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Abstract: Antimicrobial resistance (AMR) arises mostly because of the use and abuse of antibiotics in
both the human and veterinary sectors. Furthermore, antibiotic residues can be discharged into the
environment, promoting the spread of AMR as well as becoming a potential ecotoxicological risk.
Aquaculture is one such source of environmental pollution. In the present work, we evaluated the
correlation between antibiotic consumption in 11 selected aquafarms located along the Nera River,
and the detection of their residues in surface water and sediment samples gathered monthly from the
same stream. Antibiotic consumption was calculated using the ESVAC defined daily doses for animals
(DDDvet) method, and a chemical analysis was conducted using a multiclass method. Therefore,
the ecological risk of antibiotics being detected in surface waters was established based on the risk
quotient (RQ). A strong positive correlation was identified between the concentrations detected
in surface waters and the consumption of flumequine (r = 72%, p-value = 0.0085) and florfenicol
(r = 83%, p-value = 0.0008). The RQ, however, was low for all the detected antibiotics in surface waters.
Therefore, we proved that the antibiotics used in aquaculture can reach the near aquatic environment,
but, in this work, they did not represent a toxicological risk to the surrounding ecosystem.

Keywords: aquaculture; antimicrobial resistance; environmental risk assessment; DDDvet;
antibiotic consumption

1. Introduction

Antibacterial therapy was one of the most important medical developments of the 20th century
and has become one of the pillars of modern medicine [1]. However, the efficacy of these drugs is
gradually decreasing because of antimicrobial resistance (AMR), which represents one of the worst
current threats to public health. Microorganisms faced with antimicrobial selection pressure enhance
their fitness by acquiring and expressing resistance genes and then share those genes with other
bacteria. Thus, antimicrobial use and abuse in the human, animal, and plant sectors are important
drivers of AMR. The other main drivers are factors that promote the spread of resistant bacteria and
resistance determinants within and between these sectors and around the globe [2]. In particular,
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these include environmental contamination, as the environment can serve as an AMR reservoir [2,3].
Indeed, after administration, a significant fraction of antibiotics, like other pharmaceuticals, can be
released into the receiving environment through industrial wastewater, medical and animal waste,
and sewage effluent, and can be present either as metabolites or as the parent compound [4–7].
Furthermore, direct discharge, especially from livestock, meat processing, and aquaculture, is also
possible and can contribute to an increase in the total concentration of antibiotics in sewage and
surface water [6]. Various studies have demonstrated that antibiotics and their byproducts (BPs)
may reach surface water, groundwater, and, potentially, drinking water [8,9]. Even if the detected
concentrations are low (from ng/L to µg/L), water bodies have been identified as significant holding
tanks for antibiotics [10], which can then potentially bioaccumulate in aquatic organisms [11]. They can
also disrupt vital ecosystem processes, representing an ecotoxicological risk [8]. For this reason,
antibiotics were recently recognized as an emerging class of environmental pollutants, of which the
potential effects on human health have aroused growing concern [8]. In 2018, the European Commission
included antibiotics like amoxicillin, ciprofloxacin, and macrolides (erythromycin, clarithromycin,
and azithromycin) on a watchlist of substances that when present in surface waters can represent a
significant risk for the member states [12,13]. There is currently no specific surveillance system for
antibiotics, and the available data are too scarce to evaluate the real risk associated with polluted water
bodies [14]. For this reason, to protect the ecology and environment of river systems contaminated by
antibiotics, it is essential to characterize the occurrence pattern and spatiotemporal characteristics of
representative chemicals and to provide a theoretical basis for basin management and restoration in
the future [15]. As proof of the close link between the ecotoxicological risk determinants and human
health, we considered the recent paper “Guidelines for health impact assessment” from the Italian
“Superior Institute of Health” [16]. The paper presents a guided methodological approach for the
execution of ecotoxicological surveys, with the aim of protecting human health from the impact of
repeated exposure to environmental risk factors via integration of different knowledge and skills.

Aquaculture is high-risk livestock, regarding its potential impact on environmental health, because
drugs for the treatment of fish are directly released into surface waters [17]. Most of all, in intensive
aquaculture, especially for salmon and trout, nearly all manipulations undergone by the fish as they
are being raised are stressors [18,19]. Because these manipulations decrease the effectiveness of the
fishes’ immune systems in clearing up bacterial colonization and infection, the use of antibiotics
has increased [18–21]. In aquaculture, antimicrobials are usually administered to entire populations,
including sick, healthy, and carrier individuals, via a medicated feed released directly in the water [22].
In this way, antibiotics enter the environment as a result of leaching from feces and uneaten antibiotic
feed. It has been estimated that 70-80% of antibiotics applied in aquaculture are dispersed into water
systems because fish do not effectively metabolize these pharmaceuticals [22,23]. Unfortunately,
determining the current levels of antibiotic consumption in aquaculture, as for all veterinary sectors,
is not easy because of the different monitoring systems used by different countries, as well as the
varying quality of the resulting data [24,25]. AMR is thought to be a direct result of antimicrobial drug
use [26]. Thus, in terms of risk to AMR dissemination, aquaculture is of particular concern in terms
of the propensity for emergence, persistence, and transmission within the aqueous environment [27].
An increasing number of studies have documented elevated levels of bacterial antibiotic resistance in
and around aquaculture production environments, suggesting that similar gene transfer events could
play a role in the transfer of antibiotic resistance determinants between fish-associated bacteria and
human bacterial pathogens. [28]. In a double meta-analysis conducted on antimicrobial resistance
of 11,274 different bacterial isolates from aquatic reared animals and the aquaculture environment
obtained from the literature, was found a strong correlation between multi-antibiotic resistance (MAR)
indexes from aquaculture and MAR indexes from human clinical bacteria [26]. Although resistance
gene dissemination is known to be exacerbated by the presence of antimicrobial compounds in the
environment, there is no comprehensive inventory of antibiotics and other antimicrobials that are
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currently used in aquaculture at local, national and international levels, and the precise types and
amounts of chemical and biological contaminants present in aquaculture systems are unclear [27,28].

The aim of this study was to evaluate the hypothetical correlation between antibiotic consumption
(using standardized units of measurement) in 11 aquafarms located along the Nera River, and the
detection of the same substances in water and sediment samples gathered at five points near fish plants.
Furthermore, we evaluated the impact on the environment of the detected antibiotics, calculating
the risk quotient (RQ) as an indicator of the ecotoxicological risk. Indeed, the RQ is often used to
quantitatively express the possible risk posed by micropollutants. It is calculated by dividing an
environmental exposure value (measured environmental concentration-MEC) by a toxicity end-point
value (predicted no effect concentration-PNEC) of the target substance. Therefore, the RQ is a ratio
of exposure to effect and can be used by decision-makers and risk analysts to evaluate whether the
value exceeds any predetermined threshold level of concern [29,30]. This study should support
understanding of the chemical pollution derived from aquaculture systems and its role in potential
environmental risks, in order to plan more in-depth monitoring activities in this field

2. Materials and Methods

2.1. Sampling Sites and Sample Collection

The Nera River originates in the Sibillini Mountains and flows for around 125 km into the Tevere
River, passing through the Marche and Umbria regions in the center of Italy.

Five sampling points were selected in this study on the basis of their distribution in relation to
trout farms situated along the Nera River, from the nearest to the most distant, as follows: Molini
(P1), Pontechiusita (P2), Borgo Cerreto (P3), Scheggino (P4), and Casteldilago (P5). The majority of
the farms are located upstream of Molini, Pontechiusita, and Borgo Cerreto. Between Scheggino and
Casteldilago, there are no fish plants. In the considered area, there are 15 aquafarms, which breed trout
for human consumption, but four of them did not present any type of antibiotic prescription for 2018.
A map (Figure 1) representing the distribution of all the aquafarms, discriminating between those with
and without antibiotic prescriptions, and the sampling points was created in QGIS 2.4.0. More detailed
information regarding the geographical distribution of the sampling points and the related aquafarms,
with a specification of the type of production, is given in Supplementary Table S1.

The Nera River was chosen because the majority of aquafarms in the Umbria and Marche regions
are located along it and because it is a watercourse located in a low-population area. In this way,
it is less influenced by other potential contamination factors and so was more suitable for the aim of
this study.

In 2018, monthly samplings, a total of 12, were conducted. During each sampling, both surface
waters and sediments were collected in order to detect the presence of antibiotic residues. All the
water samples (1 L) were collected as a grab sample, using a water samplers telescope in order to
reach the most central part of the river. The samples were collected in clean laboratory bottles in order
to avoid any type of contamination. The sediment samples were collected by scrapping the surface
sediment (about 15 cm) through a specific perforated shovel and gathering around 100 g of materials
in clean laboratory containers. Both water and sediment samples were collected, where possible,
from the most central part of the river for each sampling site. After transportation to the laboratory,
water samples were immediately frozen at −20 ◦C. Sediment samples were air-dried for 72 h in the
dark at ambient temperature, sieved to a particle diameter < 1000 µm and then stored at −20 ◦C until
analysis. A multiclass method was applied, using liquid chromatography coupled with high-resolution
mass spectrometry (LC-HRMS) to simultaneously determine levels of 64 and 56 analytes in the water
and sediment, respectively.
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Figure 1. The course of the Nera River (light blue line), the overall trout aquafarms (small yellow
dots), with the specification of those that were evaluated in the study (red stars), having had antibiotic
prescriptions during 2018, and the selected sampling sites (orange diamonds).

2.2. Chemical Analysis

Acetonitrile (LC-MS grade), glacial acetic acid and ammonia were purchased from Merck
(Darmstadt, Germany), methanol (LC-MS grade) from Honeywell Riedel de HaënTM (Seelze,
Germany). Formic acid (50%), EDTA sodium salt dehydrate, and ammonium acetate were provided
by Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade water was obtained through a Milli-Q water
purification system (Millipore, Bedford, MA, USA).

River water: One hundred microliters of NA2EDTA 0.1 M was added to 200 mL of river water
sample and acidified to pH 3 with glacial acetic acid. The sample was loaded onto an Oasis HLB
cartridge (Waters, Milford, MA, USA) connected to a Strata-X-C cartridge (Phenomenex, Torrance, CA,
USA) previously conditioned with 6 mL of methanol and 6 mL 0.1% acetic acid solution. The Strata-X-C
was separated and washed with 6 mL of water. The analytes from Strata-X-C were then eluted in
a 15 mL polypropylene tube with 3 mL of a mixture acetonitrile/ammonia 70/30 (v/v) and 3 mL of
MeOH/ammonia 70/30 (v/v). The eluate was partially evaporated under a nitrogen stream. In the
meantime, the Oasis HLB cartridge was washed with 6 mL of water and eluted with 6 mL MeOH,
which was reunited with Strata-X-C eluates. After evaporation, the dry extract was redissolved in 200µL
of ammonium acetate 0.2 M, centrifuged (12000 rpm, 5 min) and injected into the LC-HRMS system.

River sediment: One gram of the dried sediment was weighed in a 50 mL polypropylene tube and
extracted with 15 mL of McIlvaine-EDTA buffer (pH 7)/MeOH 40/60 (v/v) followed by 5 mL Na2EDTA
0.1 M and 10 mL of McIlvaine buffer (pH 3)/MeOH 40/60 (v/v). The third extraction was carried out
with 5 mL Na2EDTA 0.1 M and 10 mL of ammonia buffer (pH 10)/MeOH 40/60 (v/v). The reunited
extracts were evaporated under a nitrogen stream to about 24 mL, the pH was adjusted to 3, and the
volume was increased to 50 mL with water. The sample was then purified as described for river water,
using the SPE cartridges OASIS HLB and Strata-X-C.

The LC-HRMS conditions were the same as those described by Moretti et al., 2016 [31]. Briefly,
chromatographic separation was carried out on an Ultimate 3000 (Thermo, San Jose, CA, USA) with a
LC column Poroshell 120 EC-C18 (3.0 × 100 mm 2.7 µm, Agilent Technologies, CA, USA), applying a
gradient with methanol and water containing 0.1% of formic acid as mobile phases. The mass analyzer
was a Q-Orbitrap (Thermo LC-Q-Exactive).
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The antibiotics with the relevant limits of detection (LODs) included in the method for river
waters (64 compounds) and river sediments (56 compounds) are listed in the Supplementary Materials
(Supplementary Table S2). In this table, also the abbreviations that we used for the detected antibiotics
are shown. With respect to waters, in sediments, only 56 drugs were determined since eight antibiotics
(six beta-lactams and two macrolides) did not reach acceptable accuracy (data not shown), and therefore,
they were excluded. In order to assure the quality of results, in each analytical batch, three quality
controls were inserted and analyzed in parallel: One blank sample (negative QC) and two spiked
ones (positive QCs at low and high concentration). In addition, eight internal standards (ceftiofur-d3,
enrofloxacin-d5, florfenicol-d3, metacycline, penicillin-d7, spiramycin-d3, sulfamethazine-13C6 and
sulfanilamide-13C6) were added prior sample preparation to check the recoveries of the different
antibiotic classes.

2.3. Prescription Analysis and Antibiotic Consumption Evaluation

All the veterinary paper prescriptions that arrived at the Veterinary Public Services of Umbria and
Marche regions were gathered and converted to electronic format via an Excel® spreadsheet. Damaged
or unreadable prescriptions were deleted. In this way, it was possible to collect all the necessary
information in order to conduct the next evaluation of antibiotic consumption patterns. The defined
daily doses for animals (DDDvet) method was used to evaluate the consumption of antibiotics,
as suggested in the EMA document [32]. The DDDvet is defined as the assumed average dose per
kg animal per species per day [32]. In its document, EMA does not take into account fish species for
DDDvet values. For this reason, the defined daily doses for animals (DDDA) values (the DDDvet
term is conventionally used only for values elaborated by EMA and reported in its document)
were assessed for those antibiotics used in the evaluated trout farms. To do that, the summary of
product characteristics (SPC) was taken from the Italian veterinary medicine handbook of the Health
Ministry [33]. The assigned DDDA values are listed in Supplementary Table S3.

Following the assessment of DDDA values, the number of prescribed DDDA (pDDDA) was
calculated as the kg of live weight of animals that might have received a single dose of a specific active
substance, according to the different routes of administration. In fish, the oral route via medicated feed
is the only one used. Equation (1) shows how the pDDDA was calculated for medicated feed, where
“total amount of AS” indicates the real amount (mg) of the single active substance (AS) contained in it,
as prescribed. The value is obtained by multiplying the concentration of the medicated feed (mg of
AS/g of premix) by the total amount (g) of the premix.

pDDDA =
total amount o f AS (mg)

DDDA
( mg

kg×day

) (1)

The prescribed DDDA for every feed was then stratified by AS and added up, thus providing
the consumption patterns of all the antibiotics prescribed on the evaluated aquafarms. Temporal
(monthly), spatial (aquafarms located among the five sampling points), and production-based (fattening,
prefattening, and juvenile fish) analyses were also carried out.

2.4. Statistical Analysis

A descriptive analysis was conducted of all variables obtained from the water and sediment
sampling along the Nera River, and veterinary prescriptions were evaluated for the assessment of
pDDDA values.

To verify the null hypothesis that the sample was casually extracted from a normal
or lognormal distribution, the Kolmogorov-Smirnov and Anderson-Darling tests were used.
The Kruskal-Wallis nonparametric test [34,35] was used to compare the detected variables between
different sampling points.
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To determine the presence of correlation among the variables, Spearman’s nonparametric test
was applied.

Statistical tests were carried out with 95% significance. Statistical Analysis Systems software,
v.9.3 (SAS Institute Inc., Cary, NC, USA) was used to perform all statistical analyses.

2.5. Ecological Risk Assessment of Antibiotics Detected in the Environment

The theoretical ecological risk is defined as the probability of a given ecosystem being threatened by
contamination from chemical compounds. Following the recommendation of the European Technical
Guidance Document (TGD) [36], the RQ was applied to evaluate the potential ecotoxicological risk
related to antibiotics in the Nera River’s aquatic environment, using Equation (2).

RQENV =
MECMAX
PNECENV

(2)

where MECMAX is the measured environmental concentration, the maximum concentration of a given
contaminant detected in a matrix. The predicted no-effect concentration (PNEC) is the concentration of
a chemical below which no adverse effects of exposure in an ecosystem are measured. The PNECENV

is the predicted no-effect concentration in the environment (PNEC-Environment), i.e., the maximum
concentration of the contaminant that does not harm the ecosystem.

Algae and cyanobacteria are conventionally used as indicators of water quality because of their
short life cycle, high reproduction rate, nutrient requirement and because they immediately respond to
changes in water quality [37]. Cyanobacteria, like prokaryotes, are considered susceptible organisms
to antibiotics [38]. The use of cyanobacteria for effect testing of antimicrobials is recommended by
the European Medicines Evaluation Agency (EMEA), which recommends using them due to their
sensitivity [39].

In this study we used the PNEC for three representative organisms of the aquatic environment:
The cyanobacterium Anabaena flos-aquae (blue green algae) [40], the microalga Raphidocelis subcapitata
and the green alga Green Chlorophyta [41,42].

The PNEC values of chemicals considered in this study were taken from the current literature and
are presented in Table 4 [43–46]. Based on the EMEA guidelines [39], the MECMAX/PNECENV ratio
indicates a low risk if it is in the range from 0.01 and 0.1, a medium risk if from 0.1 to 1, and a high risk
if it is over 1 [36,47].

3. Results and Discussion

3.1. Chemical Analysis

3.1.1. Antibiotics in Water Samples

Among the 64 antibiotics included in the method scope (Supplementary Table S2), 28 were found
in at least one of 60 analyzed water samples. It must be underlined that the choice of antibiotics to
be included in the method scope was carried out considering their high usage in Italian farms [31].
Analyte concentrations are provided in Supplementary Table S4. Since the variables are not distributed
according to a normal or lognormal distribution (p-value < 0.01), the Kruskal-Wallis nonparametric
test [34,35] was applied to evaluate whether there were significant differences in the concentrations of
antibiotics detected among the five selected sampling points. These analyses were conducted only
on those ASs that were detected with a frequency of over 75% in at least three sampling sites during
the 12 months of evaluation. For this reason, in data related to surface water samples, the active
compounds florfenicol (FF), sulfadiazine (SDZ), and trimethoprim (TMP) were further evaluated for
the statistical analysis. Thus, they represent the antibiotics most commonly found in all the surface
water samples. Significant differences among the median values of concentrations detected across the
five points (Molini, Pontechiusita, Borgo Cerreto, Scheggino, and Casteldilago) were observed in two
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of three antibiotics included in the analysis, SDZ (p-value = 0.040) and TMP (p-value = 0.005), while for
FF the results were not statistically significant (p-value = 0.096).

The most abundant antibiotics detected in water samples were similar among the five sampling
sites and are illustrated in Figure 2. In particular, the first three substances, which revealed the highest
median concentrations values in all the sites, were SDZ, TMP and FF. The highest concentration values
of antibiotics were associated with the upstream sampling points—Molini and Pontechiusita—except
for SDZ, which also presented high results in Scheggino and Casteldilago (median = 102.5 ng/L and
71.5 ng/L, respectively).

Figure 2. Concentrations (median values) of the main antibiotics detected in the surface water samples
from the five sites during the year 2018. P1: Molini, P2: Pontechiusita, P3: Borgo Cerreto, P4: Scheggino,
P5: Casteldilago. ERY: Erythromicin, FF: Florfenicol, FLU: Flumequine, OTC: Oxytetracycline, SDZ:
Sulfadiazine, TMP: Trimethoprim.

Similar findings were highlighted in other studies that investigated the occurrence of selected
antibiotics in the surface waters in areas near fish systems. Indeed, all these studies revealed that
the sulfonamides (SAs) were the predominant class of antibiotics with the overall highest detection
frequency in surface waters [5,48,49].

3.1.2. Antibiotics in Sediment Samples

Only 10 out of the 56 antibiotics assessed (Supplementary Table S2) were found in sediments.
Their concentrations are reported in Supplementary Table S5. Sediment results highlighted a significant
difference between median values of oxytetracycline (OTC) (p < 0.001), the only compound that had
a frequency over 75% in all the considered sampling sites, with the highest values in Molini and
Pontechiusita, as already observed in water samples. Figure 3 illustrates the median concentration
values of the antibiotics detected most in sediment. As expected, the most abundant drugs found in
sediments belonged to the quinolones (ciprofloxacin, flumequine, and oxolinic acid) and tetracyclines
(oxytetracycline) classes. Indeed, in other similar studies [15,50–52], tetracyclines (TCs) and quinolones
(QNs) also showed the highest concentration levels in the sediment phases. This may be attributed
to the physicochemical characteristic of TCs, as they tend to adsorb onto sediments [53] and are
generally not completely catabolized by organisms, thus entering the environment through excrement.
This may explain the large difference observed in OTC concentrations between water and sediments
(Supplementary Tables S4 and S5).
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Figure 3. Concentrations (median values) of the main antibiotics detected in the sediment samples of
the five sites during the year 2018. P1: Molini, P2: Pontechiusita, P3: Borgo Cerreto, P4: Scheggino, P5:
Casteldilago. OXO: Oxolinic acid, CIP: Ciprofloxacin, FLU: Flumequine, OTC: Oxytetracycline, SDZ:
Sulfadiazine, TMP: Trimethoprim.

More specifically, the correlation analysis of the sum of monthly concentrations of antibiotics
detected in surface water and sediment samples did not highlight any significant associations
(p-value > 0.05) for any of the variables (Table 1). A possible explanation for this evidence is that the
sediment-water interaction of antibiotics could be regulated, to some extent, by the hydrophobicity of
antibiotics [5]. In addition, it seems that the molecular size of antibiotics influences their concentrations
in sedimentary phases, meaning that large and heavy molecules are more likely to be attracted to the
sediment matrix [5]. For example, in this study, SDZ, which has a molecular weight of 250.28 g/mol [54],
had the highest concentrations in the water matrix, as was confirmed in other studies [5,15]. In sediment,
the most represented AS was OTC, with a molecular weight of 460.4 g/mol [55]. Therefore, in this
study, the surface water matrix was then applied for comparison with the prescriptions, as the class of
antibiotics used in the evaluated aquafarms better fitted the residues detected in the waters.

Table 1. Correlation analysis between concentrations of antibiotics related to surface water and
sediment samples—Spearman’s correlation index. The statistically significant results are in bold.

Variable r (%) p-Value

ERY 51 0.0882
OTC 50 0.1006
SDZ 40 0.2028
TMP 54 0.0709

ERY: Erythromycin, OTC: Oxytetracycline, SDZ: Sulfadiazine, TMP: Trimethoprim.

3.2. Analysis of Antibiotic Consumption

Aquafarms that breed trout for human consumption along the Nera River number 15 in the Umbria
and Marche regions. Four of them did not present any type of prescription for 2018. Among the other
farms, there was no off-label use, except for erythromycin (ERY), which is not sold for fish in Italy, but is
in some other European countries. The ASs prescribed were ERY, FF, flumequine (FLU), OTC, SDZ,
and TMP. The last two, in particular, were administrated in association. Table 2 summarizes the number
of pDDDA × 104 of antibiotics per AS. SDZ, in association with TMP, was the most prescribed AS
(1049.3 pDDDA × 104), followed by FF (260.7 pDDDA × 104) and OTC (191 pDDDA × 104), while the
use of ERY was low compared to other pharmaceuticals (5.3 pDDDA × 104).
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Table 2. Antibiotic consumption (pDDDA × 104) per AS in 2018 of the evaluated aquafarms.

AS pDDDA × 104

ERY 5.3
FF 260.7

FLU 53
OTC 191
SDZ 1049.3
TMP 1049.3
Tot. 2608.5

ERY: Erythromycin, FF: Florfenicol, FLU: Flumequine, OTC: Oxytetracycline, SDZ: Sulfadiazine, TMP: Trimethoprim;
pDDDA: prescribed defined daily doses for animals; AS: active substance.

The antibiotic consumption related to the different aquafarms was evaluated, taking into account
their position in relation to the sampling points. The number of DDDA prescribed on the considered
farms, divided by AS and area, between two consecutive sampling sites is summarized in Supplementary
Table S6. In particular, four areas were identified: One that includes all the farms located upstream
of Molini (A1), one between Molini and Pontechiusita (A2), another between Pontechiusita and
Borgo Cerreto (A3), and the last one between Borgo Cerreto and Scheggino (A4). From Scheggino to
Casteldilago, there were no aquafarms with prescriptions, so this area was not considered. All the
pDDDA considered, based on their area (A1, A2, A3, and A4) and divided by AS, are summarized
in Figure 4. A1 contained the aquafarms with the highest number of pDDDA (1285.4 total pDDDA
× 104), followed by A2 (618.1 total pDDDA × 104) and A4 (512 pDDDA × 104). These results are in
accordance with what was detected in the surface water samples, as the highest values of antibiotic
concentrations were detected at the first two sampling points (Figure 2).

Figure 4. Number of pDDDA × 104 antibiotics from the studied farms in 2018, divided into four
areas. A1: upstream Molini, A2: Molini–Pontechiusita, A3: Pontechiusita–Borgo Cerreto, A4:
Borgo Cerreto–Scheggino.

The analysis of the antibiotic consumption based on the farms’ type of production (Supplementary
Table S7) demonstrated that the majority of usage was related to the fattening sector, where SDZ
and TMP were prescribed most of all (88.5 pDDDA × 104). In the juvenile fish sector, FF was the
AS most commonly used (184.1 pDDDA × 104). Indeed, according to the diagnoses reported on the
prescriptions, FF is usually used for “furunculosis” (Aeromonas salmonicida) treatment, a disease that
takes a peracute form mostly in young fish [56]. The combination SDZ-TMP, instead, was mostly
used in the fattening sector, for the treatment of enteric redmouth disease (ERM), a serious septicemic
bacterial disease of salmonid fish species caused by Yersinia ruckeri. The disease is most acute in young
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fish, while it appears as a more chronic condition in older/larger fish, with low-level mortality that is
sustained over time, resulting in high cumulative stock losses [57].

3.3. Correlation Between Antibiotic Consumption and Surface Water Residues

The correlation analysis carried out on the sum of monthly concentrations of antibiotics detected
in surface waters and veterinary prescriptions (Table 3) highlighted a strong positive correlation for
FLU (r = 72%, p-value = 0.0085, Figure 5) and FF (r = 83%, p-value = 0.008, Figure 6). Figures 5 and 6
show the correlations between the detected concentrations in surface water samples of FLU and FF
and the number of prescriptions of the same antibiotics.

Table 3. Results of correlation analysis between the concentrations of antibiotics detected in surface
waters and the amount of prescribed antibiotics (DDDA)—Spearman’s correlation index. The statistically
significant results are in bold.

Variable r (%) p-Value

ERY 42 0.1746
FLU 72 0.0085
FF 83 0.0008

OTC 43 0.1646
SDZ 41 0.1858
TMP 46 0.1369

ERY: Erythromycin, FLU: Flumequine, FF: Florfenicol, OTC: Oxytetracycline, SDZ: Sulfadiazine, TMP: Trimethoprim.

Figure 5. Relationship between concentrations of flumequine detected in surface water samples (ng/L)
and the number of prescriptions (pDDDA × 104). P_FLU = number of prescriptions of flumequine
(pDDDA × 104), FLU = concentrations of flumequine detected in surface water samples (ng/L).

An important fact to take into account is that FLU and the FF are almost exclusively used in
veterinary medicine, as demonstrated by the 2018 Italian report on human antibiotic consumption,
which does not mention these two active compounds [58]. In addition, FLU belongs to the
fluoroquinolones class of antibiotics, which has been the object of particular concern in recent
years because of several long-term side effects related to their use in humans [59]. This evidence has
led to issuing, in 2019, the decision to withdraw from the European trade the drugs containing some
active compounds of this class, including the FLU [59]. These data confirmed that the presence of
FLU and FF residues in the sampled waters is mainly related to their usage in aquaculture systems.
This confirms the hypothesis of a strict linkage between antibiotic consumption in aquaculture and
the presence of antibiotics in the nearby aquatic environment. In order to obtain more reliable results,
future studies should use treatment data instead of prescriptions. Indeed, in the present study, it was
not possible to obtain the treatment data because they still were in a paper-format and held at the
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single farms. Starting from 2019, instead, such data are going to become more easily accessible, as the
electronic veterinary prescriptions will become mandatory in Italy. This will permit gathering in a
standardized database all the information regarding veterinary prescriptions and treatments and to
make this information easily accessible to the Veterinary Public Services.

Figure 6. Relationship between concentrations of florfenicol detected in surface water samples (ng/L)
and the number of prescriptions (pDDDA × 104). P_FF = number of prescriptions of florfenicol
(pDDDA × 104), FF = concentrations of florfenicol detected in surface water samples (ng/L).

3.4. Ecotoxicological Risk Assessment

In the hypothetical environmental impact assessment, based on EMEA guidelines [39],
the theoretical ecological risk was low for all the antibiotics detected in the surface water samples
(Table 4), as all the values were in the range from 0.01 to 0.1.

Table 4. Theoretical ecological risk (RQENV) of the most detected antibiotics in surface water samples.

AS
MECMAX (µg/L) PNECENV

(µg/L)
Species References

RQENV

Fluvial Water Fluvial Water

ERY 0.018 0.5 Anabaena flos-aquae [45] 0.036
FLU 1.083 18.7 Green Chlorophyta [46] 0.058
FF 0.192 23 Anabaena flos-aquae [44] 0.008

OTC 1.139 18 Raphidocelis subcapitata [45] 0.063
SDZ 0.571 13 Raphidocelis subcapitata [45] 0.044
TMP 0.18 100 Anabaena flos-aquae [45] 0.002

MECMAX: maximum of measured environmental concentration; PNECENV: predicted no-effect concentration in
the environment.

The ecotoxicological risk assessment highlighted the possibility of evaluating the potential risk to
an aquatic ecosystem posed by antibiotics after their presence is detected in a watercourse like a river.
As mentioned before, the evaluation of pollution derived from pharmaceuticals is a growing concern.
This was demonstrated by Article 8c of the Priority Substances Directive [14], which was established to
develop a strategic approach to pollution of water by pharmaceutical substances, including some of
them in the “priority substances list”. The aim was to reduce discharges, emission, and losses of such
substances into the aquatic environment [14], and just to be effective, measures should not include
end-of-pipe controls (e.g., improved wastewater treatment) but also address the original sources of
emissions (e.g., production and use) [60].

In the present study, the ecotoxicological risk was low for all the evaluated antibiotics, showing
a positive situation for the Nera River. Indeed, in this case, even if the presence of antibiotics in the
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aquatic environment was confirmed, their concentrations did not reach high enough levels to cause
risk to the most sensitive aquatic microflora considered.

It is important to note that the evaluated river, as reported above, is situated in a low-density area
with few zootechnic and agricultural activities, and so the low ecological risk was predictable. Thus,
the detection of pharmaceuticals in water, including antibiotics, associated with an assessment of their
potential ecotoxicological risk represents a feasible activity to be included in national environmental
monitoring plans.

4. Conclusions

To the best of our knowledge, this was the first study to evaluate the real consumption of antibiotics
in selected Italian aquafarms using the DDD method. SDZ in association with TMP, was the most
prescribed AS, followed by FF and OTC. The results demonstrated a positive correlation between the
use of two of these veterinary antibiotics in aquaculture and their detection in the surrounding aquatic
environment, although not statistically significant due to the small sample size. This could represent
a starting point for building a more extensive understanding of the real contribution of aquaculture
systems to environmental pollution derived from antibiotics, and for considering their impact on
antimicrobial resistance development. Indeed, the majority of European activities in this field aim to
promote the prudent use of antibiotics in both human and veterinary medicine, while information
regarding the risks associated with the presence of antibiotics in the aquatic environment is still scarce [8].
An analysis of the pharmaceutical contamination of the river described in this study permitted us
to assess the general role of antibiotics as potential ecotoxicological risks through the assessment
of the RQ, introducing a new possible investigation to include in future national environmental
monitoring programs.

Some other possible confounding determinants remain to be considered in the correlation analysis
between the two variables, like pollutant factors (domestic, urban, and agricultural discharges), changes
in the flow of the river depending on weather trends, and the different chelating capacities of the
antibiotic molecules to the two matrixes. Furthermore, in the future, it would be useful to consider
real treatment data instead of those gathered from prescriptions, in order to ensure information more
reliable on antibiotic consumption in the aquaculture sector.

Limitations of the Study

As mentioned above, the presence of antibiotics in the evaluated samples depended, in part,
on their different behavior in the environment. Thus, there are some ASs, like amoxicillin, that quickly
degrade in the aquatic environment and thus show low concentrations. For the purpose of this study,
it was important to know which antibiotics were actually present in the aquatic environment near
the aquafarms.

The two variables (prescriptions and residues of antibiotics) evaluated by the present study were
very different. Indeed, the consumption indexes referred to the overall month, while the antibiotic
concentrations were evaluated once a month and might also have been affected by other pollution
sources coming from urban centers, the intrinsic molecular characteristics of the active compounds,
or hydrometric changes according to different seasons. Furthermore, the consumption evaluation was
based on prescription data, which do not necessarily coincide with the actual administration of the
medicines. Finally, we decided to use the DDD method for the antibiotic consumption analysis as it is
the most up-to-date standardized approach in this field and has never been applied to aquaculture
systems before. Further studies could include both pDDDA values and the total amount of AS
prescribed (mg) in order to understand which variable gives better results in the correlation analysis
with the antibiotic residues detected in the environment. The mentioned limits do not seem to have
damaged the overall analysis results, as they were rather satisfying, demonstrating a good hypothetical
correlation between the prescription and the administration. This assumption is also supported by the
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fact that some of the detected antibiotics that demonstrated a strong positive correlation (FLU and FF)
are specific to the veterinary sector.

It is important to note that values of PNEC are recommended based on currently available
information and may change as more reliable information comes to light. Furthermore, the company
publicly discloses safety data sheets for antibiotics, but does not include PNECs in the safety data
sheets. By sharing their PNEC information publicly, companies would give governments, researchers,
generic medicine manufacturers, and others the opportunity to use these data in their work to minimize
the impact of manufacturing discharge of antibiotics. Improved transparency regarding environmental
risk management by the companies is strongly suggested, e.g., by adding the medicines’ predicted
no-effect concentrations (PNECs) for resistance selection to its safety data sheets.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/12/5176/s1,
Table S1. Summary of information on sampling points and related aquafarms with specification of quantity and
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(ng/L) and frequencies (%) of detected antibiotics in water samples from the five sites. P1: Molini, P2: Pontechiusita,
P3: Borgo Cerreto, P4: Scheggino, P5: Casteldilago. Table S5. Summarised concentrations (ng/g d.w.) and
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Borgo Cerreto; P4: Scheggino; P5: Casteldilago. Table S6. Prescribed DDDA × 104 in farms located in the areas
between the evaluated sampling points. A1: upstream Molini; A2: Molini–Pontechiusita; A3: Pontechiusita–Borgo
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