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Abstract The spread of antimicrobial resistance
(AMR) is a global concern, high research priority being
given to the environmental contamination, as the prev-
alence of organisms exhibiting AMR continues to in-
crease. Multiresistant bacteria carrying different mobile
genetic elements have been detected in sites with differ-
ent degrees of urbanization, surface waters receiving
insufficiently treated effluents being at high risk. The
aim of the present study was to investigate the loads,
antibiotic susceptibility, and class 1 integron carriage of
Enterobacteriaceae isolated from surface waters and
wastewaters around a large Romanian city. Searching
for a valuable genetic marker of the displayed antibiotic
resistance, the link between the AMR and the presence
of int1I gene was explored in a total of 166 waterborne
strains. Overall, amoxicillin-clavulanate resistance
displayed the highest frequency (71.1 %), followed by
ampicillin (63.9 %), cefuroxime (21.1 %), ciprofloxacin
(17.5 %), cefotaxime (15.7 %), ceftriaxone (10.8 %),
and gentamicin (6.6 %). The frequencies of isolates
resistant to ampicillin, amoxicillin-clavulanate, cipro-
floxacin, and gentamicin and also the prevalence of
multiresistant strains were greater in surface waters,

compared to wastewaters. The Int1I gene was detected
in 21.7%waterborneEnterobacteriaceae. A decrease in
coliform counts and intI1-bearing cells, but a general
increase in AMR and multiresistant bacteria, occurred
during the wastewater treatment. A weak positive cor-
relation was found between multidrug resistance int1I
carriage in wastewater effluent but no sufficient evi-
dence of a linkage between phenotypic AMR and int1I,
overall. The presence of class 1 integron can be associ-
ated with anthropogenic influence, but the simple detec-
tion of intI1 gene cannot explain the complex antibiotic
resistance phenotype.

Keywords Antibiotic resistance . intI1 . Aquatic
environment .Wastewater .Enterobacteriaceae

1 Introduction

Antimicrobial resistance (AMR) may seriously impair
the prevention and treatment of an ever-increasing range
of infections. The problem has been identified as a
major threat to public health at least 20 years ago
(Wise et al. 1998), and it continues to expand. In the
future, the emergence and dispersion of non-susceptible
microorganisms carrying newly acquired virulence de-
terminants threaten to lead to a post-antibiotic era, in
which common infections and minor injuries will be
fatal (WHO 2014). Today, worldwide authorities warn
on the factors contributing to the emergence and spread
of AMR. The increasing anthropogenic pressure,
consisting in chemical and microbiological pollution,
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the uncontrolled use of antimicrobial agents, and in-
creased antibiotic consumption as well as the free move-
ment of population and goods are the main factors
facilitating the global invasion of bacteria with extreme-
ly high resistance to antibiotics.

The prevalence of organisms exhibiting AMR, espe-
cially resistance to multiple antibiotics, continues to
increase across Europe. Data from the European Anti-
microbial Resistance Surveillance Network (EARS-
Net) show large variations in percentages of AMR,
depending on the microorganism, antimicrobial agent,
and geographical region (ECDC 2015). Initially, the
AMR surveillance was focused on healthcare-
associated infections, limited information being avail-
able toward the environmental contamination with anti-
microbials. Today, the increasing trend of AMR aware-
ness leads to extensive investigations in various ecosys-
tems. The presence of multiresistant strains, bacteria
carrying mobile genetic elements, and gene cassettes
encoding resistance to antibiotics or biocides was dem-
onstrated in sites with different degrees of urbanization,
and also in natural environments. The core findings of
the case studies demonstrate that increased levels of
multidrug-resistant bacteria in urban water cycling are
mainly due to wastewater discharge effluents (Laroche
et al. 2009; Figueira et al. 2012; Czekalski et al. 2012;
Koczura et al. 2012).

Although water availability is sufficient in terms of
quantity, numerous studies warn upon the chemical and
microbiological contamination of Romanian water re-
sources (Farkas et al. 2010a, b; Mureşan et al. 2010;
Muntean et al. 2010). Furthermore, opportunistic path-
ogens and also emerging pathogens bearing integrons
and genetic elements encoding AMR have been identi-
fied to enter a drinking water treatment plant, as a
consequence of fecal pollution (Farkas et al. 2012,
2013). Limited information is available regarding the
antibiotic susceptibility of environmental bacteria
(Bodoczi Florea 2011; Marinescu et al. 2015), but none
in the area of Cluj-Napoca, the second largest city in
Romania.

Near large cities, increased anthropogenic pressure
leads to enhanced occurrence of pathogens and bacteria
possessing considerable antibiotic resistances in rivers
(Abraham 2011). The human gut is recognized as a
reservoir of potentially pathogenic microorganisms. A
comprehensive environmental monitoring of the patho-
genic risk would be virtually impossible, due to the wide
variety of hazardous microbes. Therefore, fecal

indicators are a general tool currently used to assess
water quality and also for microbial source tracking.
More recently, the gastrointestinal tract was found to
be also a hotspot for the selection of AMR bacteria and
resistance genes (Penders et al. 2013; Huddleston 2014).
Once released into aquatic habitats, the potential of
resistant bacteria remains largely unknown, due to a
variety of genetic mechanisms enabling the emergence
and transfer of new resistance mechanisms (Rolain
2013). The improved management of water resources
needs new tools to quickly assess and eventually predict
dynamics of the complex AMR phenomenon. Low
antimicrobial susceptibility is frequently linked to the
carriage of specific resistance genes. Since several hun-
dreds of resistance genes have been characterized up to
date (Amábile-Cuevas 2016) and their emergence and
variability are continuously expanding, it would be dif-
ficult to select which to be screened. Reliable genetic
markers are still to be found. Recently, the intI1 gene
was recognized as a generic marker of anthropogenic
influence, due to a series of key advantages, such as the
following: universal presence and high abundance in the
commensal bacteria of humans and domestic animals, a
consequently high representation in waste streams, low
abundance in less affected environments, and a uniform
and highly conserved DNA sequence (Gillings et al.
2014).

The scope of the present study was to assess the
levels of microbial burden, antimicrobial susceptibility,
and class 1 integron carriage in waterborne
Enterobacteriacee isolated from Someşul Mic River
and from a wastewater treatment plant. In addition, by
exploring the links between the AMR and the presence
of the int1I gene, the hypothesis of a new genetic marker
for the displayed antibiotic resistance was tested.

2 Materials and Methods

2.1 Sampling Site

Belonging to the Someş-Tisa river basin, Someşul Mic
River is the most important water resource of Cluj
County. With a catching area of 3773 km2 and a total
length of 178 km, Someşul Mic River results by the
confluence of Someşul Cald with Someşul Rece Rivers.
Crossing the Cluj city, the river receives many tribu-
taries. Recently, Vigh and Pandi (2013) monitored few
physico-chemical parameters in Someşul Mic
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tributaries, but no data are available regarding the mi-
crobial load, nor the environmental impact of the waste-
water treatment plant (WWTP). As the area is becoming
increasingly more populated, anthropogenic effects
could lead to a severe biological contamination of sur-
face waters. Today, the main sources of river pollution
are domestic sewage, wastewater plant effluents, and
animal manure, and less substantial are the industrial
waters. The WWTP of Cluj-Napoca, although recently
renovated, could still be a source of contamination with
micropollutants such as antimicrobials and microorgan-
isms surviving the treatment.

2.2 Water Sampling and Analysis

During March 2015, water samples were collected in
two sampling campaigns, from four sampling points:
river water upstream the city (RWU), municipal waste-
water inlet (WWI), treated effluent (WWE), and river
water downstream the WWTP (RWD) (Fig. 1). Maps in
this article were created using ArcGISWebMap by Esri.
The base map sources were Earthstar Geographics,
CNES/Airbus DS, Esri Romania, Esri HERE, De-
Lorme, NGA, USGS, and METI/NASA, with the over-
lay World Hydro Reference Map.

To restrict microbial regrowth, recipients were
transported under specific conditions (4–8 °C) to the
laboratory, where analyses were performed within 4 h
after sampling. The Enterobacteriaceae colony-forming
units (CFUs) were estimated by inoculation of water
samples and subsequent dilutions into specific culture
media: Tergitol-7 TTC (T7-TTC) Agar, Eosin Methy-
lene Blue (EMB) Agar, MacConkey Agar, and Violet
Red Bile Glucose (VRBG) Agar. Presumptive
Enterobacteriacee were selected from each culture

medium: yellow colonies able to decrease pH in T7-
TTC Agar, dark colonies with or without metallic sheen
from EMB Agar, red colonies from MacConkey Agar,
and purple/pink colonies from VRBG Agar. From each
plate, up to ten colonies with characteristic colony mor-
phology were isolated on Tryptic Soy Agar and subject-
ed to biochemical testing (oxidase production) in order
to be confirmed as Enterobacteriaceae. The aim of the
assay is to select the most adequate culture medium for
detection and isolation environmental Enterobacteria-
ceae in waters with high microbial load, such as
wastewaters.

Quality and reproducibility controls were realized
with MicroBioLogics strains Escherichia coli ATCC
25922, Enterococcus faecalis ATCC 19433 29212,
and Pseudomonas aeruginosa ATCC 27853. Culture
media and reagents were purchased from Liofilchem,
Merck Millipore, Oxoid, Sartorius Biotech, Scharlau,
and bioMérieux.

2.3 Selection of Waterborne Enterobacteriaceae

In order to select the study strains, the ability of culture-
based methods to detect waterborne Enterobacteriaceae
was verified using molecular methods. PCR amplifica-
tions were performed using two sets of primers
(Table 1), targeting the lacZ gene and the 16s rRNA
gene (Maheux et al. 2014). PCR reaction mix contained
in 25-μl total volume: 12.5 μl DreamTaq Green PCR
master mix (2×), 10.25 μl nuclease-free water, 0.125 μl
each primer to a final concentration of 0.5 μM, and 2 μl
bacterial suspension adjusted to a 0.5 McFarland stan-
dard. The following reaction conditions were set up
using a Biometra Trio thermocycler: initial denaturation
94 °C for 5 min followed by 35 cycles of 94 °C for 30 s,

Fig. 1 Sample site locations: RWU river water upstream the city;WWImunicipal wastewater inlet;WWEwastewater-treated effluent; RWD
river water downstream the wastewater treatment plant
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58 °C for 30 s, 72 °C for 45 s, and a final extension at
72 °C for 5 min. Amplified PCR products were separat-
ed in 1.5 % agarose gel in 1× TBE buffer and stained
with ethidium bromide 0.5 μg/ml. PCR primers and
molecular reagents were purchased from Cleaver Scien-
tific, Eurogentec, Lonza, and Thermo Fisher Scientific.

2.4 Antimicrobial Susceptibility Testing

Since large cities and their WWTPs are known to be
major contributors to the microbial pollution in the
environment, the spread of AMR waterborne bacteria
was further investigated on a total number of 166 bac-
terial strains (30 RWU, 48 WWI, 48 WWE, and 40
RWD isolates).

Antibiotic susceptibility phenotypes were assessed
using the disk-diffusion method, according to EUCAST
manual (EUCAST 2014). Seven antibiotics were in-
cluded in AMR testing: ampicillin 10 μg (AMP),
amoxicillin-clavulanate 10–2 μg (AMC), cefotaxime
5 μg (CTX), ceftriaxone 30 μg (CRO), cefuroxime
30μg (CXM), ciprofloxacin 5 μg (CIP), and gentamicin
10 μg (CN). They belong to four categories of antibi-
otics (penicillins, cephalosporins, quinolones, and
aminoglycosides).

Overnight, bacterial cultures were diluted in saline
solution to prepare cell suspensions yielding approxi-
mately 1.5 × 108 cells/ml, using a 0.5 McFarland stan-
dard as a visual comparison. After inoculation and anti-
biotic disk placement, the Muller-Hinton Agar plates
were incubated for 16 to 20 h at 35 ± 1 °C, and the
inhibition zones were measured. The breakpoints used
to define susceptible and resistant categories for each
antimicrobial agent were those recommended by the
EUCAST guidelines, version 5 (EUCAST 2015).

2.5 Screening for Class 1 Integron

The Enterobacteriaceae isolates under the study were
screened for the presence of class 1 integrons, by PCR
detection of the integrase gene intI1 (Márquez et al.
2008), as detailed in Table 1. The PCR reactionmixtures
were prepared as previously described (Section 2.3) and
subjected to thermal cycling: initial denaturation 94 °C
for 5 min followed by 35 cycles of 94 °C for 30 s, 60 °C
for 30 s, 72 °C for 45 s, and a final extension at 72 °C for
5 min. Positive controls, established based on sequenc-
ing analysis, were included in each PCR experimental
set. An agarose-gel analysis of the amplified PCR prod-
ucts was performed.

2.6 Statistical Analysis

Frequencies and proportions of AMR isolates, the abun-
dances of multidrug-resistant (MDR), and intI1 bearing
strains were calculated for each sampling point and
overall. MDR was defined as non-susceptibility to at
least one agent in three or more antimicrobial categories
(Magiorakos et al. 2012). The results were statistically
assessed using the analysis of variance (ANOVA with
Bonferroni correction) to find out any significant differ-
ences between the phenotypic resistance to antibiotics of
Enterobacteriaceae in the four types of waters. Addi-
tional comparison was performed to assess the degree of
statistical difference between the inhibition zone diam-
eters of the isolates with different origins to each of the
tested antimicrobial agents.

Gini-Simpson index of diversity took into account
the relative abundance of each phenotype (Guiasu and
Guiasu 2012). Resistant and susceptible phenotypes
were converted to a binary matrix (1-0), where the
intermediate phenotype was considered susceptible.

Table 1 PCR primers used in this study for selection of Enterobacteriaceae isolates and detection of class 1 integron integrase

Nr. crt. Target gene Primer Primer sequence (5′-3′) Amplicon
size (bp)

Reference

1 lacZ ZL-1675
ZR-2025

ATGAAAGCTGGCTACAG
GAAGGCC/GGTTTATGC
AGCAACGAGACGTCA

264 Maheux et al. 2014

2 16 s rRNA ENT-F
ENT-R

GTTGTAAAGCACTTTGAG
TGGTGAGGAAGG/GCCT
CAAGGGCACAACCTCCAAG

424 Maheux et al. 2014

3 Int1I HS915
HS916

CGTGCCGTGATCGAAATCCAG/
TTCGTGCCTTCATCCGTTTCC

371 Márquez et al. 2008
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PCoA implemented with the GenAlEx version 6.5 pro-
gram (Peakall and Smouse 2006, 2012) was carried out
to spatially represent the community relationships based
on the distance matrix and to detect the differentiation
consistency between Enterobacteriaceae populations
defined by the cluster analysis.

Inferential statistics by co-dependency was ana-
lyzed for strains isolated from each sampling point
and also overall. First, it was verified whether
occurrences of phenotypic resistance were correlat-
ed with int1I carriage. Then, the analysis of co-
variance (ANCOVA) was used to compare the four
clusters of Enterobacteriaceae, with antibiotic sus-
ceptibility and the integron carriage as covariates.
Two-sided 5 % significance levels were used to
identify statistically significant results. Statistical
analyses were performed using the Real Statistics
Resource Pack software for Microsoft Excel
(Zaiontz 2015), with a significance level of
p = 0.05.

3 Results and Discussion

3.1 Microbial Loads in River Water and Wastewater
Treatment Plant

As expected, the highest values for Enterobacteri-
aceae counts were obtained in raw wastewaters,
their number decreasing into the final effluent.
As a consequence, the observed log-reduction dur-
ing the treatment process reached an average value
of 2.78 (99.83 %). In surface waters, microbial
pollution increased along the Someşul Mic River
(Table 2). According to the European Surface Wa-
ter Abstraction Directive 75/440/EEC, the river

water meets the requirements for A2 quality cate-
gory upstream the city, while for A3 quality cate-
gory downstream, with respect to coliform counts.

Based on the growth rates and proportions of
biochemically confirmed CFUs, T7-TTC Agar and
EMB Agar had the highest sensitivity to detect
waterborne Enterobacteriaceae in samples with
high microbial loads. These culture media, as well
as MacConkey Agar, are commonly used for de-
tection of lactose-fermenting coliforms in water.
Since not all enterobacteria, as per example Sal-
monella spp. and Shigella spp., are able to use
lactose but glucose (Brenner et al. 2005), VRBG
Agar was supposed to yield higher bacterial
counts. Instead, the CFU number was lower on
VRBG Agar, comparing to the growth rates ob-
tained on lactose-containing media. Also, increased
percentages of presumptive colonies on VRBG
agar (pink with or without red precipitate) were
non-enterobacteria, giving a positive reaction to
oxidase testing. Selection of the most adequate
methods for detection and isolation environmental
Enterobacteriaceae is particularly important, espe-
cially in waters with low levels of fecal contami-
nation. Due to the wide diversity of microbial
consortia in aquatic ecosystems, a poor selectivity
of the culture media may lead to the excessive
growth of competing bacteria, creating difficulties
for the recovery and discrimination of target colo-
nies. Meanwhile, an intensive selective pressure
has the risk of growth inhibition, including for
bacteria of interest.

A total number of 187 oxidase-positive strains
were selected from T7-TTC agar and subjected to
molecular confirmation. Of these, 166 isolates
yielded a positive PCR signal for at least one of

Table 2 Detection of Enterobacteriaceae in surface water and wastewater by colony counts on four selective culture media

Sampling point Number of Enterobacteriaceae (CFU/100 ml)

T7-TTC Agar EMB Agar MacConkey Agar VRBG Agar

RWU 9 × 102 17 × 102 5 × 102 3 × 102

WWI 2.25 × 107 2.04 × 107 9 × 106 1.02 × 107

WWE 5.08 × 104 3.52 × 104 9.6 × 103 8.6 × 103

RWD 2.64 × 104 2.51 × 104 1.54 × 104 1.7 × 104

RWU river water upstream the city, WWI raw municipal wastewater, WWE treated wastewater effluent, RWD river water downstream the
wastewater treatment plant
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the Enterobacteriaceae specific genes, lacZ
(89.8 %) or 16 s rRNA gene (85.5 %), being further
defined as the study strains.

3.2 Antimicrobial Susceptibility of Waterborne
Enterobacteriaceae

Assessment of antimicrobial susceptibility was per-
formed on 166 strains (30 RWU, 48 WWI, 48 WWE,
and 40 RWD isolates). A percentage of 13 % Entero-
bacteriaceae isolated from Someşul Mic River up-
stream the city, 21 % from raw wastewaters, 16 % from
treated effluents, and only 3 % from river waters down-
stream the city were entirely susceptible. Most of the
isolates were resistant to at least one antibiotic. The
maximum number of drugs with observed phenotypic
resistance per strain decreased from six antibiotics in
RWU and WWI to five antibiotics in WWE and four
antibiotics in RWD (Fig. 2). Overall, amoxicillin-
clavulanate resistance displayed the highest frequency
(71.1 %), followed by ampicillin (63.9 %), cefuroxime
(21.1 %), ciprofloxacin (17.5 %), cefotaxime (15.7 %),
ceftriaxone (10.8 %), and gentamicin (6.6 %) (Table 3).
Unexpectedly, the percentage of strains resistant to am-
picillin, ciprofloxacin, and gentamicin was higher in
surface waters, comparing to wastewaters.

Lower antibiotic susceptibility was observed in
enterobacteria isolated from Someşul Mic River, when
compared to European surface waters. Environmental
isolates without antibiotic resistance encountered up to
90 % of the isolates in Ardas and Evros rivers, Greece
(Alexopoulos et al. 2006), 87% in Vistula River, Poland

(Kotlarska et al. 2015), 69.8 % in Seine estuary, France
(Laroche et al. 2009), 34.84 % in Tagus estuary, Portu-
gal (Pereira et al. 2013), and 23 % in Nowohucki Res-
ervoir, Poland (Wolny-Koładka and Lenart-Boroń
2016).

The greatest frequency of multiresistant Enterobac-
teriaceaewas observed in river waters, with 23%MDR
strains in RWU and 30 % in RWD samples. In waste-
waters, 10 % of WWI and 9 % of WWE strains were
multidrug-resistant (Table 3). Increased frequency of
phenotypes intermediate resistant to cefotaxime
(17 %), ciprofloxacin (13 %), ceftriaxone (7 %) in
RWU and gentamycin (50 %), ciprofloxacin (10 %),
cefotaxime (5 %), ceftriaxone (5 %) in RWD, respec-
tively, contributed to the elevated rates of MDR in
surface waters. Lower levels of intermediate resistance
were detected in WWI isolates (4 % intermediate resis-
tant to ceftriaxone) and WWE strains (6 % intermediate
resistance to ceftriaxone, while 2 % intermediate resis-
tant to ciprofloxacin).

Conclusions reported by other authors describe in-
creased frequencies of AMR andMDR bacteria in water
samples collected downstream the WWTPs in compar-
ison to upstream river samples, being related to effluent
discharge, where the highest percentages were usually
found (Ferreira da Silva et al. 2007; Koczura et al.
2012). The findings of this study indicate important
proportions of resistant (87 %) and multiresistant
(23 %) enterobacteria in upstream river water and need
to be further investigated. The sources of environmental
resistance may reside in the contaminant resistome,
natural resistome, or both. Increased levels of fecal

Fig. 2 Amount of antibiotic resistance and class 1 integron carriage at each sampling point
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pollution have been previously reported to occur in the
upper basin of Someşul Mic River (Farkas et al. 2010a,
b; Muntean et al. 2010). At the same time, contamina-
tion with antibiotic resistance genes was recently shown
to be widely spread and persistent, even in the absence
of a positive selection pressure (Martínez 2012). Bacte-
rial dynamics through the urban water cycle as well as
genome variations triggered by the acquired, intrinsic,
and silent resistance may have wide implications on the
ecology of antibiotic-resistant bacteria (Vaz-Moreira
et al. 2014).

The most prevalent AMR patterns in waterborne
Enterobacteriaceae were AMP-AMC, followed by
AMC for all sites (Fig. 3). Surveillance of antibiotic
resistance in wastewater was suggested to be a valuable
tool for the screening of resistance trends in human
population (Kwak et al. 2015). Indeed, the results of
the present study indicated high similarities between the
AMR profiles of waterborne bacteria and the antibiotic
usage in humans. The high proportion of resistant wa-
terborne strains correlates with integrated data indicat-
ing the antibiotic overuse in human population, at coun-
try level. Romania holds the second place in Europe

regarding the consumption of antibacterials. Penicillins,
cephalosporins, and other beta-lactam antibiotics,
followed by quinolones, are the most frequently used
in the therapy of infections (Popescu et al. 2013; ECDC
2014). Two other studies assessing AMR in E. coli
strains isolated from Romanian surface waters also in-
dicated high levels of resistance to beta-lactams, in Arieş
River (Bodoczi Florea 2011) and in Dâmboviţa River
(Marinescu et al. 2015). On the other hand, antibiotic
resistance mediated by beta-lactam resistance encoding
genes is the most widespread resistance mechanism,
with more than 1000 enzymes identified. Even though
the beta-lactamases have been present for millions of
years, their extent diversity seems to be the consequence
of both the recent evolution in response to the clinical
use of antibiotics and also generated by the environmen-
tal resistome (Galán et al. 2013).

To deeply assess the degree of diversity in AMR
patterns into the study strains, the Gini–Simpson was
used. It accounted for the relative abundance of each
antibiotic resistance phenotype in each type of water, as
detailed in Table 4. The greatest value of Gini–Simpson
coefficient (0.80) indicated the highest diversity of

Table 3 Frequency of resistant and multidrug-resistant Enterobacteriaceae in surface water and wastewater

Sampling point Resistant strains (%) MDR strains (%)

AMP AMC CTX CRO CXM CIP CN

RWU (n = 30) 19 (63) 19 (63) 4 (13) 5 (17) 11 (37) 7 (23) 3 (10) 7 (23)

WWI (n = 48) 26 (54) 29 (60) 8 (17) 6 (13) 7 (15) 8 (17) 2 (4) 5 (10)

WWE (n = 48) 27 (56) 32 (67) 13 (27) 5 (10) 11 (23) 6 (13) 1 (2) 4 (9)

RWD (n = 40) 33 (83) 38 (95) 1 (3) 2 (5) 6 (15) 8 (20) 5 (13) 12 (30)

AVERAGE (n = 166) 105 (63.9) 118 (71.1) 26 (15.7) 18 (10.8) 35 (21.1) 29 (17.5) 11 (6.6) 28 (16.9)

RWU river water upstream the city, WWI raw municipal wastewater, WWE treated wastewater effluent, RWD river water downstream the
wastewater treatment plant, AMP ampicillin (10 μg), AMC amoxicillin-clavulanate (10–2 μg), CTX cefotaxime (5 μg), CRO ceftriaxone
(30 μg), CXM cefuroxime (30 μg), CIP ciprofloxacin (5 μg), CN gentamicin (10 μg)

Fig. 3 A two-dimensional plot of
the PCoA analysis showing the
clustering of resistance profiles in
waterborne Enterobacteriaceae.
The first and second coordinates
account for 40.64 and 15.90 % of
total variation, respectively
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antibiotic resistance phenotypes in Enterobacteriaceae
cells recovered from river waters upstream the city. Less
diversity was detected in wastewater inlet (0.75) and
outlet (0.76), as well as in river water downstream the
city (0.77). Additionally, the principal coordinate anal-
ysis (PCoA) showed a wide variability of AMR patterns
in RWU and WWI enterobacteria. The isolates in the
four groups did not cluster independently, meaning that
the resistance phenotype profiles in waterborne Entero-
bacteriaceae were similar, with the evidence that RWD
patterns resulted as a subgroup of the resistance pheno-
types deriving from the river upstream and from the
wastewater treatment plant (Fig. 4).

Comparing the four clusters of Enterobacteriaceae
(ANOVAwith Bonferroni correction), it seemed that no
significant difference occurred with respect to the phe-
notypic resistance, when accounting the total number of
antibiotics displaying resistance per strain (p = 0.206).
Also, no statistical significant difference between the
four groups was observed (p = 0.119) when considering
the resistance to each drug. Therefore, a more detailed
statistical assay was performed to compare the seven
antibiotic susceptibilities apart. The analysis of variance
for the four clusters of Enterobacteriaceae indicated
significant differences between the inhibition zone di-
ameters in the testing of AMP (p = 0.018), AMC

Table 4 Relative abundance of antibiotic resistance phenotypes and the Gini-Simpson index of diversity

Sampling point Relative abundance of resistant phenotypes (%) GS index*

AMP AMC CTX CRO CXM CIP CN

RWU 0.28 (19/68) 0.28 (19/68) 0.06 (4/68) 0.07 (5/68) 0.16 (11/68) 0.16 (7/68) 0.04 (3/68) 0.80 (92.9 %)

WWI 0.29 (26/86) 0.33 (29/86) 0.09 (8/86) 0.07 (6/86) 0.08 (7/86) 0.09 (8/86) 0.02 (2/86) 0.75 (87.2 %)

WWE 0.29 (26/89) 0.34 (30/89) 0.13 (12/89) 0.06 (5/89) 0.12 (11/89) 0.04 (4/89) 0.01 (1/89) 0.76 (88.9 %)

RWD 0.28 (27/95) 0.34 (32/95) 0.14 (13/95) 0.05 (5/95) 0.1 (11/95) 0.06 (6/95) 0.01 (1/95) 0.77 (89.5 %)

*Gini-Simpson index accounts the amount of diversity based on the relative abundance (pi) of each of the 7 antibiotic resistance phenotypes:
GS ¼ ∑7

i¼1pi 1� pið Þ, where the maximum value of the Gini-Simpson index for the assessment of 7 antibiotic resistance phenotypes was as
follows: maxGS ¼ 1� 1

7 ¼ 0:86 (100 %)

Fig. 4 Prevalence of antibiotic resistance patterns in waterborne Enterobacteriaceae
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(p = 0.0007), CIP (p = 0.001), and CN (p = 1.2 × 10−20).
No significant differences were observed in the testing
of cephalosporins: CTX (p = 0.185), CRO (p = 0.058),
and CXM (p = 0.126).

3.3 Association Between Antibiotic Resistance
and Class 1 Integron Carriage

For further analysis, the observed phenotypic resistance
to antibiotics was compared with class 1 integron-
integrase gene carriage into the study strains. Int1I was
detected in 21.7 % of the isolates, with the highest
frequency in WWI (43.75 %) and the lowest in WWE
(9 %) strains. The spread of Int1I-bearing enterobacteria
was lower in river waters upstream (13 %) than down-
stream (16 %) the city (Fig. 2). Comparing to other
studies, the proportions of class 1 integron-positive En-
terobacteriaceaewere higher in wastewater affluent and
also in river water. Among the Escherichia spp., Ferreira
da Silva et al. (2007) found a similar frequency of class
1 integrons in the raw (10.0 %) and treated (9.6 %)
wastewater. The integron-positive isolates made up
11 % of E. coli isolates recovered from the WWTP,
while 6 and 14 % of isolates cultured from upstream
and downstream river water in a study conducted by
Koczura et al. (2012). The incidence of the intI1 gene
found by Mocraka et al. (2012) among Enterobacteria-
ceae originated from sewagewas 22.5%, while 9.1 % in
the final effluent. In surface waters, the intI1 gene was
detected in 11.36 % E. coli isolates from Tagus estuary
(Pereira et al. 2013) and up to 14.7 % in Seine estuary
(Laroche et al. 2009). Assessing for the presence of class
1 integrons only in resistant E. coli, up to 38.3 % pos-
itive strains were detected in raw wastewater, whereas
up to 37.1 % in treated wastewater, and 27.6 % in
Vistula River, respectively (Kotlarska et al. 2015).

The observed significant reduction of the intI1-bear-
ing strains during wastewater treatment needs special
attention. Wastewater treatment procedures were de-
scribed as inefficient in the removal of AMR carrying
resistance genes, which were released to the receiving
surface waters (Czekalski et al. 2012; Munir et al. 2011;
Mocraka et al. 2012). The WWTP investigated in this
study was recently upgraded with a tertiary stage for
nitrogen and phosphorus removal, but the process does
not include disinfection and was not designed to remove
emergent contaminants such as DNA elements. The
present evaluation indicates good performances for the

reduction of integron-bearing Enterobacteriaceae (log-
reduction value 0.68, meaning 79.22 %).

The association betweenmultiresistance and prevalence
of class 1 integron was previously described (Koczura
et al. 2012; Pereira et al. 2013), but not all authors did find
a significant correlation (Laroche et al. 2009). In this
investigation, we only found a weak positive correlation
between MDR and the presence of intI1 in wastewater
effluent (r= 0.39; p = 0.06), but no sufficient evidence of a
linkage between phenotypic AMR and int1I gene carriage,
overall, although the comparison of the four clusters of
Enterobacteriaceae revealed no significant difference be-
tween groups, with respect to the emergence of resistant
strains bearing the class 1 integron integrase (p = 0.166,
ANCOVA). Also, the Int1I gene presence in 12 % of the
entirely susceptible strains is worth mentioning. Class 1
integrons have been widely associated with anthropogenic
pressure, as well as with acquisition and dissemination of
antibiotic resistance genes, but our findings demonstrate
that it is not possible to explain the antibiotic-resistance
phenotype based on int1I carriage only.

4 Conclusions

A high proportion of waterborne Enterobacteriaceae
displayed antibiotic resistance, especially to penicillins,
which are the most frequently used antibiotics in Romania.
A decrease in coliform counts but a general increase in
AMR and multiresistant bacteria occurred during the
wastewater treatment. The most important, a significant
reduction of the intI1-bearing cells occurred. Performances
for the reduction of key DNA elements need special
attention, as valuable outcomes could be driven for new
strategies in order to reduce the incidence and spread of
emergent contaminants in the environment.

The frequencies of MDR strains in Someşul Mic River,
both upstream and downstream the Cluj-Napoca city, were
greater compared to those found in wastewaters. Further
investigations are needed to deeply analyze if the natural
resistome or other sources of contamination are involved.

A weak positive correlation between MDR and the
presence of intI1was only driven in wastewater effluent,
but no sufficient evidence was found on the linkage
between phenotypic AMR and int1I gene carriage.
The presence of class 1 integron can be merely associ-
ated with anthropogenic pressure, but the simple detec-
tion of intI1 gene cannot explain the complex antibiotic
resistance phenotype.
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