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Abstract
Antibiotic resistance represents a global health problem, requiring better understanding of the ecology of antibiotic
resistance genes (ARGs), their selection and their spread in the environment. Antibiotics are constantly released to
the environment through wastewater treatment plant (WWTP) effluents. We investigated, therefore, the effect of
these discharges on the prevalence of ARGs and bacterial community composition in biofilm and sediment samples
of a receiving river. We used culture-independent approaches such as quantitative PCR to determine the prevalence
of eleven ARGs and 16S rRNA gene-based pyrosequencing to examine the composition of bacterial communities.
Concentration of antibiotics in WWTP influent and effluent were also determined. ARGs such as qnrS, blaTEM, blaCTXM, blaSHV, erm(B), sul(I), sul(II), tet(O) and tet(W) were detected in all biofilm and sediment samples analyzed.
Moreover, we observed a significant increase in the relative abundance of ARGs in biofilm samples collected
downstream of the WWTP discharge. We also found significant differences with respect to community structure and
composition between upstream and downstream samples. Therefore, our results indicate that WWTP discharges
may contribute to the spread of ARGs into the environment and may also impact on the bacterial communities of the
receiving river.
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Introduction

considered in the last decade [4–6]. It has been shown that
antibiotic resistance genes (ARGs) have environmental origins
but the introduction and accumulation of antimicrobials in the
environment facilitates their spread [7]. As a consequence,
ARGs can be found in almost all environments and they are
currently considered as emerging pollutants [8,9]. Therefore,
identifying sources of resistance genes, their environmental
distribution and how anthropogenic inputs affect their spread
will aid in establishing strategies to combat antibiotic
resistance.
The location of ARGs on genetic elements that can be
mobilized, such as transposons, integrons and plasmids,
facilitates the transfer of resistance to other organisms of the
same or different species [10]. Although antibiotic resistance
studies have been focused on cultivable bacteria and/or
indicator organisms in treated wastewater, the vast majority of
environmental bacteria cannot be cultured under standard
laboratory conditions. As a result, there is little information

Antibiotic resistance represents a significant global health
problem due to the use and misuse of antibiotics, which favors
the emergence and spread of resistant bacteria. Since the first
warning of antibiotic resistance [1], this phenomenon has
increased dramatically and as a result, 70% of all hospitalacquired infections in the United States are resistant to at least
one family of antibiotics [2]. The treatment of these infections
leads to higher healthcare costs because these therapies
require longer hospital stays and more expensive drugs. To
confront this increasing problem, it is necessary to understand
the ecology of antibiotic resistance, including their origins,
evolution, selection and dissemination [3].
Although antibiotic resistance has involved extensive
research in clinically relevant human pathogens, environmental
reservoirs of antibiotic resistance determinants and their
contribution to resistance in clinical settings have only been
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about how the discharge of wastewater effluents can affect
bacterial communities and impact the prevalence of resistance
genes in the environment.
It is well known that WWTPs reduce the total number of
bacteria, especially coliforms, in their final effluent [11].
However, the treatment is not efficient enough to remove ARGs
that are released to the receiving river [12,13]. In addition,
WWTPs link human activities and the environment and may
facilitate horizontal transfer of resistance determinants among
a rich diversity of commensals, environmental microorganisms
and clinically relevant pathogens [14]. In this regard, WWTP
may contribute to the occurrence, spread and persistence of
both antibiotic-resistant bacteria and antibiotic resistance
determinants in the environment.
We used culture-independent approaches to determine the
prevalence of ARGs and to examine how bacterial
communities from biofilms and sediments respond to the
discharge of WWTP effluents in the receiving river. ARGs and
bacterial community composition in the upstream river were
also analyzed to determine the contribution of wastewater
discharge to antibiotic resistance in the downstream river
samples. Biofilm and sediment were selected rather than water
because they are substrates with a high bacterial density
where the frequency of physical contacts between bacteria
increase the possibility for horizontal gene transfer [15].
Actually, some studies have proposed aquatic biofilms as longterm reservoirs for ARGs in environment [9,16].

To determine the efficiency of WWTP on antibiotics removal,
some of these substances were quantified in WWTP influent
and effluent. Quantification of antibiotics was carried out
following the analytical methodology previously described [17].
Briefly, water samples were filtered through 1 μm glass
microﬁbre ﬁlters followed by 0.45-μm nylon membrane filters
(Whatman Maidstone, UK). Target compounds were extracted
by solid-phase extraction using Oasis HLB cartridges (60mg,
3ml; Waters, Milford, MA, USA). Cartridges were loaded with
200 mL of water samples and a Baker vacuum system (J.T.
Baker, Deventer, The Netherlands) was used to preconcentrate
samples. The extracts were evaporated under a gentle nitrogen
stream and reconstituted with 1 mL of methanol/water (25:75,
v/v). Extracts were then analyzed by high-performance liquid
chromatography tandem mass spectrometry using an Agilent
HP 1100 HPLC (Agilent Technologies, Palo Alto, CA, USA)
connected with a QTRAP hybrid triple quadrupole-linear ion
trap mass spectrometer (Applied Biosystems/ MDS SCIEX,
Foster City, CA, USA).

DNA extraction
Biofilm and sediment samples were homogenized in
phosphate-buffered saline solution (PBS; 10 mM sodium
phosphate, 150 mM sodium chloride, pH 7.2) and the
supernatants were then resuspended in lysis buffer (20 mM
Tris-Cl, pH 8.0; 2 mM sodium EDTA; 1.2 % Triton X-100; and
20 mg/ml lysozyme). Genomic DNA was extracted using a
standard phenol-chloroform method and the final concentration
and
purity
were
determined
using
a
NanoDrop
spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
DNA was extracted in duplicate from each independent
sample, obtaining 4 analytical replicates, and all DNA samples
were stored at -20 °C until further analysis.

Materials and Methods
Study site and sampling
The study was carried out in the Ter River upstream and
downstream of the Ripoll WWTP discharge. This river is the
water supply for most cities in Catalonia. The WWTP has a
primary and secondary treatment operating with conventional
activated sludge and was planned for a population of 45,000
inhabitants. It receives an average daily flow about 8000 m3
made up primarily of domestic wastewater and a small amount
of industrial and hospital wastewater, which are not pre-treated.
Samples were obtained in June 2010, the end of the spring
season, when water flow is maximum. Biofilm and sediment
samples were collected in duplicate at the WWTP discharge
point and at 100 m upstream and downstream of the WWTP.
Both sample types were collected manually, scraping the
surface of submerged stones for epilithic biofilm and collecting
the top layer (0-5 cm) of sediment. Water samples for
antibiotics quantification were taken from influent and effluent
of the WWTP. All samples were stored on ice and transported
to the laboratory for immediate processing.

Quantification of antibiotic resistance genes
Quantitative PCR was used to quantify eleven genes
encoding resistance to the main antibiotic families used for
treating human and animal infections such as beta-lactams
(blaTEM, blaCTX-M and blaSHV), fluoroquinolones (qnrA, qnrB and
qnrS), tetracyclines [tet(O) and tet(W)], sulfonamides [sul(I) and
sul(II)] and macrolides [erm(B)]. The 16S ribosomal RNA
(rRNA) gene was also analyzed to quantify the total bacterial
load and to normalize the abundance of ARGs in the collected
samples. All qPCR assays were performed on an Mx3005P
system (Agilent Technologies) using SYBR Green detection
chemistry. Each reaction was carried out in a total volume of 30
µl, containing 1 µl of template, the corresponding concentration
of each primer (from 0.2 to 0.6 µM) and 2× Brilliant III Ultra
Fast QCPR Master Mix (Stratagene, La Jolla, CA, USA),
except for the blaTEM gene, which was amplified using the
SYBR® Green Master Mix (Applied Biosystems). Primers and
thermal cycling conditions for each gene are given in
supplementary material, Table S1. In all cases, DNA extracted
from samples was diluted 10- and 100-fold and positive
controls were spiked with our DNA samples in order to screen
for PCR inhibition by environmental matrices. Moreover, after

Ethics statement
Permission for the WWTP samples was granted by the Ripoll
Treatment Plant (Girona, Spain), specifically Angel Maderiano
de Pastor (Supervisor, Wastewater Treatment Division). No
specific permits or permissions were required for the samples
collected in the Ter River.
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the PCR a dissociation curve was constructed in the range of
60°C to 95°C to verify the specificity of the amplified products.
Standard curves were generated using known quantities of
cloned target genes. Briefly, amplicons from positive controls
were ligated into pCR2.1-TOPO cloning vectors (Invitrogen,
Carlsbad, CA, USA) and transformed into Escherichia coli
competent cells following the manufacturer’s protocol
(Invitrogen). Plasmids were extracted using the PureLink
Plasmid kit (Invitrogen), and the concentration was determined
using a Nanodrop spectrophotometer (Thermo Scientific). Copy
number was then calculated as described previously [18].
Tenfold serial dilutions of plasmid DNA were amplified over
seven orders of magnitude and in triplicate to generate a
standard curve for each qPCR assay.
Mean values (copy number of each ARG) of four analytical
replicates for each sample were compared using the one-way
analysis of variance (ANOVA) or Kruskal-Wallis test as
appropriate, because most data were not normally distributed.
Data were analyzed using SPSS for Windows version 17.0
(SPSS, Chicago, IL, USA).

Table 1. Concentrations of antibiotics determined in WWTP
influent and effluent water samples.

Influent (ng/L)

Effluent (ng/L)

Clarithromycin

181.9

166.0

Trimethoprim

22.0

20.8

Metronidazole

161.0

43.3

Sulfamethoxazole

136.0

57.8

Ciprofloxacin

913.0

231.0

doi: 10.1371/journal.pone.0078906.t001

Results
Antibiotic concentrations
Antibiotic
compounds,
such
as
clarithromycin,
sulfamethoxazole,
trimethroprim,
metronidazole
and
ciprofloxacin were detected in WWTP influent and effluent
samples at concentrations ranging from 20.8 to 913 ng/L
(Table 1). Although concentrations found in the WWTP influent
were higher than those in the effluent, relatively high levels of
antibiotic compounds were detected in treated water from the
WWTP.

Sequence analysis and phylogenetic classification
DNA extraction replicates from each sample were pooled
and submitted to the Research and Testing Laboratory
(Lubbock, TX, USA) for tag-pyrosequencing. Samples were
amplified with primers 27F (3’-GAG TTT GAT CNT GGC
TCAG-5’) and 519R (3’-GTN TTA CNG CGG CKG CTG-5’),
and the amplicons were sequenced using Roche 454 GS-FLX
Titanium technology [19]. Sequences were quality trimmed
using the MOTHUR software package [20]. Briefly, we
removed sequences that did not perfectly match the PCR
primer at the beginning of a read, sequences that contained
more than one ambiguous base, sequences having a
homopolymer stretch longer than 8 bp, and sequences with an
average quality score below 30. We also included only the first
250 bp after the proximal PCR primer, because the quality of
sequences degrades beyond this point. Then, sequences were
aligned using the SILVA reference database [21] and potential
chimeric sequences were detected and removed by using
chimera.uchime incorporated into MOTHUR. Qualified
sequences were assigned to operational taxonomic units
(OTUs) based on a 97% sequence similarity. The Shannon
diversity index (H’) and the Chao1 richness estimator were also
calculated. The Bray-Curtis distance, which incorporates both
membership and abundance, was used to compare beta
diversity among samples. The parsimony test, as implemented
by MOTHUR, was used to assess whether two or more
communities have the same structure. A Bonferroni correction
was applied to adjust the significance level for multiple pairwise
comparisons (p≤0.05/15 [0.0033]). The Ribosomal Database
Project (RDP) pipeline and Classifier function were used to
align and assign identities at a confidence threshold of 50%
[22]. The sequences from this study have been deposited in
the NCBI Short Read Archive under accession number
SRA067245.
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Quantification of ARGs
ARGs, including qnrA, qnrB, qnrS, blaTEM, blaSHV, blaCTX-M,
erm(B), sul(I), sul(II), tet(O) and tet(W), and the 16S rRNA
gene were quantified by qPCR in the biofilm and sediment
samples. High R2 values (average 0.995) and high efficiencies
(from 95 to 103%) were obtained over at least 5 orders of
magnitude in all qPCR assays, indicating the validity of these
quantifications (data not shown). Results revealed that the total
copy numbers of bacterial 16S rRNA genes were consistent in
all samples and ranged from 1.45×109 to 1.21×1011 copy
numbers per gram. Relative concentrations of ARGs
(normalized to the 16S rRNA gene copy number) are shown in
Figure 1. From this figure it can be seen that, except qnrA and
qnrB, all ARGs were detected in the samples analyzed. It is
noteworthy that relative abundances of the qnrB, qnrS, blaTEM,
blaSHV, erm(B), sul(I), sul(II), tet(O) and tet(W) genes were
significantly higher (p<0.05) in the downstream biofilm samples
than those found in the upstream samples. Regarding
sediment samples, no significant differences in relative
concentrations of ARGs were observed among them, except
for the erm(B) gene.

Bacterial community composition
A total of 77,056 reads from biofilm and sediment samples
were obtained after quality trimming and filtering the initial
reads. The library size of each sample was then normalized to
the smallest number of sequences obtained from biofilm and
sediment samples (4,328 and 7,587 sequences, respectively)
in order to minimize any bias due to the difference in the total
number of sequences. The number of OTUs observed at a
97% taxonomic cutoff ranged from 262 (in the upstream
biofilm) to 2,527 (in sediment from the WWTP discharge point).
Shannon diversity index and Chao richness estimators were
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Figure 1. Relative concentration of ARGs in biofilm and sediment samples. Within the box plot chart, the crosspieces of each
box plot represent (from top to bottom) maximum, upper-quartile, median (black bar), lower-quartile, and minimum values. An
asterisk (*) denotes a statistically significant difference between upstream and downstream sites (P<0.05).
doi: 10.1371/journal.pone.0078906.g001
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Figure 2. The dendrograms represent the similarity among the samples based on the Bray-Curtis coefficient. Scale bars
indicate the similarity obtained from calculated matrices.
doi: 10.1371/journal.pone.0078906.g002

sediment samples. Sequences from sediment samples were
dominated by common genera such as Aeromonas,
Exiguobacterium,
Piscinibacter,
Pseudohodoferax,
Acinetobacter and Pseudomonas.

Table 2. Measures of α diversity for the biofilm and
sediment samples.

Biofilm

Sediment

WWTPUpstreamDownstream

WWTPUpstreamDownstream

4328 4328

4328

7587 7587

7587

OTUs

560

262

740

2527 1795

2202

H’

4.75

1.53

3.97

7.06

5.81

6.70

Chao1

1145 852

1988

6372 4378

5649

No. of
sequences

Discussion
In this study we investigated the prevalence of eleven ARGs
and the bacterial community composition in biofilm and
sediment samples from a river influenced by a WWTP. It has
been some years since Iwane and colleagues [23] showed that
the increase of antibiotic resistant bacteria in the Tama River
was associated with WWTP effluent discharges. Since then, a
wide range of genetic methods have been developed and
some culture-independent studies have been performed to
explore the impact of antibiotics in the environment; however,
most of these studies have been limited to a few ARGs
[24–26].
Although WWTPs efficiently reduce high nutrient
concentrations from raw sewage, our study demonstrates, to a
certain extent, that antibiotics are not completely degraded
during wastewater treatment. Previous studies have shown that
antibiotic levels in treated wastewater are typically in the
nanogram per liter range [15] and WWTP effluents are the
major pathway for pharmaceuticals to reach the aquatic
environment [27,28]. Effluents are diluted once they reach the
river, and even though antibiotic concentrations in the
environment are low, in general below the minimum inhibitory
concentration for most sensitive bacteria, they may still exert a
selection pressure [29,30] and impact on the microbial
community [31].
Regarding ARG concentrations, we identified nine of the
eleven ARGs studied in all samples analyzed. Detection of
these genes in upstream biofilm and sediment samples
supports the idea of an existing background level of antibiotic
resistance naturally occurring in the environment [10].
However, other anthropogenic activities in the river upstream,
such as livestock rearing, may have perturbed the bacterial
community. We also report that there was a significant increase
in the relative concentration for almost all ARGs studied in the
biofilm samples after the WWTP effluent discharges. This is
consistent with the observations of Engemann et al. [9] which
suggested the migration of ARGs from the water column to

doi: 10.1371/journal.pone.0078906.t002

also determined (Table 2), demonstrating that the sediment
samples had a higher bacterial diversity and richness than the
biofilm samples.
To compare the bacterial community structure and determine
the effect of WWTP discharges into the environment, we used
the phylogeny-based parsimony test which showed a
significant difference (p<0.001) in community structure between
all analyzed samples. When the pairwise distances for all
samples were calculated using the Bray-Curtis distance metric,
the results revealed the impact of the WWTP effluents on the
bacterial community structure in the sediment of receiving river,
as visualized by the terminal branch lengths (Figure 2).
Phylogenetic classification of sequences was determined
using the RDP Classifier tool with a bootstrap cutoff of 50%
(Figure 3). Overall taxonomic characterization of the bacterial
community was conducted at the phylum level, and only
Proteobacteria were classiﬁed at the class or order level.
Biofilm sequences showed great differences between WWTP
and river samples. Although the biofilm from the WWTP
discharge point was dominated by Cyanobacteria and
Proteobacteria, the most abundant groups in both upstream
and
downstream
biofilms
were
Firmicutes.
Gammaproteobacteria were mainly represented by the genera
Aeromonas (16%) and Acinetobacter (8%) in the biofilm from
the WWTP discharge point, whereas Exiguobacterium was the
most predominant genus (data not shown), accounting for 85%
of the observed OTUs in upstream samples and 46% in
downstream samples. On the other hand, members of the
Proteobacteria and Actinobacteria phyla were abundant in all
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Figure 3. Relative abundance of major bacterial lineages (phyla; and classes for Proteobacteria) found in the biofilm and
sediment samples.
doi: 10.1371/journal.pone.0078906.g003

biofilms. Our findings thus, together with those previously
reported, suggest that biofilms could be considered as good
indicators of antibiotic resistance acquisition. Moreover, our
results reinforce the view that environmental compartments
directly impacted by anthropogenic activities, such as
wastewater discharges, show a higher concentration of ARGs
[8,24,32].
Previous studies have also suggested that aquatic sediments
could be important reservoirs for ARGs due to their ability to
retain antibiotic compounds as well as representing an
important environmental matrix within which horizontal gene
transfer can occur [33]. LaPara et al. [32] detected ARGs
encoding resistance to tetracyclines in water and sediments
samples in locations influenced by WWTP effluents. Although
ARGs were found in most of the sediment samples analyzed,
we could not determine the effect of WWTP in the receiving
river as some ARG levels in the discharge point had similar
values in terms of relative concentration to those found in the
upstream and downstream sediment samples.
We also investigated the potential effect of WWTP effluents
on bacterial communities associated with the receiving river by
using 454-pyrosequencing technology. Based on the Chao1
and Shannon indices, the bacterial communities in the

PLOS ONE | www.plosone.org

sediment samples had higher richness and diversity than those
in the biofilm samples. This could be because, although
biofilms can be composed of multiple microbial species, they
may also be dominated by a few genera in the primary
colonization phase [34].
It has also been reported that sediments from aquatic
environments have a complex and dynamic community of
microorganisms [35]. In this study, the bacterial communities in
the biofilm and sediment samples from the WWTP discharge
point and downstream river had a higher diversity than those in
the upstream samples, suggesting that WWTP effluent
discharges may have promoted bacterial growth by supplying
nutrients [36].
Despite the high degree of similarity among the bacterial
communities from river and WWTP sediment samples at the
phylum level, differences with respect to community structure
and composition were significant at the genus level (97%
similarity) as revealed by the phylogeny-based parsimony test.
Similarly, Kristiansson et al. [6] found differences in the
distribution of bacterial genera between the upstream and
downstream sediments from an Indian river influenced by
WWTP effluents. Moreover, our results also agreed with the
observation of Kristiansson et al. [6] that all sediment
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to these genera may have contributed to the occurrence,
spread and persistence of ARGs.
In conclusion, eleven different ARGs encoding resistance to
the most important antibiotic families were analyzed using a
culture-independent method, which contributes to a better
understanding on the spread of antibiotic resistance in the
environment. Of special concern is that our findings, together
with reports from other settings, demonstrate that WWTP
discharges may increase the prevalence of ARGs and bacterial
community composition of the receiving river. However, further
research is needed to evaluate if the increase of ARGs in
aquatic ecosystems is due to the release of resistant bacteria
from WWTP or due to antibiotics discharged in their effluents
promoting horizontal gene transfer once they reach the river.

communities were dominated by Proteobacteria, Bacteroidetes
and Firmicutes. With regard to the biofilm samples, differences
in community structures were evident even at the phylum level.
Cyanobacteria and Proteobacteria were dominant in the
WWTP discharge point, whereas Firmicutes was the dominant
group in both upstream and downstream samples. A high
representation of Cyanobacteria was found in biofilm samples
from the WWTP, which may be a consequence of light
intensity, as the WWTP effluent canal is less deep than the
river, promoting the growth of phototrophic microorganisms.
Concerning the relationship between changes in ARG
concentrations and bacterial community composition, we found
a higher proportion of Gammaproteobacteria in downstream
biofilm samples compared with upstream samples, which could
explain the increase of ARGs as several members of this class
harbour ARGs [37,38]. A computer search using the Antibiotic
Resistance Genes Database [39] also revealed that most of the
bacterial species harboring ARGs belong to this class. In this
sense,
the
similarity
among
the
proportion
of
Gammaproteobacteria in bacterial communities from sediment
samples could be related with the similar values of ARGs found
in the different points analysed.
Additionally, we could detect and estimate the number of
bacterial genera in each sample, which have been previously
identified as harbouring ARGs. The genus Exiguobacterium,
which was the dominant OTU in biofilm river samples and also
appeared in sediment samples, has been recently
characterized as a carrier of some ARGs encoding resistance
to beta-lactams and sulphonamides [40]. The genus
Aeromonas, which was detected in all samples, has been
widely studied because most of ARGs we analyzed have been
detected in several species of this genus [41,42]. Moreover,
members of the genus Acinetobacter, which were present in
high percentages in biofilm and sediment samples, have been
also described as multidrug-resistant microorganisms encoding
resistance to beta-lactams, aminoglycosides, ﬂuoroquinolones
and carbapenems [43]. Given this, microorganisms belonging

Supporting Information
Table S1. Primer sequences and qPCR conditions used in
this study.
(DOC)
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