hours
in tubes and then pooled. Three consecutive days were sampled each month over a period
of 15 months in 2016-2017.
The collected water samples were either filtered onto 0.45 um filters and used directly for
DNA extraction (Paper I and Paper IV) or used for culturing on selective agar plates with
subsequent collection of colonies87 (Paper II). Water samples for Paper III were centrifuged
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and the pellet containing concentrated environmental bacteria was used directly for mating
experiments. A small volume was used for selective culture as a control. DNA was also
extracted from sediment and biofilm samples (Paper IV) and from isolated
colonies/transconjugants prior to whole genome sequencing (Paper I, Paper II and Paper
III).
For water samples temperature, conductivity, pH and redox potential were measured at the
time of collection (Papers I to IV). In the case of sediments and biofilms from AMDimpacted rivers the concentration of metals, antibiotics and biocides were analyzed using
inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma
optical emission spectrometry (ICP-OES) and liquid chromatography tandem mass
spectrometry (LC-MS/MS)91 (Paper IV).
3.3

MOLECULAR BIOLOGY METHODS

The DNA samples were used for molecular studies using qPCR to quantify presence of
pathogenic and coliform bacteria (Paper I). 16S sequencing was performed to analyze
resident environmental microbiota (Paper IV). Isolates obtained from Choqueyapu,
Norwegian waste water, and transconjugants from paper III were subjected to whole
genome sequencing. For all sequencing applications we used protocols and bioinformatic
pipelines established at the Centre for Translational Microbiome Research (CTMR) at
Karolinska Institutet92 with minor modifications. The genomes were assembled, annotated
and analyzed for presence of antibiotic resistance genes and additional features including in
silico multi locus sequence typing (MLST). Bioinformatic analyses93 and programs
available
at
Center
for
Genomic
Epidemiology
(CGE),
Denmark
(http://www.genomicepidemiology.org) as well as manual blasting of contigs were used to
further characterize contigs and putative plasmids in detail.
3.4

ANTIBIOTIC SUSCEPTIBILITY TESTING

Isolates, including transconjugants, were analyzed for antibiotic resistance using the KirbyBauer Disk Diffusion Susceptibility Test94 (Paper I and III). In paper II the PhP-AREB
method was used for typing of E. coli like colonies and to determine phenotypic
resistance95. The 96-well AREB plates contain liquid media supplemented with ampicillin,
cefotaxime, chloramphenicol, ciprofloxacin, gentamicin, nalidixic acid, cefpodoxime,
tetracycline, and trimethoprim. Inoculated bacterial colonies are recorded for growth or no
growth to assess resistance and susceptibility, respectively. The PhP method simultaneously
analyze ability to ferment eleven different carbon sources in liquid media supplemented
with a pH indicator. The analysis allows a phylogenetic grouping of the analyzed isolates
based on the fermentation patterns. The resolution seems to be comparable to MLST95.
3.5

METAL TOLERANCE TESTING

Transconjugants obtained from conjugation experiments and ST648 and ST131 isolates
from Norway were evaluated for tolerance to ZnSO4 and CuSO4 using the agar dilution
MIC determination method for metals96 with some minor modifications (Paper II and Paper
III). A significant increase in the MIC value for tested isolates or transconjugants compared
to the MIC of the original recipient or control strain was defined as acquired metal
tolerance.
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3.6

CONJUGATION EXPERIMENTS

The ability of complex bacterial communities from the La Paz River basin to transfer
antibiotic resistance MGEs to an easy traceable recipient, the lab strain of E. coli CV601
was evaluated by conjugation experiments in LB media65 (Paper III). Bacterial
communities from an urban and agricultural site at the La Paz River basin were used as
donors for conjugation experiments. The lab strain of E. coli CV601 is characterized for
markers such as kanamycin (KAN) and rifampicin (RIF) resistance as well as gfp
expression97. Donors and recipients were mixed in equal amounts and placed in a Millipore
filter (0.2 um) onto solid LB media for 3 hours65. After mating incubation, the filters were
washed, ten-fold diluted and plated in Mueller-Hinton media supplemented with KAN, RIF
and the antibiotic mix sulfamethoxazole/trimethoprim (SMX/TMP) in order to select for all
recipients that got SMX/TMP resistance from environmental communities now called
transconjugants. Alternatively, conjugation experiments were performed in presence of
ZnSO4 and CuSO4 at 0.5 and 1 mM in order to tests the effect of metals on the transfer of
antibiotic resistance MGEs (paper III).
3.7

BIOFILM ANALYSIS

The isolates were analyzed for biofilm formation using Crystal violet assays, detection of
extra polymeric substances (EPS), and by colony formation on Congo red LB agar plates
without salt. Biofilm characteristics were analyzed after growth in 28 °C and 37 °C (Paper
II).
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4 RESULTS AND DISCUSSION
Pathogenic bacterial species isolated in the La Paz river basin water samples
The presence of putative pathogenic bacterial species at different locations along the La Paz
river basin in Bolivia (Figure 9) was quantified by qPCR (paper I) and simultaneously by
traditional culture methods87. For the qPCR, we used a standard curve in each run which
allowed us to determine the concentration of gene copies per volume of collected water.
This method has been used by us and others in several publications35,98,99. In general, levels
of coliform bacteria (indicative of anthropogenic contamination) determined by both
analysis of thermotolerant coliforms and qPCR in water environments are within the range
of 102-104 genomes per 100 ml99-101. In the La Paz river basin, and in particular at the
Choqueyapu River in the urban area and located close to hospital outlets (SP2), the levels
were in the range of 105-106 genomes per 100 ml (Paper I) (Figure 10). Previous studies
showed that the levels of thermotolerant coliforms obtained along the different sites in the
La Paz river basin were in the same range87. Thus, the urban site had relatively high levels
of both enterobacteria (gapA) and pathogens. The sampling sites in an agricultural area
downstream of the hospital (SP3) and from an additional tributary (SP4) also had
considerable levels of enterobacteria and pathogenic E. coli (Figure 10). Klebsiella spp.
were found at levels around 105 genome copies per 100 ml at all sampling locations
including a pristine area (SP1) located in the Altiplano above the La Paz city (Figure 11).

Figure 9. Sampling sites along the La Paz river basin for papers I and III. Rights to reprint
by SpringerPlus87.
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One of the most abundant pathogens determined by qPCR at the urban site was ETEC
carrying the LT toxin gene eltB (Figure 10). PCR analysis of colonies grown on
MacConkey plates from the same water sample collection time points confirmed high
levels of ETEC in the samples and ETEC together with Salmonella were the most
frequently found by culture87. Salmonella enterica was detected in lower numbers by qPCR
in this study (Figure 11). ETEC and other pathogenic E. coli such as EAEC and EPEC are
frequently detected in environmental and irrigation water and are believed to be waterborne pathogens102-104. We detected all E. coli pathotypes in water from at least one of the
sampling points along the La Paz river basin (Figures 10 and 11) and our results have been
corroborated by previous bacteriological and culture studies performed in the La Paz river
basin87,105. We also found that soil and vegetables from the agricultural area (SP3) harbored
the same pathogens as the irrigation water, with enterobacteria and ETEC as the most
abundant. In addition, a high incidence of diarrheagenic E. coli, including ETEC, EPEC
and EAEC was reported in clinical isolates from diarrheal patients in La Paz106 supporting
that contaminated and irrigation water might be a transmission route.

Figure 10. Quantification of enterobacteria and diarrheal bacterial pathogens in water
samples from the La Paz river basin over one year April to March. a) enterobacteria (gapA),
b) ETEC (eltB), c) ETEC (estA1), d) ETEC (estA2-4) e) EPEC/EHEC (eae), f) EAEC
(aggR) and g) Shigella spp./EIEC (ipaH). Rights to reprint by PLOS ONE34
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Figure 11. Quantification of pathogenic bacteria in water samples from the La Paz river
basin. a) EHEC (stx1), b) S. enterica (invA) and c) K. pneumoniae (ntrA).
Multi-resistant enterobacteria are present in the La Paz river basin
The cultured isolates from the river were further analyzed for antibiotic resistance by the
Kirby-Bauer disc diffusion test. Resistance against ampicillin, nalidixic acid, trimethoprim–
sulfamethoxazole and tetracycline was frequently detected87. The resistance pattern was
similar to previously reported resistance studies in pathogenic E. coli isolated from water in
the La Paz river basin105 and from clinical diarrheagenic E. coli isolates in the La Paz
area106,107.
From the previous bacteriological study with water from the La Paz river basin87, five
lactose positive colonies and five lactose negative colonies were collected from
MacConkey plates at each sampling occasion. A subset of these isolates that were resistant
to three or more of the antibiotics tested were further analyzed by PCR using primers
designed to detect ESBL and carbapenemase genes (Paper I).
PCR detected presence of ESBL genes in 5 out of 101 tested isolates. Of these five, one
isolate was lost but the remaining four were subjected to whole genome sequencing to
further characterize their genotype. Three of the isolates were E. coli while the fourth was
an Enterobacter cloacae. Analysis of the genomes by ResFinder indicated presence of
several ARGs particularly in the E. cloacae isolate and in an E. coli identified to belong to
the sequence type ST648. These two isolates were both collected from the Choqueyapu
River at the urban site (SP2). The other two E. coli isolates were assigned to ST162 and
ST410 and were isolated from soil samples in the agricultural site of the study (Paper I).
Resistance genes for tetracycline (tetA), sulfamethoxazole (sul1 and sul2), quinolones
(qnrS1, qnrB1 and AAC(6’)-lb-cr), trimethoprim (dfrA17), b-lactams (blaTEM, blaOXA-1 and
blaCTX-M-3) were found in these isolates but no carbapenem resistance genes were found.
ST648, ST410 and ST162 all belong to established or emerging multi-resistant E. coli
clones known to spread globally and to be prone to carry ESBL and carbapenemase
resistance genes such as blaCTX-M, blaOXA and blaNDM on transmissible plasmids108-110.
ST648 is a uropathogenic E. coli (UPEC) and similar to ST131, an infamous UPEC with
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increasing multi-resistance, it often carries plasmid-borne ESBL resistance mediated by
blaCTX-M-15108,111,112. The uropathogenic E. coli ST648 has also been isolated from healthy
animals and animals with urinary tract infection113,114 indicating that this sequence type can
affect both humans and animals and since we also found it in environmental samples both
in Bolivia and in sewage in Norway (Paper II) we show the importance of a One-Health
approach. The presence of these multi-resitant E. coli clones in the La Paz River water
indicated that transfer of antibiotic resistance genes might occur in these environments and
this was addressed in paper III (discussed below).
Emerging multi-resistant E. coli sequence types are present globally
The findings of high levels of both E. coli-like colonies and pathogenic E. coli in
environmental water samples as well as in waste water have been described in numerous
studies115-117. A quick and affordable method to test both the phylogenetic structure of
isolated E. coli colonies and simultaneously their antibiotic resistance pattern is to use the
PhP-AREB system developed by researchers at Karolinska Institutet95,115
(www.phplate.com). In a collaboration project with Norwegian researchers we initiated
analysis of two pheneplate types with suspected ESBL resistance that were repeatedly
found over 15 months of sampling in a waste water pump station in a community outside
Oslo, Norway. Whole genome sequencing was performed on a subset of the isolates and
analysis of multi locus sequence type (MLST), plasmid content, antibiotic resistance genes
and putative virulence genes revealed that the two phenotypes belonged to ST648 and
ST131 respectively (Paper II). All Norwegian isolates harbored the blaCTX-M-15 gene located
on a putative plasmid conserved in all isolates and 99% identical to blaCTX-M-15 plasmids
recovered in E. coli from India and US. The HN80 ST648 isolate from the La Paz River did
not contain CTX-M-15 encoding genes (Paper I) and phylogenetic analyses indicated that it
grouped far from the Norwegian ST648 within this ST type (Figure 12).

Figure 12. Section of the core phylogenetic tree for ST648 isolates showing the E. coli
isolate HN80-ST648 from the La Paz river in Bolivia (light blue circle) was grouped
distantly from the group of ST648 isolates from the waste water pump in Norway (in bold)
(Paper II). Rights to reprint by Antimicrobial Agents and Chemotherapy111.
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Norwegian isolates belonging to the sequence types ST131 and ST648 showed tolerance to
CuSO4 comparable to the E. coli control and a slight increase in the tolerance to ZnSO4. In
general, ST131 and ST648 isolates showed high capability to form biofilms and to produce
extracellular polymeric substances (EPS) specially at 28°C (Figure 13), an observation that
might suggest that both sequence types use biofilm adaptation to survive and persist in
sewage systems and in the environment. Furthermore, ST131 isolates showed a conserved
rdar morphotype (pdar and bdar) while ST648 isolates showed more variable phenotype
including saw and bdar morphotypes (Paper II).

Figure 13. Biofilm formation and production of EPS by E. coli ST131 and ST648. Stain of
bacterial biofilms with Crystal violet (A) and FITC-CoA (B) after incubation for 48 h at 28
or 37°C. Rights to reprint by Antimicrobial Agents and Chemotherapy111.
Bacterial communities from the La Paz river basin exhibit high potential to transfer
antibiotic resistance determinants to E. coli
In paper III, we used filtrated water samples from the urban and agricultural sites (SP2 and
SP3) in the La Paz river basin as source of bacterial donors for conjugation experiments in
LB media using the lab strain of E. coli CV601 as recipient. Bacterial communities from
both sampling sites presented high capability to transfer SMX/TMP resistance determinants
to E. coli with an average frequency of one event per one thousand cells (10-3) and the
highest frequencies detected were as high as one event per one hundred cells (10-2) (Figure
14). Other conjugation studies using bacterial donors from contaminated water in India and
Sweden testing the transfer of SMX resistance to E. coli CV601 have reported maximum
frequencies of 10-4 and 10-5 events per recipient respectively65,118. Our findings indicate that
bacterial communities from the La Paz river basin have a remarkable potential to transfer
antibiotic resistance determinants to commensal and pathogenic bacteria like E. coli.
Bacterial donors from the urban site were able to transfer SMX/TMP resistance elements at
significantly higher frequencies compared with donors from the agricultural area (Figure
14), suggesting that the urban site might possess higher number of suitable donors. E. coli
and Klebsiella spp. have been widely recognized as important carriers of ARGs among
Enterobacteriaceae family members32,60. In paper I, we reported constant levels of K.
pneumoniae in all sampling sites along the La Paz river basin (Figure 11). However, the
levels of enterobacteria and pathogenic E. coli especially ETEC were significantly higher at
the urban site (Figure 10) confirming the high levels of anthropogenic contamination at this
site and hence a higher number of suitable donors.
24

In paper I, we showed the presence of enterobacteria and diarrheal pathogens in irrigation
water, soil and vegetables from the agricultural area in the La Paz river basin and later in
paper III we confirmed the transfer of antibiotic resistance at considerable levels with
donors from the same agricultural area (Figure 14). Thus, we clearly show the potential
transmission risk of ARB and ARGs to the population by contaminated irrigation water and
vegetables.

Transfer events per recipient

In the conjugation experiments we used the mix SMX/TMP to select for all recipients who
got any MGE carrying SMX/TMP resistance genes from environmental communities in the
La Paz river basin. The reason to use this specific mix to select for transconjugants was
because in general a big variety of donors and MGEs are characterized to carry
sulfamethoxazole resistance genes65. Additionally, sulfamethoxazole/trimethoprim,
commonly known as cotrimoxazole, is widely used to treat gastrointestinal and urinary tract
infections in Bolivia so the presence of associated antibiotic residues and ARGs has been
already reported in Bolivian watersheds119-121. Resistance to SMX/TMP has also been
reported in bacterial strains isolated from the La Paz river basin87,105.

1×100
p = 0.011

1.0×10-1

1st exp
2nd exp
3rd exp

1.0×10-2
1.0×10-3
1.0×10-4

Urban site

Agricultural site

Figure 14. Transfer frequency of SMX/TMP resistance from conjugation experiments using
donor communities from water in urban and agricultural areas in the La Paz River basin and
E. coli CV601 as recipient.
Higher diversity, richness and number of unique phenotypic MDRPs were transferred
from donors in the agricultural area in presence of metals
In order to test the effect of metals on the transfer of antibiotic resistance, we performed
conjugation experiments in presence of ZnSO4 and CuSO4 at 0.5 and 1 mM using bacterial
donors from the urban and agricultural areas in the La Paz river basin (Paper III). For both
donor sites, the addition of ZnSO4 and CuSO4 to conjugation experiments at the
concentrations tested in this study did not significantly increase the transfer frequency of
SMX/TMP resistance compared to the control in LB media without metals. The effect of
metals on the transfer frequency of antibiotic resistance has been evaluated previously by
other authors but in general contradictory results have been reported with positive or
negative effects highly dependent on the type and concentration of metal used 122-124.
Although the addition of ZnSO4 and CuSO4 did not cause a significant effect on antibiotic
resistance transfer frequencies, the presence of these metals in experiments with donors
from the agricultural site promoted the transfer of more diverse gene cassettes (Paper III).
Twenty-eight different MDRPs (P1-P28) were obtained from the antibiotic susceptibility
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testing by the Kirby Bauer test for 13 antibiotics of 150 selected transconjugants from all
experimental treatments. Every different combination of susceptibility, intermediate
resistance and resistance to the antibiotics tested was defined as a single phenotypic MDRP.
A significantly higher diversity and number of unique phenotypic MDRPs were obtained
from donors in the agricultural area when ZnSO4 and CuSO4 were added to conjugation
experiments (Figure 15). The observed phenotypic MDRPs commonly presented
intermediate resistance or resistance to ampicillin (AMP), nalidixic acid (NA) and
tetracycline (TET) and all obtained transconjugants were resistant to SMX/TMP. These
patterns of resistance coincide with previously reported resistance studies in pathogenic E.
coli isolated from water in the La Paz river basin87,105 and from clinical diarrheagenic E.
coli isolates in the La Paz area106,107.

Figure 15. Multi-drug resistance profiles (MDRPs) obtained from conjugation experiments
in absence and presence of ZnSO4 and CuSO4 using water from urban and agricultural
areas in the La Paz River basin as source of donors. Stars show unique MDRPs per site.
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The co-selection of antibiotic and metal resistance genes in transconjugants obtained in
paper III was evaluated trough the tolerance testing to ZnSO4 and CuSO4. None of the
transconjugants presented increased tolerance to these metal salts compared to the original
recipient suggesting that the co-transfer of antibiotic and metal resistance genes to E. coli
from La Paz River communities is less likely to occur. These findings are corroborated by
the fact that biocide, metal and antibiotic resistance genes were rarely found to co-localize
in plasmids from environmental isolates (<0.7%), while this co-localization was found to be
more common in clinical isolates61.
ESBLs and higher diversity of other relevant genes (ORGs) were transferred from the
La Paz river bacterial communities to E. coli in presence of metals
A subgroup of 47 selected transconjugants representing every phenotypic MDRP observed
in paper III were whole genome sequenced and further analyzed using ResFinder and
BacMet databases as well as the identification of Incompatibility group (Inc), pMLST and
virulence genes. Manual analysis and blasting of sequences was also performed to identify
restriction system genes (RSGs), transferred gene contigs and the number of transferred
base pairs. Higher number of ARGs and ORGs associated with resistance to disinfectants
and antimicrobial peptides, multi-drug transporters, biofilm formation and persister state in
bacteria, survival in stress conditions and virulence determinants were transferred from
donors in the urban and agricultural area in presence of ZnSO4 and CuSO4 (paper III).
ESBLs such as blaCTX-M, blaSHV, and blaOXA were found in unique MDRPs which were
obtained only in presence of metals. The majority of studies evaluating the effect of metals
on the conjugative transfer frequency are performed with a established donor, recipient and
transferable element122-125. Our approach uses complex bacterial communities from
contaminated environments as donors so besides testing the effect of metals on the transfer
frequency of antibiotic resistance, we were able to evaluate the diversity, richness and kind
of phenotypic MDRPs, ARGs and ORGs transferred from environmental bacterial donors
to E. coli in absence and presence of metals. It has been proposed that the possible effect of
metals on antibiotic resistance transfer might involve the generation of ROS, the activation
of SOS responses and the increase in permeability of bacterial membranes123. While this
effect is mainly associated with an increase in the transfer frequency of antibiotic
resistance, we hypothesize that these mechanisms might also favor in some way the
selection and transfer of bigger MGEs carrying higher diversity and number of ARGs
including ESBLs as well as higher number of ORGs that confer important advantages to the
survival of the host.
Additionally, four plasmid like-structures were repeatedly found in transconjugants from
the urban and agricultural area in the La Paz river basin. These plasmid-like structures were
found to belong to the Inc groups IncN, IncN2 and IncN3 that are recognized to be selfconjugative and a have broad range of hosts in Enterobacteriaceae family members. The
IncN group of plasmids have been highly associated with antibiotic resistance dispersion
since they were commonly found carrying ESBLs, oxacillinases, carbapenemases,
quinolone, aminoglycoside and sulfonamide resistance genes126-128. The four multi-drug
resistance isolates from the La Paz river basin sequenced in Paper I share some of the
antibiotic resistance genes for b-lactams, quinolones, sulfamethoxazole and tetracycline
observed in transconjugants from Paper III. However, none of these four isolates carried
IncN group of plasmids so it is less likely that they were the donors of the resistance
elements isolated and observed in paper III.
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Bacterial communities and selected ARGs do not correlate with metal content in
AMD-impacted rivers in Oruro, Bolivia
Since heavy metals might be involved in the selection and transfer of antibiotic resistance
driven by co- and cross-resistance mechanisms and this might occur in environments
heavily contaminated with metals55,129,130, we decided to have a look at the bacterial
communities and ARGs residing in AMD-impacted rivers in the mining area of Oruro in
Bolivia (Paper IV). We evaluated river water and sediments from three rivers in the Uru
Uru-Poopó basin, an still active mine and even biofilms from hot spring wells used for
mineral exploitation. We jointly evaluated metals, antibiotic and biocide concentrations in
sediment and biofilm samples.
We found high levels of iron (Fe), aluminium (Al), lead (Pb), arsenic (As), zinc (Zn),
copper (Cu) and tin (Sn) in sediments from all sampling points. Our results are corroborated
by previous studies evaluating the chemical composition of waterbodies in the Uru UruPoopó basin in Bolivia, reporting high levels of metals88,131 and a high associated healthrisk for human populations132-134. Antibiotics and biocides were mainly found in places
close to human activity being this the first study evaluating the presence of antibiotic and
biocide residues in the Uru Uru-Poopó basin.
In general, 16S sequencing revealed the dominance of Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes phyla in the three rivers at the Uru Uru-Poopó basin.
Other microbial phyla such as Euryarchaeota, Thaumarchaeota, Deinococcus-Thermus,
Acidobacteria and Acetothermia including many extremophile species were detected in
places with low pH (2.2-3.5) and high temperature (>70°C). The archaeal family
Ferroplasmaceae including iron-oxidizing microorganisms such as Ferroplasma spp. was
found in water samples from the still active mine San José. Microbial phyla such as
Cyanobacteria and Chloroflexi were also commonly found in water, sediments and biofilms
from the Uru Uru-Poopó basin. Overall, our results widely coincide with previous reports
of microbial communities in acidic and AMD-contaminated environments135-140.
We found the presence of environmental bacteria such as Arcobacter and Acinetobacter
that are known to frequently carry intI1 and ARGs relevant to humans141-143 and the fecal
marker crAssphage in the sampling sites with closer contact to anthropogenic
contamination (Figure 16). The class 1 integron has been widely reported in clinical and
environmental samples being associated with the transmission of antibiotic resistance144,
anthropogenic contamination145 and correlated with the presence of Proteobacteria146 and
genera such as Acidovorax, Cloacibacterium, Sulfurospirillum and Tolumonus143. While
crAssphage is the most abundant virus in the human gut147,148 and it has been used as a
marker of human fecal contamination in the environment in a number of studies149. Class 1
integrase (intI1) and diverse ARGs for B-lactams (acc-3, blaIMP-12, blaOXA-2), sulfonamides
(sul1 and sul2) and tetracycline (tetA) were detected in water, sediment and biofilm samples
from AMD-impacted rivers in Oruro (Figure 16). Resistance genes such as sul1, sul2 and
tetA were positively correlated with the presence of intI1 (Paper IV). The presence of the
human fecal marker coincided with the highest abundances for intI1 and ARGs in water
and sediment samples suggesting that fecal pollution is highly linked to the abundance of
ARGs as has been previously reported in human-impacted environments150,151.
Interestingly, the most acidic place (San José mine) was devoid of human fecal marker,
intI1 and contained low levels of ARGs. We thus hypotesize that the mine site might be too
extreme to be a reservoir for human associated ARGs.
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Figure 16. Abundance of ARGs in water (a), sediment (b) and biofilm (c) samples from five
different sampling points (P1-P5) along the AMD-impacted Uru Uru-Poopó basin in Oruro,
Bolivia.
Previous studies in AMD-impacted environments have reported that parameters such as
temperature, pH, conductivity and the concentration of different metals significantly
influenced the diversity and structure of microbial communities 152,153 and this variations
were also influenced by seasonality154,155 However, in paper IV metal composition in
sediment and biofilm samples from the Uru Uru-Poopó basin did not significantly influence
the composition of microbial communities nor the enrichment of intI1 and the ARGs
evaluated in this study. We only detected a significant correlation between the presence of
mercury (Hg) in biofilms and the presence of the resistance gene blaIMP-12 that was first
identified in Italy in a Pseudomona putida isolate from a clinical setting and might confer
resistance to cephalosporins and carbapenems156. We think that since the samples in paper
IV were few and taken at one occasion additional studies might be needed to assess if
significant associations occur.
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5 CONCLUSION
This thesis work aimed to evaluate pathogenic and non-pathogenic bacterial communities
as well as ARB and ARGs and its potential to be transmitted to other bacteria in polluted
water environments. We showed high prevalence of enterobacteria, pathogenic E. coli and
other diarrheal bacteria in water, agricultural soil and vegetables from an urban-impacted
basin in La Paz, Bolivia (Paper I). Moreover, we repeatedly found and characterized multidrug resistance E. coli sequence types ST131 in Norway and ST648 both in Bolivia and
Norway showing that these successful lineages are distributed globally carrying ESBLs and
posing an important role of the environment for the dispersion of pathogenic bacteria and
ARB (Paper I and II). We proved the high capability of bacterial communities from
contaminated environments to transfer antibiotic resistance determinants to other bacteria
like E. coli where higher contamination in urban areas might be associated with higher
number of suitable donors and thus higher antibiotic resistance transfer frequencies (Paper
III).
We also aimed to evaluate the potential impact of metals in the occurrence and transfer of
antibiotic resistance determinants in human-impacted water environments and we showed
that the presence of metals such as ZnSO4 and CuSO4 might favor transfer/acquisition of
more diverse phenotypic MDRPs and bigger MGEs carrying higher diversity of ARGs
including ESBLs and ORGs conferring important advantages to the host (Paper III).
However, this effect is highly dependent of the donor community since we observed a
stronger effect when using bacterial donors from contaminated irrigation water in the
agricultural area in the La Paz river basin and in that way we also show the potential risk of
transmission of ARB to human populations by irrigation water and probably contaminated
vegetables (Paper III). We finally investigated the bacterial communities and ARGs
abundances in AMD-contaminated watersheds in Oruro Bolivia but we could not find
significant and strong associations between metal composition in the sampling area and the
composition of microbial communities and/or the abundance of antibiotic resistance
determinants in the samples (Paper IV). However, further sampling events and
metagenomic analysis will be needed to finally conclude about the risk that these
environments pose for human and animal health.
The three main domains in a One-Health approach: humans, animals and the environment,
are closely interconnected. The study and surveillance of contaminated environments is as
important and urgent as the studies on clinical and community settings.
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6 FUTURE PERSPECTIVES
Our data reveal that is is important to recognize that not only direct use of antibiotics and
closeness to e.g hospital discharges are responsible for dissemination of ARB. We found
that bacteria carrying ARGs are resisdent in the environment over long time periods. Our
data in Papers I, and II indicate that genetically identical clones of E. coli carrying ARGs
on plasmids that are seemingly conserved, are found repeatedly in water environments.
This either indicate that these E. coli are resident and able to survive for long periods
perhaps in the form of biofilms, or even grow in these environments. It could also be that
human contamination constantly feeds new ARB into the water environments. Perhaps
driven by use and misuse of antibiotics or simply because the human and/or animal
population in the area is colonized by these bacteria at a high rate. We need to explore the
mechanisms behind these findings.
We could show in paper III that there is a real risk of transmission of ARGs to pathogenic
E. coli since we found high frequencies of transmission to a model E. coli strain from
environmental water residing bacteria. Further studies need to evaluate the risk of transfer
to known pathogenic bacterial species.
Since presence of metals have been suggested to drive transfer of ARGs due to co- and
cross resistance we looked at the water microbiota and presence of selected ARGs in the
Oruro district in Bolivia, we found no strong correlations in the present study but it is
important to expand these studies and use metagenome sequencing and more samples
collected over time to be able to draw any rigid conclusions about the risk.
Regarding the impact of our studies, in the future we plan to continue studying the
prevalence and transmission risk of ARB and ARGs in contaminated environments. There
are future plans for the implementation of a WWTP for the Choqueyapu River in Bolivia so
we think it will be important to evaluate the effect of this implementation on the occurrence
of ARB and ARGs. We also think that it is very important to work together with the
government, health and environmental authorities in Bolivia to evaluate in depth the current
situation and implement adequate surveillance methods and risk mitigation measures to
prevent the dissemination of ARB and ARGs.

31

7 ACKNOWLEDGEMENTS
I would like to express that I am really grateful for the opportunity to study my doctoral
degree in Sweden. Studying science and getting a PhD abroad was my dream since I was a
teenager at school planning to study something that makes the world a better place. After
several years, I am finally here with my dream coming true. I am full of gratitude, energy
and new dreams for the future and I will do my best to use the knowledge and tools that I
have learned all these years to make the difference.
I would like to deeply thank to the Swedish International Development Agency (Sida), the
International Science Program (ISP) at Uppsala University, to the universities Karolinska
Institutet, University of Gothenburg, Universidad Mayor de San Andres and to DIPGIS in
Bolivia for giving me the opportunity to become a doctoral student in the collaboration
program between Sweden and Bolivia and for all the assistance and support during all these
years.
My heartiest thanks to my main supervisor in Sweden Professor Åsa Sjöling. Thank you
for all these years that we have worked together. It has been an honor for me to be part of
your research group. Thank you for your patience, your unconditional support and your
objective and scientific guidance during my years as PhD student. Thank you for
understanding my special way to work (I am a night owl person J) and always making
time for me and for our long talks about my research project. Thank you for being always
positive and decided to continue specially in the hard moments. Thank you for your trust,
for this opportunity and for caring about me all these years. You have a special place in my
heart for now on.
I would like to deeply thank to my main supervisor in Bolivia Professor Volga Iñiguez.
Dear Dr. Volga you are a model to follow for all women doing science, always strong and
decided to go for more. Since the bachelor courses at the university in Bolivia, I felt
inspired by you to work hard and become in the best version of me. I have learned from you
that there are no limits in our professional growth, and that we never give up when
something goes wrong with the experiments. On the contrary, we start to analyze and plan
the next experiment to try again. Thank you for giving me a place in your research group, I
have gained lots of knowledge being by your side. Thank you for your trust, for the support
and scientific guidance as well as caring about me during all these years. It is an honor for
me to go back to my home country and be part of the amazing group of researchers in
Bolivia.
I would like to thank to my co-supervisor in Sweden Professor Joakim Larsson. Thank
you for all the support and scientific guidance during my years as PhD student. Thank you
for receiving me in your lab at the University of Gothenburg to learn and practice the
conjugative transfer of antibiotic resistance assay using E. coli GFP. Thank you for always
offering help and for the nice discussions to build the research questions, perform the
experiments and for writing manuscripts. I have gained big knowledge with you being my
co-supervisor, thanks a lot!
Professor Martin Rottenberg, thank you for accepting to be my mentor at KI. I really
appreciate your sense of humor and the nice talks we had. Thank you for always passing by
our office in the old MTC (Nobels väg 16) to say hello and kindly ask how we were doing,
always with a smile and in a good mood.

33

My heartiest thanks to all Professors at KI who took part in my academic formation to
become a PhD. I am really grateful for all the knowledge and advise you transferred to me.
I would like to deeply thank Åsa Belin, Eva Norens and Velmurugesan Arulampalam
for your guidance and support to complete all the stages required to become a PhD at the
Department of Microbiology, Tumor and Cell Biology (MTC). A special thanks to all
researchers and administration core at MTC for the assistance during my PhD studies.
I would like to truly thank Lars Engstrand, Nele Brusselaers, Ina Schuppe, Marica
Hamsten, Luisa Hugerth, Stefanie Prast-Nielsen, Juan Du, Yue Hu, Fredrik Boulund,
Enrique Joffre, Yinghua Zha, Liqin Cheng, Qin Liu, Alexandra Pennhag, Joseph
Kirangwa, Johanna Simin, Maike Seifert and all the lab and research core at the Centre
for Translational Microbiome Research (CTMR) for the nice scientific collaborations, for
the help during my research project and for all the unforgettable moments that we shared in
the lab, retreats, kick offs, fika time, etc.
My heartiest thanks the Biology Sciences career at the Universidad Mayor de San Andres
in Bolivia and to all people in the Instituto de Biología Molecular y Biotecnología
especially Julia Barreta, Gloria Rodrigo, Nataniel Mamani, Jorge Quezada, Isabel
Morales, Carla Calderon, Sergio Gutierrez, Coco Agramont, Violeta Poma, Leonarda
Achá, Elmer Pereira, Christian Ramos and our dear doña Vicky for all the work, help
and support during my research time in Bolivia.
I would like to truly thank to our collaborators Carl-Fredrik Flach, Jekaterina Jutkina,
Johan Bengtsson-Palme, Kaisa Thorell, Lucia Gonzales and Gudrun Wiklund at the
University of Gothenburg. Roland Möllby at Karolinska Institutet. Ekaterina Sokolova
and Viktor Bergion at Chalmers Tekniska Högskola in Gothenburg. Mats Tysklind and
Marcus Östman at Umeå University. Henning Sorum and Erik Paulshus at the
Norwegian University of Life Sciences for the nice collaborations and scientific input
during my research project and writing stage.
I would like to thank all my close friends at Karolinska Institutet:
Olga Chuquimia, you have been like a sister for me during all these years! Thank you for
taking care about me and for sharing all those nice moments with me going to the cinema,
going for lunch/dinner, visiting museums, etc. Thank you for all the loooong talks we
shared covering all possible topics J No matter how long we talk by phone or in person
there is always something else to say, discuss and share with you! You are an amazing
woman and researcher. I admire you for your entirety to face life, good and bad moments. I
always think that I have a lot to learn from you. Thank you for your friendship and
company TQM©
Patricia Colque, thank you for being like a mom and a really good friend for me, you have
a great sense of humor and you give light to others. Thank you for teaching me to always be
positive and trust that I can do everything no matter what. Zdenka Navratilova, we shared
a couple of months at KI but it was enough to build a nice friendship together with Olga. I
will never forget our time together with all those jokes J. Jing Wang, thank you for being
a really nice friend all these years, for the nice talks about our home countries to learn about
each other. Thank you for always offering unconditional help in the lab and being honest
every moment. DaeHo, thank you for all the nice advice on how to be a PhD student and
the good tips to survive until the dissertation J. Thank you for always helping me with the
last-minute order of reagents and lab material. Jonatan Martin, thank you for your
friendship and the nice talks about science and other matters. I always keep in my mind the
34

phrase you taught me “resting is for weak people”. It was helpful specially when I had to
stay all night long doing experiments or writing LOL. Romina Fornes, you were my first
friend at my doctoral courses at KI. I felt relieved when I listened to my mother tongue just
by my side on the first day of courses at KI and that is how we met. Thank you for your
friendship and support. Astrid Bergman, thank you for being such a nice friend during
your time in the lab and for being the only one who understands my craziness for Latin
music and dancing! Inger Kuhn, you are scientist to admire for all that passion for science
that you have. Thank you for giving me the opportunity to know you better and be friends.
I would like to truly thank my close friends in Bolivia: Carla Elías, Laura Castillo (thank
you for the cover picture! you did a great job J), Adriana Torrico, Ingrid Imaña,
Daniela Nuñez, Nilda Cazas and Lizbeth Zubieta and in Sweden: Norma Gutierrez,
Nancy Rojas, Ada Bobadilla and Natalia Rivera for your unconditional love, support and
all the nice moments that we shared. Family is not always blood!
My heartiest thanks to my father Gonzalo, my sisters Vanessa and Geraldine and all my
dear family from Bolivia: Gonzalo, Marlene, Ruth, Teresa, Laura, Martin, Paula,
Andres, Lucia, Sarita, Milenka, Alison, Nadeshda, Ricardo, Mila, Robertito and
Emma for the unconditional love and support during these years. The biggest thanks to my
mother Fanny Otazo, you are my hero and you are present every day in my life. You
taught me what unconditional love means and if I am here today is because of you. Thank
you for inspiring me to better every day, to trust in myself and to be an independent
woman. I miss you so much and I dedicate this milestone in my life specially to you my
dear mom ©©©
Last but not least, my dear husband Jimmy Goudner Zubieta Cazas, you are my rock and
my best friend. Thank you for all these years sharing our lives together. It has not been easy
to be separated during my doctoral studies in Sweden, but you were right and true love is
stronger than anything in this world. Thank you for your literally everyday support and for
encouraging me to finish what I started especially when I was feeling down. Thank you for
loving me with my virtues and faults. I love you too and I will always do ©©©

35

8 REFERENCES
1

2

3
4
5
6
7
8
9

10

11
12
13
14
15

Mackenzie, J. S., Jeggo, M., Daszak, P. & Richt, J. A. One Health: The HumanAnimal-Environment Interfaces in Emerging Infectious Diseases The Concept and
Examples of a One Health Approach. 1st ed. 2013. edn, (Berlin, Heidelberg :
Springer Berlin Heidelberg : Imprint: Springer, 2013).
Mackenzie, J. S., Jeggo, M., Daszak, P. & Richt, J. A. One Health: The HumanAnimal-Environment Interfaces in Emerging Infectious Diseases Food Safety and
Security, and International and National Plans for Implementation of One Health
Activities. 1st ed. 2013. edn, (Berlin, Heidelberg : Springer Berlin Heidelberg :
Imprint: Springer, 2013).
Sing, A. Zoonoses - Infections Affecting Humans and Animals Focus on Public
Health Aspects. 1st ed. 2015. edn, (Dordrecht : Springer Netherlands : Imprint:
Springer, 2015).
Monath, T. P. Vaccines against diseases transmitted from animals to humans: A one
health paradigm. Vaccine 31, 5321-5338, doi:10.1016/j.vaccine.2013.09.029 (2013).
Finley, R. L. et al. The scourge of antibiotic resistance: the important role of the
environment.(Report). Clinical Infectious Diseases 57, 704 (2013).
Allen, H. K. et al. Call of the wild: antibiotic resistance genes in natural
environments. Nature reviews. Microbiology 8, 251-259, doi:10.1038/nrmicro2312
(2010).
Tiedje, J. M. et al. Antibiotic Resistance Genes in the Human-Impacted
Environment: A One Health Perspective. Pedosphere 29, 273-282,
doi:10.1016/S1002-0160(18)60062-1 (2019).
Robinson, T. P. et al. Antibiotic resistance is the quintessential One Health issue.
Transactions of The Royal Society of Tropical Medicine and Hygiene 110, 377-380,
doi:10.1093/trstmh/trw048 (2016).
Rousham, E. K., Unicomb, L. & Islam, M. A. Human, animal and environmental
contributors to antibiotic resistance in low-resource settings: integrating
behavioural, epidemiological and One Health approaches. Proc Biol Sci 285,
doi:10.1098/rspb.2018.0332 (2018).
Nadimpalli, M. et al. Combating Global Antibiotic Resistance: Emerging One
Health Concerns in Lower- and Middle-Income Countries. Clinical infectious
diseases : an official publication of the Infectious Diseases Society of America 66,
963-969, doi:10.1093/cid/cix879 (2018).
Bordier, M. et al. Antibiotic resistance in Vietnam: moving towards a One Health
surveillance system. BMC public health 18, doi:10.1186/s12889-018-6022-4
(2018).
Essack, S. Antibiotic resistance and One Health: a mapping project. The Lancet
Global Health 6, S27-S27, doi:10.1016/S2214-109X(18)30156-6 (2018).
Selendy, J. M. H. Water and sanitation-related diseases and the environment :
challenges, interventions, and preventive measures. (Hoboken, New Jersey :
Wiley-Blackwell, 2011).
Ashbolt, N. J. Microbial contamination of drinking water and disease outcomes in
developing regions. Toxicology 198, 229-238, doi:10.1016/j.tox.2004.01.030
(2004).
Gumpert, H. et al. Transfer and Persistence of a Multi-Drug Resistance Plasmid in
situ of the Infant Gut Microbiota in the Absence of Antibiotic Treatment. Frontiers
in microbiology 8, 1852, doi:10.3389/fmicb.2017.01852 (2017).

37

16

Stecher, B. et al. Gut inflammation can boost horizontal gene transfer between
pathogenic and commensal Enterobacteriaceae. Proc Natl Acad Sci U S A 109,
1269-1274, doi:10.1073/pnas.1113246109 (2012).
de Vries, L. E. et al. The gut as reservoir of antibiotic resistance: microbial diversity
of tetracycline resistance in mother and infant. PLoS One 6, e21644,
doi:10.1371/journal.pone.0021644 (2011).
Duranti, S. et al. Prevalence of Antibiotic Resistance Genes among Human GutDerived Bifidobacteria. Applied and environmental microbiology 83,
doi:10.1128/AEM.02894-16 (2017).
Yang, K. et al. Global distribution of outbreaks of water-associated infectious
diseases. PLoS neglected tropical diseases 6, e1483,
doi:10.1371/journal.pntd.0001483 (2012).
Fenwick, A. Waterborne infectious diseases--could they be consigned to history?
Science (New York, N.Y.) 313, 1077, doi:10.1126/science.1127184 (2006).
Prüss, A., Kay, D., Fewtrell, L. & Bartram, J. Estimating the Burden of Disease
from Water, Sanitation, and Hygiene at a Global Level. Environmental health
perspectives 110, 537-542, doi:10.1289/ehp.110-1240845 (2002).
Cotruvo, J. A., Dufour, A. & Rees, G. Waterborne zoonoses: identification, causes,
and control. (2004).
Julian, T. R. Environmental transmission of diarrheal pathogens in low and middle
income countries. Environ Sci Process Impacts 18, 944-955,
doi:10.1039/c6em00222f (2016).
Kirk, M. D. et al. World Health Organization Estimates of the Global and Regional
Disease Burden of 22 Foodborne Bacterial, Protozoal, and Viral Diseases, 2010: A
Data Synthesis (Global Disease Burden of Foodborne Enteric Disease). 12,
e1001921, doi:10.1371/journal.pmed.1001921 (2015).
Naghavi, M. A., A.A. Abbafati, C. Abbas, K.M. et al. Global, regional, and national
age-sex specific mortality for 264 causes of death, 1980-2016: a systematic analysis
for the Global Burden of Disease Study 2016. Lancet 390, 1151-1210,
doi:10.1016/s0140-6736(17)32152-9 (2017).
Gomes, T. A. T. et al. Diarrheagenic Escherichia coli. Brazilian Journal of
Microbiology 47, 3-30, doi:10.1016/j.bjm.2016.10.015 (2016).
Pitout, J. D. Extraintestinal Pathogenic Escherichia coli: A Combination of
Virulence with Antibiotic Resistance. Frontiers in microbiology 3, 9,
doi:10.3389/fmicb.2012.00009 (2012).
Shaik, S. et al. Comparative Genomic Analysis of Globally Dominant ST131 Clone
with Other Epidemiologically Successful Extraintestinal Pathogenic Escherichia
coli (ExPEC) Lineages. mBio 8, doi:10.1128/mBio.01596-17 (2017).
Nicolas-Chanoine, M. H. et al. Intercontinental emergence of Escherichia coli clone
O25:H4-ST131 producing CTX-M-15. The Journal of antimicrobial chemotherapy
61, 273-281, doi:10.1093/jac/dkm464 (2008).
Schembri, M. A. et al. Molecular Characterization of the Multidrug Resistant
Escherichia coli ST131 Clone. Pathogens (Basel, Switzerland) 4, 422-430,
doi:10.3390/pathogens4030422 (2015).
Savard, M. P. & Perl, M. T. A call for action: managing the emergence of
multidrug-resistant Enterobacteriaceae in the acute care settings. Current Opinion in
Infectious Diseases 25, 371-377, doi:10.1097/QCO.0b013e3283558c17 (2012).
Pitout, J. D. & Laupland, K. B. Extended-spectrum beta-lactamase-producing
Enterobacteriaceae: an emerging public-health concern. The Lancet. Infectious
diseases 8, 159-166, doi:10.1016/s1473-3099(08)70041-0 (2008).
Abdel-Moein, K. A. & Samir, A. Occurrence of extended spectrum β–lactamaseproducing Enterobacteriaceae among pet dogs and cats: An emerging public health

17
18
19
20
21
22
23
24

25

26
27
28
29
30
31
32
33

38

34
35
36

37
38
39
40

41
42

43
44
45
46
47
48
49
50

threat outside health care facilities. AJIC: American Journal of Infection Control 42,
796-798, doi:10.1016/j.ajic.2014.03.020 (2014).
Guzman-Otazo, J. et al. Diarrheal bacterial pathogens and multi-resistant
enterobacteria in the Choqueyapu River in La Paz, Bolivia. PLoS One 14,
e0210735, doi:10.1371/journal.pone.0210735 (2019).
Lothigius, Å. et al. Enterotoxigenic Escherichia coli is detectable in water samples
from an endemic area by real‐ time PCR. Journal of Applied Microbiology 104,
1128-1136, doi:10.1111/j.1365-2672.2007.03628.x (2008).
Lothigius, Å., Sjöling, Å., Svennerholm, A. m. & Bölin, I. Survival and gene
expression of enterotoxigenic Escherichia coli during long‐ term incubation in sea
water and freshwater. Journal of Applied Microbiology 108, 1441-1449,
doi:10.1111/j.1365-2672.2009.04548.x (2010).
Vital, M., Hammes, F. & Egli, T. Competition of Escherichia coli O157 with a
drinking water bacterial community at low nutrient concentrations. Water Research
46, 6279-6290, doi:10.1016/j.watres.2012.08.043 (2012).
Ahmed, D. et al. Presence of enterotoxigenic E scherichia coli in biofilms formed in
water containers in poor households coincides with epidemic seasons in D haka.
Journal of Applied Microbiology 114, 1223-1229, doi:10.1111/jam.12109 (2013).
Shaw, R. K., Berger, C. N., Pallen, M. J., Sjöling, A. & Frankel, G. Flagella mediate
attachment of enterotoxigenic Escherichia coli to fresh salad leaves. Environmental
microbiology reports 3, 112, doi:10.1111/j.1758-2229.2010.00195.x (2011).
Yan, T., O'Brien, P., Shelton, J. M., Whelen, A. C. & Pagaling, E. Municipal
Wastewater as a Microbial Surveillance Platform for Enteric Diseases: A Case
Study for Salmonella and Salmonellosis. Environmental science & technology 52,
4869-4877, doi:10.1021/acs.est.8b00163 (2018).
Begum, Y. A. et al. Comparison of enterotoxigenic Escherichia coli isolated from
surface water and diarrhoeal stool samples in Bangladesh. Canadian journal of
microbiology 53, 19-26, doi:10.1139/w06-098 (2007).
Purohit, M. R. et al. Antibiotic Resistance in an Indian Rural Community: A ‘OneHealth’ Observational Study on Commensal Coliform from Humans, Animals, and
Water. International Journal of Environmental Research and Public Health 14,
doi:10.3390/ijerph14040386 (2017).
Huijbers, P. M. C., Flach, C. F. & Larsson, D. G. J. A conceptual framework for the
environmental surveillance of antibiotics and antibiotic resistance. Environment
international 130, 104880, doi:10.1016/j.envint.2019.05.074 (2019).
Sekyere, J. O., Govinden, U. & Essack, S. The Molecular Epidemiology and
Genetic Environment of Carbapenemases Detected in Africa. Microbial drug
resistance (Larchmont, N.Y.) 22, 59, doi:10.1089/mdr.2015.0053 (2016).
Pal, C. et al. Metal Resistance and Its Association With Antibiotic Resistance. Adv
Microb Physiol 70, 261-313, doi:10.1016/bs.ampbs.2017.02.001 (2017).
Porta, M. & Last, J. M. (Oxford University Press, 2018).
D'Costa, V. M. et al. Antibiotic resistance is ancient. Nature 477, 457-461,
doi:10.1038/nature10388 (2011).
Bhullar, K. et al. Antibiotic resistance is prevalent in an isolated cave microbiome.
PLoS One 7, e34953, doi:10.1371/journal.pone.0034953 (2012).
Forsberg, K. J. et al. The shared antibiotic resistome of soil bacteria and human
pathogens. Science 337, 1107-1111, doi:10.1126/science.1220761 (2012).
Hopwood, D. A. How do antibiotic-producing bacteria ensure their self-resistance
before antibiotic biosynthesis incapacitates them? Mol Microbiol 63, 937-940,
doi:10.1111/j.1365-2958.2006.05584.x (2007).

39

51

Pallecchi, L. Antibiotic resistance in the absence of antimicrobial use: mechanisms
and implications. Expert Rev. Anti Infect. Ther. 6, 725-732,
doi:10.1586/14787210.6.5.725 (2008).
Kruse, H. & Sorum, H. Transfer of multiple drug resistance plasmids between
bacteria of diverse origins in natural microenvironments. Applied and
Environmental Microbiology 60, 4015 (1994).
von Wintersdorff, C. J. et al. Dissemination of Antimicrobial Resistance in
Microbial Ecosystems through Horizontal Gene Transfer. Frontiers in microbiology
7, 173, doi:10.3389/fmicb.2016.00173 (2016).
Nazarian, P., Tran, F. & Boedicker, J. Q. Modeling Multispecies Gene Flow
Dynamics Reveals the Unique Roles of Different Horizontal Gene Transfer
Mechanisms. Frontiers in microbiology 9, 2978, doi:10.3389/fmicb.2018.02978
(2018).
Baker-Austin, C., Wright, M. S., Stepanauskas, R. & McArthur, J. V. Co- selection
of antibiotic and metal resistance. Trends in Microbiology 14, 176-182,
doi:10.1016/j.tim.2006.02.006 (2006).
Andersson, D. I. & Hughes, D. Antibiotic resistance and its cost: is it possible to
reverse resistance? Nature reviews. Microbiology 8, 260-271,
doi:10.1038/nrmicro2319 (2010).
Blaženka, K., Senka, D. & Jagoda, Š. Antibiotic Resistance Mechanisms in
Bacteria: Biochemical and Genetic Aspects. Food Technology and Biotechnology
46, 11-21 (2008).
Kapoor, G., Saigal, S. & Elongavan, A. Action and resistance mechanisms of
antibiotics: A guide for clinicians. J Anaesthesiol Clin Pharmacol 33, 300-305,
doi:10.4103/joacp.JOACP_349_15 (2017).
Higgins, P. G., Fluit, A. C. & Schmitz, F. J. Fluoroquinolones: structure and target
sites. Curr Drug Targets 4, 181-190, doi:10.2174/1389450033346920 (2003).
Canton, R. et al. Rapid evolution and spread of carbapenemases among
Enterobacteriaceae in Europe. Clinical microbiology and infection : the official
publication of the European Society of Clinical Microbiology and Infectious
Diseases 18, 413-431, doi:10.1111/j.1469-0691.2012.03821.x (2012).
Pal, C., Bengtsson-Palme, J., Kristiansson, E. & Larsson, D. G. Co-occurrence of
resistance genes to antibiotics, biocides and metals reveals novel insights into their
co-selection potential. BMC genomics 16, 964, doi:10.1186/s12864-015-2153-5
(2015).
Ji, X. et al. Antibiotic resistance gene abundances associated with antibiotics and
heavy metals in animal manures and agricultural soils adjacent to feedlots in
Shanghai; China.(Report). Journal of Hazardous Materials 235 236, 178 (2012).
Lemire, J. A., Harrison, J. J. & Turner, R. J. Antimicrobial activity of metals:
mechanisms, molecular targets and applications. Nature reviews. Microbiology 11,
371-384, doi:10.1038/nrmicro3028 (2013).
Andersson, D. I. & Hughes, D. Microbiological effects of sublethal levels of
antibiotics. Nature reviews. Microbiology 12, 465-478, doi:10.1038/nrmicro3270
(2014).
Jutkina, J., Rutgersson, C., Flach, C.-F. & Joakim Larsson, D. G. An assay for
determining minimal concentrations of antibiotics that drive horizontal transfer of
resistance. Science of the Total Environment 548-549, 131-138,
doi:10.1016/j.scitotenv.2016.01.044 (2016).
Jutkina, J., Marathe, N. P., Flach, C. F. & Larsson, D. G. J. Antibiotics and common
antibacterial biocides stimulate horizontal transfer of resistance at low
concentrations. The Science of the total environment 616-617, 172-178,
doi:10.1016/j.scitotenv.2017.10.312 (2018).

52
53
54

55
56
57
58
59
60

61

62
63
64
65

66

40

67
68

69
70
71

72

73

74

75

76
77
78
79
80
81
82

Bengtsson-Palme, J., Kristiansson, E. & Larsson, D. G. J. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS
microbiology reviews 42, doi:10.1093/femsre/fux053 (2018).
Kapoor, V. et al. Distribution of human-specific bacteroidales and fecal indicator
bacteria in an urban watershed impacted by sewage pollution, determined using
RNA- and DNA-based quantitative PCR assays. Applied and environmental
microbiology 81, 91, doi:10.1128/AEM.02446-14 (2015).
Marti, E., Variatza, E. & Balcazar, J. L. The role of aquatic ecosystems as reservoirs
of antibiotic resistance. Trends in Microbiology 22, 36-41,
doi:10.1016/j.tim.2013.11.001 (2014).
Karkman, A., Do, T. T., Walsh, F. & Virta, M. P. J. Antibiotic-Resistance Genes in
Waste Water. Trends Microbiol 26, 220-228, doi:10.1016/j.tim.2017.09.005 (2018).
Ben, W., Qiang, Z., Adams, C., Zhang, H. & Chen, L. Simultaneous determination
of sulfonamides, tetracyclines and tiamulin in swine wastewater by solid- phase
extraction and liquid chromatography– mass spectrometry. Journal of
Chromatography A 1202, 173-180, doi:10.1016/j.chroma.2008.07.014 (2008).
Karcı, A. & Balcıoğlu, I. A. Investigation of the tetracycline, sulfonamide, and
fluoroquinolone antimicrobial compounds in animal manure and agricultural soils in
Turkey. Science of the Total Environment 407, 4652-4664,
doi:10.1016/j.scitotenv.2009.04.047 (2009).
Sarmah, A. K., Meyer, M. T. & Boxall, A. B. A. A global perspective on the use,
sales, exposure pathways, occurrence, fate and effects of veterinary antibiotics (
VAs) in the environment. Chemosphere 65, 725-759,
doi:10.1016/j.chemosphere.2006.03.026 (2006).
Hu, X., Zhou, Q. & Luo, Y. Occurrence and source analysis of typical veterinary
antibiotics in manure, soil, vegetables and groundwater from organic vegetable
bases, northern China. Environmental Pollution 158, 2992-2998,
doi:10.1016/j.envpol.2010.05.023 (2010).
Christou, A. et al. The potential implications of reclaimed wastewater reuse for
irrigation on the agricultural environment: The knowns and unknowns of the fate of
antibiotics and antibiotic resistant bacteria and resistance genes - A review. Water
Res 123, 448-467, doi:10.1016/j.watres.2017.07.004 (2017).
Johnson, D. B. & Hallberg, K. B. The microbiology of acidic mine waters. Research
in Microbiology 154, 466-473, doi:10.1016/S0923-2508(03)00114-1 (2003).
Nordstrom, D. K. et al. Geochemistry, toxicity, and sorption properties of
contaminated sediments and pore waters from two reservoirs receiving acid mine
drainage. (1999).
González-Toril, E. et al. Comparative microbial ecology of the water column of an
extreme acidic pit lake, Nuestra Señora del Carmen, and the Río Tinto basin
(Iberian Pyrite Belt). International Microbiology 17, 225-233 (2015).
García‐Meza, J. V., Barrangue, C. & Admiraal, W. Biofilm formation by algae as a
mechanism for surviving on mine tailings. Environmental Toxicology and
Chemistry 24, 573-581, doi:10.1897/04-064R.1 (2005).
Wuertz, S., Okabe, S. & Hausner, M. Microbial communities and their interactions
in biofilm systems: an overview. Water Science and Technology 49, 327-336
(2004).
Baffico, G. et al. Community structure and photosynthetic activity of epilithon from
a highly acidic ( pH≤ 2) mountain stream in Patagonia, Argentina. Extremophiles 8,
463-473, doi:10.1007/s00792-004-0408-1 (2004).
Souza-Egipsy, V. et al. Prokaryotic community structure in algal photosynthetic
biofilms from extreme acidic streams in Río Tinto (Huelva, Spain). (2008).

41

83
84
85
86
87

88
89
90
91
92
93
94
95
96

97
98
99

100

42

Atrouni, A. A., Joly-Guillou, M.-L., Hamze, M. & Kempf, M. Reservoirs of Nonbaumannii Acinetobacter Species.(Report)(Author abstract). 7,
doi:10.3389/fmicb.2016.00049 (2016).
Buxton, N. Water scarcity, climate change and Bolivia: planning for climate
uncertainties. (Stockholm Environment Institute., 2013).
Ministerio-de-Salud-Bolivia. (ed Sistema Nacional de Información en Salud
SNIS) (http://snis.minsalud.gob.bo/snis/default.aspx. , 2013).
Carrasco Arandia, M. I. Determinación y análisis de las funciones socioecológicas
de la microcuenca del río Choqueyapu (Bolivia) y los servicios en los que derivan,
Universidad Internacional de Andalucía, (2011).
Poma, V., Mamani, N. & Iñiguez, V. Impact of urban contamination of the La Paz
River basin on thermotolerant coliform density and occurrence of multiple antibiotic
resistant enteric pathogens in river water, irrigated soil and fresh vegetables.
SpringerPlus 5, 1-11, doi:10.1186/s40064-016-2132-6 (2016).
Rosenberg, M. & Stålhammer, K. Evaluation of heavy metals in waters influenced
by mining in the Poopó and Antequera River Basins, Oruro–Bolivia. A minor field
study, MSc thesis, Lund University, TVVR-10/5001. ISSN-1101-9824, (2010).
Gutiérrez Agramont, R. Las huellas de la investigación sobre contaminación minera
en Oruro y Potosí. Tinkazos 12, 51-68 (2009).
Ricaldi, E. Halos de contaminación en la sub-cuenca del río Antequera (Pazna Departamento de Oruro). Revista Boliviana de Física 15, 22-31 (2009).
Ostman, M., Lindberg, R. H., Fick, J., Bjorn, E. & Tysklind, M. Screening of
biocides, metals and antibiotics in Swedish sewage sludge and wastewater. Water
Res 115, 318-328, doi:10.1016/j.watres.2017.03.011 (2017).
Hugerth, L. et al. A comprehensive automated pipeline for human microbiome
sampling, 16S rRNA gene sequencing and bioinformatics processing. bioRxiv,
286526, doi:10.1101/286526 (2018).
Kirangwa, J., Alvarez-Carretero, S., Boulund, F. & Thorell, K. BACTpipe: bacterial
whole genome sequence assembly and annotation pipeline. (2017).
Hudzicki, J. Kirby-Bauer disk diffusion susceptibility test protocol. (2009).
Colque Navarro, P. et al. Antibiotic resistance in environmental Escherichia coli - a
simple screening method for simultaneous typing and resistance determination. J
Water Health 12, 692-701, doi:10.2166/wh.2014.216 (2014).
Aarestrup, F. M. & Hasman, H. Susceptibility of different bacterial species isolated
from food animals to copper sulphate, zinc chloride and antimicrobial substances
used for disinfection. Veterinary microbiology 100, 83-89,
doi:10.1016/j.vetmic.2004.01.013 (2004).
Heuer, H. et al. Gentamicin resistance genes in environmental bacteria: prevalence
and transfer. FEMS microbiology ecology 42, 289-302, doi:10.1111/j.15746941.2002.tb01019.x (2002).
Janzon, A. et al. Failure to detect Helicobacter pylori DNA in drinking and
environmental water in Dhaka, Bangladesh, using highly sensitive real-time PCR
assays. Appl Environ Microbiol 75, 3039-3044, doi:10.1128/aem.02779-08 (2009).
Vital, P. G., Van Ha, N. T., Tuyet, L. T. & Widmer, K. W. Application of
quantitative real-time PCR compared to filtration methods for the enumeration of
Escherichia coli in surface waters within Vietnam. J Water Health 15, 155-162,
doi:10.2166/wh.2016.173 (2017).
Fang, T. et al. Distribution comparison and risk assessment of free-floating and
particle-attached bacterial pathogens in urban recreational water: Implications for
water quality management. The Science of the total environment 613-614, 428-438,
doi:10.1016/j.scitotenv.2017.09.008 (2018).

101
102
103
104

105
106
107

108
109
110
111

112
113

114

115

Schang, C. et al. Evaluation of Techniques for Measuring Microbial Hazards in
Bathing Waters: A Comparative Study. PLoS One 11, e0155848,
doi:10.1371/journal.pone.0155848 (2016).
Huang, W. C. et al. Seasonal distribution and prevalence of diarrheagenic
Escherichia coli in different aquatic environments in Taiwan. Ecotoxicology and
environmental safety 124, 37-41, doi:10.1016/j.ecoenv.2015.09.040 (2016).
Ndlovu, T., Le Roux, M., Khan, W. & Khan, S. Co-detection of virulent Escherichia
coli genes in surface water sources. PLoS One 10, e0116808,
doi:10.1371/journal.pone.0116808 (2015).
Aijuka, M., Santiago, A. E., Girón, J. A., Nataro, J. P. & Buys, E. M.
Enteroaggregative Escherichia coli is the predominant diarrheagenic E. coli
pathotype among irrigation water and food sources in South Africa. International
journal of food microbiology 278, 44-51, doi:10.1016/j.ijfoodmicro.2018.04.018
(2018).
Ohno, A. et al. Enteropathogenic bacteria in the La Paz River of Bolivia. The
American journal of tropical medicine and hygiene 57, 438-444 (1997).
Gonzales, L. et al. Prevalence, seasonality and severity of disease caused by
pathogenic Escherichia coli in children with diarrhoea in Bolivia. Journal of
medical microbiology 62, 1697-1706, doi:10.1099/jmm.0.060798-0 (2013).
Rodas, C. et al. Enterotoxins, colonization factors, serotypes and antimicrobial
resistance of enterotoxigenic Escherichia coli (ETEC) strains isolated from
hospitalized children with diarrhea in Bolivia. The Brazilian journal of infectious
diseases : an official publication of the Brazilian Society of Infectious Diseases 15,
132-137 (2011).
Manges, A. R. et al. Global Extraintestinal Pathogenic Escherichia coli (ExPEC)
Lineages. Clinical microbiology reviews 32, doi:10.1128/CMR.00135-18 (2019).
Roer, L. et al. Escherichia coli Sequence Type 410 Is Causing New International
High-Risk Clones. mSphere 3, doi:10.1128/mSphere.00337-18 (2018).
Zhang, P. et al. Characterization of Five Escherichia coli Isolates Co-expressing
ESBL and MCR-1 Resistance Mechanisms From Different Origins in China.
Frontiers in microbiology 10, 1994, doi:10.3389/fmicb.2019.01994 (2019).
Paulshus, E. et al. Repeated Isolation of Extended-Spectrum-beta-LactamasePositive Escherichia coli Sequence Types 648 and 131 from Community
Wastewater Indicates that Sewage Systems Are Important Sources of Emerging
Clones of Antibiotic-Resistant Bacteria. Antimicrob Agents Chemother 63,
doi:10.1128/aac.00823-19 (2019).
Schaufler, K. et al. Genomic and Functional Analysis of Emerging Virulent and
Multidrug-Resistant Escherichia coli Lineage Sequence Type 648. Antimicrob
Agents Chemother 63, doi:10.1128/aac.00243-19 (2019).
Ewers, C. et al. CTX-M-15-D-ST648 Escherichia coli from companion animals and
horses: another pandemic clone combining multiresistance and extraintestinal
virulence? The Journal of antimicrobial chemotherapy 69, 1224-1230,
doi:10.1093/jac/dkt516 (2014).
Fernandes, M. R. et al. International high-risk clonal lineages of CTX-M-producing
Escherichia coli F-ST648 in free-roaming cats, South America. Infection, genetics
and evolution : journal of molecular epidemiology and evolutionary genetics in
infectious diseases 66, 48-51, doi:10.1016/j.meegid.2018.09.009 (2018).
Kwak, Y. K. et al. Surveillance of antimicrobial resistance among Escherichia coli
in wastewater in Stockholm during 1 year: does it reflect the resistance trends in the
society? Int J Antimicrob Agents 45, 25-32, doi:10.1016/j.ijantimicag.2014.09.016
(2015).

43

116
117
118
119

120

121
122
123
124
125

126
127

128
129
130

131

44

Suzuki, Y. et al. Growth and antibiotic resistance acquisition of Escherichia coli in a
river that receives treated sewage effluent. The Science of the total environment 690,
696-704, doi:10.1016/j.scitotenv.2019.07.050 (2019).
Kaplan, E. S. & Karahan, A. G. The determination of E. coli levels and pathotypes
in water sources around Isparta province Turkey. Environmental monitoring and
assessment 190, 653, doi:10.1007/s10661-018-7036-1 (2018).
Flach, C. F. et al. Isolation of novel IncA/C and IncN fluoroquinolone resistance
plasmids from an antibiotic-polluted lake. The Journal of antimicrobial
chemotherapy 70, 2709-2717, doi:10.1093/jac/dkv167 (2015).
Archundia, D. et al. Antibiotic pollution in the Katari subcatchment of the Titicaca
Lake: Major transformation products and occurrence of resistance genes. The
Science of the total environment 576, 671-682, doi:10.1016/j.scitotenv.2016.10.129
(2017).
Archundia, D. et al. Environmental fate and ecotoxicological risk of the antibiotic
sulfamethoxazole across the Katari catchment (Bolivian Altiplano): Application of
the GREAT-ER model. Science of the Total Environment 622-623, 1046-1055,
doi:10.1016/j.scitotenv.2017.12.026 (2018).
Duwig, C. et al. Impacts of anthropogenic activities on the contamination of a sub
watershed of Lake Titicaca. Are antibiotics a concern in the Bolivian Altiplano?
Procedia Earth and Planetary Science 10, 370-375 (2014).
Suzuki, S., Kimura, M., Agusa, T. & Rahman, H. M. Vanadium accelerates
horizontal transfer of tet( M) gene from marine Photobacterium to Escherichia coli.
FEMS microbiology letters 336, 52, doi:10.1111/j.1574-6968.2012.02653.x (2012).
Zhang, Y. et al. Sub-inhibitory concentrations of heavy metals facilitate the
horizontal transfer of plasmid-mediated antibiotic resistance genes in water
environment. Environ Pollut 237, 74-82, doi:10.1016/j.envpol.2018.01.032 (2018).
Wang, X. et al. Bacterial exposure to ZnO nanoparticles facilitates horizontal
transfer of antibiotic resistance genes. NanoImpact 10, 61-67,
doi:10.1016/j.impact.2017.11.006 (2018).
Parra, B., Tortella, G. R., Cuozzo, S. & Martinez, M. Negative effect of copper
nanoparticles on the conjugation frequency of conjugative catabolic plasmids.
Ecotoxicology and environmental safety 169, 662-668,
doi:10.1016/j.ecoenv.2018.11.057 (2019).
Carattoli, A. Resistance plasmid families in Enterobacteriaceae. Antimicrob Agents
Chemother 53, 2227-2238, doi:10.1128/aac.01707-08 (2009).
Dolejska, M., Villa, L., Hasman, H., Hansen, L. & Carattoli, A. Characterization of
IncN plasmids carrying bla CTX-M-1 and qnr genes in Escherichia coli and
Salmonella from animals, the environment and humans. The Journal of
antimicrobial chemotherapy 68, 333-339, doi:10.1093/jac/dks387 (2013).
Garcia-Fernandez, A. et al. Multilocus sequence typing of IncN plasmids. The
Journal of antimicrobial chemotherapy 66, 1987-1991, doi:10.1093/jac/dkr225
(2011).
Henriques, I. et al. Co-selection of antibiotic and metal(loid) resistance in gramnegative epiphytic bacteria from contaminated salt marshes. Marine pollution
bulletin 109, 427-434, doi:10.1016/j.marpolbul.2016.05.031 (2016).
Imran, M., Das, K. R. & Naik, M. M. Co-selection of multi-antibiotic resistance in
bacterial pathogens in metal and microplastic contaminated environments: An
emerging health threat. Chemosphere 215, 846-857,
doi:10.1016/j.chemosphere.2018.10.114 (2019).
García, M. Transport of Arsenic and Heavy Metals to lake Poopó–Bolivia–Natural
Leakage and anthropogenic effects. Water Resources Engineering, Lund University
(2006).

132
133

134
135
136
137
138
139
140

141

142
143

144
145
146
147

Goix, S. et al. Metal concentration and bioaccessibility in different particle sizes of
dust and aerosols to refine metal exposure assessment. Journal of Hazardous
Materials 317, 552-562, doi:10.1016/j.jhazmat.2016.05.083 (2016).
Ormachea Muñoz, M. et al. Arsenic and other trace elements in thermal springs and
in cold waters from drinking water wells on the Bolivian Altiplano. Journal of
South American Earth Sciences 60, 10-20, doi:10.1016/j.jsames.2015.02.006
(2015).
Quaghebeur, W. et al. Arsenic contamination in rainwater harvesting tanks around
Lake Poopó in Oruro, Bolivia: An unrecognized health risk. Science of the Total
Environment 688, 224-230, doi:10.1016/j.scitotenv.2019.06.126 (2019).
Chen, L. X. et al. Microbial communities, processes and functions in acid mine
drainage ecosystems. Curr Opin Biotechnol 38, 150-158,
doi:10.1016/j.copbio.2016.01.013 (2016).
Quatrini, R. & Johnson, D. B. Microbiomes in extremely acidic environments:
functionalities and interactions that allow survival and growth of prokaryotes at low
pH. Curr Opin Microbiol 43, 139-147, doi:10.1016/j.mib.2018.01.011 (2018).
Fernandes, C. C. et al. Bacterial communities in mining soils and surrounding areas
under regeneration process in a former ore mine. Brazilian Journal of Microbiology
49, 489-502 (2018).
Gupta, A. et al. Metagenomic exploration of microbial community in mine tailings
of Malanjkhand copper project, India. Genom Data 12, 11-13,
doi:10.1016/j.gdata.2017.02.004 (2017).
Yang, Y. et al. Diversity of bacterial communities in acid mine drainage from the
Shen-bu copper mine, Gansu province, China. Electronic Journal of Biotechnology
11, 1-12, doi:10.2225/vol11-issue1-fulltext-6 (2008).
Yang, Y., Li, Y. & Sun, Q.-Y. Archaeal and bacterial communities in acid mine
drainage from metal-rich abandoned tailing ponds, Tongling, China. Transactions of
Nonferrous Metals Society of China 24, 3332-3342, doi:10.1016/S10036326(14)63474-9 (2014).
Bai, Y., Qi, W., Liang, J. & Qu, J. Using high-throughput sequencing to assess the
impacts of treated and untreated wastewater discharge on prokaryotic communities
in an urban river. Applied microbiology and biotechnology 98, 1841-1851,
doi:10.1007/s00253-013-5116-2 (2014).
Li, D., Qi, R., Yang, M., Zhang, Y. & Yu, T. Bacterial community characteristics
under long-term antibiotic selection pressures. Water Res 45, 6063-6073,
doi:10.1016/j.watres.2011.09.002 (2011).
Wang, X., Gu, J., Gao, H., Qian, X. & Li, H. Abundances of Clinically Relevant
Antibiotic Resistance Genes and Bacterial Community Diversity in the Weihe
River, China. Int J Environ Res Public Health 15, doi:10.3390/ijerph15040708
(2018).
Gillings, M. DNA as a Pollutant: the Clinical Class 1 Integron. Current Pollution
Reports 4, 49-55, doi:10.1007/s40726-018-0076-x (2018).
Gillings, M. R. et al. Using the class 1 integron-integrase gene as a proxy for
anthropogenic pollution. Isme j 9, 1269-1279, doi:10.1038/ismej.2014.226 (2015).
Stalder, T., Press, M. O., Sullivan, S., Liachko, I. & Top, E. M. Linking the
resistome and plasmidome to the microbiome. Isme j 13, 2437-2446,
doi:10.1038/s41396-019-0446-4 (2019).
Dutilh, B. E. et al. A highly abundant bacteriophage discovered in the unknown
sequences of human faecal metagenomes. Nat Commun 5, 4498,
doi:10.1038/ncomms5498 (2014).

45

148
149
150
151
152
153
154
155

156

46

Shkoporov, A. N. et al. PhiCrAss001 represents the most abundant bacteriophage
family in the human gut and infects Bacteroides intestinalis. Nat Commun 9, 4781,
doi:10.1038/s41467-018-07225-7 (2018).
García‐Aljaro, C., Ballesté, E., Muniesa, M. & Jofre, J. Determination of
crAssphage in water samples and applicability for tracking human faecal pollution.
Microbial Biotechnology 10, 1775-1780, doi:10.1111/1751-7915.12841 (2017).
Chen, H. et al. Characterization and source-tracking of antibiotic resistomes in the
sediments of a peri-urban river. The Science of the total environment 679, 88-96,
doi:10.1016/j.scitotenv.2019.05.063 (2019).
Karkman, A., Parnanen, K. & Larsson, D. G. J. Fecal pollution can explain
antibiotic resistance gene abundances in anthropogenically impacted environments.
Nat Commun 10, 80, doi:10.1038/s41467-018-07992-3 (2019).
Wang, H. et al. Bacterial, archaeal, and fungal community responses to acid mine
drainage-laden pollution in a rice paddy soil ecosystem. The Science of the total
environment 616-617, 107-116, doi:10.1016/j.scitotenv.2017.10.224 (2018).
Zhang, X. et al. Acid mine drainage affects the diversity and metal resistance gene
profile of sediment bacterial community along a river. Chemosphere 217, 790-799,
doi:10.1016/j.chemosphere.2018.10.210 (2019).
Hao, C. et al. Significant seasonal variations of microbial community in an acid
mine drainage lake in Anhui Province, China. Environ Pollut 223, 507-516,
doi:10.1016/j.envpol.2017.01.052 (2017).
Streten-Joyce, C., Manning, J., Gibb, K. S., Neilan, B. A. & Parry, D. L. The
chemical composition and bacteria communities in acid and metalliferous drainage
from the wet-dry tropics are dependent on season. The Science of the total
environment 443, 65-79, doi:10.1016/j.scitotenv.2012.10.024 (2013).
Docquier, J. D. et al. IMP-12, a new plasmid-encoded metallo-beta-lactamase from
a Pseudomonas putida clinical isolate. Antimicrob Agents Chemother 47, 15221528, doi:10.1128/aac.47.5.1522-1528.2003 (2003).

