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Abstract: The study monitored the effect of tetracycline on bacterial biofilm formation and compared
biofilm formation by resistant bacterial strains in different phases of the wastewater treatment process
in wastewater treatment plant (WWTP). The crystal violet staining method was used to evaluate
the biofilm formation. Biofilm-related bacterial properties were characterized by hydrophobicity,
autoaggregation and motility tests. The relative abundance of tetracycline resistance genes (tetW, tetM,
tetO, tetA and tetB) in wastewaters were subsequently quantified using qPCR. The results show that the
isolates from the nitrification tank produce biofilm with up to 10 times greater intensity relative to the
isolates from the sedimentation tank. In isolates of Aeromonas sp. from the nitrification tank, increased
biofilm production in the occurrence of tetracycline from a concentration of 0.03125 µg/mL was
observed. The tetW gene showed the highest relative abundance out of all the tested genes. From the
sampling points, its abundance was the highest in the sedimentation tank of the WWTP. Based on
these results, it can be assumed that resistant bacteria are able to form a biofilm and sub-inhibitory
tetracycline concentrations induce biofilm formation. WWTPs thus represent a reservoir of antibiotic
resistance genes and contribute to the spread of resistance in the natural environment.

Keywords: biofilm; tetracycline; tetracycline resistance bacteria; tetracycline resistance genes;
wastewater treatment plant

1. Introduction

Wastewater treatment plants (WWTPs) are known to be important sources of antibiotic resistance
bacteria (ARB) and antibiotic resistance genes (ARGs). ARGs and ARB are continuously released
into the environment and can transfer antibiotic resistance to susceptible microorganisms [1]. WWTP
treatment processes are ideal environments for the development and spread of antibiotic resistance
because a large number of bacteria are constantly exposed to antibiotics in low concentrations [2].

There are many microorganisms present in the wastewater, such as bacteria, viruses, protozoa or
fungi [3]. Some bacteria are significant for the spread of resistance. A study on the spread of antibiotic
resistance has shown strains that become multi-resistant, such as Acinetobacter spp., Aeromonas spp. and
Pseudomonas spp. [4,5]. These are embodied in the microbial communities in municipal WWTPs and
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should receive special attention [6]. For example, an increase in antibiotic resistant Acinetobacter spp. in
WWTPs was shown by Zhang et al. (2009) [7]. Studies, which usually focus on antibiotic resistance in
the aquatic environment, have addressed wastewater or drinking water, but do not reflect the situation
in biofilms. These play an important part as a reservoir for ARGs and could be considered biological
indicators of antibiotic resistance pollution [8,9].

Biofilms are complex, massively packaged multicellular communities of microorganisms affixed
to a base from a produced polymeric matrix consisting in particular of lipids, proteins, polysaccharides,
extracellular DNA and water [10]. Bacteria in biofilms are defined by genetic and physiological
differentiation and increased resistance to detrimental environmental influences including xenobiotics
and toxic compounds [11]. Since the cells are inserted in a self-produced polymeric matrix, biofilms
are extremely resistant to antibiotics. Biofilm cells are characterized by greater genetic transformation
frequencies than planktonic cells. Biofilms survive in the presence of concentrations of antibiotics
102–104 times larger than the minimum inhibitory concentration (MIC) in comparison with the
planktonic bacteria of the same species [12]. Previous studies have shown that bacterial strains of
Thauera, Comamonas, Azonexus, Simplicispira and other genera are capable to produce a biofilm on the
walls of the sewers [13,14].

In this work, special attention was paid to bacterial resistance to tetracycline antibiotics.
Tetracycline antibiotics are one of the most important groups of antibiotics used in veterinary and
human medicine [15]. Tetracyclines have a broad spectrum of activity against Gram-positive and
Gram-negative bacteria, therefore they are widely used. Tetracyclines can be excreted incompletely from
the body, that is why they are potentially dangerous for the environment [16]. Due to their extensive use,
tetracycline antibiotics have been detected in the terrestrial and aquatic environments: groundwater,
surface waters, wastewater, municipal sewage, soil and sediments [17–19]. As tetracycline residues can
enter the food chain secondarily from water and soil, they represent a great environmental burden [20].

For those reasons, WWTPs are apparently unable to remove the tetracycline antibiotics
effectively [21]. Deblonde et al. (2011) have detected residual concentrations of tetracycline up to
2.37 µg/L in the effluents of WWTPs [22]. Kulkarni et al. (2017) have detected tetracycline concentration
of up to 23.6 ng/mL in effluent samples from the WWTP in the USA [23]. There are reliable studies on
the relationship between the occurrence of residual concentrations of tetracycline antibiotics and the
antibiotic resistance microorganisms [24]. Tetracycline antibiotics promote the proliferation of antibiotic
resistant microorganisms, which can cause a major public health problem. Biofilms represent the
huge ARG reservoir in the aquatic environment and play an important part in the ARG exchange [25].
The protective mechanisms of biofilms are responsible for the resistance, which is related to the presence
of antibiotic resistance genes in bacterial genomes or extrachromosomal elements. The result is an
overall increased resistance of biofilms to antimicrobial compounds [26]. Salcedo et al. (2014) have
observed that sub-inhibitory concentrations of tetracycline and cephradine induce biofilm formation
and enhance the transfer rate of pB10 plasmid among the biofilm biomass (in E. coli and P. aeruginosa
strains) at 2–5 times faster rates in comparison with no antibiotic treatment [12]. Many studies have
shown that bacteria in biofilms frequently exchange ARGs [25,26]. For example, Zhang et al. (2009)
have found that tet genes migrate rapidly to biofilms where they persist longer than in adjacent
waters [7].

The aim of our study was first to determine the presence of tetracycline antibiotic and tet ARGs in
wastewater from nitrification and sedimentation tanks of WWTP and to isolate tetracycline-resistant
bacteria. Afterwards, these bacteria were characterized (enzyme activity, aggregation, hydrophobicity,
motility and growth) and their biofilm capacity in the growth medium and in sterilized wastewater
was determined. For selected strains, we performed a molecular identification, determined their
susceptibility to tetracycline, evaluated the influence of sub-inhibitory tetracycline concentration on
the biofilm formation and determined tet ARGs.
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2. Materials and Methods

2.1. Sampling Sites

Wastewater samples were collected in June 2018 and December 2018 from the nitrification and
sedimentation tanks of the urban WWTP. The wastewaters were mixed samples from five different
sampling points of each tank. The final effluent is discharged into the Odra river in the Moravian-Silesian
Region of the Czech Republic. The wastewater treatment at this plant includes mechanical treatment,
chemical treatment, biological treatment and secondary sedimentation. The population equivalent
(PE) of the WWTP is 638,850 inhabitants. The influent consists of mixtures of municipal and industrial
wastewaters. The biochemical oxygen demand (BOD) of the inflow is 208 mg/L and the outflow is
14.7 mg/L. The daily peak flow is 2134 L/s and the cleaning effect is 92.9%. A volume of 2 L of each
sample was collected in sterilized plastic containers and transported to the laboratory.

2.2. Determination of Tetracycline Content in Wastewater

The tetracycline content in wastewater samples collected in the nitrification and sedimentation
tanks of the WWTP was analyzed by ultra-performance liquid chromatography, combined with triple
quadrupole mass spectrometry (UHPLC-MS/MS). The samples (1 L) were processed and analyzed as
described in Svobodová et al. (2018) [27]. The detection limit for antibiotic was 0.05 ng/L.

2.3. DNA Extraction and Quantification of ARGs in Wastewater

For the DNA extraction, wastewater samples (six replicates for each sample) were filtered (0.22 µm
pore size membrane filters, Pall Corporation, Mexico City, Mexico, USA) and filters were stored at
−80 ◦C until use. As for the nitrification tank wastewater, 10 mL were filtered, but in case of the
sedimentation tank wastewater, the sample volume had to be increased to 100 mL to obtain a sufficient
amount of DNA. The filters were incubated overnight with a suspension of 1 M CaCO3 and the DNA
was extracted according to Stach et al. (2001) [28]. The concentration and purity of the DNA samples
were measured with the Nanophotometer P300 (IMPLEN, BioTech, Munich, Germany) (Supplementary
Table S1). The DNA samples were stored at −20 ◦C until use.

The tetracycline resistance genes tetA, tetB, tetM, tetO and tetW were quantified in the bacterial
DNA samples using primers the qPCR method summarized in Supplementary Table S2. The primer
sequences were taken from previous studies [29–31]. For the reaction mixtures, 18 µL Xceed qPCR SG
2x Mix Lo-ROX (Institute of Applied Biotechnologies, Prague, Czech Republic) and 2 µL DNA were
used. The gene quantities were normalized against the content of the 16S rDNA gene in the samples.

Standard curves were generated from ten-fold serial dilutions of pMOS plasmids containing the
target fragments of ARGs and 16S rDNA. For each PCR assay, the PCR amplification efficiency (E) was
calculated using the standard curve according to the equation:

E = 10(
−1

slope ) − 1× (100% e f f iciency = 1) (1)

2.4. Isolation of Bacterial Strains Resistant to Tetracycline

The plating of the wastewater samples was carried out within 1 day after the sampling. The resistant
bacteria isolates growing on tryptic soy agar (TSA, Biolife, Milano, Italy) supplemented with 0.02 µg/mL
tetracycline (Fluka BioChemika, Buchs, China). Isolates were randomly selected. A total of 40 isolates
were tested, 10 from each group designated as: NT-W (nitrification tank, winter-period), ST-W
(sedimentation tank, winter-period), NT-S (nitrification tank, summer-period) and ST-S (sedimentation
tank, summer-period). Bacterial isolates were Gram stained.
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2.5. Characterization of Bacterial Strains

2.5.1. Growth Conditions and Standardized Inoculum Preparation

Bacterial isolates were preserved in tryptic soy broth (TSB, Biolife, Milano, Italy) with 10% glycerol
(Kemika, Zagreb, Croatia) as frozen stock at −80 ◦C. Subsequently, the bacterial isolates for all tests were
revitalised on TSA by overnight incubation at 30 ◦C and inoculated in TSB, where they grew overnight
at 30 ◦C (incubator; SP109; Kambič, Semič, Slovenia). A standardized inoculum was prepared from an
overnight culture to obtain a final concentration of 4.7–5.2 log CFU/mL. The inoculum was prepared in
TSB or sterilized wastewater from nitrification and sedimentation tanks.

2.5.2. Enzymatic Activity

A lecithinase activity was detected on nutrient agar (500 mL) (BioLife, Italy) supplemented with
egg yolk emulsion (25 mL) (BioLife, Italy). Plates were incubated at 30 ◦C for 24 h. The formation of a
white precipitate around or beneath the inoculum spot revealed lecithinase formation [32]. A lipase
activity was detected on plates with Tween. Plates (peptone (10 g/L), NaCl (5 g/L), agar (15 g/L)
and Tween 80 (10 g/L) were incubated at 30 ◦C for 24 h. The lipase activity was observed by the
appearance of a turbid halo around the inoculation [33]. A haemolytic activity was determined using
blood agar plates (Blood Agar, Oxoid, Hampshire, England). Plates were incubated at 30 ◦C for 24 h.
The haemolytic activity was observed by the appearance of haemolysis zones [34].

2.5.3. Crystal Violet Assay for Determination of Biofilm Formation in TSB

A flat-bottomed 96-well polystyrene microtiter plate (Thermo Scientific Nunc, Waltham, MA,
USA) was inoculated with 200 µL standardized inoculum in TSB of each isolate. As a negative control,
we used 200 µL of sterile TSB added in eight wells of each microtiter plate. The crystal violet assay has
already been described [35,36]. After 24 h incubation at 30 ◦C, the supernatant was removed from
each well and the plate was washed three times with 200 µL of distilled water. The plate was dried
at 60 ◦C for 15 min and dyed with 200 µL of 0.1% crystal violet (CV, Merck, Darmstadt, Germany)
15 min. Then the CV was removed and the plate was washed with 200 µL of distilled water three times
again. The plate was dried at 60 ◦C for 15 min. CV was dissolved by addition of 200 µL 96% ethanol
(Merck, Germany) and the plate was mixed at 500 rpm for 5 min. The absorbance was measured at
584 nm on a microplate reader (Varioskan Lux, Thermo Fischer Scientific, Waltham, MA, USA). Biofilm
formers were defined: OD584 < 0.1, non-producers (NP); OD584 = 0.1–1.0, weak producers (WP);
OD584 = 1.1–3.0, moderate producers (MP); and OD584 > 3.0, strong producers (SP) [37].

2.5.4. Crystal Violet Assay for Determination of Biofilm Formation in Wastewater

A flat-bottomed 96-well polystyrene microtiter plate was inoculated with 200 µL of standardized
inoculum in wastewater from nitrification or sedimentation tanks. As a negative control, we used
200 µL of sterile wastewater. The next steps of the crystal violet assay and the definition of biofilm
formation capacity were performed as described for the determination of biofilm formation in TSB.

2.5.5. Autoaggregation Test

Autoaggregation was determined according to previous studies [36]. Bacterial cells from overnight
culture were centrifuged at 3000 rpm for 5 min, then washed twice and resuspended in Phosphate
Buffer Saline (PBS) to obtain a final optical density of 1 at 600 nm. The absorbance of the upper phase
of cell suspension was measured at times 0 h, 5 h and 24 h at 600 nm with the microplate reader.
Autoaggregation was determined as the autoaggregation percentage (%AA) using the formula:

%AA = [1− (At/A0)] × 100 (2)
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where A0 was the absorbance measured at 0 h and At was the absorbance measured after 5 h or 24 h of
the incubation.

2.5.6. Hydrophobicity Test

Bacterial adherence to xylene was determined in a xylene-water system as described by
Kurinčič et al. (2016) [35]. Bacteria were cultivated in TSB until the early log growth phase, centrifuged
for 5 min at 3000 rpm and washed twice in PBS buffer. The growth curves, according to which the
log phases of all tested bacterial isolates were determined, are given in Supplementary Figure S1
and Table S3. The pellet was diluted in PBS to optical density of 1 at 600 nm. 0.5 mL of 12.5% (v/v)
p-xylene (Kemika, Zagreb, Croatia) was added to 3.5 mL of the cell suspension and vortexed for 2 min.
The suspension was incubated for 20 min at room temperature. The absorbance was measured at
620 nm with a spectrophotometer (Lambda Bio+; Perkin Elmer, Boston, MA, USA). The hydrophobicity
was determined as a hydrophobicity percentage (%H) using the formula:

%H = [1− (A/A0)] × 100 (3)

where A0 was the absorbance of the cell suspension (before separation) and A was the absorbance of
an aqueous phase after 20 min incubation (after separation). These percentages defined the degree of
hydrophobicity as hydrophilic (<20%), moderately hydrophobic (20–50%) and hydrophobic (>50%) [38].

2.5.7. Motility Test

The swimming motility was determined according to O’May and Tufenkji (2011) [39]. A total
or 1 µL of bacterial overnight culture was placed in medium with 0.3% (w/v) agar (Biolife, Italy).
The zones were measured (in mm) after 24 h at 30 ◦C. The motility defined as − negative (0 mm);
+ positive (1–23.3 mm); ++ moderately positive (23.4–46.5 mm); +++ medium positive (46.6–69.9 mm);
++++ strong positive (≥70 mm).

2.6. Microdilution Method–Determination of Tetracycline MIC and MBC for Selected Isolates and the Influence
of Sub-Inhibitory Tetracycline Concentrations on Growth and Biofilm Formation

In microtiter plate, 2-fold serial dilutions of tetracycline were prepared and standardized inoculum
in TSB was added to the same volume of obtain a final volume of 200 µL and tetracycline concentrations
of 0.03125–4 µg/mL. The negative control was TSB; the positive control was a standardized inoculum.
The contents of each well were mixed at 650 rpm for 1 min before incubation at 30 ◦C for 24 h.
After incubation, the absorbance was measured at 600 nm and MIC was defined as the lowest
concentration at which no change in optical density was observed. To determine the minimal bactericidal
concentration (MBC), after the incubation, 10 µL of bacterial suspension was inoculated on TSA and
incubated at 30 ◦C for 24 h. The crystal violet assay described above was used to determine the influence
of tetracycline on biofilm formation.

2.7. Identification of Selected Isolates

Two bacterial isolates were selected from each group as per their biofilm production.
For identification, the selected bacterial isolates were cultivated in 10 mL of TSB overnight at
30 ◦C and 100 rpm. Genomic DNA was isolated from the cultures using UltraClean Microbial DNA
Isolation Kit (MOBIO Laboratories, Carlsbad, CA, USA) and 16S rDNA gene fragments were amplified
using the universal bacterial primers 1378R (5′-CGGTGTGTACAAGGCCCGGGAACG-3′) and 984F
(5′-AACGCGAAGAACCTTAC-3′). Amplification started with an initial denaturation at 95 ◦C for
2 min, followed by 35 cycles of denaturation at 95 ◦C for 45 s, annealing at 55 ◦C for 30 s and elongation
at 72 ◦C for 1 min, and the final extension step at 72 ◦C for 10 min [40]. The PCR products were detected
by electrophoresis on an 1% agarose gel in 1xTAE buffer, and gel cleaned. The concentration and
purity of the DNA were measured on NanoDrop (NanoPhotometr P300, BioTech, Munich, Germany).
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Sequencing was carried out by SeqMe s.r.o. (Dobříš, Czech Republic) using primers 1378R and 984F.
The sequences were analyzed by the BLASTn program and the closest hits were downloaded from the
NCBI database (www.ncbi.nlm.nih.gov/).

2.8. Detection of ARGs of Selected Isolates

Tetracycline resistance genes tetA, tetB, tetM, tetO and tetW were detected in the selected bacterial
isolates using primers and the PCR method summarized in Supplementary Table S2. Genomic DNA
was isolated from the cultures using UltraClean Microbial DNA Isolation Kit (MOBIO Laboratories,
CA, USA). Primer sequences and conditions were taken from previous studies [29–31].

2.9. Statistical Analysis

Experiments were performed in a minimum of triplicates, and the data are presented as
means ± standard deviation. The Pearson correlation test was used to calculate the correlation
between the biofilm formation, autoaggregation, hydrophobicity and motility. p < 0.05 was considered
as statistically significant. The Growthcurver package was used to calculate the growth curves of
samples. All statistical analyses were executed using the program R (R Core Team, 2016, version 3.4.0).

3. Results and Discussion

3.1. Quantification of Tetracycline in Wastewater

The concentration of the antibiotic tetracycline was determined with UHPLC-MS/MS in wastewater
samples from nitrification and sedimentation tanks of the WWTP. Tetracycline was detected by repeated
evaluation in the nitrification tank at a mean concentration of 0.945± 0.743 ng/L and in the sedimentation
tank at a mean concentration of 1.177 ± 0.844 ng/L. Residues of tetracycline from urban and agricultural
effluents are frequently detected in surface waters, groundwater, soil and sediments and are generally
present at relatively low concentrations (ng or µg per L) [16]. Tetracycline was detected in both tanks,
but was higher in the sedimentation tank, which could make this tank a larger generator of the
tetracycline resistance. Increased tetracycline concentration in the sedimentation tank was also found
in another WWTP in the Czech Republic (unpublished). Kim et al. (2013) found a similar increase in
oxytetracycline concentration from the nitrification tank (0.2 ng/L) to the sedimentation tank (1.1 ng/L)
of the WWTP [41]. In contrast, Jia et al. (2009) investigated tetracycline in the influent (16.5 ng/L),
effluent (1.9 ng/L) and in the river (2.1 ng/L) receiving the treated effluent, in the city of Beijing in
China [42]. However, higher values found in the study by Jia et al. (2009) are probably given by the high
population density. It is difficult to explain satisfactorily the reasons for certain differences between the
various phases of the recipient’s treatment process, but it is evident that the technologies currently
used in the WWTPs are not sufficiently efficient at removing most antibiotics. However, the confirmed
presence of tetracycline residues in wastewater can increase the resistance load among bacteria.

3.2. Quantification of ARGs in Wastewater

It is necessary to monitor not only the presence of ARB, but also of ARGs. The diverse bacterial
communities of systems in WWTPs could provide ideal conditions for the horizontal gene transfer of
ARGs [43]. The persistence and mobility of ARGs in WWTPs increases the risk of ARGs transfer to
different bacterial species and thus the diversity of resistant bacteria in the environment and the health
risk to humans during different activities [44]. For those reasons, special attention has been paid to
the occurrence of tetracycline resistance genes in nitrification and sedimentation tanks of the WWTP
as a potential reservoir of ARGs. High R2 values (0.996–0.998) and high efficiencies (97.39–99.05%)
obtained from the standard curves showed the sensitivity and linearity of the quantification of ARGs in
all qPCR assays (Supplementary Table S4). Two of the five tested genes (tetA, tetB, tetM, tetO and tetW)
were detected in the samples. The tetW showed a higher relative abundance in the sedimentation tank
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than in the nitrification tank of the WWTP (Figure 1). In contrast to tetW, the tetB gene showed higher
abundance values in the nitrification tank than in the sedimentation tank of the WWTP.
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Figure 1. The relative abundance of ARGs (tetW and tetB) in water samples from the nitrification and
sedimentation tanks of wastewater treatment plant (WWTP). Quantity was estimated by real-time PCR
and related to the quantity of total bacterial 16S rDNA.

The results of this study showed that the tetW gene was the most abundant ARG in the wastewater
of the WWTP. The tetW gene forms one homology group and contains 53% G+C [45] and encodes
a ribosomal protection protein that confers resistance to tetracycline [46]. Tetracyclines inhibit the
accommodation of the aminoacyl-tRNA (aa-tRNA) into the ribosomal A site and therefore prevent
the addition of new amino acids to the growing polypeptide [47]. It was demonstrated that tRNA
binding to the A site, which is normally inhibited by tetracycline is actually protected in the presence
of Tet-protein. Thus, it appears that tetW confers tetracycline resistance by releasing tetracycline from
the ribosome, thereby freeing the ribosome from the inhibitory effects of the drug, so that the aa-tRNA
can bind to the A site, and protein synthesis can continue [47]. The fact that tetW is dominant within
the tet genes was also confirmed by Czekalski et al. (2014) [48]. Screening of freshwater lake sediments
showed that the tetracycline gene abundance generally decreased from tetW over tetM to tetB, which is
consistent with the results of this study. In this study, other tetracycline resistance genes, tetA, tetM and
tetO, were below the detection limit. Svobodová et al. (2018) came to a remarkably similar result [27].
Of the five tet genes (tetW, tetO, tetA, tetB and tetM) observed in six WWTPs in central and western
Bohemia, only tetW was found at all the sampling locations. Higher abundance of the tetW gene could
be associated with higher tetracycline levels in wastewater from the sedimentation tank. A similar
result was obtained in the study by Liu et al. (2019), in which the relative abundance of the tet genes
increased from an anaerobic tank to a secondary settling tank of the WWTP in southern China [49].

3.3. Characterization of Bacterial Strains Isolated from Wastewater

3.3.1. Enzymatic Activity

Inorganic and organic nutrients in water and sediments are biochemically recycled by microbial
enzymes. In biofilms in which the largest part of microbial biomass is concentrated, these immobilized
enzymes are of great importance [50]. They can be used as indicators of microbial diversity and provide
an overview of environmental changes [51].

All tetracycline-resistant isolates were Gram-negative and showed a diverse enzymatic activity
(Table 1). Of the 40 isolates, 29 showed lipase activity and 22 lecithinase activity. The fact that
more than half of the bacteria we identified were lipophilic is consistent with the conclusions of
other studies [52]. Lipase, a hydrolytic enzyme, has antimicrobial and antifouling properties [53].
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As expected, most strains exhibited gamma-hemolytic activity, with the exception of four strains with
alpha-hemolytic and five strains with beta-hemolytic activity. Hemolysins are known to be putative
virulence factors that contribute to the bacterial pathogenesis [54]. Beta and alpha hemolysins are
the most important in biofilm pathogenesis [55]. The production of enzymes, including hemolysin,
lipase and lecithinase, is a well-known fact among biofilm producers, especially P. aeruginosa [56].
However, the enzymatic activities in biofilm-forming bacteria in wastewater are less understood
virulence factors and their importance for pathogenicity requires new, more rigorous studies.

Table 1. Phenotypic characteristic (lipase activity, lecithinase activity and haemolytic activity;−negative;
+ positive) and swimming motility (− negative; + positive; ++ moderately positive; +++ medium
positive; ++++ strong positive) of isolates from wastewater treatment plant after 24-h incubation at
30 ◦C.

Sample Lipase Activity Lecithinase Activity Hemolytic Activity Motility (Swimming)

NT-S-1 + + α +
NT-S-2 + + γ −

NT-S-3 + + β +
NT-S-4 + + γ −

NT-S-5 + + β +
NT-S-6 + + γ +
NT-S-7 + − γ −

NT-S-8 + − γ +
NT-S-9 + + γ +
NT-S-10 + + β +
ST-S-1 − − γ +
ST-S-2 + − γ +
ST-S-3 + + β ++
ST-S-4 − − γ ++
ST-S-5 + + γ +
ST-S-6 + − γ −

ST-S-7 − - γ −

ST-S-8 + + γ +
ST-S-9 − − γ −

ST-S-10 + − γ ++
NT-W-1 + + γ ++++
NT-W-2 + + α +
NT-W-3 + − γ +
NT-W-4 + + γ −

NT-W-5 − − γ −

NT-W-6 − − γ +
NT-W-7 + + γ +
NT-W-8 − − γ +++
NT-W-9 − − γ −

NT-W-10 + + β ++
ST-W-1 + − γ −

ST-W-2 − − γ +
ST-W-3 + − γ −

ST-W-4 + + α −

ST-W-5 − + γ ++
ST-W-6 − − γ −

ST-W-7 + + γ ++
ST-W-8 + + γ ++
ST-W-9 + + γ +

ST-W-10 + + α +
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3.3.2. Crystal Violet Assay for Determination of Biofilm Formation

The biofilm formation of tetracycline-resistant strains obtained by isolation from wastewaters
was determined by the crystal violet assay. The nutrient medium provides ideal living conditions
with sufficient nutrients to determine whether the strains are generally capable of biofilm formation.
The results obtained showed that most of the tetracycline-resistant isolates (38) analyzed could form
biofilm after 24 h incubation in TSB (Figures 2 and 3). Six bacterial isolates of the nitrification tank
were moderate biofilm producers in TSB medium (NT-W-1, NT-W-3, NT-W-6, NT-W-7, NT-W-9 and
NT-W-10) (Figure 2). The isolate ST-S-4 from the sedimentation tank was a moderate biofilm producer
and the isolates ST-S-5 and ST-S-8 were non-producers (Figure 3). Other isolates were classified as weak
biofilm producers. Biofilm formation was most consistent in the bacterial isolates from the nitrification
tank obtained in the winter-period compared to the bacterial isolates from the summer-period in TSB
(Figure 2). On the contrary, more biofilm was formed by bacterial isolates from the sedimentation tank
from summer-period compared to winter-period in TSB (Figure 3). Abdulina et al. (2019) showed
that active biofilm is formed in wastewater treatment plants regardless of the season [57]. Bacterial
isolates from the nitrification tank were better biofilm formers compared to bacterial isolates from the
sedimentation tank in TSB (Figures 2 and 3). Li et al. (2011), in contrast, found that bacteria from the
sedimentation tank were larger biofilm producers than bacteria from the nitrification tank, which may
be related to the ongoing sedimentation in the sedimentation tank [58]. Due to the observed differences
in the ability of isolates to form a biofilm in the nitrification tank and in the sedimentation tank and the
results published by Li et al. (2011), it would be appropriate to further investigate whether or not the
tank type plays a role in biofilm formation.
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Figure 2. Biofilm formation of isolates from the nitrification tank of wastewater treatment plant
incubated in tryptic soy broth (TSB) and nitrification wastewater (WW). Bacterial biofilm measured at
584 nm after 24-h and 120-h incubation at 30 ◦C.

Subsequently, resistant isolates were also tested for biofilm formation in wastewater to simulate
the aquatic environment in the WWTP tanks. Isolates from the nitrification tank were tested in the
nitrification wastewater (Figure 2) and isolates from the sedimentation tank in the sedimentation
wastewater (Figure 3). The isolates from the nitrification tank were mostly weak biofilm producers
after 24 h and 120 h incubation in the nitrification wastewater. Only the isolates NT-S-3 and NT-W-7
were moderate biofilm producers after 24 h incubation in the nitrification wastewater (Figure 2). On the
contrary, the sedimentation wastewater did not induce biofilm formation after 24 and 120 h in the
bacterial isolates from the sedimentation tank of WWTP. Three bacterial isolates from the sedimentation
tank were non-producers of biofilm after 24 h incubation in the sedimentation wastewater (ST-W-4,
ST-W-9 and ST-W-10) and seven after 120 h incubation (ST-S-5, ST-S-6, ST-S-8, ST-W-3, ST-W-7,
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ST-W-8 and ST-W-9) (Figure 3); this finding corresponds to the results of biofilm formation in TSB.
Other tetracycline-resistant isolates from the sedimentation tank were weak biofilm producers after
24 h and 120 h incubation in the sedimentation wastewater. A correlation was observed between
biofilm formation in TSB and biofilm formation in the sedimentation wastewater from summer-period
and winter-period after 24 h and 120 h incubation (p < 0.05), respectively (Table 2). Isolates NT-S-3,
NT-S-4, NT-S-6, NT-W-7 and NT-W-10 induced biofilm formation after 24 h incubation in nitrification
wastewater compared to 120 h incubation (Figure 2). This may be related to quorum sensing,
i.e., the accumulation of a large number of cells which are then dispersed again in the medium [59].
Interestingly, the isolates NT-S-3 and NT-S-10 were capable to create more biofilm after 24 h incubation
in nitrification wastewater compared to TSB (Figure 2). It was found that the carbon sources and other
nutrients present in the nitrification tank of the WWTP influenced quorum sensing signals, which have
a strong effect on biofilm formation and stability [60].Processes 2020, 8, x FOR PEER REVIEW 10 of 21 
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Figure 3. Biofilm formation of isolates from the sedimentation tank of wastewater treatment plant
incubated in tryptic soy broth (TSB) and sedimentation wastewater (WW). Bacterial biofilm measured
at 584 nm after 24-h and 120-h incubation at 30 ◦C.

Table 2. Biofilm formation, hydrophobicity, autoaggregation and motility of isolates from the
nitrification tank and sedimentation tank of wastewater treatment plant. TSB-tryptic soy broth;
WW—wastewater; 5, 24 and 120 h—time of incubation; NP—non-producer. Little superscript letters in
individual columns indicate correlation between parameters (p < 0.05).

Sample
Biofilm

Hydrophobicity d
Autoaggregation e

Motility f

TSB a WW 24 h b WW 120 h c 5 h 24 h

NT-S-1 Weak Weak Weak Hydrophilic Moderate Moderate Positive c

NT-S-2 Weak Weak Weak Hydrophilic Moderate Moderate Negative c

NT-S-3 Weak Moderate Weak Hydrophilic Moderate Moderate Positive c

NT-S-4 Weak Weak Weak Hydrophilic Weak Moderate Negative c

NT-S-5 Weak Weak Weak Moderately
hydrophobic Weak Moderate Positive c

NT-S-6 Weak Weak Weak Moderately
hydrophobic Weak Moderate Positive c

NT-S-7 Weak Weak Weak Hydrophilic Moderate Moderate Negative c

NT-S-8 Weak Weak Weak Moderately
hydrophobic Moderate Moderate Positive c

NT-S-9 Weak Weak Weak Hydrophilic Weak Moderate Positive c

NT-S-10 Weak Weak Weak Hydrophilic Weak Weak Positive c

ST-S-1 Weak Weak a Weak a Hydrophilic b Weak Moderate Positive

ST-S-2 Weak Weak a Weak a Moderately
hydrophobic b Weak Moderate Positive

ST-S-3 Weak Weak a Weak a Moderately
hydrophobic b Weak Moderate Moderately

positive

ST-S-4 Moderate Weak a Weak a Hydrophilic b Weak Moderate Moderately
positive
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Table 2. Cont.

Sample
Biofilm

Hydrophobicity d
Autoaggregation e

Motility f

TSB a WW 24 h b WW 120 h c 5 h 24 h

ST-S-5 NP Weak a NP a Moderately
hydrophobic b Weak Weak Positive

ST-S-6 Weak Weak a NP a Moderately
hydrophobic b Moderate Strong Negative

ST-S-7 Weak Weak a Weak a Hydrophilic b Weak Moderate Negative

ST-S-8 NP Weak a NP a Moderately
hydrophobic b Weak Moderate Positive

ST-S-9 Weak Weak a Weak a Hydrophilic b Moderate Moderate Negative

ST-S-10 Weak Weak a Weak a Moderately
hydrophobic b Weak Moderate Moderately

positive

NT-W-1 Moderate Weak Weak Hydrophilic e Weak Moderate Strong
positive

NT-W-2 Weak Weak Weak Hydrophilic e Moderate Moderate Positive

NT-W-3 Moderate Weak Weak Moderately
hydrophobic e Moderate Moderate Positive

NT-W-4 Weak Weak Weak Hydrophilic e Weak Moderate Negative
NT-W-5 Weak Weak Weak Hydrophilic e Weak Moderate Negative
NT-W-6 Moderate Weak Weak Hydrophilic e Moderate Moderate Positive
NT-W-7 Moderate Moderate Weak Hydrophilic e Weak Moderate Positive

NT-W-8 Weak Weak Weak Hydrophilic e Moderate Moderate Medium
positive

NT-W-9 Moderate Weak Weak Hydrophilic e Weak Moderate Negative

NT-W-10 Moderate Weak Weak Hydrophilic e Weak Moderate Moderately
positive

ST-W-1 Weak Weak a Weak a Hydrophilic Weak c Moderate c Negative
ST-W-2 Weak Weak a Weak a Hydrophilic Weak c Moderate c Positive
ST-W-3 Weak Weak a NP a Hydrophilic Weak c Moderate c Negative
ST-W-4 Weak NP a Weak a Hydrophilic Weak c Moderate c Negative

ST-W-5 Weak Weak a Weak a Hydrophilic Weak c Moderate c Moderately
positive

ST-W-6 Weak Weak a Weak a Moderately
hydrophobic Weak c Moderate c Negative

ST-W-7 Weak Weak a NP a Moderately
hydrophobic Weak c Moderate c Moderately

positive
ST-W-8 Weak Weak a NP a Hydrophilic Weak c Moderate c Moderately

positive
ST-W-9 Weak NP a NP a Moderately

hydrophobic Weak c Moderate c Positive

ST-W-10 Weak NP a Weak a Moderately
hydrophobic Weak c Moderate c Positive

a—correlation between biofilm formation in the TSB and the given parameter; b—correlation between biofilm
formation in wastewater after 24 h of incubation and the given parameter; c—correlation between biofilm formation
in wastewater after 120 h of incubation and the given parameter; d—correlation between hydrophobicity and the
given parameter; e—correlation between autoaggregation and the given parameter; f—correlation between motility
and the given parameter.

3.3.3. Autoaggregation Test, Hydrophobicity Test and Motility

The bacterial hydrophobicity (Figure 4), autoaggregation (Figure 5) and motility (Table 1) and their
importance for the biofilm formation of tetracycline-resistant isolates was investigated further. Several
studies have confirmed that the hydrophobic properties of bacteria can be an important factor in biofilm
formation [61]. The hydrophobicity of 14 bacterial isolates was described as moderately hydrophobic
at 30 ◦C, while other 26 isolates were described as hydrophilic at the same temperature (Table 2).
The hydrophobicity of bacterial isolates from the sedimentation tank was significantly higher than the
hydrophobicity of isolates from the nitrification tank. Only one isolate sampled from the nitrification
tank in winter had moderately hydrophobic cell-surface properties (NT-W-3). However, a correlation
between hydrophobicity and autoaggregation after 5 h and 24 h incubation for NT-W samples (samples
from the nitrification tank sampled in winter-period) was observed (p < 0.05) (Table 2).

The aggregation of bacteria is one of the essential processes that plays an important part
both in biofilm formation and in different environmental interactions [10]. All investigated strains
showed increasing autoaggregation from 5 to 24 h (Figure 5). Most strains were characterized as
moderately aggregating. Among the biofilm-forming isolates, the greatest autoaggregation was
monitored in NT-W-3 and NT-W-6. Two bacterial strains (NT-S-10 and ST-S-5) were characterized by
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weak autoaggregative properties (<20%). Noteworthy, a strong autoaggregating phenotype (>70%)
was observed for ST-S-6; however, this strain was defined as weak biofilm producer. Simões et al.
(2007) reported that some bacteria are unable to create flocs without the occurrence of other bacterial
species [62]. In this study, a correlation was observed between autoaggregation after 5 h incubation
and biofilm formation in wastewater after 120 h incubation for ST-W samples (samples from the
sedimentation tank sampled in winter-period) (p < 0.05) (Table 2).
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The bacterial motility depends on the flagella. Their presence is a decisive factor and bacteria
have the ability to adhere to various surfaces, but also to form a biofilm [10]. The motility of NT-W-1
and NT-W-8 was designated as strong positive, while the isolates ST-W-3, ST-W-6, ST-S-9 and NT-W-9
were designated as non-motile (Table 1). Biofilm formation in TSB was not confirmed in non-motile
isolates. A correlation was detected between motility and biofilm formation in wastewater after 120 h
incubation for NT-S samples (samples from the nitrification tank sampled in summer-period) (p < 0.05),
respectively (Table 2).



Processes 2020, 8, 989 13 of 20

3.4. Tetracycline MIC and MBC for Selected Isolates and the Effect of Sub-Inhibitory Concentrations on
Biofilm Formation

Comprehension of the dynamics of biofilms that are affected by the antibiotics is significant for
the development of control strategies for wastewater treatment processes and also for tracking the
evolution of resistance. It is known that increase via biofilm-specific resistance mechanisms leads to
greater resistance to different antibiotics and further environmental stressors [63].

To determine the MIC and MBC of tetracycline and to investigate antibiotic-induced biofilm
formation, we exposed selected bacterial isolates from each groups of samples (NT-S-3, NT-S-8, ST-S-2,
ST-S-5, NT-W-4, NT-W-7, ST-W-2 and ST-W-10) to tetracycline for 24 h. The MIC and MBC values of
tetracycline were determined as an evaluation of its antimicrobial activity against selected bacterial
isolates from the WWTP (Table 3). MIC values for most strains were 0.25 or 0.5 µg/mL, while isolates
ST-S-2 and ST-W-2 were more resistant with MIC of 2 and 4 µg/mL, respectively. MBC values for
most strains were between 0.5 and 1 µg/mL, but increased to 4 and 8 µg/mL for ST-S-2 and ST-W-2,
respectively. Svobodová et al. (2018) found that 67% of bacterial isolates isolated from the nitrification
tanks of Czech WWTPs and 82% from those of effluent had MIC values ranging in an interval of 2–50 µg
tetracycline/mL [27]. Huang et al. (2012) monitored the MIC values of antibiotics for heterotrophic
bacteria from the WWTP in China [64]. For penicillin and tetracycline, the MIC values showed
16 µg/mL and for ampicillin, cephalothin and chloramphenicol 32 µg/mL. Obayiuwana et al. (2018)
found high MIC values of selected antibiotics on the bacterial isolates from the hospital wastewaters in
Nigeria [65]. The MIC of tetracycline was lowest among the antibiotics tested (128 µg/mL), while the
values for ampicillin, amoxicillin, trimethoprim, chloramphenicol and sulfonamides were highest with
1024 µg/mL for MIC values. These results are not surprising, as antibiotics easily accumulate in sewage
sludge or sediments [21]. Thereby, the presence and cumulation of not only tetracycline antibiotics in
the environment could lead to negative influence in humans as well as animals.

Table 3. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC),
sequence identification and detected antibiotic resistance genes (tet) of selected isolates. TET tetracycline;
– negative; + positive.

Sample MIC TET
[µg/mL]

MBC TET
[µg/mL] Identification tetA tetB tetM tetO tetW

NT-S-3 0.250 0.500 Aeromonas salmonicida – + – – +
NT-S-8 0.250 0.500 Aeromonas salmonicida – – – – +
ST-S-2 2.000 4.000 Aeromonas salmonicida – – – – +
ST-S-5 0.500 1.000 Aeromonas sp. – – – – +

NT-W-4 0.250 0.500 Aeromonas sp. – – – – +
NT-W-7 0.500 1.000 Klebsiella pneumoniae – – – – +
ST-W-2 4.000 8.000 Pseudomonas sp. – – – – +

ST-W-10 0.500 0.500 Aeromonas sp. – – – – +

Further, biofilm formation in the presence of tetracycline was evaluated (Figure 6). In the isolates
NT-S-3, NT-S-8, NT-W-4, ST-S-2 and ST-S-5 biofilm formation was induced with sub-inhibitory
tetracycline concentrations. When the isolates were supplemented with tetracycline, it was found that
the concentration range from 0.25 to 4 µg/mL inhibited biofilm formation, but the concentration range
from 0.03125 to 0.125 µg/mL induced biofilm formation. The tested sub-inhibitory concentrations
induced biofilm formation in a higher number of bacterial isolates obtained in the summer-period
compared to bacterial isolates obtained in the winter-period. Interestingly, increased bacterial growth
was induced in the isolates NT-S-8 and ST-S-5 with sub-inhibitory tetracycline concentrations in the
concentration range from 0.03125 to 0.0625 µg/mL. Biofilm formation in bacteria in the occurrence of
tetracycline antibiotic has been detected previously [66]. Penesyan et al. (2019) confirmed that bacterial
isolates from tetracycline treatments exhibit 5 to 10 times larger formation of biofilm than untreated
cells [63]. It has been published that the presence of either a gentamicin or tetracycline resistance
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gene induces biofilm formation [67]. According to the results of this study, this can complicate the
treatment of wastewater since the presence of tetracycline (even at low concentrations) promotes
biofilm formation and reinforces the mechanisms of biofilm resistance. These results suggest that
care should be taken in the use of antibiotics and their distribution in the environment and that the
development and maturation of biofilms should be monitored.
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Figure 6. Effect of different concentrations of tetracycline (µg/mL) on bacterial growth (optical
density measured at 600 nm) and bacterial biofilm formation (determined with crystal violet assay
measured at 584 nm) of selected isolates after 24-h incubation at 30 ◦C from nitrification tank (NT)
and sedimentation tank (ST) of wastewater treatment plant. PC positive control (inoculum without
tetracycline); NC negative control (TSB).
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3.5. Identification of Selected Isolates and Detection of ARGs

These selected isolates were subjected to identification by sequencing of the 16S rDNA gene
fragment. The sequences of isolates NT-S-3, NT-S-8 and ST-S-2 were clustered with Aeromonas salmonicida.
The isolates NT-W-4, ST-S-5 and ST-W-10 were classified as Aeromonas sp. The sequence from the isolate
ST-W-2 was clustered with the sequences of Pseudomonas sp. The isolate NT-W-7 showed a sequence
similar to that of Klebsiella pneumoniae (Table 3). The occurrence of Aeromonas sp. in wastewater was
not surprising, as these are ubiquitously occurring aquatic bacteria that generally have high resistance
to antibiotics and form biofilm [68]. The similar has been reported for other identified species and
genera. Barati et al. (2016) demonstrated that 76.4% of the aquatic-borne K. pneumoniae isolates form
biofilm [69]. Mahapatra et al. (2015) confirmed biofilm formation in 37 of 187 isolates from water
samples, including Acinetobacter spp., Klebsiella spp., Pseudomonas spp. and others [70]. Emami et al.
(2015) demonstrated that biofilm-producing isolates of Pseudomonas spp. from wastewater in Iran
were more resistant to the antibiotics tested [71]. Bacterial species belonging to the genus Klebsiella
and Pseudomonas are well-known opportunistic hospital pathogens with the potential to exit hospitals
via effluent systems. They are a common cause of hospital-associated diseases, such as pneumonia,
urinary tract infections and gastrointestinal infections [72,73]. The occurrence of these bacterial species
in the environment—especially antibiotic resistant—is an important issue for the environment and
public health [74]. Furthermore, there is currently a knowledge gap as to whether the presence of such
species in community wastewaters poses a potential risk to human health [75].

Further, these selected isolates were tested for the occurrence of the genes tetA, tetB, tetM, tetO and
tetW. The tetW gene was found in all samples. In contrast, the tetB gene was only found in the isolate
NT-S-3, indicating a potential multidrug resistance in this bacterium. The tetA, tetM and tetO genes
were not detected in this study (Table 3). Svobodová et al. (2018) analyzed fragments of the ARGs
tetW, tetO, tetA, tetB and tetM in selected bacterial isolates from urban WWTP and only the tetW gene
amplification was observed [27].

4. Conclusions

The study monitored the effect of the antibiotic tetracycline on biofilm formation by resistant
bacterial strains isolated from different phases of the wastewater treatment process. Bacterial isolates
from the nitrification tank produced biofilm with up to 10 times higher intensity compared to the
isolates from the sedimentation tank. The biofilm formation in TSB was the most pronounced in
bacterial isolates from the nitrification tank obtained during the winter-period. In accordance with
this, it was found that the antibiotic tetracycline induces biofilm formation in tetracycline-resistant
isolates mainly from the summer-period (from 0.03125 to 0.125 µg/mL), but also promotes bacterial
growth in the same concentrations. Increased biofilm formation after influence of sub-inhibitory
tetracycline concentrations was found especially in Aeromonas spp. Tetracycline-resistant bacteria in
WWTP were dominated by those with MIC values of 0.25–4 µg tetracycline/mL and MBC values of
0.5–8 µg tetracycline/mL. The highest tetracycline resistance was associated with bacteria of the genus
Pseudomonas.

The results demonstrated that tetW gene was the most frequently detected tetracycline resistance
gene. The tetW gene occurred in the sedimentation tank at a higher abundance compared to the
nitrification tank. The tetB gene was also quantified in both tanks, but at a lower abundance.
UHPLC-MS/MS confirmed 1.25 times higher presence of the antibiotic tetracycline in the sedimentation
tank compared to the nitrification tank of the WWTP.

In summary, this study demonstrates the induction of biofilm formation by sub-inhibitory
tetracycline concentrations in tetracycline-resistant bacteria, suggesting that biofilms play an important
part as reservoirs for ARGs. Bacteria can acquire a high-level resistance to various antimicrobial agents
by forming a biofilm if they are supplemented with a sub-inhibitory amount of the antibiotic mixture.
Removal of antibiotic compounds and ARB in WWTPs is not sufficient to prevent the spread of ARGs
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into the environment. The bacterial potential for the transfer of other resistance genes within biofilms
and during the wastewater treatment process needs further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/8/989/s1,
Figure S1: The growth curves of tetracycline-resistant isolates from the nitrification tank (NT) and the sedimentation
tank (ST) of the wastewater treatment plant for the preparation of the hydrophobicity test. The growth curves
measured every 30 min 24 h at 600 nm and 30 ◦C, Table S1: Concentration (ng/µL) and purity (A260/A280) of
DNA samples from the wastewater of the nitrification and sedimentation tanks of the wastewater treatment
plant for the quantification of antibiotic resistance genes, Table S2: Primers sequences and PCR and qPCR
conditions used for detection and quantification of tet genes in wastewater samples and selected bacterial isolates,
Table S3: The parameters of the growth curves of tetracycline-resistant isolates from the nitrification tank (NT)
and the sedimentation tank (ST) of the wastewater treatment plant for the preparation of the hydrophobicity test.
The growth curves measured every 30 min 24 h at 600 nm and 30 ◦C, Table S4: Efficiency of qPCR assays retrieved
from standard curves.
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