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Abstract Bacterial resistance to antibiotics has become a
public health issue. Over the years, pathogenic organisms with
resistance traits have been studied due to the threat they pose
to human well-being. However, several studies raised aware-
ness to the often disregarded importance of environmental
bacteria as sources of resistance mechanisms. In this work,
we analyze the diversity of antibiotic-resistant bacteria occur-
ring in aquatic environments of the state of Rio de Janeiro,
Brazil, that are subjected to distinct degrees of anthropogenic
impacts. We access the diversity of aquatic bacteria capable of
growing in increasing ampicillin concentrations through 16S
rRNA gene libraries. This analysis is complemented by the
characterization of antibiotic resistance profiles of isolates
obtained from urban aquatic environments. We detect com-
munities capable of tolerating antibiotic concentrations up to
600 times higher than the clinical levels. Among the resistant
organisms are included potentially pathogenic species, some
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of them classified as multiresistant. Our results extend the
knowledge of the diversity of antibiotic resistance among
environmental microorganisms and provide evidence that
the diversity of drug-resistant bacteria in aquatic habitats can
be influenced by pollution.

Introduction

Antibiotic-resistant bacteria represent a burden to the health of
millions of individuals worldwide. This matter has become a
public health issue globally [64, 36, 18]. However, this prob-
lem is not only of medical concern but also of ecological
relevance. Drug resistance is not a trait restricted to pathogenic
organisms, but is largely disseminated among environmental
bacteria as well [14, 24, 39]. Even so, antibiotic resistance has
mostly been investigated under the medical perspective, and
the important role of environmental bacteria as sources of
antibiotic resistance traits has frequently been disregarded
[60]. Resistance genes originated from environmental bacteria
can be mobilized into the genomes of pathogenic organisms
through horizontal gene transfer [9, 32, 33]. Thus, to fully
understand how resistance emerges and propagates, it is nec-
essary to investigate not only medical scenarios but also the
ecological and evolutionary processes of resistant microor-
ganisms and their genomes [25, 42, 66].

Antibiotic molecules have been present among Earth’s
microbiome long before the use of these substances for med-
ical purposes [8, 10, 27]. Microbial communities from soil and
water commonly produce antibiotics, but not necessarily for
their use as bactericidal substances. Instead, these compounds
are used as intercellular signaling molecules [16, 37]. In this
context, antibiotics can be considered fundamental tools for
maintenance of community homeostasis, regulating the com-
plex interactions and metabolic pathways that take place with-
in microbial consortia [1, 41, 42]. This hypothesis is supported
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by evidences that sub-inhibitory concentrations of these com-
pounds can induce significant shifts in bacterial gene expres-
sion patterns [28, 37, 67].

Resistance genes also originated long before the use of
antibiotics as drugs. Vancomycin and tetracycline resistance
genes were shown to be at least 30,000 years old [20], while
[3-lactamases may have appeared on Earth millions of years
ago [65]. These proteins are thought to have originated from
genes associated with physiological functions such as detox-
ification, secretion, and signaling [6, 51]. Upon the selective
pressure imposed by the extensive use of antibiotics, they
evolved to have drug resistance as their primary function [40].

In the presence of a selective pressure imposed by antibi-
otics, resistance tends to rapidly spread among bacterial pop-
ulations [68]. However, in the absence of such drugs, resistant
bacteria can present reduced fitness when compared to the
antibiotic susceptible strains [3, 26]. This would favor the
elimination of resistance genes from bacteria that are not
subjected to antibiotics as a relevant selective pressure. How-
ever, the presence of these genes in a bacterial genome may
carry little to no fitness costs at all [41, 65] or can be associated
with other physiological functions [40], which favors the
maintenance, and potential dissemination of those features.
Therefore, environmental bacteria are often multiresistant and,
in some cases, capable, of tolerating extremely high doses
these molecules [8, 15, 21]. Some soil microbiomes are capable
of subsisting on antibiotics as their sole carbon source [15].

Habitats submitted to varying degrees of anthropogenic
impacts were shown to be important sources of resistance
genes [69] and resistant bacteria [6]. Environments submitted
to very little anthropogenic impacts like deep terrestrial sub-
surface [8], glaciers [5, 49], and Antarctic waters [17] are rich
in such genes, suggesting that their distribution is not restrict-
ed to sites subjected to human intervention. Water environ-
ments are crucial agents for the mixing and counteracting of
resistant organisms originated from highly selective sites (e.g.,
hospitals and farms), with environmental bacteria, playing a
role as reservoirs of resistance genes [6]. A significant body of
evidence suggests that pollution promotes the spread of resis-
tance in aquatic sites: Wastewater discharges influence the
diversity of resistant microorganisms [13, 56, 59] and of
resistance genes [33, 54]. Additionally, hospital effluents were
shown to be an important source of resistant bacteria to water
habitats [46, 48], a consequence of the extensive use of
antimicrobials made in such places [34]. Nevertheless, we
do not fully understand the factors controlling the distribution
of antibiotic resistance in aquatic ecosystems.

Here, we investigate how pollution affects antibiotic resis-
tance among cultivable bacterial communities from water
bodies located in the state of Rio de Janeiro, each subjected
to distinct degrees of domestic and industrial sewage pollution
(Fig. 1a). We selected communities of environmental bacteria
based on their capacity to grow on ampicillin-supplemented
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Luria—Bertani (LB) medium. This drug is a semi-synthetic
beta-lactam antibiotic. Beta-lactams inactivate bacterial
transpeptidases, which are proteins responsible for performing
cross-links between peptidoglycan strands during cell wall
formation. This results in a weak cell wall that is also prone
to ruptures, consequently impairing bacterial growth [71].
Beta-lactams are widely used throughout the world for tack-
ling bacterial infections and have a well-established history of
resistance. DNA extracted from these cultures was later used
for construction of 16S rRNA gene libraries. In addition, we
performed isolation of bacteria from the aquatic environments
sampled, followed by characterization of the antibiotic resis-
tance profiles of these isolates, so to identify multiresistant and
potentially pathogenic organisms.

Methods
Sampling

Six 50-mL water samples were retrieved from distinct sites
throughout Rio de Janeiro state (white dots, Fig. 1a). Three
samples were obtained from aquatic environments of Ilha
Grande, a relatively preserved island within the Atlantic rain
forest biome: freshwater from Parnaioca river (PR) (23°11'21"
S/44°15'11" W), seawater from Parnaioca beach (PB) (23°11'
24" S/44°15'15" W), and brackish water from a nearby man-
grove system (MS) (23°1026" S/44°17'08"W).

In parallel, three samples were collected from impacted
sites of Rio de Janeiro city, subjected to distinct levels of
wastewater discharges: seawater from Barra da Tijuca beach
(BT) (23°00'43" S/43°21'58" W), Guanabara Bay (GB)
(22°50'18” S/43°14'00"W), and Cunha Channel (CC)
(22°51'14" S/43°14'13" W). BT is an urban coastal environ-
ment subjected to low impact; this site is used by the local
population for recreational purposes. Barra da Tijuca beach is
connected to the coastal, mildly impacted, Jacarepagua la-
goons, which discharge its waters in the Atlantic Ocean
through Joa channel, which is very close to the BT sampling
site. GB is a brackish environment that, despite receiving
several sources of wastewater discharges (i.e., domestic, rural,
hospital, and industrial) also provides food and leisure to local
inhabitants. CC is a highly impacted channel, within
Guanabara Bay, that underwent eutrophication due to the
massive amounts of organic matter released in its waters
[57]. These six samples were used to assess the diversity of
ampicillin-resistant bacteria.

Bacterial Liquid Cultures
One milliliter of water from each of the six samples was used

to inoculate 50 mL of LB culturing medium, so to promote the
growth of aerobic heterotrophic bacteria. Samples were
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Fig. 1 a Map of sampling sites. Sites located in Ilha grande: Parnaioca
River (PR), Parnaioca Beach (PB), and Mangrove system (MS). Sites
from Rio de Janeiro city: Barra da Tijuca (B7), Guanabara Bay (GB), and

inoculated in three distinct ampicillin concentrations: 0 mg/L
(Control), 20 mg/L (clinical concentration), and 1 g/L (super-
resistance concentration) [15]. Culturing was performed in
aerobic conditions at 37 °C for 24 h. Super-resistance (1 g/L)
cultures that showed growth after 24 h were used to inoculate
fresh medium supplemented with an even higher concentration
of ampicillin: 12 g/L, which were allowed to grow in the same
conditions (Fig. 1b).

Construction of 16S rRNA Gene Libraries

Cultures were centrifuged, and pelleted material was recov-
ered. Cell lysis was performed using sodium dodecyl sulfate
and proteinase K followed by phenol-chlorophorm DNA ex-
traction as previously described [58]. DNA integrity was
checked by 1 % (w/v) agarose gel electrophoresis.

DNA extracted from cultures was used as template for the
amplification of the 16S rRNA gene through PCR using univer-
sal bacterial primers 27BF (5'-AGAGTTTGATCCTGGCTCAG
-3") [35] and 907RAB (5-TTTGAGTTTMCTTAACTGCC-3')
[61]. PCR, product purification, cloning, and gene library
construction were carried out as previously described [52].

Sequencing Reactions

Sequencing reactions were carried out with forward primer
27BF [35]. ~400 ng of plasmidial DNA was obtained from
each clone and processed with Big Dye terminator v3.1 Cycle
sequencing Kit (Applied Biosystems). Products were ana-
lyzed in an Applied Biosystems ABI Prism 3730 automated

Cunha Channel (CC). The white line delimits the Jacarepagua lagoon
systems, and the stars represent sampling sites within this location. b An
overview of our experimental design

DNA sequencer. Electropherograms were converted to
FASTA format through Phred software [23].

Sequence Analysis

Each culture from Ilha Grande (MS, PB, and PR) provided 64
clones for sequencing. For samples from Rio de Janeiro city:
control cultures (no antibiotic: BT1, GBI, and CC1) and
ampicillin cultures (BTAmp, GBAmp, and CCAmp) provided
96 clones each for sequencing. Half the clones from the
antibiotic supplemented libraries were from clinical concen-
tration (20 mg/L) cultures (BT2, GB2, and CC2), and half
were originated from super-resistance cultures, 24 of them
from 1 g/L cultures (BT3, GB3, and CC3) and 24 clones from
12 g/L cultures (BT4, GB4, and CC4).

Anomalous sequences detected by software Mallard [4]
were removed from further analysis. A total of 568 high
quality sequences were deposited at GenBank under accession
numbers JQ480652-JQ480817 and KC208065-KC208466.
Sequences were compared by BLASTn search software [2]
against GenBank (http://www.ncbi.nlm.nih.gov/) and
EzTaxon (http://www.eztaxon.org/) [11] databases, from
which reference sequences were retrieved. Taxonomic
affiliation of operational taxonomic units (OTUs) was per-
formed using Ribosomal Database Project (RDP) classifier
tool (http://rdp.cme.msu.edu/classifier) [12]. Sequences were
aligned through MUSCLE software [22] and grouped as
OTUs at 97 % stringency using MOTHUR [47]. Aligned
sequences were used to construct a phylogenetic tree
through neighbor-joining algorithm using distances calculated
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by the Kimura-2 method through MEGA 5 [55]. Bootstrap
tests were conducted in 1,000 replicates.

UniFrac metric analysis [38] was used to generate un-
weighted principal coordinate analysis (PCA) based on se-
quence data retrieved from gene libraries through MOTHUR
[47]. UniFrac statistical test was applied to determine if the
structure of PCA groups was significantly different.
MOTHUR was also used to generate rarefaction curves and
to calculate the non-parametric richness estimators Chaol and
ACE (abundance based coverage estimator), and the Shan-
non—Weaver diversity index (H').

Bacterial Isolates

To analyze the antibiotic resistance profiles of bacteria
discharged in Barra da Tijuca beach, we performed antibiogram
tests in isolates from the Jacarepagua lagoon complex. This
ecosystem, located within Rio de Janeiro city is composed of
four major brackish lakes: Tijuca, Camorim, Jacarepagua, and
Marapendi (Fig. 1a), connected to the Atlantic Ocean through
Joa channel, in Barra da Tijuca (BT) beach. Twenty-two iso-
lates were obtained from water samples of the lagoons (indi-
cated by stars in Fig. 1a) using blood agar medium (DIFCO)
supplemented with 5 % sheep blood and four types of selective
culture media. One milliliter of each sample was inoculated on
10 mL of brain heart infusion (BHI) liquid medium and incu-
bated at 37 °C. After 24 h, cultures were streaked onto BHI,
cetrimide agar, MacConkey Agar, and mannitol salt agar plates
and then incubated at 37 °C for 2448 h. This media were
selected so to favor the growth of potentially pathogenic bac-
teria. Organisms were classified through sequencing of their
16S rRNA gene. Isolates were deposited at the CMRVS col-
lection of microorganisms at FIOCRUZ, Rio de Janeiro, Brazil
under accession numbers P4370-P4391.

Resistance profiles of the isolates were determined by disc
diffusion method in modified Mueller—Hinton agar. Antibiotic
discs used were the following: piperacillin/tazobactam (100/
10 pg), ticarcillin/clavulanic (75/10 pg), ceftazidime (30 pg),
imipenem (10 pg), cefepime (30 pg), meropenem (10 pg),
polymyxin B (300 IU), aztreonam (30 pg), gentamicin
(10 pg), tobramycin (10 pg), ciprofloxacin (5 ug), and
norfloxacin (10 pg). Discs were placed at a distance of
30 mm between each to other, on Mueller—Hinton agar plates
previously inoculated with 0.5 McFarland bacterial suspen-
sions. Measurements were taken after 18 h and after 5 days of
incubation at 37 °C. Reference strains for antibiotic disc
controls were Escherichia coli 00033 (ATCC 25922), Pseu-
domonas aeruginosa 00099 (ATCC 853), and Staphylococcus
aureus INCQS 00015 (25923). Results were interpreted ac-
cording to the CLSI criteria [44, 50].

Additionally, we obtained five isolates from Guanabara
Bay water samples. These bacteria were tested for their ability
to resist three antibiotics, i.e., ampicillin, tetracycline, and
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kanamycin, and then identified through sequencing of their
16S rRNA gene. Following these steps, we sought to obtain
plasmids from these organisms to shed light on the molecular
mechanisms of antibiotic resistance among these bacteria.

Results
Enrichment Cultures

Water samples were collected from rainforest (PR, PB, and
MS) and urban (BT, GB, and CC) environments of Rio de
Janeiro (Fig. 1a). These samples were used to inoculate bac-
terial cultures in four distinct ampicillin concentrations: con-
trol (0 mg/L), clinical level (20 mg/L), and super-resistance
(1and 12 g/L) (Fig. 1b). All cultures from urban environments
yielded growth after 24 h of culturing at 37 °C, in all ampi-
cillin concentrations. A distinct pattern was observed for the
samples from Ilha Grande, for which growth was only ob-
served in ampicillin-free culturing media.

Principal Coordinate Analysis and Beta-Diversity

We used 16S rRNA sequences obtained from the cultures to
visualize the degree of similarity between these bacterial com-
munities through UniFrac. Since no resistant bacteria were
detected among Ilha Grande samples, this dataset was excluded
from this analysis. PCA was carried grouping 16S rRNA gene
sequences in two distinct patterns. First, sequences were sepa-
rated in six groups, according to their original environment and
absence (BT1, GBI, and CC1) or presence (BTAmp, GBAmp,
and CCAmp) of ampicillin in culturing medium, regardless of
concentration (Fig. 2a). Ampicillin-free community GB1 and
its ampicillin-supplemented counterpart GBAmp were separat-
ed by PC1, which explained 30.1 % of variation. Meanwhile,
BT1 and BTAmp groups were separated by PC2, which ex-
plained 24.2 % of variation. CC1 and CCAmp were separated
by neither PC1 nor PC2. UniFrac test classified differences in
the structure of bacterial communities with ampicillin (BTAmp,
GBAmp, and CCAmp) or without it (BT1, GBI, and CC1) as
significant (p<0.001).

Sequences were then separated in 12 groups according to
original environment and the four distinct levels of ampicillin
concentration in culturing medium (Fig. 2b). In this case, PC1
explained 24.0 % of variation while PC2 explained 18.9 %.
Sequences from 1 and 12 g/L cultures originated from the
same sampling site always clustered together. In addition, all
Cunha Channel samples (CC1, CC2, CC3, and CC4) clus-
tered near to each other. The same was not observed for
libraries from Barra da Tijuca and Guanabara Bay, which were
scattered through the plot.

Guanabara Bay libraries yielded the highest values of
Shannon—Weaver diversity index and of the richness
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Fig. 2 Principal coordinate analysis. Scatter plots of principal coordinate
analysis generated through the UniFrac metrics. a Samples grouped
according to source of sample and absence (BT1, GBI, and CCl) or
presence (BTAmp, BGAmp, and CCAmp) of ampicillin in culturing

estimators ACE and Chaol at 97 % stringency. Intermediate
values were detected for Ilha Grande (IG1) and Cunha Chan-
nel samples (CC). The lowest values were detected for Barra
da Tijuca libraries, but the diversity of BTAmp was much
higher than that of BT1 (Table 1). These results were corrob-
orated by rarefaction curves generated by MOTHUR (Data
not show) that indicate GB libraries as the most diverse, IG
and CC of intermediate diversity, and BT as the least diverse.
In addition, rarefaction curves of BT1 and BTAmp libraries
reached a plateau, thus suggesting that these were the only two
gene libraries that fully covered species diversity within bac-
terial cultures.

Taxonomic Assignment

16S rRNA gene sequences obtained from cultures were
annotated using the RDP classifier tool. Taxonomic assign-
ment showed that clones from Ilha Grande libraries were
affiliated with only two classes: Gammaproteobacteria
(80 %) and Bacilli (20 %), which belong to phyla
Proteobacteria and Firmicutes, respectively (Fig. 3). Among
Gammaproteobacteria, orders Vibrionales, Aeromonadales,
and Pseudomonadales were the most representative. Most
OTUs from Ilha Grande were assigned to genus Vibrio
(Fig. 4). Enterobacteriales and Alteromonadales were also
identified among cultures from this habitat, both comprising
<4 % of all OTUs.

Table 1 Beta-diversity analysis of 16S rRNA gene libraries

IGl BT1 BTAmp GB1 GBAmp CCl CCAmp
OTUs 60 6 17 71 44 43 34
H' 34 12 23 42 3.7 35 32
Chao 183 7 29 786 239 105.1 534
ACE 221 12.8 445 648.2 2879 231.7 53.6

OTUs number of unique OTUs defined through the nearest neighbor
algorithm through MOTHUR, A’ Shannon—Weaver diversity index, ACE
abundance based coverage estimator
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medium. b Samples grouped according to source of sample and ampicil-
lin concentration: 0 mg/L (BT1, GBI, and CC1); 20 mg/L (BT2, GB2,
and CC2); 1 g/L (BT3, GB3 and CC3); and 12 g/L (BT4, GB4, and CC4)

Barra da Tijuca (BT1 and BTAmp) libraries were dominat-
ed by order Vibrionales (73 %) followed by Bacteroidetes
(17 %) (Figs. 3 and 4). The majority of OTUs from library
BT]1 was affiliated with genus Vibrio; a single OTU from this
sample was assigned to genus Stenotrophomonas. On the
other hand, none of the OTUs, from the culture supplemented
with clinical concentrations of ampicillin (BT2), were
assigned to order Vibrionales. Instead, clones from library
BT2 were mostly represented by order Flavobacteriales, spe-
cifically by Chryseobacterium. BT2 was also represented by
orders Burkholderiales, Pseudomonadales and
Enterobacteriales. All clones from libraries BT3 and BT4
(super-resistance cultures) were affiliated to genus Vibrio.

The most representative classes from GB libraries were
Gammaproteobacteria (51 %), Clostridia (34 %), and
Flavobacteria (13 %) (Fig. 3). Clones from library GB1 were
mostly affiliated to Clostridiales and Vibrionales. The diver-
sity of GB3 was divided among orders Vibrionales,
Aeromonadales, Enterobacteriales, Flavobacteriales, and
Clostridiales. Clones from libraries GB3 and GB4 (super-
resistance concentrations) were exclusively associated to or-
ders Aeromonadales, Xanthomonadales, Pseudomonadales,
and Flavobacteriales.

The most representative classes among CC samples were
Gammaproteobacteria (73 %), Bacteroidia (15 %), and
Clostrida (8 %) (Figs. 3 and 4). Most of the diversity of
CC2 was distributed among orders Clostridia and
Bacteroidia. Meanwhile, clones from samples CC3 and CC4
were distributed in several groups, but Enfterobacteriales was
the most representative in both of them. Unlike the other 16S
libraries, most orders present in CC samples were retrieved
from all ampicillin concentrations, with the exception
Pseudomonadales, Campylobacteriales, and Burkholderiales,
which were exclusive from ampicillin-supplemented cultures.
Nevertheless, those were underrepresented groups, all harbor-
ing <3 OTUs each.

Several OTUs from the ampicillin-supplemented cultures
were closely related to sequences of potentially pathogenic
organisms (e.g., Vibrio cholerae and Klebsiella pneumoniae)
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Fig. 3 Taxonomic assignment of 16S rRNA gene sequences from gene
libraries. Assignment was performed through the RDP classifier tool.
Samples from IG were grouped and analyzed as a single dataset. Samples

or to genera which include pathogenic species (e.g., Bacillus,
Pseudomonas, and Clostridium). The impacted habitats GB
and CC were particularly rich in such taxa and also presented
several OTUs closely related to groups, which are character-
istic of mammalian gut (e.g., Bacteroidales and
Enterobacteriales).

Antibiotic Resistance Profiles of Isolates from Jacarepagua
Lagoons and Guanabara Bay

We obtained 22 isolates from the Jacarepagué lagoon system
and determined their antibiotic resistance profiles through the
disc diffusion method (Table 2). Isolates identified as Entero-
coccus gallinarum, P. aeruginosa, and Vibrio fluvialis were
classified as multiresistant (i.e., presented resistance to more
than three different classes of antibiotics). Twelve of the 22
isolates were resistant to at least one of the antibiotics tested.
Among these antibiotic-resistant bacteria, some are known
pathogens, like P. aeruginosa, Shigella sp., and V. cholerae,
which can be responsible for severe infections in humans.

In addition, we obtained five isolates from Guanabara Bay
(GB). Two were identified as K. pneumoniae resistant to
ampicillin, tetracycline, and kanamycin. The three other iso-
lates were resistant to ampicillin only. Two of them were
classified as Aeromonas sp. and the remaining one as
Acinetobacter calcoaceticus. We obtained a high molecular
weight plasmid from K. penumoniae, which granted ampicil-
lin resistance upon elctrotransformation into competent
DHI10B E. coli cells.

Discussion
Antibiotic therapy leads to drastic shifts in the species com-

position of the human-associated microbiome, which includes
decreases in bacterial richness and diversity [19]. During this
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from the city of Rio de Janeiro were divided according to environment
and presence or absence of ampicillin in culturing medium, regardless of
concentration

process, resistant bacteria are positively selected, showing
higher abundance following antibiotic treatment [31]. As the
use of antibiotics increases, so does the selective pressure
imposed upon bacterial communities. In the environment,
bacteria may exchange genes through horizontal gene transfer,
one of the main mechanisms by which resistance traits can
spread [69]. Aquatic habitats that receive wastewater dis-
charges are hotspots for horizontal gene transfer, in such sites
distinct bacterial communities from several sources come
together creating an ideal environment for gene exchange
[27, 39, 45].

Previous studies that analyzed our sampling sites revealed
remarkable differences in the physical and chemical properties
of these habitats. The levels of variables such as total phos-
phorus and inorganic nitrogen reported for Guanabara Bay are
much higher than those measured at I[Tha Grande sites [52, 57].
Meanwhile, Cunha Channel showed even higher concentra-
tions of these compounds and was also characterized by very
low levels of dissolved oxygen [57]. These studies also re-
ported on the diversity of microorganisms that dwells in these
habitats through culturing independent approaches.

Few species were found in common between the libraries
presented here and those previously reported for these habi-
tats. This result was expected since the culture independent
analysis will cover a distinct portion of the diversity than that
assessed by our culturing approach. In agreement with our
findings, the diversity of microorganisms in these sites was
shown to be influenced by the degree of pollution of these
habitats [52, 57, 70]. Taxa of Cyanobacteria, Actinobacteria,
and Alphaproteobacteria were absent from our samples, even
though they were common in the 16S gene libraries reported
for the previous studies, a possible consequence of the cultur-
ing method employed here. Meanwhile, many of the poten-
tially pathogenic organisms reported in the present study were
not detected by previous analyzes nor was their ability to resist
antibiotics assessed.
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Here, we show that ampicillin-resistant bacteria are wide-
spread in impacted aquatic environments of Rio de Janeiro.
Resistant bacteria were not detected among environments
from Ilha Grande. On the other hand, these organisms were
successfully cultured in all ampicillin concentrations from all
impacted environments within the city of Rio de Janeiro.
These results show that these urban environments are an
important source of antibiotic-resistant bacteria. It is likely
that resistant organisms are present in the environments of
the island but could not be detected by our culturing method-
ology and class of antibiotic tested.

As expected, some of the organisms that grew in the
antibiotic-supplemented cultures are intrinsically resistant to
ampicillin and to other beta-lactam antibiotics (e.g.,
Pseudomonas sp., Acinetobacter sp., and Klebsiella sp.
[78]). Some of them were retrieved from the control cultures
(no antibiotic) but not from those supplemented with ampicil-
lin. This can occur if, by chance, these organisms were absent
from the 1-mL aliquots used to inoculate the cultures, or if
they were present in very low concentrations and were inca-
pable of growing to detectable levels during the 24 hours
culturing. In addition, these organisms may not have had time
to adapt to the antibiotic supplemented cultures. Since there is
a trade-off between bacterial fitness and antibiotic resistance,
these organisms fine tune the expression of their resistance
mechanisms [79]. Unless these organisms could adapt fast
enough to the culturing medium supplemented with antibi-
otics ranging from clinical concentrations up to doses 600
times higher, they would be incapable of growing, despite
being intrinsically resistant to these drugs.

Among our urban sampling sites, Barra da Tijuca beach is
the least impacted. PCA (Fig. 2) and phylogenetic tree (Fig. 3)
revealed that the species composition of cultures with ampi-
cillin (BTAmp) and without it (BT1) is clearly distinct. In
addition, rarefaction curves and diversity indexes indicate that
the species diversity of BTAmp is much higher than that of its
antibiotic free counterpart BT 1. Together, these results show
that the presence of ampicillin in the culturing medium caused
a clear shift in the community composition of cultures from
this habitat.

In opposition to what was observed for BT samples, the
extremely polluted Cunha Channel showed very similar com-
munities in CC1 and CCAmp libraries (Figs. 2 and 3). Anti-
biotic resistance is probably extensively disseminated in this
highly impacted environment, as most taxa that grew in
antibiotic-free medium were also detected in ampicillin-
supplemented cultures. This may be consequence of high
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amounts of untreated sewage carrying resistant strains re-
leased in this site. Hence, the presence of ampicillin produces
little impact in the species composition of cultures of organ-
isms retrieved from CC.

Diversity indexes indicated that cultures inoculated with
Guanabara Bay water samples are the most diverse. This is
probably a consequence of the intense mixing of water masses
that occurs within the bay [29], which favors a more diverse
community. This brackish environment receives seawater
from the Atlantic Ocean and freshwater from several rivers
of its surroundings. Additionally, wastewaters from urban,
rural, and industrial sources are constantly released into the
Bay, often without any treatment prior to release. These char-
acteristics contribute to the increased bacterial diversity of this
site [57]. Such diversity may contribute for the widely dis-
seminated antibiotic resistance detected in this habitat. A
metagenomic study revealed that several drug resistance
genes can be found at Guanabara Bay, including those that
encode tolerance to beta-lactams, erythromycin, methicillin,
vancomycin, and also genes encoding multidrug resistance
efflux pumps [29]. Together with our results, this information
indicates that GB is an important source of resistance genes,
plasmids encoding antibiotic resistance, and also of multi- and
super-resistant bacteria, including pathogenic species.

Orders Alteromonadales and Bacillales were detected only
in ampicillin-free samples, which could mean that these
groups have fewer members capable of resisting this antibiotic
in the habitats sampled. Meanwhile, orders Burkholderiales,
Flavobacteirales, and Campylobacterales were detected ex-
clusively in the ampicllin-supplemented libraries (Fig. 3).
These organisms probably were present in the control cul-
tures, but in lower abundances, therefore could not be detected
due to our limited number of sequences. Vibrionales was the
only order to be detected in cultures from all the environments
in all ampicillin concentrations, suggesting that members of
this group are an important reservoir of antibiotic resistance
mechanisms in the environments studied.

Bacteroidetes, Firmicutes, and Enterobacteria are indica-
tors of fecal contamination [19, 31]. These groups were scarce
among Barra da Tijuca and Ilha Grande libraries. On the other
hand, such taxa were well represented in Guanabara Bay and
Cunha Channel libraries, in which several clones were affili-
ated with bacteria from mammalian gut and in some cases
human gut specifically (Fig. 4). Human associated bacteria
were shown to be an important source of antibiotic resistance
features [53]. OTUs from libraries GB and CC were frequent-
ly classified as pathogenic organisms. In addition, some of the
bacteria isolated from Jacarepagua lagoon system and
Guanabara bay were classified as multiresistant opportunistic
pathogens. Free-living bacteria are constantly inoculated into
the human organism, through direct contact with these sites or
indirectly through food, air, and water [69]. As the urban
environments BT, GB, and CC and the Jacarepagua lagoon

system are sources of food and leisure for the local inhabitants,
the presence of antibiotic-resistant bacteria in these sites poses
a serious threat to the well-being of the local population.

Several OTUs were shared between samples from Ilha
Grande (PB, PR, and MS) and the sewage contaminated sites
from the city of Rio de Janeiro (BT, GB, and CC) sites, even
though the bacteria retrieved from Ilha Grande were not
capable of growing in the presence of ampicillin (Fig. 4). In
addition, strains isolated from the Jacarepagua lagoon system
that belong to the same species presented distinct antibiotic
susceptibility profiles (e.g., Paeruginosa and V. cholerae,
Table 2). Organisms that belong to the same species share
the same core genome; therefore, their differences in tolerance
to antibiotics is probably associated with the presence of
mobile genetic elements, which are considered important
spreaders of antibiotic resistance genes in the environment
[7]. The plasmid obtained from K. prneumoniae is an example
of these elements, and the occurrence of it is evidence that
plasmids play a central role in disseminating antibiotic resis-
tance in the sampled habitats.

The isolates identified as V. cholerae, obtained from the
Jacarepagua Lagoon systems, showed remarkable antibiotic
resistance profiles. This waterborne pathogen can become
resistant through several genetic mechanisms, such as
integrons, conjugative plasmids, and spontaneous mutations
[72]. The genomic flexibility of this organism is reflected in
the resistance profiles of our isolates that, despite being clas-
sified as the same species, responded differently to seven
antibiotics. In addition, the resistance profiles of our
V. cholerae isolates are distinct from the ones previously
reported for several clinical and environmental strains of
V. cholerae from throughout the world [72]. The resistance
profile of our V. fluvialis isolate was different from that which
was previously reported for other isolates of this species [73].
Isolates identified as P. aeruginosa were sensible to all anti-
biotics tested. The susceptibility profiles of this environmental
isolates is remarkable as many clinical strains of P. aeruginosa
are capable of resisting several classes of antibiotics [74].
Meanwhile, all three isolates of P. pseudoalcaligenes were
resistant to Aztreonam, one of them was also resistant to
cefepime and another to ticarcillin/clavulanic acid. Some
strains of this species, which is rarely pathogenic, are resistant
to several antibiotics [75—77], but to our knowledge, there are
no reports of it being resistant to aztreonam. Variation in the
antibiotic susceptibility profiles was also evident for isolates
identified as Exiguobacterium, one isolate was susceptible to
all drugs while another was resistant to four different antibi-
otics. Information on the susceptibility profile of this genus is
currently scarce, thus our results help to elucidate the potential
role of these (and also of the other) organisms as reservoirs of
resistance mechanisms in urban aquatic environments.

In this work, we assess the influence of anthropogenic
impacts in the diversity of antibiotic-resistant bacteria from
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aquatic habitats. We describe bacterial communities capable
of tolerating extremely high doses (%600 the clinical concen-
trations) of ampicillin and also multiresistant bacteria wide-
spread in urban environments, which spam a diverse array of
bacterial phyla. Further analyses are necessary to characterize
the influence of anthropogenic impacts in the diversity of
antibiotic-resistant bacteria; nevertheless, our data provides
evidence that there are remarkable differences in the diversity
of these organisms among our sampling sites and that resis-
tance and super-resistance to antibiotics is widespread in the
urban aquatic environments studied. Public policies aimed at
mitigating damages caused by resistant bacteria rely on the
necessity of determining which environments are potential
sources of resistance traits that pose a threat to human popu-
lations [40—42]. This information can help to develop strate-
gies to mitigate the spread of antibiotic resistance, consequent-
ly reducing damages to human welfare caused by resistant and
multiresistant pathogenic species [43]. Our work, suggests
that additionally to making conscious use of antibiotics [10,
30, 62], managing pollution impacts to aquatic environments
may be a relevant strategy to achieve that goal, so that the
effectiveness of these drugs is preserved, ensuring the benefits
they bring to humanity [63].
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