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Simple Summary: Living organisms may be simultaneously exposed to several stressors. Trout
are a clear example of this scenario, being usually exposed to chemical contaminants and parasites.
Moreover, it is also an intensely farmed fish, often caught for human consumption. Thus, trout may
be considered a sentinel species, and the related evidence is a matter of importance. We looked at
a sample of wild brown trout from a protected area of Southern Italy. Different numbers of gastro-
intestinal helminths and concentrations of organochlorine pollutants were detected among sample
units. In particular, a negative correlation between the presence of parasites and the concentration of
polychlorinated biphenyls was assessed, suggesting that these organochlorine pollutants can affect
parasite survival. Our results provide a contribution to the advancement of the knowledge of the
interplay among environment, parasites, and host.

Abstract: We investigated the occurrence of organochlorine pollutants (OCs) in the muscle of brown
trout and evaluated their potential modulation of parasite infection. The toxicological risk for
consumer health was assessed, too. Trout were collected from the Sila National Park (Calabria
region, South of Italy). The highest concentrations emerged for the sum of the 6 non-dioxin-like
(ndl) indicator polychlorinated biphenyls (26ndl-PCBs), followed by the 1,1,1-trichloro-2,2-di(4-
chlorophenyl)-ethane (DDT), dioxin-like PCBs, hexachlorobenzene (HCB), and dieldrin. Measured on
lipid weight (LW), the mean value of £6ndl-PCBs amounted to 201.9 ng g~?, that of EDDTs (the sum
of DDT-related compounds) to 100.2 ng g™, with the major contribution of the DDT-metabolite p,p’-
DDE which was detected in all sample units (97.6 ng g~ on average). Among dioxin-like congeners,
PCB 118 showed the highest mean concentration (21.96 ng g~! LW) and was detected in all sample
units. Regression analysis of intestinal parasites on OC concentration was performed, controlling for
two potential confounding factors, namely sex and sexual stage. The results evidenced the existence
of interactions between the dual stressors in the host-parasite system in the wild. A negative and
statistically significant correlation was estimated, suggesting that OCs may decrease parasite infection
degree. Regarding the toxicological risk evaluation, OC concentrations were consistently below the
current European Maximum Residue Limits.
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1. Introduction

Polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs) are organochlo-
rine compounds (OCs) widely used in the past that still persist in the environment due to
their high chemical stability and lipophilicity. Aquatic organisms living in a contaminated
ecosystem undergo OC biomagnification processes [1], resulting in high OC concentrations
in the case of predatory species [2].

OCs are endocrine disruptors that induce a wide range of adverse effects, including
alterations of reproductive, nervous, and immune systems, in both humans and wild
animals, especially aquatic species [3]. In general, exposure to OCs leads to a suppression
of the immune system’s capability in fish [4-9]; in some cases, it leads to stimulation [10,11]
or lack of adverse effects [12]. The extent of stimulus or suppression may be influenced by
the exposure level and physiological factors, including sex and age [13,14]. For instance,
Duffy and coauthors observed that the immunodepression increased in young Japanese
medaka (Oryzias latipes) exposed to PCB 126, whereas it was unaffected in mature fish [15].

Digenean trematodes are the most common eukaryotic parasites in the aquatic en-
vironment with roughly 25,000 species identified and widely distributed in European
ecosystems [16,17]. In particular, the intestine of freshwater teleost commonly harbors
trematodes of the genus Crepidostomum [18]. Some authors suggest that these parasites do
not cause relevant damage to fish [19], just exploiting the intestinal fluids [20].

Chemical xenobiotics and parasites may co-contaminate living beings [21], determin-
ing a host response that may depend on their interaction [22]. Recent research based
on donkey milk [23] provided evidence of a positive correlation between intestinal para-
sitic infection and OC contamination, the latter being probably responsible for weakened
immune system defense. Henriquez-Hernandez et al. [24] hypothesized that intestinal
parasites in dogs might reduce OCs bioavailability and their body burden in the host by
bioaccumulating OCs introduced through food intake by the host itself. OCs may impair
parasite success in reaching the host [25] and decrease the population density of those
parasites with complex life cycles [22] and free-life stages [26].

The main goal of the present study was to investigate the potential interaction between
OCs and parasites in freshwater fish. We analyzed wild brown trout (Salmo trutta) from a
protected area of Southern Italy for the presence of parasites and OCs contamination of the
fillet. We looked at brown trout because it is a predatory species, common in freshwaters
and coastal marine fish faunas, endemic in Europe [27]. Trout are frequently exposed to
OCs [28-30] and gastro-intestinal (GI) helminths [31,32]. In rainbow trout, these parasites
may induce moderate pathogenicity, such as gut inflammation and malabsorption as well
as decreased hemoglobin level and hematocrit [33].

Since trout are intensely farmed and often caught for human consumption [34], their
contamination by several PCBs and OCPs could be a cause of concern for human health.
We thus also evaluated the ensuing risk to human health due to the consumption of
contaminated fillets.

2. Materials and Methods
2.1. Study Area and Fish Collection

Fish were collected in the Trionto River, in the municipality of Longobucco (Cosenza
province of Calabria region in Southern Italy) (Figure 1). The Trionto River with a length
of about 40 km arises in the province of Cosenza, from the mountains of the Sila National
Park, and flows east, entering the Ionian Sea. This site has long suffered from inadequate
urban waste disposal (including illegal dumps or not compliant landfills located very
close to riverbeds), inefficient wastewater treatment plants, and the presence of some areas
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of concern for environmental remediation, including a National Interest Site (Rapporti
ISTISAN 16/9).
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Figure 1. Italy and sampling area in Calabria Region.

A total of 87 brown trout were collected by electrofishing with an IG600 Scubla & C.
Snc equipment in the daytime in June and July 2013. Electrofishing permits (n. 2283, 4 April
2013) were issued by the Parco Nazionale della Sila on request by the Istituto Zooprofilattico
Sperimentale del Mezzogiorno (n. 0001933, 13 February 2013). Immediately after being
caught, fish were euthanized by gills cutting to ensure death while still unconscious
according to the recommendations by the European Directive 2010/63 and Jung-Schroers
et al. [35]. Specimens were transported to the laboratory under refrigerated conditions
(4-8 °C) and then stored at —20 °C until the analyses were performed. Soon after thawing,
biometrical data, length (cm), and weight (g) of trout were recorded. Fish were weighed
using an electronic balance to the nearest 0.1 g. The length was measured considering the
fork length (FL), that is, from the tip of the snout to the fork of the tail to the nearest 0.1 cm,
with the help of a digital caliper. The gonads of examined fish were fixed in 10% formalin,
embedded in paraffin wax, sectioned at 6 pm thick, and stained with hematoxylin and eosin.
Then, slices were microscopically examined to evaluate sex and gonadal maturity stage
(mature and immature trout), on the basis of criteria by Hajirezaee et al. [36]. Prevalence,
abundance, and mean abundance of infection were according to Bush et al. [37].

2.2. Analytical Sample Preparation

We started with 87 pieces of the dorsal muscle of as many trout. However, since each
piece of trout was too small to be analyzed individually, we formed 22 statistical units,
each one consisting of 3-5 trout pieces obtained from trout as homogenous as possible in
terms of weight, sex, sexual developmental stage, and presence or absence of GI parasites.
The length of each sample unit is the average fork length of the trout corresponding to
these pieces.

2.3. Analytical Procedure

Each sample unit was examined for the presence of 5 OCPs, 15 non-dioxin-like (ndl)-
PCBs, and 8 dioxin-like (dl)-PCBs. As regards OCPs, the concentrations of p,p"-DDT (1,1,1-
trichloro-2,2-di(4-chlorophenyl)-ethane) and its main metabolites p,p"-DDE (1,1-dichloro-2,2-
bis(4-chlorophenyl)-ethylene) and p,p’-DDD (1,1-dichloro-2,2-bis-(4-chlorophenyl)-ethane)
as far as HCB (hexachlorobenzene) and dieldrin were determined. In the following, we
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reported as XDDTs the sum of DDT-related compounds. As regards ndl-PCBs, we measured
the six indicator congeners (IUPAC nos. 28, 52, 101, 138, 153, and 180) and the other nine
non-indicator ndl-PCBs (namely, [IUPAC nos. 66, 74, 128, 146, 170, 183, 187, 194, and 196).
The sum of the indicator PCBs was reported as 26ndl-PCBs, while £15nd1-PCBs denotes
the sum of all ndl-congeners. £6ndI-PCBs is indicative overall of ndl-PCBs pollution and
has been adopted since 2011 by EU legislation to set tolerance limits in several foodstuffs
(EU Reg. no. 1259/2011). The other non-indicator ndl-PCBs were examined because
previously detected in foods of animal origin and other biotic matrices [38,39]. Finally,
among the dI-PCBs we measured 3 non-ortho congeners (IUPAC nos. 77, 126, 169) and
5 mono-ortho congeners (IUPAC nos. 105, 118, 156, 157, 167), selected because of their
overall high toxic equivalency factors (TEFs). Their concentrations were summed up and
reported as X3dI-PCBs and X5d1-PCBs, respectively.

2.3.1. Chemical Analysis

Regarding the OCs analysis, for the extraction procedure, including the separation of
the analytes from the lipid fraction and the purification of the final extracts, we followed
the method described by Ferrante et al. [40]. Briefly, each sample unit (roughly 3 g) was
homogenized and manually cold-extracted using petroleum ether/acetone (1:1, v/v). After
centrifugation, the extract was passed through a glass tube packed with anhydrous sodium
sulfate. Extraction was repeated and additional extract was put into the column. The eluate
was then evaporated to dryness by rotavapor, and the lipid content was gravimetrically
determined. Separation of OCs from the lipid fraction was performed using a combined
system of Extrelut-3/Extrelut-1 cartridges (Merck Kga A Darmstadt, Germany), previously
modified by adding 0.36 g C-18 Isolute (40 to 60 mesh Merck Kga A Darmstadt, Germany).
The analytes were eluted with acetonitrile and cleaned up on a glass column containing 2.5 g
of heat-activated Florisil (60/100 mesh Supelco, Bellefonte, PA, USA) to separate OCs in
three fractions. The column was eluted with 30 mL of n-hexane, 25 mL of n-hexane/toluene
(80:20, v/v), and 30 mL of n-hexane/toluene/ethyl acetate (180:19:1, v/v/v) in subsequent
order. The first fraction contained all PCBs, HCB, and p,p’-DDE, the second one contained
p,p’-DDT and p,p’-DDD, while dieldrin was obtained with the third fraction. The three
fractions were then concentrated to a small volume and PCB 209 was added as an internal
standard (IS) for instrumental analysis. The choice of using PCB 209 as IS was due to its
almost absence in the environment [41]; a more detailed explanation has been previously
reported [38].

2.3.2. Instrumental Analysis

OCs analysis was carried out using an Agilent 7890A /7000A GC triple quadrupole
mass spectrometer system (GC/QQQ), and the gas chromatograph was equipped with
the Agilent 7693 autosampler. Data analysis and quantification of individual OCs were
conducted using Agilent MassHunter Workstation software—Quantitative Analysis. The
fractions were injected in the splitless mode and the injector was kept at 270 °C. A (35%
Phenyl)-methylpolysiloxane DB 35 ms capillary column (30 m x 0.25 mm id, 0.25 mm film
thickness) (J&W Scientific from Agilent, Santa Clara, CA, USA) was used for analytes sepa-
ration and helium was employed as carrier gas. The oven temperature was programmed
as follows: hold for 1 min at 120 °C, increase 15 °C min—! to 160 °C, increase 3 °C min~! to
220 °C, hold for 2 min at 220 °C, increase 8 °C min ! to 280 °C, hold for 4 min at 280 °C.
The GC/MS/MS operated in multiple reaction monitoring (MRM). The QQQ collision
cell helium quench gas was set to 2.25 mL min~! with N2 collision gas at 1.5 mL min~".
Two MRM transitions were used for each OC to quantify and qualify the compounds. The
calibration curves were linear with a R? coefficient greater than 0.998.

For quality assurance and quality control, we mainly followed the guidelines proposed
by the European Commission Regulation No. 644/2017. To confirm method selectivity
and to check for cross-contamination, matrix, and procedural blanks were extracted and
analyzed. Pure reference standard solutions (Dr. Ehrenstorfer Laboratory) were used for
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instrument calibration and analytes quantification, as well as for precision and recovery
tests. Recovery rates, calculated at 3 concentration levels, ranged from 81% to 105%
depending on the compound. Analytical performances of the method were also assured
by the analyses of reference materials: IAEA-406 for OCPs and ndI-PCBs and WMEF-01 for
dl-PCBs (International Atomic Energy Agency and Wellington Laboratories, respectively).
Since the GC-MS/MS produces virtually no noise in the chromatogram, the standard
deviation (SD) of the lowest reference standard solution in seven replicates was calculated
and used to determine the limit of detection (LOD) and limit of quantification (LOQ)
values (assumed as 3 x SD and 10 x SD, respectively). They ranged from 0.005 ng mL ™!
to 0.03 ng mL~! and from 0.02 ng mL~! to 0.10 ng mL~! (on solvent), respectively, for
detection and quantification limits. Data, not corrected for recovery, were expressed as
ng g~ ! on lipid weight (LW), as well as on wet weight (WW). and they were reported as
not detectable (ND) when below LOD. For the calculation of sum and mean values, we
chose to assume a value of zero for concentrations lower than LOD.

2.4. Parasitological Examination

Skin, gills, mouth cavity, GI tract (stomach and intestine), liver, heart, gonads, visceral
cavity, and mesenteries of each fish were dissected and studied for metazoan parasites using
a Zeiss Axio Zoom V16 (Carl Zeiss, DE) dissecting microscope [42,43]. The musculature of
each specimen was cut into thin slices (~0.5 cm) and examined under the same microscope
for helminth parasites [44]. For each organ/tissue, ecto- and endo-parasites were studied,
collected, counted, washed in physiological saline solution, and preserved in 70% ethanol.
For morphological identification, trematodes and acanthocephalans were stained with
Mayer’s acid carmine dehydrated through a graded ethanol series, cleared in methyl
salicylate, and mounted in Canada balsam; nematode larvae were clarified in Amman’s
lactophenol. All parasites were then studied by light microscope and identified to the
lowest possible taxonomic level using the available literature. Parasites were found almost
exclusively in the GI (mostly in the intestine). For this reason, we referred to GI parasites
throughout the text.

2.5. Statistical Analysis

Statistical analysis was performed using STATA software. Data obtained from OC
determinations and from parasite detection were preliminarily evaluated through summary
statistics and presented as mean £ SD. To assess and quantify the relationship between
parasitic infection and OC contamination levels, regression analysis was exploited. The
outcome variable was either a dummy identifying sample units characterized by the
presence of parasites or the variable measuring the (average) number of parasites; the right
side of the regression contains a measure of OC compounds divided by the (average) length
of the trout. In this latter case, since the outcome variable is a count variable that takes on
nonnegative integer values, we considered a Poisson regression model, which is well suited
for modeling count variables. Moreover, we also provided evidence by adding two control
variables, that is sex and sexual stage, to check whether differences in these parameters can
be responsible for a confounding effect on the results of the previous analysis.

Measures of OCs concentrations were the sum of OCs concentrations on LW, consider-
ing the following groups of compounds: £6ndI-PCBs, £15ndI-PCBs, £3d1-PCBs, £5d1-PCBs,
2DDTs, HCB and dieldrin. The null hypothesis (absence of a relationship between the two
variables of interest) was rejected in the case of a p-value lower than 0.05.

3. Results and Discussion

Fork length ranged from 10.65 to 20.1 cm (mean value: 14.18, SD: 2.49); the weight
ranged from 18.9 to 151.3 g (mean value: 57.18, SD: 29). Among the 22 sample units
assembled, 11 units consisted of only female trout and 11 of only male ones; 45% of female
sample units and 27% of male sample units were sexually mature. The sample mean
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fat content was 0.033 g g~ muscle (range 0.080-0.130 g). GI parasites infested 54% of
sample units.

3.1. OCs in Trout Muscle

PCBs were the most plentiful OCs followed by DDTs, HCB, and dieldrin (Tables 1
and 2). Among PCBs, the mean concentration was highest for the £15ndl-PCBs group,

followed by 2~6ndl-PCBs, 25d1-PCBs, and ~3d1-PCBs (Table 1). The ~6ndl-PCBs amounted
to roughly 72% of £15nd1-PCBs.

Table 1. Summary statistics of ndl-PCB and dI-PCB concentrations (ng g~ 1).

Mean SD Min Max
Panel A (LW)
>6ndl-PCBs 201.99 80.69 97.82 408.04
>15ndI-PCBs 281.18 111.23 140.03 560.86
>3d1-PCBs 11.3 6.53 0.00 22.04
>5d1-PCBs 35.44 16.85 14.61 79.79
Panel B (WW)
>6nd1-PCBs 6.58 2.55 3.61 13.60
>15ndI-PCBs 9.15 3.49 5.10 18.69
>3d1-PCBs 0.36 0.21 0.00 0.74
>5d1-PCBs 1.16 0.55 0.49 2.66

Notes: The table reports PCB concentrations expressed as ng g~! on lipid weight basis (LW, Panel A) and wet
weight basis (WW, Panel B). 26ndl-PCBs refers to the sum of the concentrations of six indicator PCBs; £15ndl-
PCBs indicate the sum of indicator and non-indicator ndl- congeners.; £3dl-PCBs and X5d1-PCBs are the sums of
concentrations of 3 non-ortho and 5 mono-ortho congeners, respectively.

Table 2. Summary statistics of OCP concentrations (ng g~ 1).

Mean SD Min Max
Panel A (LW)

HCB 8.09 3.11 2.63 13.97
Dieldrin 1.25 1.60 0.00 5.09
p,p’-DDT 0.79 1.78 0.00 7.51
p,p’-DDD 1.86 1.94 0.00 8.60
p,p’-DDE 97.57 43.45 38.33 228.42

>DDTs 100.23 43.69 42.72 228.42
Panel B (WW)

HCB 0.27 0.11 0.10 0.49
Dieldrin 0.04 0.05 0.00 0.14
pp’-DDT 0.02 0.05 0.00 0.20

p,p’-DDD 0.06 0.06 0.00 0.23
p,p-DDE 3.19 1.46 1.42 7.61
~DDTs 3.28 1.45 1.43 7.61

Notes: The table reports OCP concentrations expressed as ng g~! on lipid weight and wet weight basis (Panel A
and Panel B, respectively). ZDDTs refers to the sum of the three DDT-related compounds.

Each indicator ndl-PCB congener was detected in all sample units (Figure 2). The
indicator hexa-chlorinated PCBs IUPAC Nos. 153 and 138 showed the highest mean
concentrations among all OCs, with values of 63.25 and 49.74 ng g~! LW, respectively.
Adding up these two congeners, we accounted for 56% and about 40% of X6ndl-PCBs and
¥.15ndl-PCBs, respectively. The tri-chlorinated PCB 28 followed with a mean concentration
of 33.77 ng g~ ! LW. The indicator tetra-chlorinated PCB 52 was detected at the lowest
concentration, contributing to 7% of £6ndl-PCBs (Figure 2).
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Figure 2. Mean concentrations and standard deviation of indicator and non-indicator ndl-PCBs
expressed as ng g~ ! on lipid weight basis (LW).

Regarding the non-indicator ndI-PCBs, the tetra-chlorinated PCB 66 was detected
with the highest mean concentration (21.56 ng g*1 LW), accounting for 7.6% of ~15ndl-
PCBs, while the PCBs Nos. 194 and 196 were detected with the lowest ones (1.30 and
1.56 ng g~! LW, respectively). The latter two congeners were found in 65% of sample units;
other non-indicator ndl congeners were in all sample units.

Regarding dI-PCBs, £5d1-PCBs were higher than ¥3d1-PCBs (mean value of 35.44 ng g~ ! LW
vs. 11.30 ng g~ ! LW) (Table 1). Among non-ortho congeners, PCBs Nos. 126 and 169 were
never detected (Figure 3); therefore, the concentration of >.3dl-PCBs is only due to PCB
77 (mean value of 11.28 ng g~! LW and detection in 83% of sample units). Four out of
five mono-ortho PCBs were detected; in particular, in all sample units, we found PCB 105
and PCB 118 (mean values 7.99 and 21.96 ng g~! LW, respectively). The latter congener
showed the highest concentration among dI-PCBs and contributed 62% to ~5d1-PCBs. PCB
156 and PCB 167 had relatively low mean concentration levels (3.63 and 1.86 ng g~' LW)
(Figure 3); they were detected in 69% and 78% of the sample units, respectively. The
congeners PCB 118, PCB 77, and PCB 105, recognized as more toxic and usually detected
at lower concentrations than ndl ones [45], were instead found at mean concentrations
roughly comparable to those of some indicator and non-indicator ndl-PCBs (i.e., PCB 52,
101, 180, 66, 74).

The finding of relatively high concentrations of PCBs fairly reflects our expectations. In
fact, a National Interest Site and three sites contaminated with OCs undergoing remediation
procedures are located in the same province of the study area.

Regarding OCPs, p,p’-DDE and HCB were found in all sample units with the highest
mean concentrations (97.57 and 8.09 ng g~! LW, respectively); p,p’-DDE was the dominant
compound in terms of contribution to XDDTs (97%) (Table 2). p,p"-DDD, p,p’-DDT, and
dieldrin were detected in 83%, 26%, and 43% of sample units, respectively, with quite low
concentrations (Figure 4).

As it is well known, DDT is quickly metabolized to DDE that persists for a long time
in the environment. Indeed, the relatively high p,p’-DDE concentration suggests that the
parent compound was strongly used in the past. This hypothesis is supported by the value
of the DDE/DDT ratio, based on the average concentration of the compounds, which is
usually used to investigate the timing of DDT entering the environment [46]. In our case,
the ratio is much higher than 1 (amounting to 123). The reasons behind the presence of
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HCB can be identified both with its past use as a fungicide and because it is a by-product
of several chlorine-containing chemicals [47].

30 1 OPCBTT
mPCE126

OPCB169

(=]
=]

mPCB103
OPCBI11%
ePCE136

mPCE157

(=]

=gPCE167
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Figure 3. Mean concentrations and standard deviation of dI-PCBs expressed as ng g~! on lipid
weight basis (LW).
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10
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Figure 4. Mean concentrations and standard deviation of OCPs expressed as ng g~ on lipid weight
basis (LW).

Trout feeding could explain the presence of OCs. Crustaceans, insects, and small fish
are the main components of trout’s diet. These organisms live on the seabed in direct
contact with sediments that accumulate OCs.

3.2. Regression Analysis of Parasites Infection and OCs

A total of 233 helminth parasites belonging to three taxa were found in the GI tract of
41 brown trout. The most prevalent (42.5%) and abundant taxon (mean abundance: 5.4 per
specimen ranging from 1 to 35) was the trematode Crepidostomum metoecus, with the other
trophically transmitted parasites found in 5.7% (the acanthocephalan Echinorhynchus sp.)
and 2.3% (unidentified nematode larva) trout, respectively (Table 3). Crepidostomum metoe-
cus has been previously reported as a common parasite of brown trout in European coun-
tries [31]. However, its presence has been rarely investigated in Italian rivers [48].
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Table 3. Taxa and number of gastro-intestinal (GI) parasites found in the infected trout.
Number of Parasites Number of
Total Min Max Infected Trout
Crepidostomum metoecus 225 1 35 37
Echinorhynchus 4 1 1 4
Unidentified nematodes 2 1 1 2
Other unidentified parasites 2 1 1 2
All 233 1 35 41

Notes: some trout hosted more than one species of parasites.

The results of the regression analysis are shown in Tables 4-6. When the outcome
variable identified the presence or not of parasite infection, that is, the outcome variable
was a dummy, and OC concentration levels were expressed on LW basis, the relationship
between OCs and parasite presence was (i) negative and statistically significant in the case
of £6ndl-PCBs, 215ndl-PCBs, £5d1-PCBs, and ZDDTs; and (ii) negative but insignificant in
the case of 23d1-PCBs, HCB, and dieldrin (see Table 4). These results suggest that relatively
high OC concentrations might reduce the probability of parasite infection.

Table 4. Regression analysis: presence of parasites and OCs.

Presence of Parasites

>6ndl-PCBs

215nd]-PCBs

>3d1-PCBs

25d1-PCBs

>DDTs

HCB

Dieldrin

—0.034 *+
(—4.69)

—0.024 **
(—4.76)
—0.350
(—2.03)
—0.154 ***
(—4.04)
—0.055 **
(—3.54)
—0.633
(—2.02)
—0.837
(—0.14)

Notes: The table reports results of the regression analysis of GI parasites on OC concentration levels (LW);
t statistics in brackets. Number of observations: 22. Significance is denoted as follows: ** p < 0.01, ** p < 0.001.

The use of the two control variables enabled us to verify if previous results were
biased by potential confounding factors. Table 5 shows that the negative and statistically
significant relationship between parasite infection and OC concentration still emerged
for 26ndl-PCBs, X15ndl-PCBs, and ~5d1-PCBs. Moreover, we also notice that while the
variable sex does not have any statistical impact, the coefficient attached to the stage of
sexual development (immature versus mature) was estimated negative for all regressions,
and statistically significant in several cases, consistent with the idea that immature younger
fish had less time to accumulate parasite.

Our main evidence was also confirmed by exploiting the Poisson regression analysis
where the outcome variable was the number of parasites (see Table 6). A negative and
statistically significant relationship between parasite infection and OC concentration was
estimated for 26ndIl-PCBs, >.15nd1-PCBs, and ~5d1-PCBs.

Our evidence regarding the negative relationship between chemical pollutants and
parasites accords with that of other authors. By relying on a meta-analysis of the effects
of pollution on parasitism in aquatic animals, Blanar et al. [26] conclude with a strong,
significant negative effect for Digenea and Monogenea, especially in response to metal
pollution. For many other parasite/contaminant interactions, effect sizes were instead not
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significantly different from zero. However, few studies focus on OCs and do not reach a
consensus [25,49].

Table 5. Regression analysis: presence of parasites and OCs, with control variables.

Presence of Parasites

>6ndl-PCBs —0.024 *
(—2.49)
215ndl-PCBs —0.018 *
(—2.49)
>3d1-PCBs —0.211
(—1.12)
2.5d1-PCBs -0.115*
(—2.37)
2DDT —0.035
(—2.00)
HCB —0.175
(—0.51)
Dieldrin —5.771
(—1.50)
Immature —-0.395 —-0.395 —0.463 * —0.436 * —0.422 —0.494 % —0.601 **
(—=1.91) (—1.90) (—2.28) (—2.21) (—1.98) (—2.63) (=3.70)
Male 0.088 0.089 0.149 0.096 0.122 0.139 0.197
(0.48) (0.48) (0.79) (0.52) (0.64) (0.70) (1.03)
Notes: the table reports results of the regression analysis of GI parasites on OC concentration levels (LW)
controlling for sex and sexual maturity; t statistics in brackets. Number of observations: 22. Significance is
denoted as follows: * p < 0.05, ** p < 0.01.
Table 6. Poisson regression analysis.
Number of Parasites
¥6ndI-PCBs —0.079 **
(—2.59)
215ndl-PCBs —0.056 *
(—2.55)
>3d1-PCBs —0.464
(—1.06)
¥5d1-PCBs —0.439 *
(—2.09)
2DDT —0.104
(—1.43)
HCB -1.177
(—1.24)
Dieldrin —8.940
(—0.74)
Immature —1.054 —1.054 —-1.181* —1.160 * -1.072 —1.091 —1.398 **
(—1.90) (—1.91) (—2.30) (—2.10) (—1.80) (—1.79) (—2.69)
Male 0.561 0.558 0.555 0.628 0.555 0.522 0.546
(1.39) (1.39) (1.35) (1.40) (1.28) (1.27) (1.21)

Notes: The table reports results of the Poisson regression analysis of the number of GI parasites on OC concen-
tration levels (LW) controlling for sex and sexual maturity; t statistics in brackets. Number of observations: 22.
Significance is denoted as follows: * p < 0.05, ** p < 0.01.

The digenetic class of trematodes, to which Crepidostomum metoecus belongs, has been
reported as more vulnerable than other parasite species and a negative correlation with OCs
has been noticed [26]; for freshwater taxa, the correlation was not determined due to lack of
data relative to OC concentration levels. Vidal-Martinez et al. [50] evidenced a significant
negative correlation between the degree of parasitism by larval trematode Mesostephanus
appendiculatoides and DDT concentrations in the Mayan catfish collected in Chetumal
Bay, Mexico. The authors reported that, although the catfish were highly contaminated,
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they seemed to be barely susceptible to the OCPs toxicity, which instead heavily affected
parasites. A negative correlation was also documented with respect to the digenetic
trematode Steringophorus furciger in the GI tract of flatfish species, which is a significantly
greater presence of parasites in specimens poorly contaminated by PCBs [51]. Similar
evidence was also reported by Carreras-Aubets et al. [25], who observed a lower abundance
of adult digenean endoparasite Opecoeloides furcatus in Mullus barbatus fish related to higher
concentrations of the sum of indicator PCBs plus PCB 118 in Western Mediterranean
sediments. To the best of our knowledge, a positive relationship has never been recorded
for the digenetic class of trematodes. With data from German Bight, Schmidt et al. [52]
evidenced a negative relationship between the infection degree to some parasite species
and OC concentrations measured in the muscle of European flounder, sediments, and
blue mussels. In particular, they documented a lower abundance of parasites with higher
concentrations of HCB, DDD, DDE, and the sum of indicator PCBs. In the liver and
muscle of acanthocephalan-infected perch, Brazova and co-authors [53] detected PCB
concentrations several times lower than in not parasitized perc. Similar findings, observed
only for some PCB congeners, were recently reported by the same authors for another
host-parasite system (GI cestode—freshwater bream) [54].

In addition to aquatic species, a negative correlation was also evidenced in dogs [55]
and African immigrants [24]. The authors showed that serum concentration levels of some
indicator PCBs (PCB 52, PCB 138, PCB 153) were significantly lower in subjects infected
with GI parasites than in non-parasitized ones. The same results were found examining
several OCs, including those that we analyzed in the present study, in dogs positive for
earthworm Dirofilaria immitis [55]. Since OC serum concentrations remained low after
antiparasitic treatment, the authors hypothesized that nematode parasites may metabolize
OCs in addition to accumulating them.

Some other studies reported, instead, an increase in parasitism because of animal
exposure to OCs. Parasitic infection prevalently by nematodes of the lung (but also intestine
and uterus) was significantly and positively correlated to p,p"-DDT, p,p"-DDD, and o,p’-DDD
concentrations measured in the blubber of finless porpoises (Neophocaena phocaenoides) [56].
In blubber of the same species, Isobe et al. [49] evidenced significantly higher concentrations
of PCBs (expressed as the sum of 62 congeners including indicator congeners and dl-
PCBs) in animals infected with liver trematodes, relative to non-infected ones. A similar
correlation was also reported by Kannan and co-authors [57] for PCBs and infectious agents
including intestinal acanthocephalans, protozoa, bacteria, and fungi in another marine
mammal, the Southern Sea otter. Bamidele and co-authors [58,59] observed a significant
positive correlation between the protozoa Myxosoma sp infection found in blackchin tilapia
and silver catfish from Lagos lagoon (Nigeria) and p,p"-DDT concentrations in freshwaters;
however, no correlation was determined between intestinal helminth parasites and OCP
congeners [58].

Few potential explanations have been raised for the results obtained. Some authors
related the findings of a positive relationship to the frequent immunosuppressive effect
of the OCs reported in in vivo and in vitro studies [6,60-62]. Indeed, exposure to chemical
xenobiotics can disrupt the host’s immune response, so that adverse effects may depend on
the indirect outcome of the pollutant on the host’s capacity to cope with a pathogen [13],
making the host itself more susceptible to parasitosis [63,64]. Instead, regarding the negative
correlation, some authors suggest that high environmental OC concentrations may disrupt
the parasite life cycle, impairing the ability of the free-life form to survive and reach the
host [25,51,65]. To protect themselves from chemical contaminants, parasites may rely on
their host for detoxification mechanisms, even though the parasitic infection itself could
cause a decrease in host detoxification enzymes [65]. In the case of trematodes, which have
a complex life cycle with a first intermediate host, usually a mollusk, several free-living
forms, and, finally, one or multiple vertebrate hosts, the toxic effects of the pollutants may
impair their ability to assimilate essential nutrients; as a consequence of this condition,
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also their reproductive potential results to be affected and some mutagenic damages could
occur to developing embryos, leading to a reduced transmission [65].

The negative relationship has been also interpreted suggesting that parasites determine
a decrease in OC concentrations. The explanation would be that, because of their lipid
content, GI parasites, and thus also trematodes, are able to bioaccumulate OCs introduced
by the animal host through contaminated feed consumption [21,53,54,66,67]. This makes
OCs less bioavailable for the host and therefore may increase the tolerance of the host to
contaminants-induced toxicity. For parasites other than helminths, another explanation
may result from their metabolizing ability through cytochrome P-450 activity leading to
the reduction of OCs body burden in the host [68]. Indeed, helminths perform limited OC
detoxification because of the lack of cytochrome P450 mono-oxygenases [69,70]. Moreover,
according to Brazova and co-authors [54], since a higher Fulton’s condition factor was
determined in infected breams, some parasites may even positively impact their hosts
co-exposed to PCBs.

Overall, assessing the potential outcomes for parasites exploiting contaminated hosts is
a crucial but neglected issue, since toxic effects on parasites may alter interspecific relation-
ships. However, joint effects of parasites and chemical pollutants on host performance are
extremely intricate depending on the level of parasitism, as well as the chemical pollutant,
its mode of action, and the exposure levels. Contaminant accumulation by parasite results
in positive effects among which is a reduction of both oxidative stress and histological mod-
ifications. This scenario indicates the possibility that a shift from parasitism to mutualism
occurs. If concentration levels of the contaminant are high, they could induce damage to
both host and parasites changing their relationships (see [71] and references therein).

3.3. Risk Assessment

Human exposure to OCs is due to a large extent to the consumption of foods of animal
origin, mainly dairy and fishery products [72]. For consumer health risk assessment, the
European Union (EU) established maximum residue limits (MRLs) for some OCs, namely
dioxins, dI-PCBs, and six indicator ndl-PCBs in foodstuffs of animal origin (European
Commission Regulation no. 1259/2011). The regulation fixed for “Muscle meat of wild
caught freshwater fish, with the exception of diadromous fish species caught in freshwater,
and products thereof” a MRL of 125 ng g~ WW for Y_6ndl-PCBs. All the samples analyzed
showed concentrations below this threshold.

For dioxins and dI-PCBs, MRLs are expressed as Toxic Equivalent Quantity (WHO-
TEQ). To evaluate the compliance of any sample units with the thresholds set by the EU,
we summed up the concentration of each congener of interest multiplied by the respective
Toxic Equivalency Factor adopted by the World Health Organization (WHO-TEFs) and then
compared the sum with the corresponding MRL. TEFs are the results of the comparison
of the relative different toxicity of individual dioxins/furans and dI-PCBs congeners to
that of 2,3,7,8-TCDD [73]. Since there is no specific limit for dl-PCBs, we considered
a value of 3 pg g~! fat arising from the difference between the MRL referred to as the
sum of all dioxin-related compounds (PCDDs/Fs and dI-PCBs) and the value referred to
PCDDs/Fs alone. Also, in this case, the measured concentrations were lower than the
above-extrapolated value.

With respect to the considered pesticides, the EU has not set a specific MRL for fish
and fish products to date. As far as concern Italian national legislation, tolerance limits for
residues of chloro-organic substances in products of animal origin have been established by
Decreto Ministeriale on 13 May 2005 (annex 4), which states limits differentiated according
to the different fat content. All sample units in the present study showed a lipid percentage
below 5%, thus falling into the so-called group 1, with tolerance limits for } DDTs, HCB,
and Dieldrin, respectively, of 0.050, 0.010, and 0.005 pg g~! WW. No sample units exceeded
the limits of the above-mentioned pesticides established by the Italian legislation.
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4. Conclusions

We investigated the potential existence of a relationship between parasitic infection de-
gree and OC concentration levels found in brown trout specimens from the Calabria region.
The regression analysis revealed the possibility that relatively high PCB concentrations
lead to lower parasite infection degree. Results supporting this conjecture are summarized
as follows: (i) there is a strongly significant negative relationship between parasites and
PCB concentrations; (ii) such relationship is robust to the inclusion of two regressors in the
empirical model that controls for sex and sexual maturity of trout, although the magni-
tude of the significance reduces due to the relatively low number of observations; (iii) the
negative relationship is confirmed by results of the Poisson regression model for counting
data; and (iv) among all considered OCs, concentrations of PCBs, that is, 215ndI-PCBs,
26ndl-PCBs and >5dI-PCBs, are the highest ones.

However, we are aware that the sample size may be an issue in our analysis and
that the reverse causal direction cannot be dismissed. Therefore, more studies about the
relationship between chemical pollutants and parasites in host-parasite systems, assessing
whether a concern would arise for the host, the parasite, or the final consumers would
be beneficial.

While OC concentration levels detected do not pose a risk to consumer health, being
always below the threshold levels set by the EU, they signal non-negligible background
pollution by PCBs and OCPs, although the monitored area is a protected one.

Author Contributions: Conceptualization, R.M. and M.C.E,; methodology, AM., M.LF, M.S.,, M.T.C,,
ED.P, B.D.U,, L.B.,, RM. and M.C.E; software, A.M., M.T.C., M.L.F. and F.D.P; validation, M.C.E,,
RM., M.LFE and M.S,; formal analysis, AM., M.T.C., ED.P, L.F,, RM. and M.C.E; investigation, A.M.,
M.T.C., M.L.E,, M.S,, B.D.U,, L.B., RM. and M.C.F,; resources, M.S., B.D.U., L.B. and M.C.F,; data
curation, M.T.C., ED.P,, RM. and M.C.F,; writing—original draft preparation, AM., M.T.C., ED.P,,
L.F. and M.C.F,; writing—review and editing, RM. and M.C.F,; visualization, M.S., G.F. and L.F;
supervision, RM. and M.C.E; project administration, M.C.F,, L.B., M.S. and G.F,; funding acquisition,
G.F, LB, B.D.U, MS. and M.C.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Italian Ministry of Health, grant number C78C12000180001
(Ricerca corrente I1ZS ME 05/12).

Institutional Review Board Statement: Not applicable. The approval of the Ethics Committee was
not required. The Italian Legislative Decree on the protection of animals used for scientific purposes
was issued in 2014 (Decree No. 26 of 4 March 2014.), that is after fish collection and analytical
sample preparation.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of the present study are available
from the corresponding author upon reasonable request.

Acknowledgments: We would like to thank the guest editors and the reviewers for their suggestions
that have substantially improved this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schmidt, S.N.; Burgess, R.M. Evaluating Polymeric Sampling as a Tool for Predicting the Bioaccumulation of Polychlorinated
Biphenyls by Fish and Shellfish. Environ. Sci. Technol. 2020, 54, 9729-9741. [CrossRef]

2. Masset, T.; Frossard, V.; Perga, M.E.; Cottin, N.; Piot, C.; Cachera, S.; Naffrechoux, E. Trophic position and individual feeding
habits as drivers of differential PCB bioaccumulation in fish populations. Sci. Total Environ. 2019, 674, 472-481. [CrossRef]

3. Ngoubeyou, P.SK.; Wolkersdorfer, C.; Ndibewu, PP.; Augustyn, W. Toxicity of polychlorinated biphenyls in aquatic
environments—A review. Aquat. Toxicol. 2022, 251, 106284. [CrossRef] [PubMed]

4. Iwanowicz, L.R.; Blazer, V.S.; McCormick, S.D.; Vanveld, P.A.; Ottinger, C.A. Aroclor 1248 exposure leads to immunomodulation,

decreased disease resistance and endocrine disruption in the brown bullhead, Ameiurus nebulosus. Aquat. Toxicol. 2009, 93, 70-82.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.est.9b07292
https://doi.org/10.1016/j.scitotenv.2019.04.196
https://doi.org/10.1016/j.aquatox.2022.106284
https://www.ncbi.nlm.nih.gov/pubmed/36087490
https://doi.org/10.1016/j.aquatox.2009.03.008
https://www.ncbi.nlm.nih.gov/pubmed/19406486

Animals 2023, 13, 2961 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Segner, H.; Bailey, C.; Tafalla, C.; Bo, J]. Immunotoxicity of Xenobiotics in Fish: A Role for the Aryl Hydrocarbon Receptor (AhR)?
Int. J. Mol. Sci. 2021, 22, 9460. [CrossRef] [PubMed]

Misumi, I.; Vella, A.T.; Leong, J.A.; Nakanishi, T.; Schreck, C.B. p, p’-DDE depresses the immune competence of chinook salmon
(Oncorhynchus tshawytscha) leukocytes. Fish. Shellfish Immunol. 2005, 19, 97-114. [CrossRef]

Arkoosh, M.R.; Clemons, E.; Myers, M.; Casillas, E. Suppression of B-cell mediated immunity in juvenile chinook salmon
(Oncorhynchus tshawytscha) after exposure to either a polycyclic aromatic hydrocarbon or to polychlorinated biphenyls. Im-
munopharmacol. Immunotoxicol. 1994, 16, 293-314. [CrossRef]

Martyniuk, C.J.; Doperalski, N.J.; Feswick, A.; Prucha, M.S.; Kroll, K.J.; Barber, D.S.; Denslow, N.D. Transcriptional networks
associated with the immune system are disrupted by organochlorine pesticides in largemouth bass (Micropterus salmoides) ovary.
Aquat. Toxicol. 2016, 177, 405-416. [CrossRef]

Burgos-Aceves, M.A.; Migliaccio, V.; Di Gregorio, I.; Paolella, G.; Lepretti, M.; Faggio, C.; Lionetti, L. 1,1,1-trichloro-2,2-bis
(p-chlorophenyl)-ethane (DDT) and 1,1-Dichloro-2,2-bis (p, p’-chlorophenyl) ethylene (DDE) as endocrine disruptors in human
and wildlife: A possible implication of mitochondria. Environ. Toxicol. Pharmacol. 2021, 87, 103684. [CrossRef]

Sawyna, ].M.; Spivia, W.R.; Radecki, K.; Fraser, D.A.; Lowe, C.G. Association between chronic organochlorine exposure and
immunotoxicity in the round stingray (Urobatis halleri). Environ. Pollut. 2017, 223, 42-50. [CrossRef]

Quabius, E.S.; Krupp, G.; Secombes, C.]. Polychlorinated biphenyl 126 affects expression of genes involved in stress-immune
interaction in primary cultures of rainbow trout anterior kidney cells. Environ. Toxicol. Chem. 2005, 24, 3053-3060. [CrossRef]
[PubMed]

Cuesta, A.; Meseguer, J.; Angeles Esteban, M. Effects of the organochlorines p, p’-DDE and lindane on gilthead seabream leucocyte
immune parameters and gene expression. Fish Shellfish Immunol. 2008, 25, 682-688. [CrossRef] [PubMed]

Segner, H.; Wenger, M.; Moller, A.M.; Kollner, B.; Casanova-Nakayama, A. Inmunotoxic effects of environmental toxicants in
fish—How to assess them? Environ. Sci. Pollut. Res. Int. 2011, 19, 2465-2476. [CrossRef] [PubMed]

Ekman, E.; Akerman, G.; Balk, L.; Norrgren, L. Impact of PCB on resistance to Flavobacterium psychrophilum after experimental
infection of rainbow trout Oncorhynchus mykiss eggs by nanoinjection. Dis. Aquat. Organ. 2004, 60, 31-39. [CrossRef]

Duffy, J.E,; Carlson, E.A.; Li, Y.; Prophete, C.; Zelikofft, ].T. Age-related differences in the sensitivity of the fish immune response
to a coplanar PCB. Ecotoxicology 2003, 12, 251-259. [CrossRef]

Esch, G.W.; Barger, M.A; Fellis, K.]. The transmission of digenetic trematodes: Style, elegance, complexity. Integr. Comp. Biol.
2002, 42, 304-312. [CrossRef]

Couso-Perez, S.; Ares-Mazas, E.; Gomez-Couso, H. Gastrointestinal helminths in brown trout (Salmo trutta Linnaeus, 1758)
captured in Galician rivers (NW Spain). Parasitol. Int. 2023, 92, 102676. [CrossRef]

Borgstrem, R.; Mestrand, &.H.; Brittain, ].E.; Lien, L. The helminth fauna of brown trout (Salmo trutta) from a sub-alpine lake
revisited after 40 years with introduced European minnow (Phoxinus phoxinus). Fauna Nor. 2021, 41, 15-26. [CrossRef]

Bullard, S.A.; Overstreet, R.M. Digeneans as Enemies of Fishes. In Fish Diseases, 1st ed.; Jorge, E., Ed.; Science Publishers, Inc.:
Enfield, CT, USA, 2008; Volume 2, pp. 817-996.

Bartoli, P.; Boudouresque, C.E. Effect of the digenean parasites of fish on the fauna of Mediterranean lagoons. Parassitologia 2007,
49,111-117.

Oluoch-Otiego, J.; Oyoo-Okoth, E.; Kiptoo, K.K.; Chemoiwa, E.J.; Ngugi, C.C.; Simiyu, G.; Omutange, E.S.; Ngure, V.; Opiyo, M.A.
PCBs in fish and their cestode parasites in Lake Victoria. Environ. Monit. Assess. 2016, 188, 483. [CrossRef]

Sures, B.; Nachev, M.; Selbach, C.; Marcogliese, D.]. Parasite responses to pollution: What we know and where we go in
‘Environmental Parasitology’. Parasit. Vectors 2017, 10, 65. [CrossRef] [PubMed]

Monnolo, A.; Clausi, M.T.; Mercogliano, R.; Fusco, G.; Fiorentino, M.L.; Buono, F.; Lama, A_; Ferrante, M.C. Levels of polychlo-
rinated biphenyls and organochlorine pesticides in donkey milk: Correlation with the infection level by intestinal strongyles.
Chemosphere 2020, 258, 127287. [CrossRef] [PubMed]

Henriquez-Hernandez, L.A.; Boada, L.D.; Perez-Arellano, J.L.; Carranza, C.; Ruiz-Suarez, N.; Jaen Sanchez, N.; Valeron, PF,;
Zumbado, M.; Camacho, M.; Luzardo, O.P. Relationship of polychlorinated biphenyls (PCBs) with parasitism, iron homeostasis,
and other health outcomes: Results from a cross-sectional study on recently arrived African immigrants. Environ. Res. 2016, 150,
549-556. [CrossRef] [PubMed]

Carreras-Aubets, M.; Montero, F.E.; Kostadinova, A.; Carrasson, M. Parasite communities in the red mullet, Mullus barbatus L.,
respond to small-scale variation in the levels of polychlorinated biphenyls in the Western Mediterranean. Mar. Pollut. Bull. 2012,
64, 1853-1860. [CrossRef]

Blanar, C.A.; Munkittrick, K.R.; Houlahan, J.; Maclatchy, D.L.; Marcogliese, D.]J. Pollution and parasitism in aquatic animals: A
meta-analysis of effect size. Aquat. Toxicol. 2009, 93, 18-28. [CrossRef] [PubMed]

Filipe, A.F.; Markovic, D.; Pletterbauer, F,; Tisseuil, C.; De Wever, A.; Schmutz, S.; Bonada, N.; Freyhof, J. Forecasting fish
distribution along stream networks: Brown trout (Salmo trutta) in Europe. Divers. Distrib. 2013, 19, 1059-1071. [CrossRef]
Piersanti, A.; Amorena, M.; Manera, M.; Tavoloni, T.; Lestingi, C.; Perugini, M. PCB concentrations in freshwater wild brown
trouts (Salmo trutta trutta L) from Marche rivers, Central Italy. Ecotoxicol. Environ. Saf. 2012, 84, 355-359. [CrossRef]

Jaffal, A.; Givaudan, N.; Betoulle, S.; Terreau, A.; Paris-Palacios, S.; Biagianti-Risbourg, S.; Beall, E.; Roche, H. Polychlorinated
biphenyls in freshwater salmonids from the Kerguelen Islands in the Southern Ocean. Environ. Pollut. 2011, 159, 1381-1389.
[CrossRef]


https://doi.org/10.3390/ijms22179460
https://www.ncbi.nlm.nih.gov/pubmed/34502366
https://doi.org/10.1016/j.fsi.2004.11.005
https://doi.org/10.3109/08923979409007096
https://doi.org/10.1016/j.aquatox.2016.06.009
https://doi.org/10.1016/j.etap.2021.103684
https://doi.org/10.1016/j.envpol.2016.12.019
https://doi.org/10.1897/05-110R.1
https://www.ncbi.nlm.nih.gov/pubmed/16445085
https://doi.org/10.1016/j.fsi.2008.02.006
https://www.ncbi.nlm.nih.gov/pubmed/18757214
https://doi.org/10.1007/s11356-012-0978-x
https://www.ncbi.nlm.nih.gov/pubmed/22828877
https://doi.org/10.3354/dao060031
https://doi.org/10.1023/A:1022511028617
https://doi.org/10.1093/icb/42.2.304
https://doi.org/10.1016/j.parint.2022.102676
https://doi.org/10.5324/fn.v41i0.3952
https://doi.org/10.1007/s10661-016-5483-0
https://doi.org/10.1186/s13071-017-2001-3
https://www.ncbi.nlm.nih.gov/pubmed/28166838
https://doi.org/10.1016/j.chemosphere.2020.127287
https://www.ncbi.nlm.nih.gov/pubmed/32535446
https://doi.org/10.1016/j.envres.2015.07.017
https://www.ncbi.nlm.nih.gov/pubmed/26253855
https://doi.org/10.1016/j.marpolbul.2012.06.008
https://doi.org/10.1016/j.aquatox.2009.03.002
https://www.ncbi.nlm.nih.gov/pubmed/19349083
https://doi.org/10.1111/ddi.12086
https://doi.org/10.1016/j.ecoenv.2012.08.013
https://doi.org/10.1016/j.envpol.2011.01.003

Animals 2023, 13, 2961 15 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ondarza, PM.; Gonzalez, M.; Fillmann, G.; Miglioranza, K.S. Polybrominated diphenyl ethers and organochlorine compound
levels in brown trout (Salmo trutta) from Andean Patagonia, Argentina. Chemosphere 2011, 83, 1597-1602. [CrossRef]

Quilichini, Y; Foata, J.; Orsini, A.; Mattei, J.; Marchand, B. Parasitofauna study of the brown trout, Salmo trutta (Pisces, Teleostei)
from Corsica (Mediterranean island) rivers. Parasite 2007, 14, 257-260. [CrossRef]

Hartvigsen, R.; Halvorsen, O. Common and rare trout parasites in a small landscape system. Parasitology 1993, 106 Pt 1, 101-105.
[CrossRef] [PubMed]

Klein, W.; Olsen, O.; Bowden, D. Effects of intestinal fluke, Crepidostomum farionis, on rainbow trout, Salmo gairdnerii. Trans.
Am. Fish. Soc. 1969, 98, 1-6. [CrossRef]

European Commission. Directorate—-General for Maritime Affairs and Fisheries. In The EU Fish Market: 2020 Edition; EU
Publications: Luxembourg, 2020.

Jung-Schroers, V.; Hildebrandt, U.; Retter, K.; Esser, K.-H.; Hellmann, J.; Kleingeld, D.W.; Rohn, K ; Steinhagen, D. Is humane
slaughtering of rainbow trout achieved in conventional production chains in Germany? Results of a pilot field and laboratory
study. BMC Vet. Res. 2020, 16, 197. [CrossRef] [PubMed]

Hajirezaee, S.; Amiri, B.M.; Mehrpoosh, M.; Jafaryan, H.; Mirrasuli, E.; Golpour, A. Gonadal development and associated changes
in gonadosomatic index and sex steroids during the reproductive cycle of cultured male and female Caspian brown trout, Salmo
trutta caspius (Kessler, 1877). J. Appl. Anim. Res. 2012, 40, 154-162. [CrossRef]

Bush, A.O,; Lafferty, K.D.; Lotz, ].M.; Shostak, A.W. Parasitology meets ecology on its own terms: Margolis et al. revisited. J.
Parasitol. 1997, 83, 575-583. [CrossRef]

Ferrante, M.C.; Fusco, G.; Monnolo, A.; Saggiomo, F.; Guccione, J.; Mercogliano, R.; Clausi, M.T. Food contamination by PCBs
and waste disposal crisis: Evidence from goat milk in Campania (Italy). Chemosphere 2017, 186, 396—404. [CrossRef]

Ferrante, M.C.; Di Vaio, P; Magli, E.; Frecentese, F.; Meli, R.; Caliendo, G.; Corvino, A.; Fiorino, F.; Giordano, F; Monnolo, A.;
et al. PCB levels in adipose tissue of dogs from illegal dumping sites in Campania region (Italy). Chemosphere 2020, 244, 125478.
[CrossRef]

Ferrante, M.C.; Fusco, G.; Naccari, C.; Meli, R.; Clausi, M.T. Are Biometric Parameters Helpful to Assess the Health Risk of
Consuming Organochlorine Compounds Contaminated Silver European Eel (Anguilla anguilla)? ]. Food Sci. 2016, 81, T1024-T1030.
[CrossRef]

Webster, L.; Roose, P.; Bersuder, P.; Kotterman, M.; Haarich, M.; Vorkamp, K. Determination of Polychlorinated Biphenyls (PCBs)
in Sediment and Biota. In ICES Techniques in Marine Environmental Sciences; series number No. 53; International Council for the
Exploration of the Sea (ICES) Publisher: Copenhagen, Denmark, 2013. [CrossRef]

Santoro, M.; Iaccarino, D.; Bellisario, B. Host biological factors and geographic locality influence predictors of parasite communities
in sympatric sparid fishes off the southern Italian coast. Sci. Rep. 2020, 10, 13283. [CrossRef]

Santoro, M.; Bellisario, B.; Fernandez-Alvarez, F.A.; Crocetta, F.; Palomba, M. Parasites and prey of the nursehound shark
Scyliorhinus stellaris (Linnaeus, 1758): Insights into hidden trophic web interactions in the Mediterranean Sea. |. Fish. Biol. 2023,
102, 271-280. [CrossRef]

Santoro, M.; Palomba, M.; Aco Alburqueque, R.; Mattiucci, S. Integrative Taxonomy Reveals Molicola uncinatus and Gym-
norhynchus gigas (Cestoda: Trypanorhyncha) Coinfection in the Atlantic Pomfret Brama brama From the Mediterranean Sea, With
Notes on the Phylogenetic Position of G. gigas within the Family Gymnorhynchidae. Front. Vet. Sci. 2022, 9, 909163. [CrossRef]
[PubMed]

Giesy, J.P.; Kannan, K. Dioxin-like and non-dioxin-like toxic effects of polychlorinated biphenyls (PCBs): Implications for risk
assessment. Crit. Rev. Toxicol. 1998, 28, 511-569. [CrossRef] [PubMed]

Bordajandi, L.R.; Gomez, G.; Fernandez, M.A.; Abad, E.; Rivera, J.; Gonzalez, M.]. Study on PCBs, PCDD/Fs, organochlorine
pesticides, heavy metals and arsenic content in freshwater fish species from the River Turia (Spain). Chemosphere 2003, 53, 163-171.
[CrossRef]

Bailey, R.E. Global hexachlorobenzene emissions. Chemosphere 2001, 43, 167-182. [CrossRef] [PubMed]

Paggi, L.; Orecchia, P.; Del Marro, M.; Iori, A.; Manilla, G. Parasites of Salmo trutta L. from the Tirino River. II. Host-parasite
interactions of helminth species. Parassitologia 1978, 20, 161-168. [PubMed]

Isobe, T.; Oshihoi, T.; Hamada, H.; Nakayama, K.; Yamada, T.K,; Tajima, Y.; Amano, M.; Tanabe, S. Contamination status of POPs
and BFRs and relationship with parasitic infection in finless porpoises (Neophocaena phocaenoides) from Seto Inland Sea and Omura
Bay, Japan. Mar. Pollut. Bull. 2011, 63, 564-571. [CrossRef] [PubMed]

Vidal-Martinez, V.; Aguirre-Macedo, M.; Norefia-Barroso, E.; Gold-Bouchot, G.; Caballero-Pinzén, P. Potential interactions
between metazoan parasites of the Mayan catfish Ariopsis assimilis and chemical pollution in Chetumal Bay, Mexico. J.
Helminthol. 2003, 77, 173-184. [CrossRef]

Khan, M.A.; Hansen, L.G. Ortho-substituted polychlorinated biphenyl (PCB) congeners (95 or 101) decrease pituitary response to
thyrotropin releasing hormone. Toxicol. Lett. 2003, 144, 173-182. [CrossRef]

Schmidt, V.; Zander, S.; Korting, W.; Broeg, K.; von Westernhagen, H.; Dizer, H.; Hansen, P; Skouras, A.; Steinhagen, D. Parasites
of flounder (Platichthys flesus L.) from the German Bight, North Sea, and their potential use in biological effects monitoring:
C. Pollution effects on the parasite community and a comparison to biomarker responses. Helgol. Mar. Res. 2003, 57, 262-271.
[CrossRef]


https://doi.org/10.1016/j.chemosphere.2011.01.005
https://doi.org/10.1051/parasite/2007143257
https://doi.org/10.1017/S0031182000074874
https://www.ncbi.nlm.nih.gov/pubmed/8479796
https://doi.org/10.1577/1548-8659(1969)98[1:EOIFCF]2.0.CO;2
https://doi.org/10.1186/s12917-020-02412-5
https://www.ncbi.nlm.nih.gov/pubmed/32539725
https://doi.org/10.1080/09712119.2011.645035
https://doi.org/10.2307/3284227
https://doi.org/10.1016/j.chemosphere.2017.07.144
https://doi.org/10.1016/j.chemosphere.2019.125478
https://doi.org/10.1111/1750-3841.13259
https://doi.org/10.25607/OBP-237
https://doi.org/10.1038/s41598-020-69628-1
https://doi.org/10.1111/jfb.15259
https://doi.org/10.3389/fvets.2022.909163
https://www.ncbi.nlm.nih.gov/pubmed/35782558
https://doi.org/10.1080/10408449891344263
https://www.ncbi.nlm.nih.gov/pubmed/9861526
https://doi.org/10.1016/S0045-6535(03)00417-X
https://doi.org/10.1016/S0045-6535(00)00186-7
https://www.ncbi.nlm.nih.gov/pubmed/11297396
https://www.ncbi.nlm.nih.gov/pubmed/553267
https://doi.org/10.1016/j.marpolbul.2011.01.014
https://www.ncbi.nlm.nih.gov/pubmed/21334693
https://doi.org/10.1079/JOH2002158
https://doi.org/10.1016/S0378-4274(03)00203-0
https://doi.org/10.1007/s10152-003-0159-x

Animals 2023, 13, 2961 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

Brazova, T.; Hanzelova, V.; Miklisovd, D. Bioaccumulation of six PCB indicator congeners in a heavily polluted water reservoir in
Eastern Slovakia: Tissue-specific distribution in fish and their parasites. Parasitol. Res. 2012, 111, 779-786. [CrossRef]

Brazova, T.; Miklisova, D.; Baréak, D.; Uhrovi¢, D.; Salamun, P; Orosova, M.; Oros, M. Hazardous pollutants in the environment:
Fish host-parasite interactions and bioaccumulation of polychlorinated biphenyls. Environ. Pollut. 2021, 291, 118175. [CrossRef]
Henriquez-Hernandez, L.A.; Carreton, E.; Camacho, M.; Montoya-Alonso, J.A.; Boada, L.D.; Valeron, P.F,; Falcon-Cordon, Y.;
Falcon-Cordon, S.; Almeida-Gonzalez, M.; Zumbado, M.; et al. The heartworm (Dirofilaria immitis) seems to be able to metabolize
organochlorine pesticides and polychlorinated biphenyls: A case-control study in dogs. Sci. Total Environ. 2017, 575, 1445-1452.
[CrossRef]

Gui, D; He, J.; Zhang, X.; Tu, Q.; Chen, L.; Feng, K.; Liu, W.; Mai, B.; Wu, Y. Potential association between exposure to legacy
persistent organic pollutants and parasitic body burdens in Indo-Pacific finless porpoises from the Pearl River Estuary, China. Sci.
Total Environ. 2018, 643, 785-792. [CrossRef] [PubMed]

Kannan, K.; Perrotta, E.; Thomas, N.J.; Aldous, K.M. A comparative analysis of polybrominated diphenyl ethers and polychlori-
nated biphenyls in Southern sea otters that died of infectious diseases and noninfectious causes. Arch. Environ. Contam. Toxicol.
2007, 53, 293-302. [CrossRef] [PubMed]

Bamidele, A.; Abiodun, K.T.; David, U.U.; Kayode, S.J. Gastrointestinal Parasites of Sarotherodon melanotheron (Ruppel, 1852)
Histopathological Alterations and Organochlorine Pesticides Pollution from Lagos, Lagoon, Nigeria. Egypt. Acad. |. Biol. Sci. E
Med. Entomol. Parasitol. 2018, 10, 15-29. [CrossRef]

Bamidele, A.; Abayomi, A.; Iyabo, A.; Giwa, M. Parasitic fauna, histopathological alterations, and organochlorine pesticides
contamination in Chrysichthys nigrodigitatus (Lacepede, 1803) (Bagridae) from Lagos, Lagoon, Nigeria. Sci. Afr. 2019, 5, 00130.
[CrossRef]

Ferrante, M.C.; Mattace Raso, G.; Esposito, E.; Bianco, G.; Iacono, A.; Clausi, M.T.; Amero, P; Santoro, A.; Simeoli, R.; Autore, G,;
et al. Effects of non-dioxin-like polychlorinated biphenyl congeners (PCB 101, PCB 153 and PCB 180) alone or mixed on J774A.1
macrophage cell line: Modification of apoptotic pathway. Toxicol. Lett. 2011, 202, 61-68. [CrossRef]

Santoro, A.; Ferrante, M.C.; Di Guida, F; Pirozzi, C.; Lama, A.; Simeoli, R.; Clausi, M.T.; Monnolo, A.; Mollica, M.P.; Mattace Raso,
G.; et al. Polychlorinated Biphenyls (PCB 101, 153, and 180) Impair Murine Macrophage Responsiveness to Lipopolysaccharide:
Involvement of NF-kappaB Pathway. Toxicol. Sci. 2015, 147, 255-269. [CrossRef]

Sagerup, K.; Larsen, H.].; Skaare, ].U.; Johansen, G.M.; Gabrielsen, G.W. The toxic effects of multiple persistent organic pollutant
exposures on the post-hatch immunity maturation of glaucous gulls. J. Toxicol. Environ. Health A 2009, 72, 870-883. [CrossRef]
Luebke, R.W.; Copeland, C.B.; Diliberto, ].J.; Akubue, P.I.; Andrews, D.L.; Riddle, M.M.; Williams, W.C.; Birnbaum, L.S.
Assessment of host resistance to Trichinella spiralis in mice following preinfection exposure to 2,3,7,8-TCDD. Toxicol. Appl.
Pharmacol. 1994, 125, 7-16. [CrossRef]

Sures, B.; Knopf, K. Individual and combined effects of cadmium and 3,3",4,4’,5-pentachlorobiphenyl (PCB 126) on the humoral
immune response in European eel (Anguilla anguilla) experimentally infected with larvae of Anguillicola crassus (Nematoda).
Parasitology 2004, 128, 445-454. [CrossRef] [PubMed]

Morley, N.J.; Lewis, ].W.; Hoole, D. Pollutant-induced effects on immunological and physiological interactions in aquatic
host-trematode systems: Implications for parasite transmission. J. Helminthol. 2006, 80, 137-149. [CrossRef] [PubMed]

Yen Le, T.T,; Rijsdijk, L.; Sures, B.; Hendriks, A.J. Accumulation of persistent organic pollutants in parasites. Chemosphere 2014,
108, 145-151. [CrossRef] [PubMed]

Molbert, N.; Alliot, E; Leroux-Coyau, M.; Medoc, V.; Biard, C.; Meylan, S.; Jacquin, L.; Santos, R.; Goutte, A. Potential Benefits of
Acanthocephalan Parasites for Chub Hosts in Polluted Environments. Environ. Sci. Technol. 2020, 54, 5540-5549. [CrossRef]
Schafer, P.; Muller, M.; Kruger, A.; Steinberg, C.E.; Menzel, R. Cytochrome P450-dependent metabolism of PCB52 in the nematode
Caenorhabditis elegans. Arch. Biochem. Biophys. 2009, 488, 60-68. [CrossRef]

Barrett, J. Helminth detoxification mechanisms. J. Helminthol. 1997, 71, 85-89. [CrossRef]

Barrett, J. Cytochrome P450 in parasitic protozoa and helminths. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 1998,
121, 181-183. [CrossRef]

Goutte, A.; Molbert, N. Benefits of Parasitism in Polluted Environments: A Review and Perspectives. Front. Ecol. Evol. 2022, 97,
e34. [CrossRef]

Weber, R.; Herold, C.; Hollert, H.; Kamphues, J.; Blepp, M.; Ballschmiter, K. Reviewing the relevance of dioxin and PCB sources
for food from animal origin and the need for their inventory, control and management. Environ. Sci. Eur. 2018, 30, 42. [CrossRef]
Van den Berg, M.; Birnbaum, L.S.; Denison, M.; De Vito, M.; Farland, W.; Feeley, M.; Fiedler, H.; Hakansson, H.; Hanberg, A.;
Haws, L.; et al. The 2005 World Health Organization reevaluation of human and Mammalian toxic equivalency factors for dioxins
and dioxin-like compounds. Toxicol. Sci. 2006, 93, 223-241. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00436-012-2900-3
https://doi.org/10.1016/j.envpol.2021.118175
https://doi.org/10.1016/j.scitotenv.2016.09.236
https://doi.org/10.1016/j.scitotenv.2018.06.249
https://www.ncbi.nlm.nih.gov/pubmed/29960222
https://doi.org/10.1007/s00244-006-0251-8
https://www.ncbi.nlm.nih.gov/pubmed/17587145
https://doi.org/10.21608/eajbse.2018.24311
https://doi.org/10.1016/j.sciaf.2019.e00130
https://doi.org/10.1016/j.toxlet.2011.01.023
https://doi.org/10.1093/toxsci/kfv127
https://doi.org/10.1080/15287390902959516
https://doi.org/10.1006/taap.1994.1043
https://doi.org/10.1017/S003118200300475X
https://www.ncbi.nlm.nih.gov/pubmed/15151150
https://doi.org/10.1079/JOH2006345
https://www.ncbi.nlm.nih.gov/pubmed/16768857
https://doi.org/10.1016/j.chemosphere.2014.01.036
https://www.ncbi.nlm.nih.gov/pubmed/24582601
https://doi.org/10.1021/acs.est.0c00177
https://doi.org/10.1016/j.abb.2009.06.016
https://doi.org/10.1017/S0022149X0001573X
https://doi.org/10.1016/S0742-8413(98)10039-7
https://doi.org/10.3389/fevo.2022.847869
https://doi.org/10.1186/s12302-018-0166-9
https://doi.org/10.1093/toxsci/kfl055

	Introduction 
	Materials and Methods 
	Study Area and Fish Collection 
	Analytical Sample Preparation 
	Analytical Procedure 
	Chemical Analysis 
	Instrumental Analysis 

	Parasitological Examination 
	Statistical Analysis 

	Results and Discussion 
	OCs in Trout Muscle 
	Regression Analysis of Parasites Infection and OCs 
	Risk Assessment 

	Conclusions 
	References

