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ABSTRACT
Antibiotic resistant bacteria are found in most environments, especially in highly anthropized waters. A direct correlation between
human activities (e.g. pollution) and spread and persistence of antibiotic resistant bacteria (ARB) and resistance genes (ARGs) within
the resident bacterial communities appears more and more obvious. Furthermore, the threat posed for human health by the presence
of ARB and ARGs in these environments is enhanced by the risk of horizontal gene transfer of resistance genes to human pathogens.
Although the knowledge on the spread of antibiotic resistances in waters is increasing, the understanding of the driving factors determining the selection for antibiotic resistance in the environment is still scarce. Antibiotic pollution is generally coupled with contamination by heavy metals (HMs) and other chemicals, which can also promote the development of resistance mechanisms, often through
co-selecting for multiple resistances. The co-selection of heavy metal resistance genes and ARGs in waters, sediments, and soils,
increases the complexity of the ecological role of ARGs, and reduces the effectiveness of control actions. In this mini-review we present
the state-of-the-art of the research on antibiotic- and HM-resistance and their connection in the environment, with a focus on HM pollution and aquatic environments. We review the spread and the persistence of HMs and/or ARB, and how it influences their respective
gene co-selection. In the last chapter, we propose Lake Orta, a system characterized by an intensive HM pollution followed by a successful restoration of the chemistry of the water column, as a study-site to evaluate the spread and selection of HMs and antibiotic resistances in heavily disturbed environments.
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The increasing persistence of antibiotic resistant bacterial pathogens is resulting in a worldwide increment of infections and deaths (Levy and Marshall, 2004; Palmer and
Kishony, 2013). The loss of therapeutic efficiency of existing antibiotics, the constant decrease in the design and production of new antibiotics, and the limited success of the
measures applied to reduce the spread of antibiotic resistance (AR) highlight the need for a reconsideration of our
approach to the problem (World Health Organization,
2014). It is thus necessary to deepen our knowledge on the
relationship between antibiotics and AR in clinical and natural environments, since the reduced therapeutic effect of
antibiotics can be correlated to the persistence of AR in
human affected areas (Aminov, 2010). Human activities are
responsible for a substantial release of antibiotics and of
antibiotic resistant bacteria (ARB) into the environment
(especially into waters), which my act as long-term reservoir of resistances (Di Cesare et al., 2015). It seems though
that the direct release of ARB has a bigger impact on the
occurrence of ARB in the environment compared to the
contamination with antibiotics (Kümmerer, 2009).
On a genetic level, AR is due to the presence of antibiotic resistance genes (ARGs) in chromosomes and/or in

mobile elements (MGE, e.g., transposons and plasmids).
ARGs can be spatially or functionally associated with others genetic elements, which can cause a positive co-selection of ARGs, due to a primary selection of the associated
genes (Alonso et al., 2001). Heavy metal resistance genes
(HMRGs) are a well-known example of such ARG selection systems (summarized by Baker-Austin et al., 2006),
since they can indirectly support the maintenance of AR in
the environment in the presence of heavy metals (HMs,
Icgen and Yilmaz, 2014). Such HMs are released into the
environment by industry, farming and other human activities (Zubero et al., 2010; Wang and Zang, 2014; Yang et
al., 2014). The selective pressure exerted by this pollution
allows HM resistant bacteria (HMRB) to survive and to
preserve their genetic heritage comprising ARGs.
In this review, we focus on AR in aquatic environments and on the role of HM pollution and HM resistance
on the spread of AR in human impacted ecosystems. Finally we suggest, that the sediments of lakes which used
to be affected by strong HM pollution and were later restored, such as Lake Orta (Northwestern Italy), could provide a historical database of heavy metal and antibiotic
resistance genes. This allows to compare gene occurrence
in pristine, polluted, and restored habitats, in order to gain
insight into the relation between ARB and HM pollution.
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The misuse and the massive use of antibiotics in human
and veterinary medicine, as well as in agriculture, in the
last century resulted in a constant release of antibiotics into
the environment and especially into surface and ground waters of urbanized areas. In such contaminated environments
antibiotics have been found in non-negligible amounts in
rivers, lakes, coastal seas (reviewed by Gothwal and
Shashidhar, 2014) and recently even in tap water in Spain
(Valcarcel et al., 2011) and China (Huang et al., 2015).
Bacteria have developed a number of different mechanisms in order to cope with antibiotics, on a genetic
(summarized by Brooks and Brooks, 2014) as well as on
a phenotypic level (e.g. aggregation, Corno et al., 2014;
biofilm formation, Costerton et al., 1999). Nevertheless
antibiotics, even in sub- inhibitory dose, have a direct impact on the fitness and thus on the ecological success of
single bacterial strains (Hall and Corno, 2014) and on the
bacterial community composition (Kümmerer, 2009).
Genetic adaptation allows bacteria to acquire resistance against a specific antibiotic by i) alteration of the target of the antibiotic compounds (e.g., mutations on target
sites of the antibiotics); ii) their inactivation or enzymatic
alteration (for example β-lactamases); or iii) their excretion (e.g., through the activation of efflux pumps, Brooks
and Brooks, 2014).
Horizontal gene transfer (HGT), meaning the transfer
of genes between different organisms, plays a major role
in the acquisition of AR by bacteria (Koonin, 2001). HGT
can occur by three well studied mechanisms; transduction
(transferring of DNA among bacteria mediated by bacterial
viruses), transformation (changing of the bacterial genotype
by capture of exogenous DNA), or conjugation (exchanging conjugative plasmids between physically connected
bacteria). The latter requires conjugative plasmids and it is
commonly observed in nature, even between organisms
that are distantly related (Tazzyman and Bonhoeffer, 2014).
Conjugative plasmids and/or transposons harbor not only
constitutive genetic traits (responsible for their replication,
spread, and maintenance) but also a variety of genes that
are useful to survive under enhanced ecological pressure
(Di Cesare et al., 2014; Hong et al., 2014; Norman et al.,
2009 Turner et al., 2002). More recently additional mechanisms of HGT have been proposed (summarized in Popa
and Dagan, 2011), suggesting that we might even underestimate the rate of gene transfer.
ARGs are an important part of the accessory gene pool
of bacteria, which are necessary to allow the persistence
of a specific bacterial strain in the presence of antibiotics.
Therefore the finding of ARB and/or ARGs in human affected environments, where pollution of different origin
(e.g., antibiotics, heavy metals, and other chemicals) is

generally affecting the bacterial communities, is extensively reported (Bengtsson-Palme et al., 2014; Laht et al.,
2014; Sidrach-Cardona et al., 2014; Di Cesare et al.,
2015). A direct correlation between the overall abundance
of ARGs in the resident bacetrial community and the presence of heavy metals, such as (copper) Cu, (zinc) Zn, and
(arsenic) As has been reported in agricultural soils in
China, where the correlation between ARGs and corresponding antibiotics resulted much weaker (Ji et al.,
2012). In freshwater, a strong relationship between the
source of pollution and the quantitative and spatial distribution of ARGs has been shown (Czekalski et al., 2014).
Moreover many reports hint to a non-negligible amount
of ARGs even in areas that are not directly impacted, such
as permafrost and caves (D’Costa et al., 2011; Bhullar et
al., 2012; Segawa et al., 2013).
The concomitant massive use of different antibiotics (or
antimicrobial-like molecules) promotes the co-evolution of
specific ARB that share the same environment and the same
stress factors, with a high possibility for the development
of multi drug resistant bacterial strains (MDRs), characterized by resistance against several antibiotics (Antunes et
al., 2011; Khan et al., 2012; Vignaroli et al., 2012). MDRs
are frequent among human and animal pathogens like
Staphylococcus aureus, Enterococcus faecium, and others
(e.g. Nordmann et al., 2007), and are often the result of a
general misuse of antibiotics in medical and veterinary care
(Chen et al., 2014). Pathogenic MDRs are thus common in
human affected ecosystems where they represent one of the
main threats to global public health, as stated by the World
Health Organization (2014).
Nonetheless, the crucial importance of the environment (particularly waters and sediments), and of natural
non-pathogenic bacteria as a long-term reservoir of ARGs
becomes more and more evident (Martinez, 2008; Taylor
et al., 2011). The correct management of the use of antibiotics and of the spread of resistances in the environment by national and regional health authorities requires
deeper knowledge and refined management models (Holdren and Lander, 2014).

ci

ANTIBIOTIC RESISTANCE: MECHANISMS,
SPREAD AND RELATIONS BETWEEN CLINICAL
AND ENVIRONMENTAL SETTINGS

HEAVY METAL POLLUTION AND RESISTANCE

HMs constitute a serious threat to natural communities
and ecosystems, because of their toxicity to most organisms (Martins et al., 2014). High concentrations of HMs
are always toxic: while higher organisms cannot survive
heavy contaminations, bacteria were able to evolve different resistance mechanisms, and thus persist in contaminated environments (Martins et al., 2014). Many HMs
like Cu, Zn, cobalt (Co), nickel (Ni), chromium (Cr), lead
(Pb), cadmium (Cd), mercury (Hg), silver (Ag), and gold
(Au) are physiologically necessary for bacterial life, as
they are involved in a number of cellular functions (Seiler
and Berendonk, 2012) but, depending on their concentra-
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through the efflux pump tcrB; Hasman and Aarestrup,
2005), and approximatively 40% were also resistant to Zn
at different levels. In another case, Vibrio cholerae and Vibrio pahraemoliticus isolated from water and shrimps were
resistant to Cu, Cd, Hg, Zn, and Pb (Song et al., 2013).
Staphylococcus aureus strains from humans were found resistant to Cu and Cd (Gómez-Sanz et al., 2013), and a clinical Pseudomonas aeruginosa isolate was resistant to Cu
and Zn (Ramírez-Díaz et al., 2011).
Differently than ABR, HMR is not a direct threat for
human health, and HM resistant bacteria can be used for
environmental restoration and in a number of industrial
processes (Máthé et al., 2012).
However HMR can become a risk for human health if
HMRGs and ARGs are connected in the same bacterium,
favoring the spread of AR.

on

CO-SELECTION OF ANTIBIOTIC
AND HEAVY METAL RESISTANCE
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Co-selection is here defined as the concomitant evolutionary selection of two or more genes, even when exposed to a single selective stressor. The co-selection with
HMRGs has been postulated to be a major path for the
spread and persistence of ARs in different environments
(Wright et al., 2006; Wardwell et al., 2009; Rosewarne et
al., 2010). Antibiotic and HM resistance can be associated
by sharing of function (HMR and AR expressed by the
same gene, commonly indicated as cross-resistance), by
co-regulation of their gene expression and by the co-localization of resistance genes (HM and AR genes physically located on the same mobile element).
Cross-resistance is usually implemented by efflux
pumps, which eject the antibiotics and HMs from the bacterial cell. Mata and co-authors (2000), for example, reported a multidrug efflux pump which also exudates
heavy metals (mdrL) in Listeria monocytogenes.
In the case of co-regulation the gene expression of
HMRGs and ARGs are influenced by the same factor: for
example, during the characterization of the efflux pump
CzcCBA (responsible for the resistance to Zn and Cd) in
Pseudomonas aeruginosa, Perron and co-authors (2004)
found that its expression was regulated by two genes
(CzcS and CzcR), which also controlled the expression of
the OprD porin, responsible for the resistance against the
carbapenems (class of β-lactam antibiotics).
The co-localization of HM and AR genes and MGEs
is responsible for the co-selection of ARGs as a consequence of HM pollution. This means that ARGs can maintained in the environment by co-selection with HMRGs
in polluted areas, since the level of HM pollution is several orders of magnitude greater than the pollution with
antibiotics (Stepanauskas et al., 2005). Indeed if these
genes are linked to MGEs the lateral transfer of the whole
gene cluster to other bacteria is possible (Fig. 1;
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tion, they can have a toxic effect on the organism. On the
other hand, metals such as antimony (Sb) and uranium
(U) are strongly toxic compounds for every life form
(Seiler and Berendonk, 2012).
HMs are commonly released into the environment over
manifold human activities. An increasing content of different HMs on plant leaves (used as indicator of HM pollution
in the atmosphere) was reported in Spain between 1941 and
2012, which suggests urbanization as a driving factor for
HM pollution in the environment (Rodríguez Martín et al.,
2015). A direct correlation between the human impact and
HM pollution has also been shown in the sediments of a
drinking water reservoir in China (Wang et al., 2015): in this
recent study, the highest concentration of several HMs were
detected in the layers corresponding to the beginning of the
industrial age while the highest concentration of lead (Pb)
corresponded to the increase in vehicular traffic. Moreover,
HMs that are used in agriculture are directly released
through water run offs and can have a widespread impact
on natural water bodies. Cu and Zn are commonly supplemented to livestock-feed as growth promoter (Fard et al.,
2011); Fe, Co and manganese (Mn), Cu, and Zn are used as
nutritional additives in livestock and fish-feed (Seiler and
Berendonk, 2012). Oil processing is an additional important
cause of HMs release into the environment: traces of HMs
are present in crude oil and in derivatives of petroleum
(Máthé et al., 2012). In the last decades, steel production
and a number of productions of metal based devices caused
non-negligible releases of HMs into the environment including lakes, rivers and their sediments (Scerbo et al., 1999).
Resistances to HMs have evolved in bacteria through a
number of accessory genes which are part of a complex genetic repertoire (Fard et al., 2011; Gómez-Sanz et al.,
2013). These resistances include three known mechanisms
against HM toxicity: i) complexation or sequestering of the
HM; ii) detoxification by sequestering of intra-cellular
metal ions; and iii) excretion of the HM (reviewed by Seiler
and Berendonk, 2012). HMRB were recovered from different matrixes, including water, sediment, and food
(Akimbowale et al., 2007; Matyar et al., 2008). The frequency of HMRB for each HM is different and the factor
that most contribute to the composition of a HM-resistome
is the environment of origin (e.g. water, sediments, or animal tissues) of the bacterial community (Matyar et al.,
2008). HM resistance is not only spread within environmental bacterial populations, but it has also been detected
in bacterial strains from clinical environments and in
human pathogens. For example, Xu and coworkers (2014)
demonstrated that around half of the 71 Listeria monocytogenes they isolated from food were resistant to Cd. A
number of other studies found HM resistances related to
different human pathogens: e.g. Fard and co-workers
(2011) isolated 192 enterococcal strains from pigs which
were all intermediately resistant to Cu (most of them
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tari, 2001). Heavy metals are now only detectable in the
sediments (Fig. 2) with higher concentrations detected
within the first 20 cm (Baudo and Beltrami, 2001). The
microbiology of the lake remains a black-box, particularly
compared to well characterized microbial communities of
other alpine (Callieri et al., 2006) and subalpine lakes in
the area (Callieri et al., 2007, 2012; Bertoni et al., 2010).
Although the lake is nowadays close to pristine conditions (Bonacina, 2001; Calderoni and Tartari, 2001), the
long period of exposure to HMs have likely induced the
development of resistant bacteria within the resident microbial community (Fard et al., 2011).
Currently, there is very little impact of human activities on the lake (no direct input of treated wastewaters, little resident population on the shores, very reduced
drainage, basin mostly mountainous, with little agricultural production and animal farming) suggesting a potentially limited spread of antibiotic resistances of human
origin (Baudo, 2002). Thus, the sediment of Lake Orta is
an interesting site for the study of the potential long-term
co-selection of ARGs mediated by HMRGs.
Thanks to the stratification of sediment layers, sediment cores provide a unique archive of a lake’s chemistry
and biology (Guilizzoni et al., 2001). The potential of
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Pasquaroli et al., 2014; Silveira et al., 2014). Additionally,
so called integrons can be present in MGEs. Integrons are
genetically non-mobile elements, involved in the integration of gene cassettes and responsible for the transmission
of e.g. ARGs (Ravi et al., 2014). A positive correlation
between the abundance of the class I integrons and the
concentrations of Cu, Zn, Hg, and Pb has been shown in
freshwater sediment samples (Rosewarne et al., 2010) and
the frequency of class I integrons has been postulated as
a good proxy for anthropogenic pollution in the environment (Gillings et al., 2015). Moreover, the co-presence of
ARG, HMRGs and transposition modules (Tn-402 like)
in class I integrons has been found in a variety of bacterial
isolates; these findings suggest a possible role of class I
integrons in the lateral transfer and in the co-selection of
ARGs and HMRGs in environmental microbial communities (Rosewarne et al., 2010). Although the factors that
influence the spread of integrons remain largely unknown,
it can be speculated that the presence of HMs in aquatic
environments can lead to the persistence of mobile elements through co-selection (Rosewarne et al., 2010). Furthermore, the potential co-transfer, leading to a
concomitant spread of ARGs and HMRGs, can be hypothesized from the results of a number of studies (Firth et al.,
2000; Schlüter et al., 2007; Stepanauskas et al., 2006;
Summers, 2006). These early observations were
strengthen by a recent study showing the concomitant
presence of ARGs and HMRGs encoded on a conjugative
plasmid of a pathogenic Escherichia coli strain isolated
from a municipal sewage treatment plant (Wibberg et al.,
2013). Overall, these findings suggest a positive correlation between HMs and the persistence of AR in human affected waters, with the risk of the spread of AR back to
human pathogens.

on

LAKE ORTA, AN IDEAL CASE STUDY?

N

Lake Orta is a large subalpine lake in Northwestern
Italy, and it is characterized by the impact of an intensive
industrial pollution, from which it fully recovered to oligotrophic conditions (Baudo et al., 2001). The pollution of
the lake started in 1927 due to the discharge of wastewaters from a textile company, which were rich in Cu and
ammonium sulphate. Thereafter other heavy metals (Cr,
Ni, Zn) reached the lake from several plating factories and
the lake became rapidly inhospitable (Calderoni and Tartari, 2001). In 1989-1990 the Institute of Ecosystem Study
of the National Research Council of Italy (CNR-ISE) realized a large restoration process termed “Liming”, which
is based on the release of calcium carbonate to reduce the
acidity (due to the oxidation of the Ammonium to Nitrate)
of the lake. This intervention promoted the rapid and massive reduction of the concentration of Cu and other HMs
in the water column, by recovering the original alkalinity
regime and processes of nitrification (Calderoni and Tar-

Fig. 1. Graphical depiction of the co-selection mechanism:
ARGs and HMRGs located on the same genetic element are released in human affected areas and maintained in HM polluted
waters, where they pose a serious threaten for human health.
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ent ages and the different states of pollution of Lake Orta.
Even considering the effects of DNA degradation in time,
of long-term adapatations, and of evolutionary forces on a
community level, the profile of resistance of the microbial
community provides evidence for the situations before (historical, without the exposition to HMs, depth sediments),
during (pollution, sampling the sediment at depths corresponding to the highest concentrations of HMs and associated to the pollution decades), and after (restoration and
contemporary, corresponding to the most superficial sediment layers and to the water-sediment interface) the pollution (Fig. 3). Furthermore, in order to evaluate how the
long-term exposure to HM pollution could influence the
overall composition of the microbial community nearby
non-polluted lakes (e.g., oligotrophic Lake Mergozzo)
could be used as clean reference.
Applying approaches such as metagenomics, would
allow to gain insight into various fundamental questions,
such as: (1) How does the occurrence of HMRGs and
ARGs in the sediment differ with and without pollution?
(2) To which extend does HM pollution stimulate HMR?
(3) Is it possible to assess a connection between ARGs
and HMRGs in such an environment? (4) Did the reduction in pollution also reduce the frequency of resistant
genes? (5) Does the current unpolluted situation resemble
the pre-pollution gene pool or is there a “genetic memory”
of the pollution? Or in other words; to what extent was
the community resilient (Baudo, 2002)?
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such cores is commonly used in Cladoceran biology
(Jeppesen et al., 2001), where they allow to reconstruct
past situations but also to experimentally test eco-evolutionary hypothesis (Dietl and Flessa, 2011). For example,
it has been experimentally shown that daphnids recovered
from the polluted sediment layers of Lake Orta perform
better under Cu-stress then without Cu, indicating an evolutionary adaptation to the pollution (Piscia et al., 2014).
Such approaches are less commonly used for microbiological purposes (Li et al., 2006; Shivaji et al., 2011). Refined molecular methods allowed the analysis of the genetic
potential of the bacterial community over the course of time
using sediment cores (Osborn et al., 1997; D’Costa et al.,
2011). Since the sediment of Lake Orta is characterized by
a gradient of concentration of HMs (Fig. 2), and each layer
correspond to a specific era, it provides a potential temporal
archive of the effects of pollution. The bacterial DNA extracted from the different sediment layers can be considered
as a proxy of the ARs and HMRs characterizing the differ-

Fig. 2. Copper (Cu), Zinc (Zn), Mercury (Hg) and Cadmium
(Cd) concentrations in the first 12 cm of sediments at the site of
Omegna in Lake Orta, at the end of the 1990s (Graphs modified
from Baudo and Beltrami, 2001).

Fig. 3. Theoretical reconstruction of the different sediment layers
of a lake that faced HM pollution and later restoration (e.g. Lake
Orta). The highest amount of HM in the sediments are expected
during the restoration process, when the HM dissolved in the
water column precipitate as consequence of the restoring actions.
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Answering the aforementioned questions will provide
great insights into the establishment and the co-selection
of AR in the case of a HM pollution. Moreover, it could
elucidate the long term consequences of such a pollution
on the environmental gene pool.
Thus, HM polluted lakes and similar environments
characterized by a comparable history of HM pollution
and restoration around the world (Andersen and Pempkowiak, 1999; Hutchinson and Havas, 1985), are natural
experimental systems where basic ecological hypotheses
on the interactions between organisms in artificially modified environments can be validated.
The involvement of HMRGs in the accessory genetic
repertoire utilized by a number of bacteria to survive
within and outside their natural environment have been
shown. While the mechanisms of co-selection of HMRGs
and ARGs are well studied and ample research on laboratory and clinical strains has been carried out, fundamental research is still needed to assess its importance in the
environment, especially on the level of community and
population ecology. Using sediment cores for this purpose
might not deliver a quantitative answer to the problem, it,
however, allows to evaluate which HMRGs might be important selectors for ARGs, which nowadays are one of
the main threads to human and animal health.
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