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Resumen

Se investigd el efecto de la contaminacién con mercurio (Hg) en las comunidades bacterianas del subsuelo profundo en
la region de El Callao (Estado Bolivar, Venezuela). Se estudiaron comunidades bacterianas de dos niveles de profundidad
(-288 m y -388 m) en una mina de oro con el propdsito de describir las caracteristicas mas relevantes de las bacterias in-
digenas cultivables que colonizaban esta mina. Se evaluaron los patrones de resistencia a antibiéticos y metales pesados,
presencia del gen merA y plasmidos en aislados resistentes. Se encontré una elevada frecuencia de bacterias indigenas
resistentes al Hg y otros metales pesados. De 76 aislados Hg-resistentes probados 73.7 % fueron adicionalmente resisten-
tes a ampicilina; 86.8 % a cloranfenicol; 67.1 % a tetraciclina; 56.6 % a estreptomicina y 51.3 % a kanamicina. Ademas,
se encontro que 40.74 % (-328 m) y 26.53 % (-388 m) de las bacterias Hg-resistentes fueron simultineamente resistentes
tanto a cuatro como a cinco de estos antibiéticos. Se detecté la presencia de plasmidos de alto y bajo peso molecular vy,
a pesar de que los aislados mostraban resistencia a compuestos mercuriales, la presencia del gen merA fue detectada solo
en 71.05 % de los cepas. Estos resultados sugieren que la exposicion a Hg podria ser una presion selectiva en la prolife-
racion de bacterias resistentes a antibiéticos y promover el mantenimiento y propagacion de estos genes de resistencia.
Sin embargo, la existencia de tales resistencias a estas profundidades podria también apoyar la idea de que la resistencia a
antibidticos en estas bacterias es natural y tiene un origen mas antiguo que su exposicion al Hg.
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Abstract

The effect of contamination with mercury (Hg) in the deep subsurface bacterial communities in the region of El Callao (Bo-
livar State, Venezuela) was investigated. Bacterial communities from two deep levels (-288 m and -388 m) in a gold mine
were studied with the aim of describe the most relevant features of their colonizing indigenous culturable bacteria. Anti-
biotic and heavy metals resistance patterns, presence of the merA gene and plasmids in resistant isolates were evaluated.
A high frequency of resistant indigenous bacteria to Hg and other heavy metals was found. From 76 Hg-resistant isolates
tested 73.7 % were, in addition, resistant to ampicillin, 86.8% to chloramphenicol, 67.1 % for tetracycline, 56.6 % strep-
tomycin, and 51.3 % kanamycin. Furthermore, it was found that 40.74 % (-328 mm) and 26.53 % (-388 m) of Hg-resistant
bacteria were simultaneously resistant to both four and five of these antibiotics. The presence of low and high molecular
weight plasmids was detected and, despite that isolated showed resistance to mercurial compounds, the presence of the
gene merA was detected only in 71.05 % of strains. These results suggest that exposure to Hg could be a selective pressure
on the proliferation of antibiotic-resistant bacteria and promote the preservation and propagation of these resistance genes.
However, the existence of such resistances to these depths could also support the idea that antibiotic resistance in these
bacteria is natural and has a more ancient origin than their exposure to Hg.
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Introduction

In the past decades it was thought that life of prokar-
yotic-type organisms was only possible in the shallow
subsurface, these being not capable of living to great
depths of the surface. However, now it is known that
the deep subsurface represents one of the most promi-
sing reservoirs of living organisms, mainly prokaryotes,
which may exhibit unexpected metabolic abilities (Mo-
ser et al., 2005; Parkes et al., 2010) Nowadays, the stu-
dy of subsurface microorganisms has bright future, and
is considered an emerging frontier in the fields of mi-
crobial biodiversity and life at extreme environments
(Fredrickson and Balkwill, 2006, Wang et al., 2013).

On the other hand, the potential application of subsoil
bacteria in bioremediation of contaminated environ-
ments is receiving increasing attention. In this regard,
gold mines offer an excellent opportunity to study sub-
terranean microbial communities because they pro-
vide an easy access (sometimes >8000 ft.) to greater
depths of terrestrial subsurface, allowing thus cheaper-
and aseptic-horizontal drilling of deeper strata. Fur-
thermore, by this route it is possible to have multiple
access points at different depths to follow the evolutio-
nary history of microbial populations, some of which
may have stayed isolated from terrestrial surface by
thousands of years. Moreover, the enormous amount
of geologic and hydrologic information accumulated
by mining companies can be easily integrated with bio-
logical results. To date, gold mines from South Africa
(Takai et al., 2001, Chivian et al., 2008), Japan (Hiraya-
ma et al., 2005), USA (Rastogi et al.,, 2010, Rastogi et
al., 2013) and Australia (Adams et al., 2013) have been
screened for subsurface life.

Gold reservoirs in the El Callao area (Bolivar State, Ve-
nezuela) have been exploited since 1850, with over
200 metric tons produced (Hildebrand, 2005). Colom-
bia Mine, a gold reservoir located near to El Callao
town, is a >500m deep, active gold mine. A vast area
surrounding Colombia Mine is highly contaminated
with mercury (Hg). Indeed, this contaminant is dis-
charged by artisanal miners in its metallic form into
hundreds of artificial ponds (“tailing-ponds”) spread
over several square kilometers. Mercury emission in El
Callao area has been estimated over 12tons/y (Veiga
et al,, 2005). As a consequence, bacteria thriving in
natural water-bodies and/or tailing-ponds exhibit high
frequencies of Hg-resistance, as it have been shown
in our previous work (Ball et al., 2007, Gémez et al.,
2013).

Material and methods

Site and sampling methods

Colombia Mine is located near to El Callao town (Bo-
livar State, Venezuela; latitude: 7 21’ 00”; longitude:
-61 49’ 00”). Most water samples were collected from

existing exploratory boreholes and roof fractures loca-
ted at -288m (level IV) and -388m (level VI) below the
mine entrance (22m above the sea level and -78m be-
low the sea level, respectively). The flowing boreholes,
with different configurations and ages ranging from 10
to 50 years at the sampling time, exhibited high flow
rates (i.e. tens of liters.h-1). Water samples were co-
llected directly from the flowing boreholes into sterile
glass tubes.

Chemical analysis

Chemical analysis of major cations and trace metals,
i.e. Al, As, Ba, Ca, Cd, Co, Cu, Cr, Fe, Mn, Se, Ni, Pb
and Zn, in the water samples was conducted at the
Laboratorio Regional de Servicios Analiticos (LARSA,
Universidad de Los Andes, Mérida, Venezuela). All
water samples were prefiltered with a 0.45 pm filter
and analyzed by Inductively Coupled Plasma Atomic
Emission Spectroscopy on a Varian Liberty AX instru-
ment. Mercury was detected on aliquots of each sam-
ple, previously acidified by adding a few drops of pure
HCI, by Atomic Absorption Spectroscopy (AAS), using
a recently developed method (Duran et al., 2005).

Isolation of pure cultures

This study focused specifically on aerobic chemo-
heterotrophic bacteria. Therefore, bacterial strains
were isolated from water samples at each sampling
site for further study by serially diluting and sprea-
ding on 1/3-strength Luria-Bertani agar (LB(1:3); tryp-
tone 3.3g/L, yeast extract 1.6g/L, NaCl 3.3g/L, agar
15.0g/L). The plates were incubated at 30°C and co-
lony forming units (CFU) were enumerated after 48h
of growth. Morphologically distinct colony types were
selected for further studies. The isolates were subse-
quently streaked and re-streaked on fresh plates in or-
der to obtain axenic cultures. Then, the isolated strains
were grown in liquid LB (1:3) and frozen in 20% glyce-
rol at -80 °C.

Determination of heavy metal
and antibiotic-resistance

Mercury-resistance for each isolate was determined
by streaking the cells onto 1/3-strength LB agar plates
amended with a) mercuric chloride (HgCly) (from 10
to 80mg/L) and b) methyl mercury (Me-Hg) (from 3
to 5mg/L). Stock solutions of HgCl, and Me-Hg were
sterilized by ultrailtration, kept cold in the dark, and
added to the medium after autoclaving and cooling.
The minimum HgCl; concentration which allowed dis-
tinguishing resistant from sensitive isolates was determi-
ned by performing preliminary assays using reference
strains. These consisted of strains carrying characteri-
zed Hg-resistance determinants (Pseudomonas stutzeri
OX and Bacillus cereus 5) (lzaki, 1981; Reniero, 1998)
and either their sensitive mutants or phylogenetically
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related strains (Pseudomonas stutzeri OX 1 and Bacillus
cereus ATCC 14579) (Benyehuda et al., 2003).

Therefore, strains resistant to at least 10mg/L of HgCl,
were considered as HgR and selected for further stu-
dies. On the other hand, heterotrophic isolates were
grown in the presence of either 2 or 5mM of the fo-
llowing metals: Cu** (used as CuSQOuJ), Pb* (used as
Pb(NO:);), Nix* (used as NiSO4) and Zn** (used as
ZnCly). The plates were incubated at 30°C during 48h.
Strains DH5a and JM101 of E. coli K-12 were used as
negative controls (= sensitive strains).

All subsurface isolates were screened also for resistan-
ce to a wide range of classes of antibiotics: tetracycli-
ne (Tet) (30pg/ml), chloramphenicol (Cam) (30ug/ml),
kanamycin (Kan) (30pg/ml), streptomycin (Strp) (30
pg/ml), and ampicillin (Amp) (40pg/ml). Selective me-
dia were prepared by incorporating the antimicrobial
agent into the 1/3-strength LB agar. Concentrations
used were above the highest inhibitory concentration
listed in the Performance Standards for Antimicrobial
Susceptibility Testing (2005), except for kanamycin.
The strains were reactivated from frozen stocks, plated
on selective media (triplicate) and checked for growth
after 24, 48, and 72h. Results were recorded as sensi-
tive or resistant; intermediate growth was not consi-
dered.

Minimum Inhibitory Concentration Assays

In order to establish the Minimal Inhibitory Concentra-
tion (MIC) for Hg, the Hg® strains were assayed with
an Hg," concentration series in 1/3-strength LB broth
using a 96-well microtiter plate. The well contained
200ul of broth and Hg at concentrations ranging from
10, 20, 40 and 80uM (2.72 to 21.8 mg/L HgCl.). Each
well was inoculated with a 10ul aliquot of the corres-
pondent Hg® strain in the late exponential phase, at an
initial optical density at 600nm (OD600) of 0.03, and
the plates were incubated at 30°C for 24h. Each ex-
periment was performed in triplicate. The lowest con-
centration of the metallic compound that caused no
visible growth was considered as the MIC. The isolates
were considered resistant if the MIC value exceeded
that of the E. coli K-12 strain, which was used as the
control (Akinbowale et al., 2007).

Detection of merA orthologs

The merA gene, which belongs to the mer operon and
encodes a cytoplasmic mercuric reductase, was ampli-
fied using degenerate primers Als-n.F

(5TCCGCAAGTNGCVACBGTNGG3’) and A5-n.R

(5’ACCATCGTCAGRTARGGRAAVA3’) and cycling
conditions previously reported (Ni Chadhain et al.,
2006). PCR reactions were prepared in 10 pl volumes
containing 1 X PCR buffer, 0.8 mM each forward and
reverse primers, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.025

U/ml Taq Polymerase (Promega). Whole cell suspen-
sions in sterile distilled water were used as source of
genomic DNA (1 pl per reaction). Amplifications were
performed as follows: an initial denaturalization step
of 94°C for 5 min, followed by 45 cycles of 94 °C for
10's, 54 °C for 60 s, and 72 °C for 60 s, and by a final
extension of 72 °C for 7 min.

In preliminary experiments, fragments of the expected
size (~285 bp) were purified from 1% agarose gels
(NucleoSpin Extract, Macherey-Nagel) and sequenced
(Macrogen Inc., Seoul, South Korea). The results ob-
tained validated the PCR protocol described above.
Therefore, PCR products of the expected size were
considered to belong to putative merA orthologs.

Plasmid isolation

Some selected Hg® isolates were screened for the pre-
sence of plasmids as previously described by Ball et al.
(2007).

Results

Chemical analysis

This indicated that, even though several dozens pro-
cessing centers with their respective, heavily-contami-
nated tailing ponds are located in the area surrounding
Colombia Mine, neither Hg nor any other heavy metal
(except manganese) was present at detectable con-
centrations on groundwater collected at both subsur-
face levels (table 1). Calcium was found in both levels.

Table 1. Characteristics of the water samples at each level.

Level | Depth pH Temp Ca (ppm) | Mn (ppm)

\% 288 7.4 26.9 96.6710.81 <LOD

VI 388 8.0 27.1 98.70+0.96 | 0.59£0.01

<LOD-= below the detection level

Resistance to mercury and others metals

The total number of heterotrophic, cultivable bacteria
in each one of the two levels monitored varied bet-
ween 1.9-103CFU/ml (level IV) and 2.5-103CFU/ml
(level VI). Resistance to HgCl, (10mg/L), tested among
pure isolates, varied between 83 to 90%, depending
on the level being monitored (Table 1). Under these
conditions, control strains B. cereus ATCC 14579 and
P. stutzeri OX1 were unable to grow at concentration
above 5mg/L of HgCl,, while strains B. cereus 5 and P.
stutzeri OX grew up to 80mg/L of HgCl,. On the other
hand, resistance to MeHg (3mg/L) varied between
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13.33% and 18.64% (table 1). Strikingly, nearly 6% of
isolates were resistant up to 5mg/L of MeHg in the
deeper stratus. A total of 27 strains (90%) from level
IV and 49 strains (83.05%) from level VI, resistant to at
least T0mg/L of HgCl?, were isolated and purified from
the primary cultures to be further tested.

It is well known that resistance values obtained by
growing strains in Hg-supplemented agar media may
cause an overestimation of this parameter. Thereby,
the values for MIC of Hg*" for each strain were esti-
mated in liquid medium. The 76 HgR strains were
incubated in 1/3-strength LB broth containing HgClI?
concentrations ranging from 2.72mg/L (10uM Hg?**) to
21.8mg/L (80uM Hg*) of HgCI%. 59.25% of the isola-
tes tested from water samples from level IV were resis-
tant to Hg* 10uM, while in level VI this value attained
100% (table 2).

When the combined results of both levels are consi-
dered it is clear that the great majority of the strains
tested (85.52 %) were able to grow in the presence of
Hg?* 10uM; on the other hand, only 3 out of 76 strains
tested (3.94%) were resistant to Hg* 80uM (table 3).

It was also demonstrated that these strains showed re-
sistance to other heavy metals, including Cu*, Pb*,

Ni** and Zn*" (table 4). Strikingly, a great majority of
the isolates (between 76.31 and 100%) were able to
grow in the presence of 2 mM of each one of the me-
tals tested, a concentration which inhibited growth of
the control strain of E. coli (table 4).

As expected, the frequencies of resistant isolates de-
creased when increasing the concentration of the toxic
element. A general tendency can be also appreciated,
indicating that most isolates were more susceptible,
under similar concentrations, to Pb?* than Cu?* and
Ni**, whereas Zn*" turned out the least toxic among
the tested metals.

Antibiotic resistance

All of the 76 Hg® subsurface isolates were screened
for resistance to 5 antibiotics through plating on selec-
tive media. The highest frequency of resistance was to
chloramphenicol (>85 % of the strains in both levels,
figure. TA) and Amp (> 70 % of the strains in both
levels). The antibiotic with the highest efficacy was ka-
namycin, with 62.96% and 44.89 % and streptomycin
with 62.96 % and 53.06% of strains showing resistan-
ce in levels IV and VI, respectively.

Table 2. Mercury resistance in sub-surface isolates tested in agarized medium.

HgCl, (mg/L) Me-Hg (mg/L)
Level
10 20 40 80 3 5 10
Level IV 27 12 4 1 4 4 1
(n=30) (90)* (40) (13.33) (3.33) (13.33) (13.33) (3.33)
Level VI 49 18 2 0 11 3 1
(n=59) (83.05) (30.51) (3.39) (0) (18.64) (5.08) (1.69)
Total 76 30 6 1 15 7 2
(n=289) (85.39) (33.71) (6.74) (1.12) (16.85) (7.86) (2.22)
*  Numbers enclosed by parentheses represents percentages
Table 3. Mercury resistances among sub-surface isolates tested in liquid medium.
HgClx(mg/L)
10 20 40 80
_ 16 7 3 1
Level IV (n=27) (59.25) (25.92) (11.11) (3.70)
_ 49 19 3 2
Level VI (n=49) (100) (38.77) (6.12) (4.08)
Total 65 26 6 3
(n=76) (85.52) (34.21) (7.89) (3.94)

* Numbers enclosed by parentheses represents percentages.
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Table 4. Heavy metal resistance among sub-surface isolates tested in agarized medium.

Cu (mM) Pb (mM) Ni (mM) Zn (mM)
Level
2 5 2 5 2 5 2 5
Level IV 24 6 26 10 27 6 27 16
(n=27) (88.88)° (22.22) (96.29) (37.03) (100) (22.22) (100) (59.25)
Level VI 36 10 32 15 42 11 (22.45) 49 18
(n=49) (73.46) (20.41) (65.31) (30.61) (85.71) ' (100) (36.73)
Total 60 16 58 25 69 17 76 34
(n=76) (78.95) (21.05) (76.31) (32.89) (90.78) (22.36) (100) (44.73)
* Numbers enclosed by parentheses represents percentages.
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Figure 1. Levels of antibiotic resistance among Hg-resistant strains isolated from different ponds A. Antibiotic resistance among
Hg® deep sub-surface isolates. The proportion of strains resistant to kanamycin (Kan), chloramphenicol (Cam), tetracycline (Tet),
streptomycin (Str), ampicillin (Amp), in levels IV and VI is shown. B Multiple antibiotic resistance among Hg® deep sub-surface
isolates. The proportion of strains resistant to 0, 1, 2, 3, 4, and 5 antibiotics simultaneously is shown.

The two levels (IV and VI) studied showed a high fre-
quency of isolates resistant to more than one antibiotic
(figure 1B). In level VI, 26.53% of the strains were re-
sistant to, at least, five antibiotics, while in level IV this
value attained 40.74%.

Subsurface strains from each one of the two levels ex-
hibited distinct antibiotic resistance profiles. Nine dis-
tinct profiles were detected among 27 Hg® strains in
level IV while in level VI; thirteen distinct profiles were
detected among 49 Hg® isolates (figure 2).

Combined results of the two strains groups shows that
76 Hg® isolates possess 15 distinct resistance profiles,
12 of which were found in more than one strain (figu-
re 2). Interestingly, 24 isolates (31.58%) showed the
same profile of multi-resistance (KCTSA).

Amplification of merA gene

In order to detect the presence of the merA gene en-
coding the enzyme responsible for Hg*" reduction,
PCR amplification experiments using degenerate pri-
mers were performed.

A band corresponding to an internal fragment of pu-
tative merA orthologs was amplified from the genome
for 54 of the 76 isolates (71.05%, figure 3). In level IV
this value reach 66.66% while in level VI 73.47% of
the isolates exhibited putative merA orthologs.

| =Level IV
| ®Level VI

:I|I|.I..II| . '

Q'b‘?'c‘r'é*rcs\oé‘:@?' éé\"c,'f‘
Multiple antibiotic resistance promes

% Isolated Resistances
(-1

1]

Figure 2. Multiple antibiotic resistance (MAR) profiles of
sub-surface isolates C= cloramphenicol; A = ampicillin; T =
tetracycline; S = streptomycin; K = kanamycin NR = no resis-
tant isolates to the antibiotics tested.
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Figure 3. PCR amplification of putative merA orthologs. The
arrow points towards the position of ~285-bp amplicons
which correspond to internal fragments of putative merA or-
thologs.

Plasmid isolation

With of the purpose to establishing a possible trans-
fer of heavy metal- and antibioticresistance genes
by conjugation, 20 Hg® strains were screened for the
presence of large plasmids. Results obtained confirm
that 11 isolates (55 %) contained at least one plasmid;
62.9% of them showed plasmid bands with apparent
sizes >30kbp (figure 3). In addition, previous studies in
vitro conjugation clearly show the potential for conju-
gal gene transfer in this indigenous bacteria and this
transfer can occur between phylogenetically distant
bacteria (unpublished data).

Discussion

Little is known about the impact for Hg contamina-
tion of the microbial communities colonizing the deep
subsurface in the El Callao region. Results in this study
shown that resistance to Hg and others heavy metals
is very frequent among chemoheterotrophic bacteria
that colonize deep subsurface in this region. This fact
may be considered as indicative of a possible exposure
of the subsurface microbial communities to Hg, even
though chemical analysis of the water do not detected
the presence of these heavy metals including mercury.
Probably this metal exposure occur through a process
of cross-contamination, via filtration of water from ri-
vers, streams and tailings ponds highly contaminated
during local rainy season (Ball et al., 2007, Gémez et
al., 2013) (from September to February), which is ac-
companied by major flooding and overflowing of bo-
dies of surface waters polluted (Garcia-Sanchez et al.,
2008). Moreover, the absence of detectable concen-
trations of mercury can be due to the mineralogical
composition of the mine (rich in carbonates, oxides
and silicate) (Paredes et al., 2007) and pH values (neu-
tral to basic) that may alter the solubility of the me-
tals (Uchimiya et al., 2010; Woodruff et al., 2010) and
prevent detection by the used technique. It can be ar-

gDNA =—»

Figure 4. Agarose gel electrophoresis of plasmidic DNA pre-
parations. The arrow points towards the position of genomic
DNA (gDNA) fragments (~ 30 kb).

gued, however, constant flow unpolluted water would
act as natural attenuation events. This could be reflec-
ted in the level of tolerance to mercury of the bacterial
communities of groundwater. The mercury tolerance
level of bacterial communities from polluted surface
water is greater than in subsurface communities. This
may be due to constant exposure of these bacteria of
the surface to high mercury concentrations (Ball et al.,
2007, Gémez et al., 2013), while the sporadic exposu-
re to mercury of subsurface bacteria may lead to lower
tolerance to this metal. This indicates that subsurface
communities pre exposed to mercury could maintain
their mercury tolerance even when the current expo-
sure is low. Also, this could indicate a high capacity for
acclimation the subsurface communities to mercury.

Additionally, it was found that antibiotic resistance is
widespread among subsurface bacteria, a high pro-
portion of isolates exhibited multiple antibiotic resis-
tance (MAR; resistance to two or more antibiotics)
in accordance with a previous report (Brown et al.,
2009; Diptendu and Gouta, 2013; Stepanauskas et al.,
2006). Besides Hg-resistance, the subsurface isolated
did also showed resistance to other heavy-metals (Cu,
Pb, Ni, Zn) and, several antibiotics. These results are
very similar to the results obtained in previous studies
in surface waters in the region of El Callao (Ball et al.,
2007, Gémez et al., 2013). These results could support
the idea that microbial exposure to a toxic substance
could result in indirect selection for bacteria with resis-
tance to multiple toxic substances, such as antibiotics
(Baker-Austin et al., 2006, Seiler and Berendonk, 2012;
Telmer et al., 2009). Thus, in other words, exposure to
toxic metals may select for bacterial strains resistant
to antibiotics and vice versa. Indeed, in a work, Stepa-
nauskas et al. (2006) demonstrated that exposure of
freshwater environments to either metals or antibiotics
selects for multiresistant microorganisms. It is known
that genes conferring resistance to heavy metal, anti-
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biotic and other toxic compounds are often genetically
linked and located on mobile elements (i.e., conjuga-
tive plasmids, transposons, and integrons), some of
which are easily exchanged among phylogenetically
distant bacteria (Summers, 2002; Davies and Davies,
2010; van Hoek et al, 2011). Therefore, microbial
exposure to mercury (even for occasional contamina-
tion) can co-select antibiotic resistance and/or induce
the maintenance of resistance genes in the absence
of the antibiotic selective pressure. These co-selection
mechanisms include co-resistance, cross-resistance
and indirect but shared regulatory responses to me-
tal and antibiotic exposure, such as biofilm induction,
representing potential co-selection mechanisms used
by prokaryotes (Baker-Austin et al., 2006, Seiler and
Berendonk, 2012). Resistance to multiple antibiotics
in bacterial communities studied in this work confirms
that this ability is common and widespread among
subsurface bacteria, with a high proportion of isolates
exhibiting MAR.

The presence of antibiotic-resistance genes in bacte-
rial communities from natural environments, without
apparent selection pressure, has been observed. Thus,
Bhullar et al. (2012) discovered an antibiotic-resistant
bacteria community in an isolated cave 400 meters be-
low the Earth’s surface. They report that these bacteria
were highly resistant to antibiotics and, some strains
were resistant up to 14 different antibiotics. Similar re-
sults were obtained with bacteria isolated on natural
environments in differents glacier environments (Se-
gawa et al., 2013) as Siberian permafrost (Mindlin et
al., 2008) and the Arctic (Sudha et al., 2013).

Previous results can support the notion that organisms
on natural environments are a reservoir of resistance
genes and that antibiotic resistance is a natural and do-
minant component in ancient microbial pangenomes
with a long evolutionary past (Bhullar et al. 2012). The
antibiotic resistance and its occurrence in these sub-
surface bacterial communities could be due to others
reasons. Antibiotic-resistance genes could play diffe-
rent roles in natural environments just like the one stu-
died. i.e., these could have a protective role either in
the producer organisms or in some of their coexisting
organisms (Laskaris et al., 2010) while some of them
could play an important role in the biosynthesis of anti-
biotics (Allen et al., 2010) and other could be involved
in metabolic and signaling of bacterial processes occu-
rring in natural ecosystems (Laskaris et al., 2010) and
some others could cooperate in the degradation and
use of antibiotics as food (Davies and Davies, 2010).

Owing the environmental conditions of the mine (i.e.,
low nutrient availability) it is likely that competition for
resources can play an important role in the persistence
of these bacteria. This competition can be developed
through various adaptations such as production of an-
tibiotic to compete with their nutritional antagonists,
acquisition and development of defense mechanisms

to enable them growth in the presence of noxious
compounds, changes in cell and growth physiology
(Bhullar et al., 2012). Hence, it might be thought that
antibiotic resistance in these isolates of groundwater is
anterior to the emergence of antibiotic.

Information on current mechanisms for horizontal
gene transfer (HGT) in depth subsurface environments
is scarce. Considering the characteristics of this envi-
ronment (e.g. low density of microbes) is difficult to
imagine how it can occur there. The high frequency
of plasmids in Hg® strains could indicate that eleva-
ted levels of metal- and antibiotic-resistance are rela-
ted to carrying of resistance genes by these plasmids.
In studies have observed the plasmid presence and
the occurrence of HGT in communities from subsur-
face environment (although this may occur at a low
frequency) (Coombs 2009; Hemme et al. 2010). HGT
in these communities would play an important role in
their gene evolution, which have permitted them survi-
val in hostile environments.

The presence of putative merA orthologs in a high pro-
portion (71.5%) of the bacterial isolates analyzed in
the present work seem to indicate that bacterial detoxi-
fication of mercury proceed via the classical pathway
involving ionic-mercury reduction by a mercuric reduc-
tase. For the remaining 28.5% of the strains, the resis-
tance seems to be not due to enzymatic volatilization
of mercury, another possible mechanism of resistance
that could be involved. Some bacteria possess prote-
ins in their plasmatic membranes which alter the mer-
cury permeability inhibit mercury uptake (or binding)
by the cells (Pan-Hou et al., 1981). Plasmid-encoded
efflux systems have also been suggested as alternative
systems to mercury resistance (Reyes et al., 1999).

Conclusions

Bacterial communities found in groundwater from
the subsurface mine “Colombia”, located on the au-
riferous reservoirs of El Callao, Venezuela, presented
a significant frequency of mercury-resistant strains, to
both inorganic (HgCl) and organic (MeHg) markers, at
the two levels of depth explored (-288 m and -388m
below the mine entrance and -22m and -78m below
the sea level, respectively).

Likewise, it can be ascertained that strains carrying
Hg® genes also exhibited resistance to antibiotics and
other heavy metals, which may be an indication that
heavy metals resistance could assist the co-selection
of antibiotics-resistance genes. However, it is impor-
tant to consider that observation of antibiotic-resistant
microorganisms in natural environments free of pollu-
tants has become ever more common, suggesting a
origin natural and more ancient of these genes. The
presence of low and high molecular weight plasmids
of conjugative type in these bacteria, as envisioned in
the preliminary studies carried out, could suggest the
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occurrence of HGT processes in these communities,
allowing a more widespread dissemination of these
genes.

The presence of putative orthologs merA in a high
proportion of bacterial isolates analyzed indicate that
detoxification of bacterial mercury proceed via the
classical pathway involving ionic mercury-reduction by
a mercuric reductase. However, in other isolates the
resistance appears to be due to another mechanism of
resistance that may be involved.
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