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The occurrence and spread of bacterial antibiotic resistance are subjects of great interest, and the role of wastewater treatment 
plants has been attracting particular interest. These stations are a reservoir of bacteria, have a large range of organic and inorganic 
substances, and the amount of bacteria released into the environment is very high. The main purpose of the present study was 
to assess the removal degree of bacteria with resistance to antibiotics and identify the contribution of a wastewater treatment 
plant to the microbiota of Someşul Mic river water in Cluj county. The resistance to sulfamethoxazole and tetracycline and 
some of their representative resistance genes: sul1, tet(O), and tet(W) were assessed in this study. The results obtained showed 
that bacteria resistant to sulphonamides were more abundant than those resistant to tetracycline. The concentration of bacteria 
with antibiotic resistance changed after the treatment, namely, bacteria resistant to sulfamethoxazole. The removal of all bacteria 
and antibiotic-resistant bacteria was 98–99% and the degree of removal of bacteria resistant to tetracycline was higher than the 
bacteria resistant to sulfamethoxazole compared to total bacteria. The wastewater treatment plant not only contributed to elevating 
ARG concentrations, it also enhanced the possibility of horizontal gene transfer (HGT) by increasing the abundance of the intI1 
gene. Even though the treatment process reduced the concentration of bacteria by two orders of magnitude, the wastewater 
treatment plant in Cluj-Napoca contributed to an increase in antibiotic-resistant bacteria concentrations up to 10 km downstream 
of its discharge in Someşul Mic river.
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Bacterial resistance to antibiotics is a natural phenomenon 
that has been found in various environmental sites apparently 
free of antibiotics (24) or with trace amounts of antibiotics of 
a natural synthetic origin (27, 33). Even if antibiotic concen-
trations in the environment are not very high (in the range of 
μg L–1 or ng L–1) (5), together with the continuous synthesis 
of new antibiotics and their release into ecosystems, new 
mechanisms of resistance to antibiotics have increased and, 
thus, bacteria have developed resistance to multiple antibiotics 
(3).

Although antibiotic-resistant bacteria (ARB) have not 
emerged as a result of antibiotic discovery, a relationship has 
been reported between higher quantity use and the emergence 
of ARB (16, 29). The main antibiotic sources in the environ-
ment are unused antibiotics and their unprocessed removal, 
the large quantities used for veterinary purposes, the manure 
of birds and animals that end up in the soil and ground water, 
feces of human origin, and wastewater treatment plants 
(WWTP) (19). Antibiotic concentrations do not correlate 
with antibiotic resistance genes (ARG) in the environment; 
bacteria with antibiotic resistance already present in the 
environment are more important than the presence of its active 
components (14). Among the various sources of antibiotics in 
the environment, WWTP have attracted particular interest. 
Lactam, sulfonamide, and tetracycline resistance genes are 
the most frequent in wastewater (13, 17). Several factors in 
wastewater favor the spread of bacteria with antibiotic resistance: 
increased levels of antibiotics and biocides, high concentrations 

of resistant bacteria, and the abundance of organic and inor-
ganic substrates (10, 19). WWTP are reservoirs of chemicals, 
bacteria, and genes that confer antibiotic resistance (31), and 
treated water releases numerous bacteria resistant to antibiotics 
into the environment (12, 20, 28). Some treatments of waste-
water (longer hydraulic residence times) may improve the 
quality of treated water; however, a higher removal efficiency 
does not necessarily imply a significant decrease in antibiotic 
resistance percentages in the outflow (22).

Although the overall increase in ARB release and ARG in 
the environment is not a great direct risk to human health, it 
may increase horizontal gene transfer (HGT) and the acquire-
ment of resistance by environmental bacteria. Due to the 
absence of risk assessment models for adequate evaluations 
of antibiotic effects on the ARB and ARG emergence, it is 
important to monitor the dynamics and removal grades of 
ARB and ARG from wastewater. Most of the studies related 
to this topic have highlighted the presence or absence of 
bacteria resistant to antibiotics, whereas fewer have reported 
the quantitative aspects of this matter. In the present study, 
ARB and ARG were assessed using traditional cultivation 
methods and culture-independent techniques (qPCR). Two 
genes for resistance to tetracycline, tet(O) and tet(W) and the 
sulfonamide-resistant gene (sul1) were used. These genes 
were selected to monitor the removal of bacteria with antibi-
otic resistance in the environment for several reasons: tetra-
cycline and sulfonamides are widely used antibiotics that are 
abundant in sewage, and their quantification methods have 
been described previously (20).

In the present study, we also included monitoring of the 
integrase 1 gene (intI1), which is of clinical significance. 
Even if the gene for intI1 does not confer direct resistance to 
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different classes of pollutants, it favors the acquisition and 
spread of multiple genes that confer resistance to various 
compounds. The intI1 gene has recently been proposed to be 
a marker for monitoring pollutants for various reasons: it is 
directly linked to the genes that confer resistance to antibiotics, 
chlorinated compounds, and heavy metals; it occurs in a large 
variety of bacteria, and its abundance varies with environ-
mental conditions (9). The intI1 gene was selected because it 
is an indicator of exogenic pollution factors and its abundance 
correlates with the genes that confer resistance to antibiotics, 
such as the tet and sul1 genes (35). The aim of the present 
study was to assess the abundance and extent of removal of 
ARB and the clinically significant intI1 gene at the new 
modern treatment plant in Cluj-Napoca, Romania.

Materials and Methods

Sample collection and processing
Analyses were performed on water samples from 4 sites: S1—

river water 10 km upstream of WWTP; S2—entrance to WWTP; 
S3—discharge of WWTP; S4—river water 10 km downstream of 
WWTP. Samples were collected during one day in Spring and in 
triplicate for each site. No significant differences were observed 
between the abundance of ARB and ARG during seasonal periods 
and the highest values were observed in the Spring (37). Water was 
filtered through a 0.22-μm sterile filter and stored at –80°C until 
DNA purification.

Physicochemical analyses
The following physicochemical parameters: pH, Eh, conductivity, 

O2 concentration, and temperature, were measured in situ using a 
portable multiparameter.

Culture of heterotrophic bacteria
The concentrations of total bacteria and ARB were evaluated by 

heterotrophic plate counts. Samples were diluted and plated on R2A 
agar media with and without antibiotics. Resistance to two antibiotics 
was tested: sulfamethoxazole (50 mg L–1) and tetracycline (16 mg L–1). 
Plates were incubated at 25°C for 7 d.

DNA purification
Each membrane, through which 250 mL of water was filtered 

(except the S2 sample, through which it was only possible to filter 
100 mL), was minced by cutting and total DNA was purified using 
the ZR Fungal/Bacterial DNA miniprepTM kit (ZymoResearch) 
according to the manufacturer’s instructions.

qPCR
The primers used and sizes of the amplified fragments are shown 

in Table 1. PCR reactions were conducted in 20 μL containing 10 μL 
of SensiFASTTM SYBR® No-ROX mix (Bioline), 0.4 μM each of 

the forward and reverse primers, and 3 μL of the template. All qPCR 
programs consisted of initial denaturation at 95°C for 3 min followed 
by 40 cycles: denaturing at 95°C for 10 s, annealing for 15 s, and 
extension at 72°C for 15 s. All qPCR assays were performed using a 
Rotor-Gene 6000 machine (Corbet). Standard curves were generated 
using recombinant plasmids produced by the cloning genes of interest 
into a cloning vector. Target gene fragments were amplified by PCR 
using gDNA extracted from a water treatment plant. PCR products 
were cloned into the pJET1.2 vector (Thermo Scientific) using PCR 
Cloning Kit CloneJET (Thermo Scientific). Three clones from each 
cloning experiment were selected for sequencing. Cloned sequences 
were compared with the NCBI database using BLASTN. Plasmid 
DNA concentrations were measured using the NanoDrop spectro-
photometer ND-1000. In the standard curve for all bacteria, a fragment 
of the 16S rRNA gene from Escherichia coli was amplified by PCR 
with the universal primers 27F (5ʹ-TCM TGA AGA TGG GTT CTC 
AG-3ʹ) (15) and 1492R (5ʹ-ACG ACT GTT CTT GGT TAC T-3ʹ) 
(34) and then cloned. The correct recombinant plasmids were used 
for the generation of standard curves.
Removal rate calculation

Removal rate of ARB = (1 – CFU / mL in outflow—
CFU / mL in inflow ) × 100%

where CFU is the Colony Forming Units of ARB. Calculations of 
the removal rate of ARG were performed with the same equation 
replacing CFU with ARG.

Statistical analysis
The Student’s t-test was used to test the mean values of different 

groups; differences were significant at a p-value ≤0.05. Pearson’s 
Correlation Coefficient was calculated in order to establish the rela-
tionship between the intI1 gene and ARG. SPSS Statistics was used 
for statistical analyses.

Results

WWTP in Cluj-Napoca is a newly modernized plant. The 
plant collects wastewater from a number of sources including 
households, hospitals, and industries. The treatment of sewage 
includes all 3 obligatory steps (Fig. 1) for water treatment: 
preliminary (mechanical removal of coarse residues); primary 
(chemical treatment step for the precipitation of suspensions) 
and secondary biological treatment stages. The treated water 
is discharged into Someşul Mic river. If the microbiological 
load is high, the water from the secondary decanter is directed 
to a tertiary tank for advanced treatment.

Physicochemical analyses
Data from physical and chemical measurements of water 

samples are shown in Table 2. The values of dissolved oxygen 
in water indicated an ascending gradient from S1 (7.12) to S3 

Table 1. Primers used for qPCR.

Target gene
Sequence (5ʹ-3ʹ) 
Forward 
Reverse

Amplicon size  
(bp)

Annealing  
temperature qPCR  

(°C)
Reference

tet(O) ACGGARAGTTTATTGTATACC 
TGGCGTATCTATAATGTTGAC 171 50 (1)

tet(W) GAGAGCCTGCTATATGCCAGC 
GGGCGTATCCACAATGTTAAC 168 60 (1)

rRNA 16S AAACTCAAAKGAATTGACGG 
CTCACRRCACGAGCTGAC 180 60 (2)

IntI1 CGAACGAGTGGCGGAGGGTG 
TACCCGAGAGCTTGGCACCCA 312 59 (9)

sul1 CGCACCGGAAACATCGCTGCAC 
TGAAGTTCCGCCGCAAGGCTCG 163 55 (25)
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(8.96). In the S4 sample, this value was lower due to lower 
dissolved oxygen in river water. These values confirmed 
reductions in pollution during the sewage treatment.

Water conductivity was higher in S1 and S2 station sam-
ples than in S3 and S4 samples. The highest values in S2 
(721 μS cm–1) and S1 (698 μS cm–1) indicate pollution that 
attenuates during the water treatment. This decrease was 
based on the removal of impurities from treated water. Water 
redox potential values were positive in upstream (S1) and 
inflow samples (S2), but negative in outflow (S3) and down-
stream samples (S4), with the lowest value being –76 mV in 
S3 and the highest value being +26 mV in S2.

pH values increased with the flow, but still remained 
around the neutral value; the highest pH value was measured 
in the S3 sample (7.21), while the lowest was in the S1 sample 
(6.22).

Occurrence of ARB
Fig. 2 shows total cultivable bacteria as well as bacteria 

resistant to sulfonamide and tetracycline. Bacteria cell counts 
in raw water (108) were 3 orders of magnitude higher than 
those in upstream river water (~105). After the water treatment, 
the total number of bacteria decreased by one order of magnitude, 
but was still higher than that in the upstream river sample; 
significant differences were observed between upstream and 
downstream samples (p<0.05). The total number of bacteria 
in downstream river water was almost the same as that in the 
outflow, even 10 km from the discharge point, and no significant 
differences were observed between S3 and S4 samples (p>0.05). 
The treatment plant contributed to increases in total bacteria 
in Someşul Mic river by 2 orders of magnitude.

The number of cultivable bacteria with resistance to sul-
fonamide was higher in the inflow (107), and this number was 
reduced in the outflow after the treatment by 2 orders of 
magnitude (105). River water had the lowest concentration of 
bacteria resistant to sulfonamide (103). Upstream and down-
stream samples showed similar values (p>0.05).

WWTP is not the only cause of bacterial resistance to 

antibiotics, because, unexpectedly, we found higher concen-
trations of bacteria resistant to tetracycline (103) in the upstream 
sample (S1). The concentrations of tetracycline-resistant bacteria 
in inflow, outflow, and downstream samples were reduced by 
one order of magnitude (reaching 102). No significant differ-
ences were observed in the concentration of tetracycline-
resistant bacteria between upstream and downstream samples 
(p>0.05) (Fig. 2).

Occurrence of ARG and the IntI1 gene
The concentration of 16S rRNA gene copies was higher in 

inflow water (1012), while similar concentrations were observed 
in outflow and river samples (~1010) (Fig. 3). Although WWTP 
did not increase the number of bacteria in the river, the com-
munity structure may still be affected (p>0.05). The upstream 
river sample had the lowest concentrations of ARG and the 
IntI1 gene. The concentrations of the tet(O) and tet(W) genes 
were the same in the upstream sample, whereas tet(O) was 
more frequent than tet(W) in the S2, S3, and S4 samples. The 
sul1 gene concentration was higher than those of the tet genes 
in all samples, but was almost 2-fold higher in the upstream 
sample. The concentrations of ARG decreased by 1-2 logs 
after the water treatment, and were slightly lower downstream 
due to dilution.

The relative concentrations of ARG and the IntI1 gene to 
the 16S RNA gene showed a reduction in the tet(W) gene 
concentration and slight increase in the tet(O), sul-I, and IntI1 
genes after the treatment. In all cases, the upstream sample 
had a lower concentration of ARG than the downstream sample 
(Fig. 4). Significant differences (p<0.05) were observed in the 
concentrations of the intI1 gene and all ARGs tested (tet(O), 
tet(W), and sul1) between upstream and downstream samples.

Removal rate
Removal rates (the S3 to S2 ratio) for gene copies varied 

between 98–99% in all samples (Fig. 5A). The tet(W) gene 
was removed at higher rates than the 16S rRNA gene and 
tet(O) and sul1 genes (Fig. 5B and C).

Fig. 1. Treatment process in the Cluj-Napoca Wastewater Treatment Plant

Table 2. Physicochemical parameters of water samples

Sampling  
sites pH Eh  

(mV)
Conductivity  

(μS cm–1)
Dissolved oxygen  

(mg L–1)
Temperature  

(°C)
S1 6.22 +15 698 7.12 12
S2 6.38 +26 721 8.02 11
S3 7.21 –76 489 8.96 10.2
S4 7.06 –42 551 8.03 11
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Discussion

The present study focused on ARB and ARG removal rates 
from sewage and their release in Someşul Mic river. Although 

raw water had higher concentrations of ARB, their abundance 
was reduced compared to other studies (6, 20, 22, 36). These 
results may be attributed to the concentration of tetracycline 
tested being too high or the inability of bacteria to grow on 
R2A agar; bacteria in river water have a natural origin, while 
those in wastewater are more likely to be of a fecal origin (8). 
This bacterial resistance is of a natural origin; there are no 
other main pollution sources upstream in Someşul Mic river. 
Bacterial abundance in the S1 sample (103) was similar to that 
reported previously (30). On the other hand, just one tetracy-
cline concentration was tested and the river water and waste-
water bacterial communities have different compositions (18).

Among the genes for resistance to tetracycline, tet(O) and 
tet(W) were the most commonly found in feces and water 
samples (36). Therefore, WWTP clearly contributed to the 
enrichment of river water with ARG and ARB (18).

Tetracycline class antibiotic concentrations in wastewater 
from Romania vary between 110 and 146 μg L–1 (23), within 
the limits identified in other studies, but were below the limit 
of detection in effluents. Even these low concentrations, in 
combination with heavy metals, contributed to the retention 
of ARB in river water (10). The relationship between the 
concentrations of bacteria and antibiotics has been widely 
studied; previous studies reported a positive correlation 

Fig. 2. Log concentrations of total and antibiotic-resistant heterotrophic bacteria. Rectangular boxes indicate the interquartile range of data. The 
median value is indicated by the horizontal line inside the box. Small circles ‘q’ represent the mean values. Asterisks indicate samples that are significantly 
different (p<0.05) and the line over bars indicates samples with no significant differences (p>0.05).

Fig. 3. Abundance of 16S rRNA, integrase-1, and antibiotic resistance 
genes in water samples. Lines over bars indicate samples with no signif-
icant differences. Bars are the standard deviation of triplicate samples.
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Fig. 4. Relative concentrations of tetracycline-resistant genes (tet(O) and tet(W)), the sulfonamide-resistant gene (sul1), and clinically significant 
integrase I gene to 16S rRNA gene abundance. The bars represent standard errors.

Fig. 5. Total and log removal rates of ARB (Heterotrophic—total heterotrophic bacteria, SMX—bacteria with resistance to sulfamethoxazole, 
Tet—bacteria resistant to tetracycline) and ARG copy numbers.
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between the concentration of sulfonamide and bacteria with 
resistance to this antibiotic, but not for tetracycline (6, 17), 
whereas others did not (32).

Our results showed, for the first time, a strong correlation 
between the concentrations of the clinically significant intI1 
gene and sul1 gene (r=0.95), tet(O) gene (r=0.96), and tet(W) 
gene (r=0.96). Our results demonstrated not only the anthro-
pogenic pollution of the river, but also a correlation between 
ARG and intI1.

The normalization of the concentrations of ARG genes 
tested to the 16S RNA gene suggested that the wastewater 
treatment increased the relative concentration of the sul-I 
gene, decreased the concentration of the tet(W) gene, and 
slightly increased the concentrations of the tet(O) and IntI1 
genes (Fig. 4). These results show that the wastewater treat-
ment lead to a decrease in the total number of bacteria, but did 
not necessarily reduce ARG.

The present results also indicated that not all ARG were 
removed at the same rate; these rates generally increased after 
the treatment (3, 38). ARG to classical antibiotics were more 
abundant in WWTP, while resistance to the latest generation 
of antibiotics was weaker in WWTP tanks, which constitutes 
a real risk to their spread and HGT (11).

Although the removal rate of bacteria was 98–99%, the 
small percentage discharged in the river increased bacterial 
concentrations and changed the microbial diversity of river 
water. Several studies have shown that WWTP contribute to 
changes in river microbiota (26).

River water downstream of the treatment plant is used for 
irrigation, and increases in ARB concentrations may result in 
the contamination of agricultural products, which are generally 
sold in local markets. In terms of quantity, the findings of 
several studies showed that ARB and ARG concentrations do 
not change in soils irrigated with treated water (7, 21); however, 
long-term irrigation may increase the relative concentrations 
of some ARG (4). Although irrigation with recycled water is 
an excellent solution to water scarcity, the possibility of strains 
of clinical significance reaching soil and the likelihood of 
finding these bacteria on vegetables, representing a higher 
risk for consumers, cannot be ruled out.

In conclusion the results of the present study showed that 
WWTP in Cluj-Napoca markedly reduced total ARG and 
ARB. However, WWTP contributed to an increase in ARG, 
even 10 km downstream of the discharge point. This increase 
may promote HGT, particularly because the concentrations 
of these genes correlate with the intI1 gene and also represent 
a human health risk due to irrigation.

In the absence of fundamental data regarding the fate of all 
ARB and ARG in most WWTPs and their effects on the 
environment and risk to public health, further studies on the 
extent of the removal of abundant ARB are needed in order to 
reach common conclusions.
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