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Environments polluted by direct discharges of effluents from antibiotic manufacturing
are important reservoirs for antibiotic resistance genes (ARGs), which could potentially
be transferred to human pathogens. However, our knowledge about the identity and
diversity of ARGs in such polluted environments remains limited. We applied functional
metagenomics to explore the resistome of two Croatian antibiotic manufacturing
effluents and sediments collected upstream of and at the effluent discharge sites.
Metagenomic libraries built from an azithromycin-production site were screened for
resistance to macrolide antibiotics, whereas the libraries from a site producing veterinary
antibiotics were screened for resistance to sulfonamides, tetracyclines, trimethoprim, and
beta-lactams. Functional analysis of eight libraries identified a total of 82 unique, often
clinically relevant ARGs, which were frequently found in clusters and flanked by mobile
genetic elements. The majority of macrolide resistance genes identified from matrices
exposed to high levels of macrolides were similar to known genes encoding ribosomal
protection proteins, macrolide phosphotransferases, and transporters. Potentially novel
macrolide resistance genes included one most similar to a 23S rRNA methyltransferase
from Clostridium and another, derived from upstream unpolluted sediment, to a GTPase
HfIX from Emergencia. In libraries deriving from sediments exposed to lower levels
of veterinary antibiotics, we found 8 potentially novel ARGs, including dihydrofolate
reductases and beta-lactamases from classes A, B, and D. In addition, we detected
7 potentially novel ARGs in upstream sediment, including thymidylate synthases,
dihydrofolate reductases, and class D beta-lactamase. Taken together, in addition to
finding known gene types, we report the discovery of novel and diverse ARGs in
antibiotic-polluted industrial effluents and sediments, providing a qualitative basis for
monitoring the dispersal of ARGs from environmental hotspots such as discharge sites
of pharmaceutical effluents.

Keywords: antibiotic resistance, effluent, manufacturing, antibiotic pollution, sediment, macrolides, functional
metagenomics
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INTRODUCTION

Antibiotic resistance is one of the most serious global public
health threats of the twenty-first century (Carlet et al., 2012;
ECDC, 2016; O’neill, 2016). This phenomenon is strongly
associated with hospitals and other clinical environment (Brown
et al,, 2006; Rodriguez-Mozaz et al., 2015), because the extensive
use of antibiotics in clinical settings is the driving force for
increasing antibiotic resistance. However, there is a growing
awareness that anthropogenic inputs of antibiotics into the
environment through effluents, use of manure and biosolids
in agriculture, and aquaculture contribute to this problem.
The selection pressure imposed by antibiotics and other
selective agents has promoted the propagation of antibiotic
resistant bacteria (ARB) and antibiotic resistance genes (ARGs)
(collectively known as the resistome) in the environment,
creating vast reservoirs of ARGs with potential to be transferred
to pathogens (Bengtsson-Palme et al., 2014; Cabello et al., 2016;
Tao et al,, 2016; Peng et al., 2017; Su et al,, 2017). Understanding
these reservoirs and behaviors of ARGs is crucial to control the
emergence of resistant pathogens at a global scale.

Direct discharge of pharmaceutical effluents in receiving water
bodies has been recognized as an important source of pollution,
as they may contain high concentrations of antibiotics, ARB,
heavy metals, and other hazardous materials (Babic¢ et al., 2007;
Larsson et al., 2007; Li et al., 2009; Sim et al., 2011; Larsson, 2014;
Bielen et al., 2017). High concentrations of antibiotics which are
above the minimum inhibitory concentrations could cause death
of many susceptible environmental microorganisms and enrich
those genetically adapted, while sub-inhibitory concentrations
exert a selective pressure, which act as a moving force in
horizontal dissemination of ARGs (Baker-Austin et al., 2006;
Tacdo et al., 2014; Di Cesare et al., 2016; Navon-Venezia et al.,
2017). Therefore, environments impacted by discharges from
manufacturing of antibiotics are high risk environments for
antibiotic resistance selection and dissemination into human
or animal pathogens. Hence, it is essential to understand
the contribution of manufacturing sites to the environmental
resistome in more detail.

Studies addressing the impact of effluent discharge from
antibiotic production on the resistome of the receiving
environment are still scarce and limited to Asian countries.
Several studies using culture- and PCR-based methods have
reported the presence of multidrug resistant bacteria (MDR) in
rivers receiving effluents from antibiotic production (Li et al.,
2009, 2010; Sidrach-Cardona et al., 2014; Liibbert et al., 2017).
Although these methods provide valuable information, their
major limitations are that the bacteria need to be culturable under
laboratory conditions or screening is limited to known ARGs.
Sequence-based metagenomics has enabled the exploration of
the total DNA of a sample, providing a broad spectrum of
known ARGs. This methodology has been used to study river
and lake sediments highly polluted with antibiotics (mostly
fluoroquinolones) from bulk drug production in India, revealing
a high diversity and promotion of resistance genes to several
classes of antibiotics as well as their mobilization elements
(Kristiansson et al., 2011; Bengtsson-Palme et al., 2014). Despite

these extremely valuable findings, metagenomic sequencing
cannot identify potentially novel ARGs nor gives information
on the expression of the ARGs (Mullany, 2014). Functional
metagenomics, which consists of heterologous expression of
metagenomic DNA in a surrogate host and activity-based
screening, is a useful approach to identify different types of
functional ARGs, both known and novel. Furthermore, the
genes discovered by functional metagenomics are, by definition,
candidates for horizontal transfer, as they must be functional in
a heterologous host (Crofts et al., 2017). This method has been
successfully applied in exploring the ARGs in different matrices
including the human microbiome (Sommer et al., 2009), soil
(Udikovic-Kolic et al., 2014), manure (Wichmann et al., 2014),
activated sludge (Parsley et al., 2010), river (Amos et al., 2014),
and ocean (Hatosy and Martiny, 2015).

Recently, our study on effluents from two Croatian
pharmaceutical industries showed that they are contaminated
with high levels of antibiotics and culturable ARB (Bielen et al.,
2017). Treated effluent from an azithromycin (AZI)-synthesizing
factory contained occasionally high, mg L~! concentrations
of macrolide antibiotics, which are critical for use in human
medicine (WHO, 2017). On the other hand, partially treated
effluent from a formulation industry contained a range of
antibiotics (fluoroquinolones, trimethoprim, sulfonamides, and
tetracyclines) from low to high jLg L™! concentrations (Bielen
et al,, 2017). These effluents are discharged into the nearby river
and stream providing an opportunity for selection of antibiotic
resistance. There is also the possibility that these environments
harbor yet undescribed resistance genes, some of which we
may face in pathogens in the hospitals tomorrow. Previous
studies, applying metagenomic sequencing, have shown high
levels of known and mobile ARGs, particularly those conferring
resistance to quinolones and sulphonamides, in Indian sediments
heavily polluted with fluoroquinolone antibiotics (Kristiansson
et al,, 2011; Bengtsson-Palme et al., 2014). In this study, using
functional metagenomics we have explored the diversity of ARGs
in industrial effluents and sediments polluted with macrolide
or different veterinary antibiotics. We have also assessed the
genetic context of the identified resistance genes by analyzing
their flanking DNA.

MATERIALS AND METHODS
Study Areas and Sampling Procedures

Study areas lie in the northwest of Croatia where two local
pharmaceutical industries are situated. Industry 1 has a long
tradition in synthesizing the macrolide antibiotic AZI and
discharges its final, treated effluent into the Sava river. Industry
2 formulates various veterinary antibiotics, including antibiotics
from the tetracycline, sulfonamide and beta-lactam classes, and
discharges its partially treated effluent into the nearby small
stream. More detailed information about these two industries
and properties of their effluents have been recently published
(Bielen et al., 2017).

Industrial effluents and sediment samples from the receiving
river and stream were collected in January and February 2016.
Effluent from Industry 1 was collected as grab sample from the
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discharge pipe and effluent from Industry 2 consisted of a 24-
h composite sample. Both effluent samples were collected in
a sterile 2L bottle and kept at 4°C. Immediately upon return
to the laboratory, aliquots of 50-100 mL were vacuum-filtered
through mixed cellulose ester filters (0.22 um pore diameter) (GE
Healthcare Life Sciences) to collect the bacterial cells, and filters
were stored at —80°C until DNA extraction. Surface sediment
samples (0-10 cm) were taken at effluent discharge locations and
at reference locations situated upstream of the discharge areas
(4 samples in total). Four sub-samples were collected at each
location and merged to a composite sample (10 g of each sub-
sample) within 4 h of collection. These samples were used fresh
for immediate culturing or stored at —80°C until DNA was
extracted.

Culturing Bacteria from Sediments

To culture bacteria from fresh sediment samples, 1g of the
composite sediment was suspended in physiological saline (0.9%
NaCl) by vortexing. Serial 10-fold dilutions were cultured on
three replicate R2A agar plates to enumerate total bacteria.
To enumerate resistant bacteria, serial dilutions were cultured
in triplicates on plates supplemented with AZI (15mg L7!)
(Fluka, Germany) for Industry area 1 samples; or sulfamethazine
(SMZ; 350mg L~!) (Sigma, Germany) or oxytetracycline
(OTC; 25mg L7!) (Sigma, Germany) for Industry area 2
samples. Colony forming units (CFU) were counted after a 5
day incubation at 28°C. ARB cultured from sediments from
discharge locations were scraped from the plates, pooled and
stored in R2A broth containing antibiotic and 15% glycerol
at —80°C.

Small Insert-Size Metagenomic Library

Construction

DNA for the construction of libraries was isolated from
the filters, sediment samples and from pools of cultured
sediment bacteria using the PowerSoil DNA isolation kit (MoBio
Laboratories, Carlsbad, CA) according to the manufacturer’s
recommendations. DNA was either partially digested with PstI
(NEB, USA) and cloned into the pCF430 vector (Newman and
Fuqua, 1999) or digested with HindIII (NEB, USA) and cloned
into the pZE21-MCS vector (Lutz and Bujard, 1997; Table 1).
Ligation products were dialyzed using 0.2-pm filter membranes
(Millipore, Ireland) and electroporated into Escherichia coli
DH5a cells (Invitrogen, Carlsbad, CA) using a Micropulser
(Biorad, Hercules, CA). After a 1h incubation in SOC media,
cells were plated on LB plates supplemented with 5mg L~}
tetracycline (Industry area 1) or 50 mg L™! kanamycin (Industry
area 2), and incubated at 37°C overnight. Library storage and size
estimation were performed according to previously published
protocols (Wichmann et al.,, 2014). Briefly, the average insert
size for each library was determined by restriction digest analysis
of 10 randomly picked clones using PstI (pCF430) or HindIII
(pZE21-MCS). After insert size analysis, all clones were pooled
together by scraping them from plates into LB supplemented with
20% glycerol and tetracycline or kanamycin followed by storage
at —80°C.

Identification of Antibiotic Resistance

Genes

Metagenomic libraries (10 wL of the pooled clones) were grown
in 5mL of LB supplemented with the appropriate antibiotic
(either tetracycline or kanamycin) for 2h at 37°C and 200
rpm. Appropriate dilutions were plated on LB plates containing
an antibiotic of interest: AZI (16mg L™!) or erythromycin
(ERT; 100 mg L™!) for Industry area 1 libraries; trimethoprim
(TRM; 20 mg L), tetracycline (TET; 20 mg L~1), OTC (20 mg
L~!) ampicillin (AMP; 100 mg L), cefotaxime (CTX; 8mg
L~1), or ciprofloxacin (1 and 0.5 mg L) for Industry area
2 libraries, and incubated overnight at 37°C. For screening
of libraries from Industry area 2 on SMZ (350mg L~!) and
TRM, instead of LB media, Mueller-Hinton broth or agar
was used because it is low in sulfonamide and trimethoprim
inhibitors. The antibiotic concentrations used inhibited growth
of E. coli DH5a transformed with empty pCF430 or pZE21-
MCS plasmid. The proportion of resistant clones in each library
was calculated as the ratio of the number of resistant clones
(grown on plates containing an antibiotic of interest) and the
total number of clones (grown on plates containing vector
antibiotic). The diversity of individual resistant clones was
assessed with HindIIl and BamHI digestion (libraries derived
from Industry area 1) or with PstI and BamHI digestion (libraries
derived from Industry area 2). Plasmids containing inserts
with distinct restriction patterns were sent to Macrogen DNA
Sequencing Service (Macrogen, Netherlands) for bi-directional
Sanger sequencing using vector-targeting forward and reverse
primers (Sommer et al., 2009; Wichmann et al., 2014). Additional
specific primers were designed as necessary for extension of
the obtained sequences. Sequencing data was processed using
the DNASTAR Lasergene software package (version 14) and
nucleotide sequences of the identified open reading frames
(ORFs) were compared to the publicly available sequences using
BLASTX search against the NCBI nr/nt database. Active gene was
considered to be unique if it did not have identical nucleotide
sequence to any other gene in the same library.

Determination of Minimum Inhibitory
Concentration (MIC)

MIC assays were performed on unique resistant clones by broth
microdilution in Mueller-Hinton broth (Difco, USA) according
to previously published protocols (Donato et al., 2010). The MIC
was defined as the lowest concentration of the antibiotic that
inhibited visible growth of 10° cells of tested clone. As a control
we used DH5a cells transformed with the empty vector (pCF430
or pZE21-MCS).

Phylogenetic Analysis

The Geneious software (version 6.0.5) (Kearse et al., 2012) was
used for sequence comparisons and phylogenetic analyses. For
sequence alignments, we used CLUSTALW (Thompson et al.,
2002), and the phylogenetic trees were inferred using maximum
likelihood (Jones et al., 1992). Bootstrap values were calculated
based on 100 replications. Trees were adapted using the FigTree
program (v1.4.3.) (Rambaut, 2009).
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TABLE 1 | Features of the metagenomic libraries constructed in this study.

Study area Library name Origin Vector/AR marker Average insert size (kb) Amount of cloned DNA (Gb)
Industry area 1 S_US_C1 Sediment at pCF430/Te et 4.40 5.47
upstream site
F_WW_C1 Pharmaceutical pCF430/Te et 4.20 19.20
effluent
B_DS_C1 Culturable AZI-resistant pCF430/Te et 3.40 5.50
bacteria from sediment
at discharge site
S_DS _C1 Sediment at pCF430/TetR 2.80 1.54
discharge site
Industry area 2 S_US_C2 Sediment at pZE21 -MCS/KanR 3.70 2.20
upstream site
F_WWwW_C2 Pharmaceutical pZE21 -MCS/KanR 3.38 4.56
effluent
B_DS_C2 Culturable SMZ and pZE21-MCS/KanR 2.90 1.96
OTC-resistant bacteria
from sediment at
discharge site
S_DS_C2 Sediment at pZE21 -MCS/KanR 2.50 4.58

discharge site

Nucleotide Sequence Accession Numbers
The metagenomic insert sequences from Industry area 1 are
shown in Table2 and were deposited in GenBank under
accession numbers MG585943 to MG585960. Sequences from
Industry area 2 are shown in Supplementary Table 2 and were
deposited under accession numbers MG585961 to MG586044.

RESULTS AND DISCUSSION

Selection of Antibiotic Resistance in River
and Stream Sediments Receiving Effluents

from Antibiotic Manufacturing

Culturing of sediment bacteria showed a considerably higher
proportion of AZI-resistant or SMZ- and OTC-resistant bacteria
in sediments at the discharge vs. upstream sites, indicating an
enrichment of resistant populations in the effluent-impacted
environment (Figure 1). Higher proportion of ARB has also
been observed in the Indian sediment samples in comparison
with samples from reference locations, most likely caused
by the emissions of high concentrations of antibiotics from
local drug manufacturers (Flach et al., 2015). In a recent
study, we showed that effluents from two manufacturing sites
studied here contained high concentrations of antibiotics and
a high proportion of culturable ARB (Bielen et al., 2017). For
example, mg L™! levels of macrolide antibiotics along with high
frequencies of AZI-resistant bacteria (up to 83%) were found
in effluents from Industry area 1. Furthermore, effluents from
Industry area 2 were found to contain high levels of SMZ-
and OTC-resistant bacteria (up to 90 and 50%, respectively)
and several antibiotics including sulfonamides, fluoroquinolones,
trimethoprim and tetracyclines in concentrations up to about
230 pg L™!. Consequently, it would be reasonable to expect
higher levels of these antibiotics in sediments at the discharge

compared with upstream sites, as shown in our preliminary
analyses (unpublished data). Therefore, the observed higher
proportion of culturable ARB at both discharge sites could be
due to a pollution of the river and stream with antibiotics that
select for resistant bacteria already resident in the sediment.
Alternatively, the released effluent-associated resistant bacteria
may proliferate in the sediment, or a combination of these
contributors may take place. Receiving sediments may thus act as
a reservoir where known circulating resistant bacteria and their
genes are maintained as well as new resistant strains and genes
may emerge and spread.

Metagenomic DNA extracted from sediment and effluent
samples was used to build eight small-insert libraries (2 from
effluents, 2 from upstream sediments, and 4 from discharge
sediments, Table 1). The libraries from Industry area 1 had an
average insert size of 3.7kb and an average total size of 32
Gb. The libraries from Industry area 2 contained a total of 13
Gb with an average insert size of 3.1kb. The proportion of
resistant clones selected on eight antibiotics was generally lower
in libraries originating from upstream sediments compared with
libraries from discharge sediments and effluents (Supplementary
Figure 1), suggesting a selection of resistance genes in matrices
impacted by pollution with antibiotics and ARB.

Identification of Macrolide Resistance
Genes in Effluent and River Sediments

Near Industry Area 1

Screening of the libraries of Industry area 1 vyielded 17
different macrolide resistant clones with 18 resistance genes,
16 of which were unique based on their nucleotide sequence
(Table 2, Supplementary Table 2). These genes represented
one unknown resistance mechanism mediated by a GTPase
binding protein and three known mechanisms, such as efflux
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TABLE 2 | Summary of all macrolide resistance genes from clones with distinct restriction digest patterns in functional metagenomic libraries built from effluent and
sediments of Industry area 1.

Antibiotic used for  Clone designation/origin  MIC (mg L‘1) Gene length (bp) Gene annotation (Closest BLASTX % amino GenBank
selection hit in NCBI) acid identity  Accession
No.
Azithromycin AZI1_S_US_C1/ <16 (AZI) 1,281 GTPase binding protein HfIX 63 MG585943
Upstream sediment 128 (ERI) (Emergencia timonensis
WP_067543614.1)*
AZI2_S_US_C1/ <16 (AZl) 1,281 GTPase binding protein HfIX 63 MG585944
Upstream sediment 128 (ERI) (Emergencia timonensis
WP_067543614.1)*
AZI1_F_WW_C1/ 64 (AZl) 1,476 ABC-F type ribosomal protection 100 MG585948
Effluent 512 (ERI) protein Msr(E)
(Klebsiella pneumoniae
YP_003754030.1)*
AZI4_F_WW_C1/ 32 (AZl) 1,476 ABC-F type ribosomal protection 99 MG585949
Effluent 512 (ERI) protein Msr(E)
(Klebsiella pneumoniae
YP_003754030.1)*
AZI1_B_DS_C1/ 512 (AZ) 1,476 ABC-F type ribosomal protection 100 MG585952
Sediment bacteria 2,048 (ERI) protein Msr(E)
(Klebsiella pneumoniae
YP_003754030.1)*
885 Macrolide 2’-phosphotransferase 100 MG585954
Mph(E)
(Klebsiella pneumoniae
YP_003754029.1)*
AZI4_B_DS_C1/ 512 (AZl) 348 SMR family, quaternary ammonium 100 MG585956
Sediment bacteria 2,048 (ERI) compound efflux QacEA1
(Salmonella enterica NP_511227.1)*
AZI1_S_DS_C1/ 256 (AZ) 1,476 ABC-F type ribosomal protection 99 MG585957
Discharge sediment 1,024 (ERI) protein Msr(E)
(Acinetobacter baumannii
YP_724476.1)*
Erythromycin ERINM_S_US_C1/ 64 (ERI) 1,281 GTPase binding protein HfIX 63 MG585945
Upstream sediment <16 (AZl) (Emergencia timonensis
WP_067543614.1)
ERI2_S_US_C1/ 128 (ERI) 1,278 GTPase binding protein HfIX 62 MG585946
Upstream sediment <16 (AZl) (Emergencia timonensis
WP_067543614.1)*
ERI9_S_US_C1/ 64 (ERI) 1,281 GTPase binding protein HfIX 62 MG585947
Upstream sediment <16 (AZl) (Emergencia timonensis
WP_067543614.1)*
ERN1_F_WW_C1/ 512 (ERI) 1,224 MFS macrolide efflux protein Mef(C) 100 MG585951
Effluent 32 (AZl) (Colwellia chukchiensis
WP_085286200.1)*
ERI4_F_WW_C1/ 1,024 (ERI) 1,473 ABC-F type ribosomal protection 100 MG585950
Effluent 64 (AZI) protein Msr(E)
(Klebsiella pneumoniae
YP_003754030.1)*
ERI2_B_DS_C1/ 1,024 (ERI) 1,476 ABC-F type ribosomal protection 100 MG585953
Sediment bacteria 256 (AZ) protein Msr(E)
(Acinetobacter baumannii
YP_724476.1)
ERI9_B DS_C1/ 1,536 (ERI) 903 23S ribosomal RNA 67 MG585955
Sediment bacteria <16 (AZl) methyltransferase
(Clostridium sp. CAG:780
CCZ18576.1)"
ERI1_S_DS_C1/ 1,024 (ERI) 885 Macrolide 2’-phosphotransferase 100 MG585958
Discharge sediment 128 (AZl) Mph(E)
(Acinetobacter baumannii
YP_001736317.1)*
(Continued)
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TABLE 2 | Continued

Antibiotic used for  Clone designation/origin  MIC (mg L‘1) Gene length (bp) Gene annotation (Closest BLASTX % amino GenBank
selection hit in NCBI) acid identity Accession
No.
ERI2_S_DS_C1/ 1,024 (ERI) 1,224 MFS macrolide efflux protein Mef(C) 100 MG585959
Discharge sediment 64 (AZl) (Colwellia chukchiensis
WP_085286200.1)*
ERI7_S_DS_C1/ 512 (ERI) 885 Macrolide 2’-phosphotransferase 100 MG585960
Discharge sediment <16 (AZl) Mph(G) (Colwellia chukchiensis
SEL95196.1)
Unique genes (based on their nucleotide sequence) from the same library are marked with *. MIC, Minimal inhibitory concentration.
A o, B o0 -
90 4 90 A
80 + < 80 4
5 =
£ 701 I 2 704
3 601 | £ 60 |
= - BSMZ
- 50 4 OAZI : 50 4
S 401 Z 40 mOTC
2 z
Z 30 A £ 30 4
- 20 X 204
g\c <
10 4 10 4
0 T 0 -
Upstream Discharge Upstream Discharge
FIGURE 1 | The proportion of resistance (mean + SD) of culturable bacteria to (A) azithromycin (AZI) and (B) sulfamethazine (SM2) and oxytetracycline (OTC) in
sediments from discharge and upstream sites of two study areas. The percentage of antibiotic resistant bacteria was calculated as the ratio of resistant bacteria CFU
and total CFU.

pumps, macrolide inactivation by phosphotransferases and target
modification/protection by ribosomal RNA methyltransferases
or ribosomal protection proteins (Table2). To classify our
annotated genes as novel genes, we set a cut-oft of 80% protein
sequence identity (Zhao et al., 2014).

The majority of unique genes (12/16) matched known ARGs
encoding macrolide efflux pumps, ribosomal protection proteins
and macrolide 2’-phosphotransferases (Supplementary Figure 2,
Supplementary Table 1A). Efflux pump genes included two
major facilitator superfamily (MFS) transporter genes with high
sequence identity to mef(C) from Colwellia chuchiensis and one
small multidrug resistance (SMR) transporter, highly similar
to the quaternary ammonium compound eftflux gene (qacEA1I)
from Salmonella enterica. The mef genes have largely been found
among clinically relevant macrolide resistant pathogens (Fyfe
et al,, 2016). Ribosomal protection proteins were encoded by six
ABC-F protein genes with high similarity to msr(E) previously
found in Klebsiella pneumoniae and Acinetobacter baumannii.
Recently, Sharkey et al. (2016) provided strong evidence that
these proteins interact with the ribosome and displace the drug
from its binding site, thus revealing a novel role for ABC-F
proteins in antibiotic resistance. Macrolide inactivating enzymes
included phosphotransferase genes, mph(E) and mph(G) which
were identical (100% of amino acid identity) to those from
A. baumanii, K. pneumoniae, and C. chuchiensis, respectively.
All of these known genes (mef, msr, mph) were obtained from
libraries deriving from antibiotic-impacted matrices (effluent
and receiving sediment), suggesting their relation to selection

pressure from macrolide antibiotics and possibly other co-
selecting agents from AZI production.

Only one gene (erm, clone ERI9_B_DS_C1) deriving from
the library from the discharge site shared low amino acid
sequence identity (67%) with a 23S rRNA methyltransferase
from Clostridium sp. (Table 2). This suggests that it encodes
for a potentially novel member of this methyltransferase family,
which confers clinically relevant levels of ERI resistance (MIC
= 1,536 mg L~!; Table 2) through ribosomal methylation. The
mechanism mediated by erm genes remains the most widespread
mechanism of macrolide resistance in clinically important
pathogens (Fyfe et al., 2016).

Contrary to most known genes in polluted matrices, all unique
genes deriving from upstream reference sediment (4/16) had
<63% protein sequence identity with their best hit in the NCBI,
a GTPase HfIX from Emergencia timonensis, indicating potential
novelty of these genes (Table2, Supplementary Table 1A,
Supplementary Figure 2). Although the exact mechanism
mediated by HfIX remains to be unraveled, Lau et al. (2017)
proposed that the GTPase HfIX acts as an alternative ribosome
splitting factor which disassembles the 70S ribosomes into its
subunits and in this way helps to overcome the translational
arrest caused by macrolides.

Based on MIC results, the HfIX-mediated macrolide resistance
seems less effective than the other identified mechanisms, which
conferred a higher level of macrolide resistance (ERI 64-128
vs. 512-2,048mg L=% AZI 16 vs. 32-512mg L~!, Table 2).
This indicates that the bacteria living in sediment at the
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discharge site have evolved or acquired increasing resistance
to macrolides in response to exposure to high macrolide
selection pressure. In contrast, sediment bacteria from the
upstream site that has had no known anthropogenic exposure
to antibiotics are source of different, yet unknown mechanisms
of macrolide resistance. These might evolve coincidentally in
the presence of selective forces other than antibiotics that may
cause accumulation of mutations that incidentally also confer
antibiotic resistance (Knoppel et al.,, 2017). Other studies also
showed that environments (i.e., sediments) not subjected to
anthropogenic antibiotic pollution could be reservoirs of novel
ARGs (Kristiansson et al., 2011; Amos et al., 2014; Nesme et al.,
2014).

In addition, the discovery of potentially novel macrolide
resistance genes originating from Emergencia and Clostridium
genera in E. coli further demonstrates the power of functional
metagenomics to identify resistance genes from Gram-positive
bacteria in Gram-negative host.

Identification and Phylogeny of
Sulfonamide, Tetracycline, Trimethoprim,
and Beta-Lactam Resistance Genes in
Effluent and Environment Near Industry
Area 2

Of 82 clones with 84 genes conferring resistance to sulfonamides,
tetracyclines, trimethoprim and beta-lactams, we obtained 66
unique ARGs (Supplementary Tables 1B, 2). No clones resistant
to fluoroquinolones (ciprofloxacin) were obtained in this study,
as has also been reported in one other study of soil (Charles
et al., 2017), which may be due to incompatibility resulting
from the use of E. coli as surrogate host. The predicted protein
sequences of identified ARGs shared between 49 and 100%
amino acid sequence identity with proteins in the NCBI database
(Supplementary Figure 3), although the average sequence
identity differed among the types of ARGs. For example, all of the
genes conferring resistance to SMZ, OTC, and TET were highly
similar (amino acid identity >94%) with previously known genes.
SMZ resistant clones contained the dihydropteroate synthase
genes (sull and sul2), which are also found in pathogens such as
Enterobacter cloacae and A. baumannii (Supplementary Table 2).
The fact that the sull gene was detected in all of the four libraries
suggests a wide distribution of this gene in background sediment
and industrial effluent. In contrast, the sul2 was detected in
sediment only at the discharge site, suggesting that its presence
may have resulted from effluent discharge. However, both genes
(sull and sul2) have been previously reported in antibiotic
polluted (Luo et al., 2010; Kristiansson et al., 2011; Bengtsson-
Palme et al., 2014) and unpolluted sediments (Czekalski et al.,
2015; Archundia et al., 2017), which is likely due to their genetic
localization on mobile elements that could be easily transferred
among bacteria (Heuer et al., 2011; Hu et al., 2016; Johnson et al.,
2016; Koczura et al., 2016).

All functional genes from OTC and TET resistant clones
matched previously reported tetracycline transporters that
belong to the MFS, indicating that efflux is the predominant
mechanism of resistance to tetracyclines in Industry area 2

(Supplementary Table 2). Phylogenetic analysis (Supplementary
Figure 4) showed that the majority of tetracycline and
oxytetracycline resistance genes (14/21), identified from all four
libraries, cluster closely together with a tet transporter gene
from Flavobacterium psychrophilum which is not similar to
any annotated group of fet resistance genes. The detection
of these genes in all four libraries suggests their natural
distribution in the sediment and industrial effluent. The rest of
the sequences are related to tet(39), tet(A), or tet(C) from the
y-Proteobacteria. These genes have also been found in a highly
antibiotic polluted lake sediment, with the tet(39) being the most
abundant (Bengtsson-Palme et al., 2014). Of these genes, we
only detected tet(C) in our upstream sediment, suggesting that
it may occur naturally in the studied sediment or it comes from
nearby agricultural sources. However, other studies detected tet
resistance genes, including tet(A) and tet(C), in environments
not subjected to anthropogenic antibiotic pollution (Andersen
and Sandaa, 1994; West et al., 2011; Durso et al., 2016), implying
their wide distribution in the environment.

Screening of libraries with TRM resulted in a substantial
proportion (11/35) of potentially novel genes (<80% amino
acid identity) along with the known genes (Supplementary
Table 2). Both known and all potentially novel genes were
found in libraries of both upstream and discharge sediment
indicating that sediment itself is a natural reservoir for
TRM-resistant bacteria carrying a diverse set of known and
unknown TRM resistance genes (Supplementary Table 2).
All identified genes were predicted to encode target-modified
dihydrofolate reductases (DHFR) or thymidylate synthases
(TYMS). Phylogenetic clustering showed that the majority of
identified genes are distributed in the cluster containing type I
DHFRs from the Proteobacteria, Firmicutes, and Bacteroidetes
(Figure 2). Within this cluster, known resistance genes were
mainly related to dfr14, dfrAl, and dfr17 genes from pathogenic
y-Proteobacteria or dfr from Bacteroidetes. In contrast, novel
resistance genes formed a separate clusters with DHFR type I
proteins from B-Proteobacteria, Firmicutes, and Bacteroidetes.
Only one gene (TRM6_F_WW_C2) originating from effluent
was identified as type II DHFR gene from Pseudomonas
aeruginosa (99% homology). In addition, the TYMS group of
sequences included both known and novel thy genes found in the
Proteobacteria and Bacteroidetes.

Ampicillin screens led to the identification of 15 unique beta-
lactamase genes from all four Amber molecular classes (A-D)
(Bush, 2017) (Supplementary Table 1B). The majority of these
genes (11) were known beta-lactamase genes (Supplementary
Figure 3; Supplementary Table 2) originating mostly from
industrial effluent and receiving stream sediment. Three known
genes (AMP2_S_DS_C2, AMP3_S_DS_C2, AMP10_S_DS_C2)
cluster with the beta-lactamase genes blaGES-1 and blaVEB-9
(class A) from K. pneumoniae and P. aeruginosa (Figure 3B),
and blaCMY-10 (class C) from A. baumannii (Supplementary
Table 2), all of which are clinically relevant gene families
(Paterson and Bonomo, 2005; Jacoby, 2009). In addition to
high-level resistance to AMP (MIC > 1,024 mg L™1), these
enzymes displayed activity against CTX, a 3rd generation
cephalosporin (MIC = 8-32mg L™!, Supplementary Table 2).
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FIGURE 2 | Phylogenetic tree of protein sequences of TRM resistance genes. Best BLAST hits and representative protein sequences of the studied genes were
retrieved from the NCBI database. The evolutionary history was inferred by using the maximum likelihood method and the Geneious software. Bootstrap values were

calculated on 100 replications and only those higher than 80% are shown. Sequences that share <80% amino acid identity with proteins in the NCBI database are
shown in blue. Scale bar = 0.2 changes/site.
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FIGURE 3 | Phylogenetic trees of protein sequences of class D beta-lactamases (A), class A beta-lactamases (B), and class B beta-lactamases (C). Best BLAST hits
and representative protein sequences of the studied gene were retrieved from the NCBI database. The evolutionary history was inferred by using the maximum
likelihood method and the Geneious software. Bootstrap values were calculated on 100 replications and only those higher than 80% are shown. Sequences that
share <80% amino acid identity with proteins in NCBI database are shown in blue. Scale bar = 0.2 changes/site.

Moreover, the blaGES-1 variant is known to display activity  effluent-impacted sediment can act as a reservoir of pathogen-
against carbapenems, a class of last resort antibiotics (Stewart — borne extended-spectrum beta-lactamases such as the GES,
et al., 2015). All of these observations indicate that the studied =~ VEB, and CMY-10 types. The detection of these genes in
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sediment only at the discharge site suggests their accumulation
in the environment because of effluent discharge. As effluent
from Industry area 2 is mixed with human sewage within the
industry, we suspect that these genes could have derived from
human sources. Recently, Marathe et al. (2017) showed that
untreated urban waste enriches river sediment with GES-type
carbapenemases.

Nine remaining known genes cluster with either
class. D OXA-type genes from K. pneumoniae and
A.  baumannii (AMP6_F_WW_C2, AMPI18_F_WW_C2,
AMP7_S_DS_C2, AMP9_S_DS, AMP18_S_DS_C2,

AMP6_S_US_C2, AMP7_F_WW_C2,) or subclass Bl-metallo
beta-lactamases from Flavobacterium sp. (AMP11_F_WW_C2,
AMPI12_S_DS_C2) (Figures 3A,C). Some of the class D, OXA-
type beta-lactamase genes (blaOXA-10 and blaOXA-198) were
obtained from upstream sediment suggesting that the occurrence
of these genes was not limited to the release of industrial
effluents. As the studied stream flows through the rural area and
might be impacted by livestock fecal runoff, the source of the
observed blaOXA genes is likely attributed to fecal pollution,
rather than antibiotic selection pressure from effluent, although
the latter cannot be excluded (Agga et al., 2015).

Along with the known genes, four potentially novel
beta-lactamases were identified encoding putative class A
beta-lactamases (AMP4_S_DS_C2; Figure 3B), two class D beta-
lactamases (AMP6_S_DS_C2, AMP1_S_US_C2; Figure 3A)
and one class B beta-lactamase (AMP8_S_DS_C2; Figure 3C),
sharing 55-74% amino acid sequence identity with known
enzymes (Supplementary Table 2). All clones with these genes
conferred high-level resistance to AMP (MIC > 1,024mg L™})
and two of them, with class A and class B beta-lactamases
(AMP4_S_DS_C2, AMP8_S_DS_C2), conferred additional
resistance to CTX (MIC = 8 mg L™}, >16 mg L), suggesting
their increased spectrum of activity. Selection on CTX resulted in
the identification of a single, known, AmpC beta-lactamase gene
originating from discharge sediment (Supplementary Table 2).
This gene displayed a high sequence similarity to the blaMOX-9
gene from carbapenem-hydrolyzing Citrobacter freundii, isolated
from a hospital wastewater plant in central Italy (Antonelli
et al.,, 2015). This suggests that the blaMOX-9 gene may have
originated from human bacteria present in industrial effluent.

Collectively, these results provide a survey of those ARGs
in effluents and sediments that are accessible by functional
metagenomics. It is also likely that these matrices contain
resistance determinants that are not expressed in E. coli.
Nevertheless, our findings indicate that sediments impacted by
antibiotic polluted pharmaceutical effluents could be important
sources of clinically relevant known and novel resistance genes,
including those conferring resistance to antibiotics that are
critically important for human medicine, such as penicillins, 3rd
generation cephalosporins, and carbapenems (WHO, 2017).

Organization and Mobility of Identified
ARGs

To assess the genomic context of identified ARGs, we studied
the available flanking DNA in more detail. Identification of

ORFs in macrolide resistant clones revealed that many clones
from the libraries of effluent and receiving sediment carried
more than one macrolide resistance mechanisms, sometimes
on the same mobile element (Figure4). For example, clone
AZI1_B_DS_CI1 contained a cluster comprised of genes that
encode for a ribosomal protection protein, [msr(E)] and a
macrolide phosphotransferase [mph(E)], separated just by a 55
bp spacer. As observed here, this gene cluster was previously
found to be flanked by an IS6 family transposase and is localized
on plasmids in different hosts (Schliiter et al., 2007b; Kadlec
et al., 2011; Zhang et al, 2013), suggesting that these vectors
may play an important role in the dissemination of the msr(E)-
mph(E) cassette. Clone ERI2_S_DS_CI contained a similar gene
cassette composed of the genes mph(G) and mef(C), which
encode a macrolide phosphotransferase and a macrolide efflux
pump, respectively. This gene cluster has been found on plasmids
from different hosts in Asia (Nonaka et al., 2012; Sugimoto et al.,
2017), suggesting its potential for dissemination across species.
This seems to be the first time that this gene cassette is reported in
Europe. Each gene cluster [mef (C)-mph(G) and msr(E)-mph(E)]
might be collectively involved in a phenotype of observed high-
level resistance to ERI (MIC > 1,024 mg L~1) and AZI (MIC >
64 mg L™1) as has been previously shown (Schliiter et al., 2007a;
Nonaka et al., 2015). The fact that clones with identical gene
clusters, either msr(E)-mph(E) or mef (C)-mph(G) were found in
libraries of effluent and receiving river sediment (Supplementary
Figure 5), indicates that industrial effluent is a point source of
these gene clusters in river sediment.

Besides carrying genes for two different macrolide resistance
mechanisms, some macrolide resistant clones (i.e., clone
ERI2_S_DS_C1) carried additional genes, such as sul2
(sulfonamide resistance). This suggests the potential for co-
selection of macrolide and sulfonamide resistance genes as well
as their co-transfer under the selection pressure of macrolides
and/or other factors.

In addition to clones harboring macrolide resistance genes
and deriving from Industry area 1, clones deriving from Industry
area 2 and conferring resistance to TRM, sulfonamides and beta-
lactams also harbored clusters of ARGs (Figure 4). For example,
the TRM resistant clone TRM4_S_DS_C2 contained a cluster
comprised of two different genes involved in TRM resistance,
thy and dfr, which have previously been found in bacteria
(Kehrenberg and Schwarz, 2005). Clones TRM10_F_WW_C_2
and TRM3_S_DS_C2 harbored clusters containing genes
involved in TRM resistance (dfr14) and aminoglycoside
resistance or TRM resistance (dfr) and ubiquinone biosynthesis
(methyltransferase). Little is known about the involvement
of this methyltransferase in bacterial resistance to antibiotics,
though Baisa et al. (2013) reported that the deletion of the ubiE
gene led to bacterial insensitivity to D-cycloserine, a second-line
drug in the treatment of MDR Mpycobacterium tuberculosis
infections. The SMZ resistant clone, SMZ5_B_DS_C2, harbored
clustered genes encoding sulfonamide (su/I) and aminoglycoside
resistance (aac). Similarly, genes encoding beta-lactamases
were usually clustered with aminoglycoside resistance genes
(ant or aac) or chloramphenicol resistance genes (cmlA5 or
mdtL), or co-localized with other beta-lactamase genes (blaVEB
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FIGURE 4 | Genetic context of the resistance genes and flanking ORFs identified in the metagenomic libraries. Orientation of the annotated genes in comparison to
their genetic context is given by the direction of the arrow. ORFs involved in antibiotic resistance to macrolides are shaded in blue, sulfonamides in purple,
trimethoprim in green, beta-lactams in pink, aminoglycosides in yellow, chloramphenicol in red, and D-cycloserine in brown. ORFs connected to gene dissemination
are shaded in gray and ORFs annotated as hypothetical proteins in white. Dashed parts of arrows indicate incomplete sequences.

and metallo hydrolase gene). Finally, we also found that many
resistance genes are flanked by mobile genetic elements such as
insertion sequence (IS) elements (e.g., IS91, IS5, and 1S6) and
integron elements (e.g., intL and intI1 integrase genes).

Taken together, our results and previous studies of sediments
subjected to industrial pollution (Kristiansson et al., 2011;
Bengtsson-Palme et al, 2014) suggest that ARGs selected
in such settings are candidates for dissemination to other
bacteria in the environment, including pathogens. Further
quantitative studies are needed to assess the transfer of identified

genes to other environmental reservoirs or clinical settings.
Such studies will provide the basis for future mitigation
efforts.

CONCLUSIONS

The present study is the first effort to catalog the resistome
from antibiotic polluted pharmaceutical effluents and receiving
sediments using functional metagenomics. We highlight these
polluted matrices as an important sources of diverse functional
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ARGs, both known and novel. The association of many of these
resistance genes with mobile genetic elements raises the concern
that they may spread among bacteria with the potential to
reach human pathogens and ultimately lead to clinical failure.
Today’s traveling habits and trade practices can cause a quick
and worldwide spread of any of these resistant bacteria (Zhu
etal, 2017). It is of utmost importance to set discharge limits for
antibiotics and antibiotic-resistant bacteria from manufacturing
sites, in order to limit further evolution of antibiotic resistance in
pathogens or commensal bacteria. Furthermore, we need global
metagenomic surveys of resistance within high risk habitats such
as these impacted by pharmaceutical waste as a prerequisite for
proper risk assessment and future mitigation efforts.

AUTHOR CONTRIBUTIONS

NU-K: Designed the research; NU-K, JG-P, MM, AS, and AB:
Collected the samples; JG-P, MM, AS, and AB: Performed the

REFERENCES

Agga, G. E,, Arthur, T. M., Durso, L. M., Harhay, D. M., and Schmidt, J.
W. (2015). Antimicrobial-resistant bacterial populations and antimicrobial
resistance genes obtained from environments impacted by livestock and
municipal waste. PLoS ONE 10:¢0132586. doi: 10.1371/journal.pone.0132586

Amos, G. C.,, Zhang, L., Hawkey, P. M., Gaze, W. H., and Wellington,
E. (2014). Functional metagenomic analysis reveals rivers are a reservoir
for diverse antibiotic resistance genes. Vet. Microbiol. 171, 441-447.
doi: 10.1016/j.vetmic.2014.02.017

Andersen, S. R,, and Sandaa, R. A. (1994). Distribution of tetracycline resistance
determinants among gram-negative bacteria isolated from polluted and
unpolluted marine sediments. Appl. Environ. Microbiol. 60, 908-912.

Antonelli, A., D’andrea, M. M., Vaggelli, G., Docquier, J.-D., and Rossolini, G. M.
(2015). OXA-372, a novel carbapenem-hydrolysing class D B-lactamase from
a Citrobacter freundii isolated from a hospital wastewater plant. J. Antimicrob.
Chemother. 70, 2749-2756. doi: 10.1093/jac/dkv181

Archundia, D., Duwig, C., Lehembre, F., Chiron, S., Morel, M. C,, Prado, B., et al.
(2017). Antibiotic pollution in the Katari subcatchment of the Titicaca Lake:
major transformation products and occurrence of resistance genes. Sci. Total
Environ. 576, 671-682. doi: 10.1016/j.scitotenv.2016.10.129

Babi¢, S., Horvat, A. J., Pavlovi¢, D. M., and Kastelan-Macan, M. (2007).
Determination of pK a values of active pharmaceutical ingredients. Trends
Analyt. Chem. 26, 1043-1061. doi: 10.1016/j.trac.2007.09.004

Baisa, G., Stabo, N. J., and Welch, R. A. (2013). Characterization of Escherichia
coli D-cycloserine transport and resistant mutants. J. Bacteriol. 195, 1389-1399.
doi: 10.1128/JB.01598-12

Baker-Austin, C., Wright, M. S., Stepanauskas, R., and McArthur, J. V. (2006).
Co-selection of antibiotic and metal resistance. Trends Microbiol. 14, 176-182.
doi: 10.1016/j.tim.2006.02.006

Bengtsson-Palme, J., Boulund, F., Fick, J., Kristiansson, E., and Joakim Larsson, D.
G. (2014). Shotgun metagenomics reveals a wide array of antibiotic resistance
genes and mobile elements in a polluted lake in India. Front. Microbiol. 5:648.
doi: 10.3389/fmicb.2014.00648

Bielen, A., Simatovi¢, A., Kosi¢-Vuksi¢, J., Senta, I, Ahel, M., Babi¢, S.,
et al. (2017). Negative environmental impacts of antibiotic-contaminated
effluents from pharmaceutical industries. Water Res. 126, 79-87.
doi: 10.1016/j.watres.2017.09.019

Brown, K. D., Kulis, J., Thomson, B., Chapman, T. H., and Mawhinney, D. B.
(2006). Occurrence of antibiotics in hospital, residential, and dairy effluent,
municipal wastewater, and the Rio Grande in New Mexico. Sci. Total Environ.
366, 772-783. doi: 10.1016/j.scitotenv.2005.10.007

experiments; NU-K, JG-P, AS, MM, and FW: Analyzed the data
and prepared the figures; NU-K, JG-P, and AS: Wrote the paper.
All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This work has been supported by the Croatian Science
Foundation under the project number UIP-2014-09-9350. We
would like to thank Nenad Muhin for assistance in sampling, and
Dr. Ines Petri¢ for the help with plasmid isolations. We are also
thankful to Dr. Tamara Jurina for carrying out bacterial culturing
from effluents and sediments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2017.02675/full#supplementary-material

Bush, K. (2017). “The importance of B-lactamases to the development of new
B-lactams, Vol. 1, in Antimicrobial Drug Resistance, eds D. L. Mayers, J. D.
Sobel, M. Ouellette, K. S. Kaye, and D. Marchaim (Totowa, NJ: Humana Press),
165-175.

Cabello, F. C., Godfrey, H. P., Buschmann, A. H., and Dolz, H. J. (2016).
Aquaculture as yet another environmental gateway to the development and
globalisation of antimicrobial resistance. Lancet Infect. Dis. 16, el127-e133.
doi: 10.1016/S1473-3099(16)00100-6

Carlet, J., Jarlier, V., Harbarth, S., Voss, A., Goossens, H., and Pittet, D. (2012).
Ready for a world without antibiotics? The pensieres antibiotic resistance call
to action. Antimicrob. Resist. Infect. Control 1:11. doi: 10.1186/2047-2994-1-11

Charles, T. C., Liles, M. R., and Sessitsch, A. (2017). Functional Metagenomics:
Tools and Applications. Cham: Springer International Publishing.

Crofts, T. S., Gasparrini, A. J., and Dantas, G. (2017). Next-generation approaches
to understand and combat the antibiotic resistome. Nat. Rev. Microbiol. 15,
422-434. doi: 10.1038/nrmicro.2017.28

Czekalski, N., Sigdel, R., Birtel, J., Matthews, B., and Biirgmann, H. (2015).
Does human activity impact the natural antibiotic resistance background?
Abundance of antibiotic resistance genes in 21 Swiss lakes. Environ. Int. 81,
45-55. doi: 10.1016/j.envint.2015.04.005

Di Cesare, A., Eckert, E. M., D’urso, S., Bertoni, R., Gillan, D. C., Wattiez, R,,
etal. (2016). Co-occurrence of integrase 1, antibiotic and heavy metal resistance
genes in municipal wastewater treatment plants. Water Res. 94, 208-214.
doi: 10.1016/j.watres.2016.02.049

Donato, J. J., Moe, L. A., Converse, B. J., Smart, K. D., Berklein, E. C., McManus, P.
S., et al. (2010). Metagenomic analysis of apple orchard soil reveals antibiotic
resistance genes encoding predicted bifunctional proteins. Appl. Environ.
Microbiol. 76, 4396-4401. doi: 10.1128/AEM.01763-09

Durso, L. M., Wedin, D. A., Gilley, J. E, Miller, D. N., and Marx, D. B.
(2016). Assessment of selected antibiotic resistances in ungrazed native
Nebraska prairie soils. J. Environ. Qual. 45, 454-462. doi: 10.2134/jeq2015.
06.0280

ECDC (2016). Last-Line Antibiotics Are Failing: Options to Address this Urgent
Threat to Patients and Healthcare Systems. Stockholm: European Centre for
Disease Prevention and Control.

Flach, C. F., Johnning, A., Nilsson, I., Smalla, K., Kristiansson, E., and Larsson,
D. G. (2015). Isolation of novel IncA/C and IncN fluoroquinolone resistance
plasmids from an antibiotic-polluted lake. J. Antimicrob. Chemother. 70,
2709-2717. doi: 10.1093/jac/dkv167

Fyfe, C., Grossman, T. H., Kerstein, K., and Sutcliffe, J. (2016). Resistance to
macrolide antibiotics in public health pathogens. Cold Spring Harb. Perspect.
Med. 6:a025395. doi: 10.1101/cshperspect.a025395

Frontiers in Microbiology | www.frontiersin.org

11

January 2018 | Volume 8 | Article 2675


https://www.frontiersin.org/articles/10.3389/fmicb.2017.02675/full#supplementary-material
https://doi.org/10.1371/journal.pone.0132586
https://doi.org/10.1016/j.vetmic.2014.02.017
https://doi.org/10.1093/jac/dkv181
https://doi.org/10.1016/j.scitotenv.2016.10.129
https://doi.org/10.1016/j.trac.2007.09.004
https://doi.org/10.1128/JB.01598-12
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.3389/fmicb.2014.00648
https://doi.org/10.1016/j.watres.2017.09.019
https://doi.org/10.1016/j.scitotenv.2005.10.007
https://doi.org/10.1016/S1473-3099(16)00100-6
https://doi.org/10.1186/2047-2994-1-11
https://doi.org/10.1038/nrmicro.2017.28
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1016/j.watres.2016.02.049
https://doi.org/10.1128/AEM.01763-09
https://doi.org/10.2134/jeq2015.06.0280
https://doi.org/10.1093/jac/dkv167
https://doi.org/10.1101/cshperspect.a025395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Gonzalez-Plaza et al.

Resistome Related to Antibiotic Manufacturing

Hatosy, S. M., and Martiny, A. C. (2015). The ocean as a global reservoir
of antibiotic resistance genes. Appl. Environ. Microbiol. 81, 7593-7599.
doi: 10.1128/AEM.00736-15

Heuer, H., Solehati, Q., Zimmerling, U., Kleineidam, K., Schloter, M., Miiller,
T., et al. (2011). Accumulation of sulfonamide resistance genes in arable soils
due to repeated application of manure containing sulfadiazine. Appl. Environ.
Microbiol. 77, 2527-2530. doi: 10.1128/AEM.02577-10

Hu, L. F, Xu, X. H, Yang, H. F,, Ye, Y,, and Li, J. B. (2016). Role of sul2
gene linked to transposase in resistance to trimethoprim/sulfamethoxazole
among Stenotrophomonas maltophilia isolates. Ann. Lab. Med. 36, 73-75.
doi: 10.3343/alm.2016.36.1.73

Jacoby, G. A. (2009). AmpC B-lactamases. Clin. Microbiol. Rev. 22, 161-182.
doi: 10.1128/CMR.00036-08

Johnson, T. A., Stedtfeld, R. D., Wang, Q., Cole, J. R, Hashsham, S. A,
Looft, T., et al. (2016). Clusters of antibiotic resistance genes enriched
together stay together in swine agriculture. MBio 7, e02214-e02215.
doi: 10.1128/mBi0.02214-15

Jones, D. T., Taylor, W. R,, and Thornton, J. M. (1992). The rapid generation
of mutation data matrices from protein sequences. Bioinformatics 8, 275-282.
doi: 10.1093/bioinformatics/8.3.275

Kadlec, K., von Czapiewski, E., Kaspar, H., Wallmann, J., Michael, G. B., Steinacker,
U., etal. (2011). Molecular basis of sulfonamide and trimethoprim resistance in
fish-pathogenic Aeromonas isolates. Appl. Environ. Microbiol. 77, 7147-7150.
doi: 10.1128/AEM.00560-11

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S.,
et al. (2012). Geneious Basic: an integrated and extendable desktop software
platform for the organization and analysis of sequence data. Bioinformatics 28,
1647-1649. doi: 10.1093/bioinformatics/bts199

Kehrenberg, C., and Schwarz, S. (2005). dfrA20, a novel trimethoprim resistance
gene from Pasteurella multocida. Antimicrob. Agents Chemother. 49, 414-417.
doi: 10.1128/AAC.49.1.414-417.2005

Knéppel, A., Nésvall, J., and Andersson, D. I. (2017). Evolution of antibiotic
resistance without antibiotic exposure. Antimicrob. Agents Chemother. 61,
€01495-e01417. doi: 10.1128/AAC.01495-17

Koczura, R., Mokracka, J., Taraszewska, A., and Lopacinska, N. (2016). Abundance
of class 1 integron-integrase and sulfonamide resistance genes in river water
and sediment is affected by anthropogenic pressure and environmental factors.
Microb. Ecol. 72, 909-916. doi: 10.1007/s00248-016-0843-4

Kristiansson, E., Fick, J., Janzon, A., Grabic, R., Rutgersson, C., Weijdegérd,
B., et al. (2011). Pyrosequencing of antibiotic-contaminated river sediments
reveals high levels of resistance and gene transfer elements. PLoS ONE 6:¢17038.
doi: 10.1371/journal.pone.0017038

Larsson, D. G. (2014). Pollution from drug manufacturing: review and
perspectives. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130571.
doi: 10.1098/rstb.2013.0571

Larsson, D. J., de Pedro, C., and Paxeus, N. (2007). Effluent from drug
manufactures contains extremely high levels of pharmaceuticals. J. Hazard.
Mater. 148, 751-755. doi: 10.1016/j.jhazmat.2007.07.008

Lau, C. H.-F., van Engelen, K., Gordon, S., Renaud, J., and Topp, E. (2017). Novel
antibiotic resistance determinants from agricultural soil exposed to antibiotics
widely used in human medicine and animal farming. Appl. Environ. Microbiol.
83:00989-17. doi: 10.1128/AEM.00989-17

Li, D., Yang, M., Hu, J., Zhang, J., Liu, R, Gu, X,, et al. (2009). Antibiotic-
resistance profile in environmental bacteria isolated from penicillin production
wastewater treatment plant and the receiving river. Environ. Microbiol. 11,
1506-1517. doi: 10.1111/j.1462-2920.2009.01878.x

Li,D., Yu, T., Zhang, Y., Yang, M., Li, Z., Liu, M., et al. (2010). Antibiotic resistance
characteristics of environmental bacteria from an oxytetracycline production
wastewater treatment plant and the receiving river. Appl. Environ. Microbiol.
76, 3444-3451. doi: 10.1128/ AEM.02964-09

Liibbert, C., Baars, C., Dayakar, A., Lippmann, N., Rodloff, A. C., Kinzig,
M., et al. (2017). Environmental pollution with antimicrobial agents from
bulk drug manufacturing industries in Hyderabad, South India, is associated
with dissemination of extended-spectrum beta-lactamase and carbapenemase-
producing pathogens. Infection 45, 479-491. doi: 10.1007/s15010-017-1007-2

Luo, Y., Mao, D., Rysz, M., Zhou, Q., Zhang, H., Xu, L,, et al. (2010). Trends in
antibiotic resistance genes occurrence in the Haihe River, China. Environ. Sci.
Technol. 44, 7220-7225. doi: 10.1021/es100233w

Lutz, R, and Bujard, H. (1997). Independent and tight regulation of transcriptional
units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-12 regulatory
elements. Nucleic Acids Res. 25, 1203-1210. doi: 10.1093/nar/25.6.1203

Marathe, N. P., Pal, C., Gaikwad, S. S., Jonsson, V., Kristiansson, E., and Larsson,
D. G. J. (2017). Untreated urban waste contaminates Indian river sediments
with resistance genes to last resort antibiotics. Water Res. 124, 388-397.
doi: 10.1016/j.watres.2017.07.060

Mullany, P. (2014). Functional metagenomics for the investigation of antibiotic
resistance. Virulence 5, 443-447. doi: 10.4161/viru.28196

Navon-Venezia, S., Kondratyeva, K., and Carattoli, A. (2017). Klebsiella
pneumoniae: a major worldwide source and shuttle for antibiotic resistance.
FEMS Microbiol. Rev. 41, 252-275. doi: 10.1093/femsre/fux013

Nesme, J., Cécillon, S., Delmont, T. O., Monier, ].-M., Vogel, T. M., and Simonet,
P. (2014). Large-scale metagenomic-based study of antibiotic resistance in the
environment. Curr. Biol. 24, 1096-1100. doi: 10.1016/j.cub.2014.03.036

Newman, J. R., and Fuqua, C. (1999). Broad-host-range expression vectors that
carry the L-arabinose-inducible Escherichia coli araBAD promoter and the araC
regulator. Gene 227, 197-203. doi: 10.1016/S0378-1119(98)00601-5

Nonaka, L., Maruyama, F., Miyamoto, M., Miyakoshi, M., Kurokawa, K., and
Masuda, M. (2012). Novel conjugative transferable multiple drug resistance
plasmid pAQU1 from Photobacterium damselae subsp. damselae isolated
from marine aquaculture environment. Microbes Environ. 27, 263-272.
doi: 10.1264/jsme2.ME11338

Nonaka, L., Maruyama, F., Suzuki, S., and Masuda, M. (2015). Novel macrolide-
resistance genes, mef(C) and mph(G), carried by plasmids from Vibrio and
Photobacterium isolated from sediment and seawater of a coastal aquaculture
site. Lett. Appl. Microbiol. 61, 1-6. doi: 10.1111/lam.12414

O’neill, J. (2016). Tackling Drug-Resistant Infections Globally: Final Report and
Recommendations. London: Review on Antimicrobial Resistance.

Parsley, L. C., Consuegra, E. ], Kakirde, K. S., Land, A. M., Harper Jr, W.
F., and Liles, M. R. (2010). Identification of diverse antimicrobial resistance
determinants carried on bacterial, plasmid, or viral metagenomes from an
activated sludge microbial assemblage. Appl. Environ. Microbiol. 76, 3753-3757.
doi: 10.1128/AEM.03080-09

Paterson, D. L., and Bonomo, R. A.
lactamases: a clinical update. Clin.
doi: 10.1128/CMR.18.4.657-686.2005

Peng, S., Feng, Y., Wang, Y, Guo, X, Chu, H, and Lin, X. (2017).
Prevalence of antibiotic resistance genes in soils after continually applied
with different manure for 30 years. J. Hazard. Mater. 340, 16-25.
doi: 10.1016/j.jhazmat.2017.06.059

Rambaut, A. (2009). FigTree, Version 1.3. 1. Computer Program Distributed by the
Author. Available online at: http://tree.bio.ed.ac.uk/software/figtree/ (Accessed
January 4, 2011).

Rodriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., Gros, M., Sanchez-
Melsio, A., et al. (2015). Occurrence of antibiotics and antibiotic resistance
genes in hospital and urban wastewaters and their impact on the receiving river.
Water Res. 69, 234-242. doi: 10.1016/j.watres.2014.11.021

Schliiter, A., Szczepanowski, R., Kurz, N., Schneiker, S., Krahn, I., and Piihler, A.
(2007a). Erythromycin resistance-conferring plasmid pRSB105, isolated from
a sewage treatment plant, harbors a new macrolide resistance determinant,
an integron-containing Tn402-like element, and a large region of unknown
function. Appl. Environ. Microbiol. 73, 1952-1960. doi: 10.1128/AEM.02159-06

Schliiter, A., Szczepanowski, R., Piihler, A., and Top, E. M. (2007b). Genomics of
IncP-1 antibiotic resistance plasmids isolated from wastewater treatment plants
provides evidence for a widely accessible drug resistance gene pool. FEMS
Microbiol. Rev. 31, 449-477. doi: 10.1111/j.1574-6976.2007.00074.x

Sharkey, L. K., Edwards, T. A., and O’neill, A. J. (2016). ABC-F proteins mediate
antibiotic resistance through ribosomal protection. MBio 7, €01975-¢01915.
doi: 10.1128/mBi0.01975-15

Sidrach-Cardona, R., Hijosa-Valsero, M., Marti, E., Balcdzar, J. L., and Becares, E.
(2014). Prevalence of antibiotic-resistant fecal bacteria in a river impacted by
both an antibiotic production plant and urban treated discharges. Sci. Total
Environ. 488-489, 220-227. doi: 10.1016/j.scitotenv.2014.04.100

Sim, W. J., Lee, J. W., Lee, E. S., Shin, S. K., Hwang, S. R, and Oh, J.
E. (2011). Occurrence and distribution of pharmaceuticals in wastewater
from households, livestock farms, hospitals and pharmaceutical manufactures.
Chemosphere 82, 179-186. doi: 10.1016/j.chemosphere.2010.10.026

(2005). Extended-spectrum -
Microbiol. Rev. 18, 657-686.

Frontiers in Microbiology | www.frontiersin.org

January 2018 | Volume 8 | Article 2675


https://doi.org/10.1128/AEM.00736-15
https://doi.org/10.1128/AEM.02577-10
https://doi.org/10.3343/alm.2016.36.1.73
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1128/mBio.02214-15
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1128/AEM.00560-11
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1128/AAC.49.1.414-417.2005
https://doi.org/10.1128/AAC.01495-17
https://doi.org/10.1007/s00248-016-0843-4
https://doi.org/10.1371/journal.pone.0017038
https://doi.org/10.1098/rstb.2013.0571
https://doi.org/10.1016/j.jhazmat.2007.07.008
https://doi.org/10.1128/AEM.00989-17
https://doi.org/10.1111/j.1462-2920.2009.01878.x
https://doi.org/10.1128/AEM.02964-09
https://doi.org/10.1007/s15010-017-1007-2
https://doi.org/10.1021/es100233w
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1016/j.watres.2017.07.060
https://doi.org/10.4161/viru.28196
https://doi.org/10.1093/femsre/fux013
https://doi.org/10.1016/j.cub.2014.03.036
https://doi.org/10.1016/S0378-1119(98)00601-5
https://doi.org/10.1264/jsme2.ME11338
https://doi.org/10.1111/lam.12414
https://doi.org/10.1128/AEM.03080-09
https://doi.org/10.1128/CMR.18.4.657-686.2005
https://doi.org/10.1016/j.jhazmat.2017.06.059
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1016/j.watres.2014.11.021
https://doi.org/10.1128/AEM.02159-06
https://doi.org/10.1111/j.1574-6976.2007.00074.x
https://doi.org/10.1128/mBio.01975-15
https://doi.org/10.1016/j.scitotenv.2014.04.100
https://doi.org/10.1016/j.chemosphere.2010.10.026
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Gonzalez-Plaza et al.

Resistome Related to Antibiotic Manufacturing

Sommer, M. O., Dantas, G., and Church, G. M. (2009). Functional characterization
of the antibiotic resistance reservoir in the human microflora. Science 325,
1128-1131. doi: 10.1126/science.1176950

Stewart, N. K., Smith, C. A., Frase, H., Black, D. J., and Vakulenko, S.
B. (2015). Kinetic and structural requirements for carbapenemase activity
in GES-type B-lactamases. Biochemistry 54, 588-597. doi: 10.1021/bi50
1052t

Su, J.-Q., An, X.-L., Li, B,, Chen, Q.-L., Gillings, M. R., Chen, H., et al.
(2017). Metagenomics of urban sewage identifies an extensively shared
antibiotic resistome in China. Microbiome 5:84. doi: 10.1186/s40168-017-
0298-y

Sugimoto, Y., Suzuki, S., Nonaka, L., Boonla, C., Sukpanyatham, N., Chou, H.-
Y., et al. (2017). The novel mef (C)-mph(G) macrolide resistance genes are
conveyed in the environment on various vectors. J. Glob. Antimicrob. Resist.
10, 47-53. doi: 10.1016/j.jgar.2017.03.015

Tacdo, M., Moura, A., Correia, A., and Henriques, I. (2014). Co-resistance to
different classes of antibiotics among ESBL-producers from aquatic systems.
Water Res. 48, 100-107. doi: 10.1016/j.watres.2013.09.021

Tao, W, Zhang, X.-X, Zhao, F, Huang, K, Ma, H., Wang, Z,
et al. (2016). High levels of antibiotic resistance genes and their
correlations with bacterial community and mobile genetic elements in
pharmaceutical wastewater treatment bioreactors. PLoS ONE 11:¢0156854.
doi: 10.1371/journal.pone.0156854

Thompson, J. D., Gibson, T., and Higgins, D. G. (2002). Multiple sequence
alignment using ClustalW and ClustalX. Curr. Protoc. Bioinformatics Chapter
2:Unit 2.3. doi: 10.1002/0471250953.bi0203s00

Udikovic-Kolic, N., Wichmann, F., Broderick, N. A., and Handelsman, J.
(2014). Bloom of resident antibiotic-resistant bacteria in soil following
manure fertilization. Proc. Natl. Acad. Sci. U.S.A. 111, 15202-15207.
doi: 10.1073/pnas.1409836111

West, B. M., Liggit, P., Clemans, D. L., and Francoeur, S. N. (2011). Antibiotic
resistance, gene transfer, and water quality patterns observed in waterways near

CAFO farms and wastewater treatment facilities. Water Air Soil Pollut. 217,
473-489. doi: 10.1007/s11270-010-0602-y

WHO (2017). Critically Important Antimicrobials for Human Medicine: Ranking of
Antimicrobial Agents for Risk Management of Antimicrobial Resistance Due to
Non-Human Use. World Health Organization.

Wichmann, F., Udikovic-Kolic, N., Andrew, S., and Handelsman, J. (2014).
Diverse antibiotic resistance genes in dairy cow manure. MBio 5:¢01017-13.
doi: 10.1128/mBi0.01017-13

Zhang, W.-J,, Lu, Z., Schwarz, S., Zhang, R.-M., Wang, X.-M.,, Si, W., et al.
(2013). Complete sequence of the bla NDM-1-carrying plasmid pNDM-AB
from Acinetobacter baumannii of food animal origin. J. Antimicrob. Chemother.
68, 1681-1682. doi: 10.1093/jac/dkt066

Zhao, Q., Wendlandt, S., Li, H., Li, J., Wu, C., Shen, J., et al. (2014). Identification
of the novel lincosamide resistance gene Inu(E) truncated by ISEnfa5-cfr-
ISEnfa5 insertion in Streptococcus suis: de novo synthesis and confirmation of
functional activity in Staphylococcus aureus. Antimicrob. Agents Chemother. 58,
1785-1788. doi: 10.1128/AAC.02007-13

Zhu, Y.-G., Gillings, M., Simonet, P. Stekel, D., Banwart, S. and
Penuelas, J. (2017). Microbial mass movements. Science 357, 1099-1100.
doi: 10.1126/science.aa03007

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Gonzdlez-Plaza, Simatovié, Milakovié, Bielen, Wichmann and
Udikovié-Koli¢. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

January 2018 | Volume 8 | Article 2675


https://doi.org/10.1126/science.1176950
https://doi.org/10.1021/bi501052t
https://doi.org/10.1186/s40168-017-0298-y
https://doi.org/10.1016/j.jgar.2017.03.015
https://doi.org/10.1016/j.watres.2013.09.021
https://doi.org/10.1371/journal.pone.0156854
https://doi.org/10.1002/0471250953.bi0203s00
https://doi.org/10.1073/pnas.1409836111
https://doi.org/10.1007/s11270-010-0602-y
https://doi.org/10.1128/mBio.01017-13
https://doi.org/10.1093/jac/dkt066
https://doi.org/10.1128/AAC.02007-13
https://doi.org/10.1126/science.aao3007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Functional Repertoire of Antibiotic Resistance Genes in Antibiotic Manufacturing Effluents and Receiving Freshwater Sediments
	Introduction
	Materials and Methods
	Study Areas and Sampling Procedures
	Culturing Bacteria from Sediments
	Small Insert-Size Metagenomic Library Construction
	Identification of Antibiotic Resistance Genes
	Determination of Minimum Inhibitory Concentration (MIC)
	Phylogenetic Analysis
	Nucleotide Sequence Accession Numbers

	Results and Discussion
	Selection of Antibiotic Resistance in River and Stream Sediments Receiving Effluents from Antibiotic Manufacturing
	Identification of Macrolide Resistance Genes in Effluent and River Sediments Near Industry Area 1
	Identification and Phylogeny of Sulfonamide, Tetracycline, Trimethoprim, and Beta-Lactam Resistance Genes in Effluent and Environment Near Industry Area 2
	Organization and Mobility of Identified ARGs

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


