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ABSTRACT

The development of antibiotic resistance has relevant implications for its impact on bacteria that
can infect humans as well as for the impact on environmental microbiota. Uncontrolled and
widespread use of antibiotics in human, veterinary medicine and farming had a major impact on
bacterial communities, by selecting some antibiotic-resistant bacteria and dissemination of
antibiotic resistance determinants in pathogenic bacterial populations. Resistance determinants
are widely distributed in commensal and pathogenic bacteria and can be disseminated by one or
more distinct gene transfer mechanisms. Considering that the emergence of bacterial strains
resistant to antibiotics used in clinics is associated to the existence of resistant bacteria in the
environment, it is important to increase the knowledge of the environmental reservoirs of
resistance in order to identify risk factors for the diffusion of a resistance mechanism in a
particular community, and thus to prepare for problems in the clinic in a proactive manner. This
article summarizes literature information relating to types, distribution and mechanisms transfer
of antibiotic resistance genes in different aquatic ecosystems and also describe the origins and the
mechanisms of antibiotic resistance.
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1. INTRODUCTION

Studying the antibiotic resistance phenomenon has relevant implications for both human health and
from ecological point of view. Uncontrolled and widespread use of antibiotics in human and
veterinary medicine and farming had a major impact on bacterial communities, by selecting some
antibiotic-resistant bacteria, which is a major problem in the effective treatment of bacterial
infections [1].

The presence of antibiotic-resistant bacteria in aquatic ecosystems has been shown by numerous
studies [2, 3, 4, 5, 6] as being a result of uncontrolled urban and farming wastewater discharge [7, 8,
9, 10, 11]. Even if these bacteria do not always present a direct risk factor for public health, they are
added to the environmental resistance gene fund; these genes can be transferred to other bacterial
species and genera, including potential human pathogens [12]

The emergence of antibiotic resistance is an evolutionary phenomenon, caused by selective pressure
of environmental factors [13]. Genes encoding resistance factors have pre-existed at the moment of
introducing antibiotics in human and veterinary medicine, and the use of antibiotics exerted a
selection pressure for bacterial strains that had genetic antibiotic resistance determinants and natural
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ability to resist the antibiotic action. Many of these factors can be transferred and spread from one
type of resistant bacteria to other bacteria, without genus and species limitations [12].

Resistance is the ability of an organism to grow in the presence of high levels of an antimicrobial
agent. Bacteria have shown a remarkable ability to develop resistance to each new antibiotic used,
often by surprising mechanisms that became functional very soon. Antibiotic resistant bacteria can
survive and even multiply in the presence of therapeutic antibiotic concentrations [14].

During the stress, saprobiontic and pathogenic bacteria increase their mutation rate, i.e. become
hyper-mutable. They express and duplicate their survival information, including antibiotic resistance
genes located in plasmids, transposons and integrons [15]. On the other hand, bacteria have a high
ability to retain their genetic material that confers a selective-evolutionary advantage and preserves
the convenient mutations even in the presence of DNA repairing mechanisms, which tend to correct
them. At international level, most studies betaken to the rising problem of antibiotic resistance are
performed on strains isolated from clinics. Intensive use of antibiotics in human clinics and animal
farming resulted in the emergence of a growing number of bacterial strains resistant to a higher
number of antibiotics [16]. Considering that the emergence of bacterial strains resistant to antibiotics
used in clinics is associated to the existence of resistant bacteria in the environment [17], it is
important for research studies on antibiotic resistance to include environmental microorganisms.

2. ORIGINS OF ANTIBIOTIC RESISTANCE GENES

At the level of bacterial saprobiontic and pathogenic communities, there is a significant reserve of
resistance genes for which two assumptions were made: - natural existing resistance genes, which
probably evolved in thousands of millions of years within bacterial populations from soil and water,
as protection means against the action of their own product or nonspecific defense mechanisms
against existing toxic compounds in environment, such as metabolites in plants and soil microbiota.
Thus, the actinomycetes that produce most aminoglycoside molecules used in clinics have resistance
genes that confer them self-defence. Comparative molecular analysis of these resistance genes and
their products to antibiotic-producing strains has shown their common origin. Confirmation of gene
transfer from producers to pathogenic microorganisms was demonstrated by the fact that
tetracycline-resistant mycobacteria have the same resistance genes as the tetracycline-producing
Streptomyces rimosus [18]. Antibiotic resistance genes are often located witin the same restriction
fragment together with genes for antibiotic production; - by mutations in constitutive genes that
encode for specific enzymes in bacterial metabolism and have evolved by changing the substrate on
which they work, modifying and inactivating antibiotics (e.g kinases and acetyltransferases that can
modify aminoglycosides by phosphorylation and adenylylation processes).

The acquisition of antibiotic resistance is a stage process. The full resistance is not always conferred
by an immediate change in the bacterial genome. The first stage is the tolerance or the bacterial
ability to survive in the presence of the antibiotic, without following the growth and division.
Resistance is installed when bacteria not only survive but multiply within the antibiotic environment.
Tolerance increases the resistance development and tolerant strains often become resistant under
selective pressure conditions [14].

The origin of antibiotic resistance genes of pathogenic bacteria is not clear. The time period, from
the beginning of antibiotic therapy (50-60 years ago), up to the emergence of bacteria that express
efficient resistance mechanisms is too short to explain the development of resistance factors in
cellular proteins by spontaneous mutation. If a resistance mechanism requires a cooperative action of
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several proteins (e.g, vancomycin resistance), de novo generation of a complex resistance
mechanism of pathogenic bacteria is unlikely.

Most antibiotics are derived from metabolites of soil organisms, especially fungi and actinomycetes.
All known resistance mechanisms to bacterial pathogens (RNA methylases, ABC transporters = ATP
binding cassette, aminoglycoside phosphotransferases and B-lactamases) already exist in antibiotic
producers. It was assumed that bacteria forming normal microbiota of the digestive tract can act as a
reservoir of resistance genes that can be transferred to bacteria such as Enterococcus faecalis, a
component of the normal colon microbiota and the Staphylococcus aureus and Streptococcus that
colonize the oropharynx. The tetO gene was identified in some Lactobacillus strains that colonize
the vaginal tract. These are the arguments that favour the hypothesis of horizontal transfer between
members of normal microbiota and pathogenic bacteria, which can occur in certain body micro-
niches [14].

Genes for resistance to p-lactam antibiotics were discovered before the discovery of antibiotics
themselves. For example, it was found that a strain of S. aureus isolated before the discovery of
antibiotics and kept within the collection, synthesizes the B-lactamase. It is considered that the
lysozyme in nasal mucus exerted a selective pressure that favoured the selection of antibiotic-
resistant cells [19].

Resistance may be natural (intrinsic) or acquired through resistance gene mutation or by acquisition
of exogenous genes.

Natural resistance (intrinsic, constitutive) - is found in all strains of a particular species and its
genetic support is the bacterial chromosome, being genetically carried to its offspring, by vertical
transfer. For example, mycoplasma, bacteria lacking the cell wall, are naturally resistant to
antibiotics that act at this level: (B-lactam); microorganisms with deficient transport systems
(anaerobic bacteria) are intrinsically resistant to aminoglycosides [20].

Natural resistance of these species is usually due to low permeability of the cell membrane to
antibiotics. Coating structures of the bacterial cell form natural permeability barriers that severely
limit the free diffusion of molecules. Absence of cellular target for antibiotic action is a natural
resistance cause. Chlamydia g. bacteria are not sensitive to the action of cell wall synthesis inhibitors
(penicillins) because they do not have peptidoglycan, although they have the penicillin-binding
enzymes (PBP) required for peptidoglycan synthesis [14].

Regarding Gram positive bacteria, the thick and relatively stiff peptidoglycan wall, does not confer
protection against antibiotics. Antibiotics thet have smaller molecules than 1200 Da diffuse freely by
the mureinic wall with a porosity of 1.1 nm. Most antibiotics can freely diffuse through the
membrane because they are at least partially hydrophobic.

Outer membrane of Gram-negative bacteria is an effective protection barrier against small molecules
such as antibiotics. Water molecules, O,, CO, (smaller molecules than 0.8 nm), fat-soluble
molecules (which are dissolved in lipids of the cell membrane, as tetracycline) and free-load organic
molecules, up to glycerol size, get through passive diffusion.

Target inaccessibility due to some structure impermeability, as the external membrane of Gram-
negative bacteria, is a passive resistance. But target inaccessibility may be an active process: for
example, the activity of energy dependent efflux pumps, which remove the drug against a
concentration gradient [14].

Acquired resistance — is translated by decrease or complete loss of antibiotic susceptibility of a
bacterial strain.
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Acquired antibiotic resistance can be determined by: - action of chromosomal genetic determinants;
- excess DNA segments (transposons), integrated by recombination; - presence of antibiotic and
multidrug resistance R plasmids.

Chromosome-mediated resistance is due to a mutation of either gene encoding antibiotic target, or
the transportation system at membrane level, that controls antibiotic penetration [12].

It was initially assumed that resistance was acquired by spontaneous mutation. Mutation resistance is
called primary resistance. Errors of replicative DNA synthesis and system inability for DNA repair
lead to a spontaneous mutation frequency of a pair of bases/10’- 10'°-cells, which means that for
each of the 10’- 10" cells, only one base undergoes a change. But the rate of spontaneous mutation
generating resistance is lower because multiple mutations have to occur for the emergence of
primary resistance. For this reason, it was considered that the occurrence of antibiotic-resistant
strains through mutational processes during therapy is unlikely. Although mutation is a rare event,
the very fast rate of bacterial growth promotes relatively quickly, the resistance expression in a cell
population. Once the mutational resistance gene was stabilized, it can be transferred directly to all
the descending cells (vertical gene transfer).

Microevolutionary genetic changes (point mutations) can alter organism sensitivity to antibiotics by
structural modification of the target. For example, some microorganisms change their p-lactamase
enzyme by point mutation and thus the enzyme activity spectrum expands. Sulfonamide resistance is
the consequence of a single amino acid change in the sequence of pteridine-synthetase enzyme.
Similarly, a point mutation changes a ribosomal protein that confers resistance to streptomycin.
Macroevolutionary genetic changes involve the rearrangement of large DNA segments by
transposition. If these changes involve movement and transfer of resistance genes and their passing
under the control of a new promoter, the body might become resistant.

Cross-resistance means a phenomenon by which acquiring a single resistance mechanism confers
resistance to an entire class of antibiotics. For example, resistance of S. aureus to meticillin confers
resistance to all B-lactam antibiotics and cephalosporins. But cross-resistance is not always a rule:
kanamycin-resistant Pseudomonas aeruginosa remains susceptible to similar antibiotics
(gentamicin). If the resistance mechanism is a nonspecific one, such as efflux pumps, it may confer
cross-resistance to a wide range of drugs.

Co-resistance means the simultaneous activity of several resistance mechanisms to the same
organism [21].

Co-selection refers to the selection of multiple antibiotic resistance genes and it occurs when
resistance genes are part of the same operon and therefore under the control of the same promoter
[14].

3. TRANSFER MECHANISMS OF ANTIBIOTIC RESISTANCE
GENES IN AQUATIC ENVIRONMENT

Antibiotic-resistant bacteria can reach the aquatic ecosystems through untreated sewage, effluent of
wastewater treatment plants and leakage/infiltrations from agricultural areas on which animal manure
was stored/applied [22, 23, 24, 25]. These antibiotic resistance genes may also contaminate water
resources used as sources for drinking water production and they can be transferred to drinking water
or human food chain bacteria [26, 27].

Antibiotic resistance can be propagated by vertical and horizontal gene transfer [28,29]. Vertical
gene transfer means transmitting the genetic information, including resistance genes, in successive
cell generations, together with the division. This mechanism is considered "slow" evolutionary in the
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context of antibiotic resistance genes’ propagation compared to horizontal gene transfer. Horizontal
gene transfer means the transfer of genetic information between bacterial cells, free from barriers of
gender and species, by other pathways ways than division. Horizontal gene exchange is the primary
mechanism of antibiotic resistance evolution and it is achieved by conjugation, transformation or
transduction. This continuous flow of genes seems to be a defining characteristic of the bacterial
world and to have contributed substantially to the extreme metabolic versatility of bacteria in almost
all natural environments [30].
3.1. Horizontal transfer of antibiotic resistance genes in aquatic environment. Numerous studies
demonstrate that horizontal transfer of resistance genes between bacteria takes place in a variety of
aquatic habitats [31, 32, 33, 34]: river water, lake water, wastewater, sediment, activated sludge from
wastewater treatment plants.
In oligotrophic and eutrophic aquatic environments, bacteria tend to increase the surface contact and
adhere to substrates or surfaces, forming multi-sepcific bacterial biofilms [35] and high densities of
bacterial populations. The genetic transfer is possible among the biofilm cells (including R and virulence
plasmids); it is facilitated by the proximity of cells, a process that leads to resistance occurrence in an
initial cell population which is sensitive to certain antibiotics, within a multi-clone or multi-specific
community and thus the resistance phenomenon is amplified [36]. In addition, cells contained in
biofilms have a high rate of mutations (hipermutators cells), influenced by stress conditions with an
adaptative role [35]. The extra-cellular biofilm matrix in aquatic habitats also produces favorable
conditions for both plasmid transfer and transformation process [37]. It has a netlike structure and
contains water (95-99% of biofilm weight) and different matters: polyosides, some of them with an
adhesive role, capsular polysaccharides, DNA fragments, proteins such as fimbriae and acids involved
in bacterial conjugation [35].
Wiedenbeck and Cohan, 2011 [38] mention that bacterial adaptation to the selective pressure of
antibiotics accelerates the acquisition of antibiotic resistance genes by horizontal transfer from the
donor to the recipient bacterial cells.
Horizontal transfer of antibiotic resistance genes among bacteria in the aquatic environment can be
achieved by: (a) conjugation, by means of plasmids and transposons, as well as integrons from
plasmid and transposon structure; (b) genetic transformation - if bacteria are naturally able to take up
the naked DNA from the outer environment or for which the environmental conditions (presence of
calcium) induce these skills [39]; (c) transduction - resistance genes are transferred by
bacteriophages.
a) Conjugation is the DNA transfer from a donor cell to the recipient, by direct cell contact
mediated by a special multiprotein complex called conjugation device. In Gram-negative bacteria,
the physical contact is achieved through extra-cellular filamentous structures called pili [14].
Two types of conjugative genetic structures have been described:

e conjugative transposons;

e conjugative plasmids.
Conjugative transposons are mobile DNA molecules that encode for all the functions required for
intracellular transposition, but also for intercellular conjugation. They include in their composition, a
series of structural genes, bounded by IS (insertion sequences) on their extremities, all being
repeated in a reverse order.
From the genetic structure point of view, simple transposons are similar to IS, but differ from them
in that, in the central sequence, they carry genes whose phenotypic expression is identifiable and
confers new properties to the carrying cell (e.g kanamycin or tetracycline resistance genes, etc.).
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Inverted sequences gives a higher stability to transposon structure and play the role of perceiving
sites for the transposase, an enzyme that catalyzes the transposition process.

Most transposons are resident in the plasmid DNA or phage DNA. Few transposons are resident in
bacterial chromosome. They are found in a wide variety of Gram-positive bacteria (Tn 916 in
Enterococcus faecalis) and Gram negative ones (Tn 455 — with tetracycline resistance gene in
Bacteroides) and they are important for the dissemination of antibiotic resistance genes. The transfer
frequency of conjugative transposons ranges between 107 - 10 [14].

Transposons are mobile genetic sequences: - move between plasmid and chromosome; - go from a
plasmid to another; - are trasnposing between different sites of the same plasmid. Transposons are
major factors of genetic information reorganization and therefore, for the agglomeration of several
resistance genes within a single plasmid, due to their transposition and insertion ability. Genetic
structure and mobility make multiple the antibiotic resistance very predictably. Transposition is an
easy and effective way for simultaneous resistance transfer to several antibiotics.

Integrons are frequently part of some transposons’ structure. They are DNA sequences that contain
genetic determinants of a system for site-specific recombination. Integrons recognize, integrate and
thus mediate the movement of short mobile DNA sequences called gene cassettes [40]. Most gene
cassettes contain a single antibiotic resistance gene. An integron groups and integrates multiple gene
cassettes. Integration of a gene cassette in a replicon is reversible. The excided cassette is integrated
in another replicon. The resistance gene counterpart can always be rearranged and moved from one
replicon to another, through gene cassettes.

Several studies have highlighted the important role of integrons, particularly those in Class 1, in the
evolution of multi-antibiotic resistance in clinics [15]. They are true platforms for grouping multiple
gene cassettes, favoring the simultaneous resistance dissemination in several antibiotics in a single
transfer event, through their integration into mobile genetic elements such as plasmids and
transposons.

Recent studies of environmental microbial communities have demonstrated the presence of Class 1
integrons in water samples, their prevalence reflecting the degree of water pollution with heavy
metals [41]. Water and sediment pollution with nitrogen (quaternary ammonium salts), detergents
and / or antibiotics also favours the selection of bacteria that possess Class 1 integrons and gac gene,
responsible for bacterial resistance to ammonium ion, by the activity of efflux resistance systems
[42, 43].

Resistance plasmids (R) are extra-chromosomal circular double-stranded DNA molecules, which
physically replicate independently of the chromosome and carry genes that confer adaptive
characters that are beneficial to bacterial hosts, allowing their survival under certain environmental
conditions. Plasmid genes coding for antibiotic resistance and tolerance to heavy metals (such genes
are present in many strains of pathogenic bacteria) are listed in this category.

Broad-host range plasmids identified in streptococci and enterococci, are transferred by conjugation,
with a variable frequency of 1/10°-10° (a conjugation event to 10%-10° cells), depending on the
plasmid and the genotype of the two plasmids forming the couple. They confer resistance to
macrolides, lincosamides and streptogramin B.

Spreading multi-antibiotic resistance from one cell to another is assigned to resistance plasmids (R).
A bacterial cell can carry several resistance genes, that can confer it a multidrug-resistance or super-
resistance and even resistance to all commonly used antibiotics. Antibiotic resistance genes on R
plasmids might be considered as virulence genes because acquiring resistance to antibacterial agents
determines the increase of incidence and continuous spread of bacterial infections [12].
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The occurrence of R plasmids confers to pathogenic bacteria the property of resisting to normally
lethal antibiotic concentrations, creating difficulty in the treatment of bacterial infections. The
situation is worsened by the possibility R plasmids transfer from indigenous carrying bacteria, to
allochthonous pathogenic bacteria, even if they belong to other species and genera [12].

R plasmids have a complex genetic structure and consist of the following categories of genetic
determinants: - genes that confer antibiotic resistance (“r ” genes); - genes that confer the conjugon
function (transferon) to plasmid R. They are grouped into a transposon, forming the resistance
transfer factor (FTR). They are called tra genes and encode for protein synthesis required for
conjugation plasmid transfer; - insertion sequences; - initiation sequence of the replication process
(“ori™); - genes that provide a physical autonomous replication of the plasmid. The "r" genes are part
of the transposon structure (being bounded by insertion sequences) and have a very pronounced
mobility, i.e they are moving from one site to another within the plasmid structure or between
plasmid and chromosome. The number of resistance genes in a plasmid is variable. Unlike F
plasmids, R plasmids do not integrate into the bacterial chromosome. If R plasmid does not contain
tra genetic determinants (FTR), the transfer is made by transduction mediated by a large size phage
or by conjugation initiated by other conjugative plasmids.

b) Genetic transformation consists in taking by the bacterial cell, of an exogenous DNA fragment.
DNA must cross the cell layers and be integrated into the host cell chromosome, by homologous
recombination. In the homologous recombination process, a part of the chromosome is replaced by a
homologous DNA.

Small DNA embedded fragments from the external environment favour the intra-gene
recombination, thus resulting mosaic genes that contain DNA from the original allele, but even DNA
from other genes or organisms. Most mosaic genes are lost, but some may express a phenotype that
favours the organism survival because they encode proteins with new properties: for example, the
gene that encodes an altered PBP with low affinity for p-lactam antibiotics. Such a gene promotes
tolerance to the environmental antibiotic and the carrier cell is favored by selection.

c) Transduction consists in DNA segment transfer from one bacterium to another via
bacteriophages by generalized or special transduction. In generalized transduction, bacterial genes
(from any part of the genome) are taken and transferred in successive infection cycles - lysis (lytic
cycle). In special transduction, gene transfer is made with temperate phages which are able to
become prophages by including their genetic material into the bacterial chromosome. Prophages are
replicated simultaneously with the bacterial chromosome, so all bacteria resulting from this division
are lysogenes, having prophages (lysogenic cycle). In the separation process of prophages from the
bacterial chromosome, the viral genome may take one or some genes from it. For a new cycle, genes
are transferred from one cell to another, by infecting another bacterial cell and including the
temperate phage possessing bacterial genes in the chromosome of the bacteria-host cell. Temperate
bacteriophages, due to their lysogene and prophage status, conduct a specialized transduction in that
they carry a specific fragment of the bacterial chromosome, in their genome [ 44].

Bacteriophages are important constituents of aquatic ecosystems [45, 46] having an important role in
the horizontal gene transfer in aquatic environment [47].

Recent studies [48, 49] have shown the presence of genes coding for the synthesis of B-lactamases
(blarem, blactx-v) and the gene encoding meticillin resistance (mecA) in the viral metagenome of
activated sludge and wastewater from treatment plants, as well as in the wastewater receiving tank,
thus confirming that transduction may be responsible for the dissemination of resistance genes in
these aquatic habitats. Moreover, the presence of the mecA gene in phage DNA from aquatic
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environments represents a major problem for public health, due to the threat of infections with
meticillin-resistant Staphylococcus aureus (MRSA), both in hospitals and in the community [50].

4. ANTIBIOTIC RESISTANCE GENES IN AQUATIC
ENVIRONMENTS

Uncontrolled and widespread use of antibiotics in human, veterinary medicine and farming had a
major impact on bacterial communities, by selecting some antibiotic-resistant bacteria and
dissemination of antibiotic resistance determinants in pathogenic bacterial populations. Therefore, it
was found an increased incidence of antibiotic-resistant bacteria and numerous genes that encode
antibiotic resistance were detected in different aquatic environments [39].

Antibiotic resistance induced by genes isolated from environmental bacterial strains is
achieved through different molecular mechanisms: - target bypass (dfrAl, A5, A7, A12, Al5, Al7,
A18; sull, 11, 11l and A), inaccessibility of the antibiotics to their target enzyme by mutational
changes or loss on the enzyme gene; - efflux pumps (cmlAl and A5; flog; otrB; tetA, A(41), B, C, D,
E, G, J, Y, Z 33 and 39), reduction of intracellular concentrations of antibiotics by structural
alteration of cellular membrane; - antibiotics inactivation (aacC1, C2, C3 and C4; aadAl, A2, A5,
Al3 and B; ampC; aphAl, D; mphA; satl and 2; strA and B); - target modification (ermA, B, C, E, F,
T, V and X; mecA; penA; otrA; tetB(P), M, 0,Q,S, T and W; vanA and B)

Environmental factors which can influence the dissemination of antibiotic resistance genes in aquatic
environments may include: - spatial distribution and density of donor and recipient bacterial strains;
- temperature and pH; - nutrient availability; - selective pressure determined by the presence of
antibiotics and/or heavy metals.

The direct contact between the donor and recipient cells must occur for the transfer of antibiotic
resistance genes to be carried out through conjugation. Therefore, the spatial distribution of strains
and density of antibiotic-resistant microorganisms play an important role in gene transfer frequencies
with an increased dissemination of genes observed for high densities of donor strain [51].

Sediments and clay-rich soils lead to higher frequencies of gene transfer due to large colonization
areas, thus creating a favourable environment to horizontal gene transfer by conjugation between the
bacterial cells [52, 53]. It has been shown that horizontal gene transfer by conjugation process is
frequently present between bacteria forming a biofilm, the process being frequent in aquatic
sediments and it is favourable to environmental cell adaptation, as well as to the diversity of
microbial populations, but also having a negative connotation, namely the emergence of bacteria that
are multiresistant to antibiotics and heavy metals [54].

The influence of temperature and pH on the horizontal gene transfer is related to the optimum field
of these parameters. Although laboratory studies have shown that the optimum temperature for
maximum transfer frequencies ranges from 22°C to 30°C, with an optimum pH between 6.15 to 7.45,
indigenous soil microorganisms showed higher frequencies in the range 15°C - 25°C, suggesting that
by adaptation to specific environmental conditions, bacteria can increase the horizontal gene transfer
frequencies [55].

The main factor contributing to the horizontal transfer of antibiotic resistance genes is the selective
pressure exerted by the intensive use of antibiotics in human and veterinary therapy. High selective
pressure facilitates the acquisition of antibiotic resistance genes, which may lead to increased
incidence of resistant bacteria, allowing fast evolution and dissemination on a global scale [56].
Furthermore, the presence of sub-inhibitory antibiotic concentrations in environment may accelerate
horizontal transfer and dissemination of antibiotic resistance genes in environment [57, 58].
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Bacteria in heavy metals polluted environments seem to develop more easily antibiotic resistance
phenotypes comparable to those existing in control areas [21, 41]. A new gene coding for
tetracycline resistance, tetA (41) was identified in strains of Serratia marcescens isolated from a
heavy metals polluted stream [59] providing indirect evidence of co-resistance. Thus, the resistance
plasmids may be responsible for conferring not only antibiotic resistance, but also the simultaneous
resistance to heavy metals, favoring the maintenance and spread of antibiotic resistance due to
selective pressure exerted by the presence of heavy metals [60, 21].

Investigating the resistance gene pools in the aquatic environment is important in order to identify
risk factors for the diffusion of a particular resistance mechanism in a particular community, with
negative effects on receiving waters and human health, highlighting the need for further measures of
water quality monitoring.
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