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Abstract Heavy metal and antibiotic resistance
have been shown to have a strong correlation in
nature, and their inter-relation is an important
subject of study. We report an analysis of surface
waters of the Mololoa River in the municipality of
Tepic, state of Nayarit, Mexico. This river has two
distinctive sources of contamination: sewage wa-
ters and trash confinements. Our findings demon-
strate a correlation between the river flow pattern
and resistance to heavy metals or to heavy metals
and antibiotics in isolated bacteria of the genus
Enterococcus, specifically Enterococcus faecalis.
The Mololoa River provides a model to study the
relationship between water flow and generation of
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biodiversity, and more importantly, it constitutes
a model for studying genetic diversity of bacteria
affecting human health.
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Introduction

Contamination of surface waters has important
effects on the life dynamics and the ecology of their
surroundings. It has a direct impact on the public
health of entire communities, such as heavy metal
(HM) poisoning. In addition, the contaminants
present in surface waters constitute a selective force
in bacterial communities, which may become resis-
tant to different xenobiotics (Haferburg and Kothe
2007; Tuckfield and McArthur 2008). Nonethe-
less, human and industrial waste management reg-
ulations have a limited effect on the preservation
of water bodies throughout the world, especially
in Mexico. Numerous reports have highlighted that
the quality of the water that ends up in Mexican
rivers is poorly monitored and that the laws that
regulate the monitoring are not properly applied
(Barceló et al. 1999; Borbolla et al. 2005;
Cabrera et al. 2003; Castro et al. 2005; Gómez
et al. 2004; González et al. 2005, 2006; Graniel and
Carrillo 2006; Guzmán et al. 2007; Jaúregui et al.
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2007; López 2008; López and Lechuga 2001; Peña
2007; Pérez 2001; Pérez et al. 2002; Rodríguez
and Botello 1987; Rodríguez and Morales 2000).
Sewage water management is important since its
contamination with potentially infectious bacte-
ria can lead to their dissemination and since the
presence of certain heavy metals can lead to the
selection of bacteria resistant to either heavy met-
als or antibiotics, or both. These problems require
the imminent application of policies that regulate
waste management.

Mexico has many important rivers and water
bodies. The Mololoa River in the state of Nayarit
(as shown in Fig. 1a) is one of the biggest and
most important superficial water flows in this
state. Reports and evidence exist about how in-
dustrial, urban, and agricultural contamination
has considerably deteriorated the water quality
of the river. The two main sources of contami-
nation are municipal trash confinements leaking
and the discharge of considerable volumes of par-
tially treated water from septic drains (Jaúregui
et al. 2007). Furthermore, the Secretary of Envi-
ronment and Natural Resources (SEMARNAT,

for its initials in Spanish) has reported the pres-
ence of heavy metals in the river, originating from
the industrial and municipal trash confinement.
The SEMARNAT has also reported that the
Mololoa’s River water is being used as an irrigat-
ing source for nearby agricultural fields (SEMAR-
NAT 2002), thus having a direct impact on the
quality of the natural products destined for human
consumption.

Heavy metals constitute an important selection
pressure for many microorganisms in different en-
vironmental niches (Jana and Bhattacharya 1987).
Bacteria that are positively selected use vast array
of strategies to manage the presence of heavy
metals and persist in their presence, being hor-
izontal gene transfer the key mechanism (Junco
et al. 2001; Silva-Lopes et al. 2005). Considering
the trash confinement sources of heavy metals
and that part of the sewage waters that are de-
posited in the river come from hospitals in which
infected people have been treated with consid-
erable amounts of antibiotics, it is reasonable to
imply a coexistence of HM and antibiotic-resistant
bacteria, mainly through horizontal gene transfer

a b
SITE  PPN

SITE  PL

SITE LINayarit Statey Tepic  municipality
-105

-106 -105 -104

23

23

Waste land

22

22

Mololoa River

#Tepic21

21

-106 -105 -104

River 
pattern

-105

p

SITE AT

flow

Treatment
pplant

Fig. 1 Localization map of the Mololoa River in the state
of Nayarit, Tepic municipality. In a, the relevance of the
hydrological resources of the Nayarit state is shown. In b,

the river flow (blue arrow) and the sampling points (yellow
arrow and red squares) are shown. Relevant locations are
named on the map
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(Alonso et al. 2001; Summers 2002; Summers et al.
1993) in the Mololoa River. It has been observed
in clinical samples that most bacterial isolates are
resistant to at least one HM and to one or more
antibiotics (Udo et al. 2006; Velasco et al. 2006;
Woods et al. 2009). Therefore, bacterial popula-
tions resistant to HM and antibiotics originating
from contaminated river waters could constitute a
threat to plants, animals, and humans (Choudhury
and Kumar 1996; Garbarino et al. 2003; Jackson
and Bertsch 2001; Rutherford et al. 2003; Sabry
et al. 1997; Spain 2003; Williams et al. 2006).
Hence, the environmental impact of heavy metals
and sewage water is potentially catastrophic for
both public health and ecological niches.

In previous water contamination studies, the
presence of the bacterial genus Enterococcus has
been considered a clear indicative of the pres-
ence of sewage water (Borrego and Figueras 1997;
Hartke et al. 2002; Lleó et al. 2005). Although en-
terococci are not highly virulent bacteria, they can
be easily identified; they are widely distributed
among humans that consume polluted water and
are commonly isolated in nosocomial infections.
The most important aspect of this genus of bac-
teria is the widespread multi-antibiotic resistance
that it harbors, making it very difficult to control
human cases, particularly those that occur within
hospital care (Kacmaz and Aksoy 2005; Laguna
Del Estal et al. 2009; Richards et al. 2000). An-
other striking feature of enterococci bacteria is
their resistance to chemicals and HM, in contrast
to coliform bacteria that are incapable of present-
ing both resistances (Choi et al. 2003; Genthner
et al. 2005; Kacmaz and Aksoy 2005; Kimiran-
Erdem et al. 2007; Klare et al. 2003; Lleó et al.
2005; Peters et al. 2003).

In the present study, it is shown that the con-
tamination of a river by two different sources
can have a severe effect on bacterial populations,
mainly by introducing a human pathogen, Ente-
rococcus. It is shown that the river stream can
influence the subdivision of two distinct subpop-
ulations of bacteria that have two different resis-
tances, either to HM or to HM and antibiotics.
This report evidences that pollution of rivers is
not only a hazard to the ecological niche but an
important source of pathogens that can have a
direct impact on human health.

Materials and methods

Sampling Samples were collected at four dif-
ferent sites in one annual season, considering that
they would be representative of all the contami-
nation sources, making a total of 48 independent
samplings. As shown in Fig. 1b, the sampling sites
are marked in the satellite image and correspond
as follows: site AT to the site before the conver-
gence of sewage and trash confinement, site LI
to the area where the trash confinement leaks
trash residues to the river, PL site to the con-
vergence of the flow from the water treatment
plant, and site PP to the site farther from the trash
confinement and water treatment plant. Samples
were collected in sterile bottles and transported to
the laboratory in ice to prevent bacterial growth
after sampling.

Bacteriological analysis To analyze the presence
of HM-resistant bacteria, bacteria present in the
1-L samples were isolated by filtration through
a 0.45-μm membrane (Millipore). Membranes
were then washed with 3 mL phosphate buffer,
pH 7.2, and all the bacteria were recovered in
500-μL phosphate-buffered saline and plated on
three agar KF plates (Bioxon, Boston, MA, USA)
each containing either 300 μM HgCl2, 10.0 mM
K2Cr2O2, or 10.0 mM CdO as indicative of HM.
Plates were incubated overnight at 37◦C; after-
ward, bacteria were analyzed using the API30
Strep system for the identification of Entero-
coccus according to manufacturer’s instructions
(BioMérieux, Lyon France).

Bacterial growth To test the resistance to HM or
antibiotics, all the isolates were grown in liquid LB
medium at 37◦C over night. Afterward, the cul-
tures were diluted 100-fold in fresh medium and
incubated until an OD600 nm of 0.1 was reached.
Cells were then used for the above-mentioned
tests. All the experiments were done in triplicate,
rendering essentially identical results.

HM resistance HM resistance was tested accord-
ing to previously reported concentrations, and af-
terward, higher concentrations were used, since
the Mololoa River is heavily contaminated (Nies
1999). To test the concentrations that render the
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minimal inhibitory concentration (MIC), Muller
Hinton plates (Bioxon) were supplemented with
the following chemical species: HgCl2 (200, 250,
300, and 350 μM), K2Cr2O2 (5.0, 10.0, 15.0,
20.0 mM), and CdO (2.5, 5.0, 10.0, 15.0 mM).
In all experiments, a control plate without any
HM was used as positive control and maximum
growth sample. All plates were inoculated with 2
× 103 CFU in 20 μL and incubated overnight at
37◦C. MIC was assessed by the minimal concen-
tration that gave 50% growth inhibition. As a con-
trol for metal sensitivity, Escherichia coli strain
J-53 (Ft, Prot, Met+, and Rifr and sensitive to Hgs

< 0.5 μM, Crs < 0.5 mM, and Cds < 0.5 mM) was
used.

SEMARNAT has determined the concentra-
tion of HM in the Mololoa River to be Cd =
20.0 ppm, which correspond to approximately
2 mM, and Cr = 5.0 ppm, which correspond to
approximately 0.048 mM; therefore, we tested
from 12- to 50-fold higher concentrations to de-
termine the relevance of the resistance to HM
(SEMARNAT 2002).

Antibiotic resistance Antibiotic resistance was de-
termined as described for HM resistance, testing
the MIC and following the recommendations
of the Clinical and Laboratory Standards Insti-
tute (2007), using the following antibiotics (in
parenthesis are the concentration range used
and the abbreviation used in tables and graphs):
ampicillin (Amp; 10, 15–45 μg/mL), vancomycin
(Va; 35–40 μg/mL), gentamicin (Gm; 120–
150 μg/mL), kanamycin (Km; 120–170 μg/mL),
and ciprofloxacin (Cp; 1.0–3.0 μg/mL). As posi-
tive control, cells were plated in an antibiotic-free
plate, and as a sensitivity control, the same E. coli
J-53 strain was used.

Statistics The number of resistant colonies was
counted, and statistical tests were performed.
Fisher’s exact test for a 2 × 4 table was used for
the difference between bacterial isolate (Entero-
coccus faecalis) probabilities for the four sites. The
Kruskal–Wallis test was used to assess the alterna-
tive hypothesis by which according to the medians
of isolations within each of the five antibiotics at
least two of the antibiotic effects are not equal and
to determinate which medians are significantly

different from others, box-and-whisker plot was
used. All pairwise correlations between variables
were calculated by a nonparametric statistical
(Spearman’s rho) correlation method (Hollander
and Wolfe 1999). Multinomial and logistic binary
regression was used to find the resistant pattern
more parsimonious model (Hosmer and Lemshow
2000). Significance was set at p < 0.05. All data
analyses were performed with computer software
SPSS Statistics 17.0.

Results and discussion

Total isolates The first approach was to deter-
mine any differences in the distribution of the
bacterial isolates in the samples collected. For
such purpose, we collected 48 samples from the
marked locations in Fig. 1b; from the total sam-
ples, none of which revealed a statistically rele-
vant difference in the distribution of the resistance
patter in the 38 different E. faecalis (p > 0.6414
Fisher’s exact test). Therefore, all the HM and
antibiotic resistance tests were conducted with
all the E. faecalis isolates, considering that it is
an important human pathogen that could have a
direct impact on human health.

HM resistance prof ile Surprisingly, 100% of the
isolates showed Hg resistance, which is important
since most of the isolates were not evidently near a
source of this metal. The HM resistance of the rest
of the isolates was as follows: 86.8% were resistant
to Cr and 42.1% resistant to Cd.

The overall results suggested a partial distri-
bution of the E. faecalis isolates. To test this
hypothesis, the percentage of E. faecalis isolates
that were HM resistant in the different sampling
locations was analyzed. For the AT and LI sites,
100% of the isolates were resistant to Cr, whereas
the isolates from sites PL and PP were only 77.8%
and 72.7% resistant to Cr, respectively. In contrast
with the observed frequencies in the sites AT and
LI for Hg and Cr, the observed values for Cd were
37.5% and 70% for each site, and in the sites, PL
and PP were found to be of 33.3% and 27.3%,
respectively (overall results are shown in Fig. 2).

This striking pattern suggests that the sole pres-
ence of wastes from the trash confinement may
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Fig. 2 Resistance pattern representing the percentage of
the total heavy metal resistant isolates and their distribu-
tion per sampling site

explain this phenomenon, since metals such as
Cd, Cr, and Hg are metals normally present in
industrial wastes. However, the strongest argu-
ment is the fact that there is a lack of interest
from the general population to separate home-
generated wastes (inorganic and organic) and that
no appropriate confinement is used for batteries
and other toxic wastes.

Antibiotic resistance prof ile The overall antibi-
otic resistance pattern was as follows: the highest
were Cp (100.0%), and Km (84.2%), Va (15.7%),
and Gm (13.15%), and the lowest was Amp
(7.8%); results are summarized in Fig. 3. The most
striking result was that Cp resistance was wide-
spread. The resistance pattern Cp and Km were
statistically different (p = 0.01) to Gm, Va, and

Amp according with Kruskal–Wallis test (Fig. 4).
The distribution of antibiotic resistance among
the different sampling sites was also analyzed. No
isolate resistant to Gm was found in site PL. The
significance of the distribution of the isolates and
their resistance among the different sampling sites
was also tested, and they were not significant (p =
0.39) according to the Kruskal–Wallis test. The
most relevant result regarding the distribution of
the resistance patterns is the site PP, which is
the most distant sampling point relative to the
river main stream. This strongly correlates with
the diffuse pattern that the river flow presents.

Nevertheless, there is a strong statistical cor-
relation using Spearman’s rho correlation reveal-
ing that the two highest concentration resistant
isolates to Km and Cd had a negative correla-
tion of −0.362 (p = 0.026). This suggests that
the two characteristics are individually inherited;
therefore, in the natural niche, they exist as two
separate populations.

The distribution pattern that the different iso-
lates display in the sampling sites is shown in
Table 1. The percentage represents the number of
isolates that are resistant to each tested chemical
or antibiotic from the total number of isolates.
In order to determine the relationships among
the different resistances, a statistical multinomial
regression analysis was performed. Unexpected
singularities in the Hessian matrix were encoun-
tered. This indicates that either some predictor
variables should be excluded or some categories
should be merged, the following categories re-
garding the collection sites were fused as follows:

Fig. 3 Resistance pattern
representing the
percentage of the total
antibiotic-resistant
isolates tested and their
distribution per sampling
site
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Fig. 4 Resistance pattern of the E. faecalis isolates to the
tested antibiotics and analyzed by the Kruskal–Wallis test

AT-LI and PL-PP, AT-PL and LI-PP, and AT-PP
and LI-PL. Afterward, a logistic binary analysis
was performed, but no adequate model could fit
the tendencies, suggesting that each isolate is con-
stituted by identical entities and unique genetic
content, rendering resistance to both types of se-
lection pressures.

Since all sampling sites had numerous isolates
that displayed strong resistance patterns, MIC
was determined. For this purpose, the minimal
concentrations to be tested were established as
described in the “Materials and methods” sec-
tion. Only 7.8% of the isolated bacteria showed
resistance to Amp and Gm to concentrations up
to 10 and 120 μg/mL, respectively, and 2.6% of

Table 1 Percentage of resistance per sampling site

AT LI PL PP

Metal
Hg 100.0 100.0 100.0 100.0
Cr 100.0 100.0 77.8 72.7
Ca 37.5 70.0 33.3 27.3

Antibiotic
Amp 0.0 0.0 0.0 27.3
Va 0.0 20.0 11.1 27.3
Gm 12.5 20.0 0.0 18.2
Km 87.5 87.5 100.0 81.8
Cp 100.0 100 100.0 100.0

Referent to the total number of isolates

the total population showed resistance to Amp
up to 30 and 140 μg/mL for Gm. A large amount
(73.7%) of the isolates showed resistance values to
Km of 170 μg/mL; nevertheless, 13.1% could grow
at concentrations of 200 μg/mL. Regarding Cp,
65.8% and 15.8% of the population could grow up
to concentrations of 4 and 5 μg/mL, respectively.
Table 2 summarizes these findings in detail with
respect to each type of stress and to the general
population of isolates, emphasizing the concentra-
tion at which 50% of the isolates were sensitive to
the HM or antibiotic tested.

In the present study, the isolation and iden-
tification of potentially hazardous bacteria in a
polluted river in the Municipality of Tepic in the
state of Nayarit, Mexico, was performed. Previ-
ous environmental reports by the National Water
Commission (Comisión Nacional del Agua 2000,
2001, 2003) highlighted the presence of heavy
sewage water contamination and the potential
presence of anthropogenic contamination. The
latter was later confirmed (Jáuregui et al. 2007).

We were able to identify E. faecalis in the water
samples from Mololoa River, probably due to
the contamination by the sewage discharge of the
city. In addition, a statistically relevant difference
in the distribution of the resistance pattern ac-
cording to which bacteria are capable to survive
was identified. Statistical methods indicated that
bacteria displaying resistance to both HM and
antibiotics seem to be subpopulations. This pat-
tern is relevant for the control and propagation of
human health-related hazards (both chemical and
biological).

The Mololoa River constitutes a good example
of the relationship between water flow and bacter-
ial resistance diversity. A strong selective pressure
related to heavy metals along the river stream
pattern was found, as well as a differentially rep-
resented resistance to other chemicals when river
areas that are in contact with contaminants orig-
inated in the trash confinement and/or the water
treatment plant. The most relevant finding is the
fact that most of the isolates were sensitive to
ampicillin (only 7.8% of the total isolates were
resistant). In the literature, numerous reports in-
dicate that E. faecalis isolates are more commonly
resistant to ampicillin than to other antibiotics
(Junco et al. 2001; Kimiran-Erdem et al. 2007).
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The treatment for infections of antibiotic mul-
tiresistant E. faecalis usually involves the use
of glycopeptides, such as vancomycin and te-
icoplanin. Nonetheless, recent reports highlight
the increasing number of patients that are in-
fected by strains resistant to these types of gly-
copeptides, especially vancomycin (Barreto et al.
2009; Klare et al. 1995a; Van der Auwera et al.
1996). Resistant E. faecalis strains presenting re-
sistance to the above-mentioned glycopeptides
have also been detected in nosocomial infections
(Cetinkaya et al. 2000; Goossens 1999; Klare et al.
2003; Low et al. 2001; Meyer et al. 2010; Rice et al.
2003), infected animals (Aarestrup et al. 1996;
Bates et al. 1994; Klare et al. 1995b), and in water
treatment plants (Bates et al. 1994; Kim et al.
2004; Klare et al. 1993; Torres et al. 1994), which
constitute a major source of infectious agents for
the general population.

Overall, the population studied had only a
15.7% average resistance to vancomycin. The lat-
ter is still the first choice for enterococci bacteria
treatment. Therefore, it is suggested that con-
stant monitoring of natural bacterial populations
should be carried out on an annual basis to esti-
mate the percentage of antibiotic-resistant bacte-
ria. Horizontal gene transfer is a major mechanism
to propagate antibiotic resistance that probably
occurs in water ecological niches. Thus, the resul-
ting bacterial populations may become a potential
human health hazard, since sewage waters can
carry bacterial strains resistant to antibiotics,
which may have originated in patients under-
going antibiotic treatment. Once in the water,
the antibiotic-resistant bacteria can propagate the
antibiotic resistance to other bacterial genera
(Arthur et al. 1993, 1995; Dutka-Malen et al. 1990;
Foster 1983; Frieden et al. 1993; Hasman and
Aarestrup 2002; Iversen et al. 2004; Klare et al.
2003; McIntosh et al. 2008; Miele et al. 1995).
The genus Enterococcus is resistant to many an-
tibiotics, making it difficult to treat infected pa-
tients; resistance to glycopeptides represents a
major obstacle for treatment. More importantly,
the transfer of antibiotic resistance to other highly
pathogenic bacteria has been previously reported
in vitro: Transfer of genetic material to Staphylo-
coccus aureus by Enterococcus has been reported
(Kacmaz and Aksoy 2005).
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The behavior presented by the isolates in this
study toward the aminoglycosides Km and Gm is
higher than that previously reported in other en-
vironments (Agarwal et al. 2009; Kimiran-Erdem
et al. 2007). In the present study, most of the
isolates were sensitive to Gm but presented a high
degree of Km resistance (84.2%). This has a major
impact on the dissemination of resistance genes,
since an increase in resistance to Va and Gm has
been reported in hospital patients (Billström et al.
2009) and in stool samples of healthy individuals
(Barreto et al. 2009).

We found that most of the isolates presented at
least resistance to one HM. Intriguingly, Hg was
the only HM to which all isolates were resistant.
HM have been previously reported to poten-
tially influence the selection process of antibiotic-
resistant strains by affecting the means of survival,
and if another resistance is present, shared mech-
anisms for both types of resistance are developed
(Akinbowale et al. 2007; Alonso et al. 2000, 2001;
Baker-Austin et al. 2006; Oyetibo et al. 2009;
Russell 2000). This process can lead to the dissem-
ination of strains that are resistant to a vast num-
ber of antibiotics having a direct impact in human
health, reducing the options for treatment and
raising costs. Plasmid transfer is also a mechanism
that has a direct impact on the multi-resistance
phenotype, accelerating the process and widening
the spectrum of bacteria that can become resistant
to several types of drugs (Baquero et al. 1998;
Lawrence 2000).

Finally, bacterial community analysis can ren-
der important information on the ecological niche
they occupy. They can be markers for the follow-
ing: (1) the presence of HM contamination, (2) the
identification of potentially useful organisms for
detoxifying the environment, (3) anthropogenic
contamination, and (4) the lack of governmental
surveillance of the natural resources. The Mexican
government for many years has developed several
environmental protection laws that comprise gen-
eral, regional, and local laws and official policies,
but the main cause of environmental damage is
the lack of applicability of the laws and proper
monitoring. Hopefully, this report will raise the
awareness on the potential dangers faced by the

local population and provide insights to the lo-
cal authorities about an important environmental
hazard.

Conclusions

The analysis of the Mololoa River regarding the
presence of E. faecalis bacteria, harboring dual re-
sistance to HM and antibiotics, identified two im-
portant environmental niches. The first describes
best bacteria resistant to Cd (63.2% overall) and
comprises sites LI (Cdres+) and PP (Cdres−), which
are located closest to the waste-disposal land. The
second describes best bacteria resistant to Kmres+,
Vares−, and Gmres− (68.4% overall)and comprises
sites AT and PL, which are located farther away
from the waste-disposal lands and closer to the
sewage and water treatment plant. The presence
of these two sites within the same river provides
a good opportunity to study population diversity
and dynamics subjected to two different selective
pressures.

Global efforts should be made to prevent the
dissemination of antibiotic resistance genes to
more dangerous bacterial strains. The correct
treatment of anthropogenic discharge waters and
proper waste management can ensure the protec-
tion to the general population against pathogens.
Follow-up measurements are necessary to deter-
mine the proportion and possible increase in bac-
terial strains resistant to antibiotics. Measuring
these parameters can give a proper idea of the
damage caused by the contamination in the river
environment.

Regeneration of water bodies is a priority
worldwide, since most of the drinking water is ei-
ther frozen or contaminated. With correct sewage
water treatment and monitoring, water bodies
could at least be used for agricultural purposes.
But at this rate, most of the water sources will be
severely contaminated and, therefore, dangerous
to be used.
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