
Science of the Total Environment 550 (2016) 900–909

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Persistent organic pollutants (POPs) in fish with different feeding habits
inhabiting a shallow lake ecosystem
María F. Silva Barni a, Paola M. Ondarza a, Mariana Gonzalez a, Rodrigo Da Cuña b, Fernando Meijide b,
Fabián Grosman c,d, Pablo Sanzano c,d, Fabiana L. Lo Nostro b, Karina S.B. Miglioranza a,⁎
a Laboratorio de Ecotoxicología y Contaminación Ambiental, Instituto de Investigaciones Marinas y Costeras (IIMyC), Facultad de Ciencias Exactas y Naturales,
Universidad Nacional de Mar del Plata (UNMdP), Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Mar del Plata 7600, Argentina
b Laboratorio de Ecotoxicología Acuática, Departamento de Biodiversidad y Biología Experimental (DBBE), Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires (UBA),
Instituto de Biodiversidad y Biología Experimental y Aplicada (IBBEA), CONICET-UBA, C1428EGA Buenos Aires, Argentina
c Facultad de Ciencias Veterinarias, Universidad Nacional del Centro de la Provincia de Buenos Aires, Tandil 7000, Buenos Aires, Argentina
d Instituto Multidisciplinario sobre Ecosistemas y Desarrollo Sustentable, Universidad Nacional del Centro de la Provincia de Buenos Aires, Tandil 7000, Buenos Aires, Argentina
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• POPs accumulation might be related
with fish feeding habits.

• Endosulfan levels in liver and gills
might be related with histological dam-
ages.

• VTG detection in O. bonariensis and
O. jenynsii males suggested the expo-
sure to estrogenic compounds.
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The occurrence of persistent organic pollutants (POPs) in the environment can affect organisms inhabiting
aquatic systems, in particular shallow lakes that are vulnerable to environmental stressors. This study
aimed to assess POPs accumulation and changes at histological and physiological levels in tissues of three
fish species with different trophic habits. Gills, brain, muscle, liver and gonads of Odontesthes bonariensis,
Oligosarcus jenynsii and Cyphocharax voga were collected from the shallow lake La Peregrina, located in
an agricultural area from Argentina. In addition, contaminant levels in surface water (SW), suspended par-
ticulate matter (SPM) and bottom sediments (BS) were assessed. Histological lesions were evaluated in fish
tissues and levels of vitellogenin (VTG) were assessed in plasma of male fish in order to correlate these al-
terations with the presence of POPs in the environment. Organochlorine pesticides (OCPs), polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) were determined by GC-ECD. Biotic and abi-
otic samples showed the same POPs distribution pattern: OCPs N PCBs N PBDEs. Although tissue distribution
of OCPs was species-specific, muscle showed the lowest levels in all species. The most abundant contami-
nants were endosulfans, suggesting their widespread use in the area. O. bonariensis showed the highest
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endosulfans levels in liver (184.2–219 ng g−1 wet w), which was associated with the high SPM levels con-
sidering this species is a filter feeder. The occurrence of PCBs and PBDEs shows the ubiquity of these pollut-
ants in the area. Histological lesions in gills and liver of O. bonariensis and O. jenynsii, might be related with
the high levels of endosulfans in these organs. The detection of VTG inmales warns about a possible exposure to
estrogenic compounds in the environment. In conclusion, the simultaneous exposure of fish tomultiple environ-
mental pollutants leads to different alterations, someasures should be taken in order to prevent their occurrence
and toxic effects.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The environmental impact of agriculture is among the predomi-
nant global problems of this century. The current production system
based on agricultural intensification leads to excessive pesticides ap-
plication. Argentina is the export leader of soybean oil and meal and
has become the third producer and exporter of soybean grains
(USDA, 2015). The Pampa region is characterized by the presence
of numerous shallow lakes (more than 10,000 larger than 10 ha.;
Dangavs, 2005). These environments are highly productive systems
(Quirós, 2004) and, due to their small depth and location within ex-
tensive agricultural areas, are also highly vulnerable. Agrochemicals
and industrial pollutants can often reach waterbodies via air drift
or surface runoff, affecting abundance and diversity of non-target
species, producing complex effects on ecosystems and altering trophic
interactions (Islam and Tanaka, 2004). In particular, organochlorine
pesticides (OCPs), polychlorinated biphenyls (PCBs) and polybro-
minated diphenyl ethers (PBDEs) are classified as persistent organic
pollutants (POPs) regulated by the Stockholm Convention (UNEP,
2011). Among OCPs, endosulfan was the last pesticide included as
a POP (April 2011) and its use was fully banned in Argentina in
July 2013 (SENASA, 2011). Regarding PBDEs, commercial penta and
octabromodiphenyl ether are included in the POPs list (UNEP, 2011).
POPs are lipophilic and persistent compounds that can be transported
atmospherically over long distances, making them ubiquitous pollut-
ants (Wania and MacKay, 1996). However, despite bans or restrictions
on production and use, POPs arewidely distributedwithin environmen-
tal compartments. It is well documented that fish accumulates POPs,
readily taking them up from contaminated food (Fisk et al., 2001;
Blocksom et al., 2010; Ondarza et al., 2011; Poma et al., 2014). There-
fore, the study of fish species occupying different ecological niches
with different feeding habits can provide useful information about
dynamics of pollutants in aquatic environments.

Accumulation of POPs might lead to toxic effects in fish, causing en-
docrine disruption and altering biochemical, physiological, histological
and morphological parameters (Noreña-Barroso et al., 2004; Da Cuña
et al., 2011, 2013; Hued et al., 2013). Additionally, the presence of vitel-
logenin (VTG) in male fish can be used as a biomarker of exposure to
estrogen mimics that can trigger VTG gene expression, resulting in de-
tectable concentrations of this female-specific protein in blood and
body surface mucus (Moncaut et al., 2003; Rey Vázquez et al., 2009;
Genovese et al., 2011, 2012; Rautenberg et al., 2015).

The aims of this study were to evaluate the accumulation and tis-
sue distribution of OCPs, PCBs and PBDEs and their relation with
changes at histological and physiological levels in three fish species
(Odontesthes bonariensis, Cyphocharax voga and Oligosarcus jenynsii)
inhabiting different ecological niches of a shallow lake from the
Pampa region.

2. Materials and methods

2.1. Study area

La Peregrina shallow lake (37°53′S; 57°54′W), located in southeast
of the Pampa region, Argentina, has a total area of 90 ha., with a
mean depth of 1.5 m and a muddy bottom. This water body is located
in an area with extensive agricultural production (mainly soybean, po-
tato, sunflower and wheat) and is frequently used in sport fishing
practices.

2.2. Sampling

The threefish species selectedwere:O. bonariensis (Atheriniformes),
a plankton feeder that ingests mainly zooplankton from the water
column (Ringuelet et al., 1980, Grosman et al., 2001), O. jenynsii
(Characiformes) an opportunistic carnivorous, mainly ingesting deca-
pod crustaceans, terrestrial adult insects and fish (Grosman et al.,
2002, Barros, 2004), and Cyphocharax voga (Characiformes), a bottom
dweller organism, feeding on detritus and phytoplankton (Grosman
et al., 1996, 2002; González Sagrario and Ferrero, 2013). Fishes were
caught following standard fishing procedures using a 20m-long coastal
trawling net. Immediately, fishes were transported to the laboratory for
processing. All captures were characterized by a fish taxonomist and in-
dividual morphometric parameters were measured (total weight, total
and standard length).

Prior to blood collection, fish were softly sedated by immersion in
iced water. Peripheral blood was collected by puncture of the caudal
vein with a heparin-coated 25 gauge × 1/2 in needle, attached to a
1 mL syringe. Immediately following, fishes were weighed and eutha-
nized by spinal pithing. After dissection, liver, gills, brain, muscle and
gonadswere quickly removed andweighed. Subsamples of these organs
were wrapped in aluminum foil and kept frozen at −20 °C for POPs
analysis. Moreover, subsamples of liver, gonad and gills were fixed for
subsequent histological examination. Fish handling was conducted in
accordance to international standards on animal welfare (Canadian
Council on Animal Care, 2005). Finally, condition factor (CF = total
weight×100/total length3), gonadosomatic(GSI=gonadweight×100/
100/total weight) and hepatosomatic (HSI = liver weight × 100/total
weight) indexes were calculated.

Furthermore, to better understand the pollutants behavior in the
aquatic system, contaminant levels in surface water (SW), suspended
particulate matter (SPM) and bottom sediments (BS) of La Peregrina
lakewere also analyzed. Samples of SWwere collected from the subsur-
face of the lake in 1 L pre-cleaned amber glass bottles for physicochem-
ical and contaminant analyses and immediately transported to the
laboratory (4 °C). SPMwas obtained from the water samples at the lab-
oratory by filtering through a 0.45 μm membrane filter under vacuum.
BS samples consisted of the upper 0–5 cm of sediments collected with
steel core samplers (4 cm inner diameter × 10 cm length). Samples of
SPM and BS were air dried at room temperature until they reached a
constant weight and kept wrapped in aluminum foil at −20 °C until
analytical determination.

Samples of SW, SPM, BS and fish were collected in March 2009
(summer) during a post-pesticide application period.

2.3. Analytical procedures

2.3.1. Physicochemical characteristics of SW
Ions concentrations (CO3

2−, HCO3
−, Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−,
NO3

−, NO2
− and NH4

+), total phosphorus (TP) and total and dissolved
solids (TS and DS, respectively) were determined in the laboratory
following standardized tests (APHA et al., 1992). Chlorophyll-a
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concentration was measured according to Conzonno (1995). Turbidity
was calculated by a Secchi disk. Electric conductivity (EC), pH and tem-
perature were measured in situ using a HACH Sension 156multiparam-
eter meter.

2.3.2. OCP, PCB and PBDE extraction and clean up procedure

2.3.2.1. Fish tissues, SPM and BS samples. POPs were extracted according
to Metcalfe and Metcalfe (1997), with modifications of Miglioranza
et al. (2003). A total of 73 samples were analyzed. Subsamples of SPM
(filters), BS (3–3.3 g) and fish organs (2.5–3 g muscle, 0.2–1 g liver,
0.3–3 g gonads, 0.1–1 g gills and 0.05–0.15 g brain), were homogenized
with anhydrous sodium sulfate and spiked with 20 ng of PCB #103, as
internal standard. They were Soxhlet extracted (8 h) with a mixture of
n-hexane-dichloromethane (1:1 v/v), and then concentrated under
vacuum and nitrogen flow to a final volume of 2 mL. For tissue sam-
ples, lipid content was removed by gel permeation chromatography
(GPC) using Bio-Beads S-X3 (200–400mesh). Purification of the con-
taminant fraction was performed by silica gel chromatography pre-
viously activated at 200 °C during 24 h. It was eluted with 150 mL
of n-hexane:dichloromethane (2:1 v/v) and extracts were concentrat-
ed to 1 mL and kept in sealed vials at−20 °C prior to chromatographic
analyses. In BS samples, sulfur compounds were removed with activat-
ed copper.

2.3.2.2. SW samples. Compounds were extracted from SW according to
Gonzalez et al. (2012). Briefly, samples of 1 L of water were spiked
with 20 ng of PCB #103 (internal standard), followed by a liquid–liquid
extraction using 300 mL of n-hexane:dichloromethane (1:2 v/v), shak-
en during 2 h. The organic layer was concentrated to 2 mL for further
clean up by chromatography on activated silica gel (200 °C, 24 h). Ex-
tracts were concentrated to 1 mL and kept in sealed vials at −20 °C
until gas chromatographic analyses.

2.3.3. Gas chromatographic determination of OCPs, PCBs and PBDEs
The compounds analyzed included: hexachlorocyclohexanes (α-,

β-, γ- and δ-HCH), endosulfans (α- and β-endosulfan, endosulfan
sulfate), dichlorodiphenyltrichloroethanes (p,p′-DDT, p,p′-DDE,
p,p′-DDD), chlordanes (α- and γ-chlordane, trans-nonachlor), diel-
drin, heptachlors (heptachlor, heptachlor epoxide), PCBs congeners
(IUPAC #8,18, 28, 31, 44, 52, 66, 87, 101, 105, 110, 118, 123, 126,
128, 138, 149, 153, 156, 157, 167, 169, 170, 180, 187, 189, 195, 206
and 209) and PBDEs congeners (IUPAC #28, 47, 66, 85, 99, 100,138,153
and 154).

OCPs, PCBs and PBDEs were identified and quantified using a
Shimadzu 17-A gas chromatograph equipped with an Electron Capture
Detector (GC-ECD). The GC capillary column usedwas a SPB-5 [(5%phe-
nyl)-methyl polysiloxane], 30m×0.25mm i.d. × 0.25 μmfilm thickness
(Supelco, Bellefonte, PA, USA). 1 μL was injected on a splitless mode
(275 °C) and the ECD was kept at 290 °C. The oven temperature pro-
gram was: start at 100 °C and held for 1 min, followed by an increase
of 5 °C min−1 up to 150 °C, held for 1 min, increase 1.5 °C min−1 up
to 240 °C, and then 10 °C min−1 up to 300 °C for 10 min. Ultra-high
purity Helium was used as carrier gas (1.5 mL min−1) and nitrogen
as make-up gas (Miglioranza et al., 2003). A pesticide mixture from
Ultra Scientific North Kingston, RI, USA, PCB mixture and BDE-LMS
(Bromodiphenyl Ethers LakeMichigan Study) fromAccustandard Abso-
lute Standards (INC, CT, USA) were used for identification and quantifi-
cation of single compounds.

2.3.3.1. QA/QC. Laboratory and instrumental blanks were carried out
through the same extraction and clean-up procedures as the samples.
In this case, only anhydrous sodium sulfate was used. Results indicated
that there was no contamination or interference of samples during lab-
oratory handling. Recoveries, calculated by spikedmatrices, were great-
er than 90±15%. Instrumental detection limits, according to Keith et al.
(1983), ranged between 0.03 and 0.05 ng mL−1 for HCHs (α-, β-, γ-
and δ-isomers) and between 0.08 and 0.33 ng mL−1 for the rest of
the compounds. Method detection limits ranged between 0.003 and
0.005 ng g−1 for HCHs and between 0.008 and 0.033 ng g−1 for the re-
maining POPs.

2.4. Histological analysis

For standard histological analysis, small pieces of gills, liver
and gonads were fixed in Bouin's fluid for 24 h and then preserved
in 70% ethanol. Samples were dehydrated, embedded in paraffin
(Paraplast®, Fisher Brand, USA) and transversally sectioned at 7 μm
(Leitz Wetzlar 1212 Leica microtome, Germany). Sections were stained
with Hematoxylin–Eosin (H&E). Photomicrographs were taken with a
Nikon Microphot FX microscope coupled with a Coolpix 5400 digital
camera (Nikon, Japan).

2.5. VTG immunodetection by Western blot

Blood samples with the addition of 2.5 μL of 1 mM PMSF
(phenylmethylsulfonyl fluoride, protease inhibitor) were centrifuged
at 2500 ×g for 15 min at 4 °C to obtain plasma which was stored at
−20 °C. Plasma samples were analyzed by reducing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS/PAGE) using a 5% stack-
ing gel and 8% resolving gel followed byWestern blot. Samples were di-
luted in sample buffer containing 0.3 M Tris/HCl, pH 6.8, 10% SDS, 12%
glycerol, 11% β-mercaptoethanol and 0.2% bromophenol blue. Equal
amounts of protein (20 μg), as measured by Lowry et al. (1951), were
loaded into each lane. Molecular mass was estimated using pre-
stained molecular mass standards (Invitrogen). Following separa-
tion by electrophoresis, proteins were transferred to a nitrocellulose
membrane (Hybond, Amersham Pharmacia) for 90 min at 4 °C and
100 V in transfer buffer (25 mM Tris, 187 mM glycine, 20% (v/v)
methanol). Non-specific binding of membranes was blocked with
5% non-fat powdered milk in TBST (100 mM Tris–HCl, 0.9% NaCl,
0.1% Tween 20, pH 7.5) overnight at 4 °C. Membranes were then in-
cubated with the primary antiserum, rabbit anti-perch VTG (donated
by Dr. B. Allner, Hessisches Landesamt für Umwelt und Geologie,
Wiesbaden, Germany) 1:3000, for 90 min at room temperature.
After three 5 min washes in TBST, membranes were incubated with
a biotinylated anti-rabitt IgG antibody (Vector Lab., CA) diluted
1:1000 for 1 h and washed again, followed by incubation with horse-
radish peroxidase-conjugated streptavidin (Dako, CA) diluted
1:3000 for 1 h in the dark. Immunoreactivity was developed with
0.1% 3,3′ diaminobenzidine in 0.1 M Tris buffer pH 7.6 (DAB) and
0.02% water peroxide (H2O2). Omission of the primary antiserum
was performed for Western blot as a negative control. Vitellogenic
females for each species were used as positive controls.

2.6. Data expression and statistical analysis

Chemical concentrations were expressed as the average ± standard
deviation, and reported as ng L−1 for SW, ng g−1 dry weight (ng g−1

dry w) for SPM and BS and ng g−1 wet weight (ng g−1 wet w) for
fish. Statistical analyses were performed using Infostat Software
Package (Di Rienzo et al., 2010). A one way analysis of variance
(ANOVA) was used to test significant differences in contaminant
levels between fish species followed by Tukey test. When parametric
assumptions were not met a Kruskal Wallis analysis followed by
Dunn's test was used. Differences in contaminant levels between tis-
sues were tested using a non-parametric Friedman ANOVA for mul-
tiple dependent samples. Differences between sexes were tested
using a one way ANOVA, followed by a t-Student test for pair com-
parisons or a Mann Whitney test when parametric assumptions
were not met. Pearson's correlation coefficient was calculated be-
tween lipid percentage and contaminant levels. When the data
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were not normally distributed a Spearman's correlation coefficient
was used instead.
3. Results and discussion

3.1. Physicochemical characterization of SW

The physicochemical properties of La Peregrina SW (Table S1)
were similar to those reported by Díaz and Colasurdo (2008) in
the same shallow lake. Nevertheless, turbidity (8.0 cm), together
with total solids (TS = 1084 mg L−1) and dissolved solids (DS =
935 mg L−1) were significantly higher than values registered by
these authors (turbidity =16.2 cm, TS = 613.7 mg L−1, DS =
573.7 mg L−1). Differences could be a result of a storm occurring
days prior to sampling in the study area, which could have affected
sediment stability leading to higher turbidity. These results coincide
with those of other Pampean shallow lakes which usually are known
as “turbid” lakes. These ecosystems are characterized by high turbidity,
abundant development of the phytoplankton and high abundance of
planktivorous fish (Quirós et al., 2002). Bicarbonate (595.7 mg L−1)
was the dominant anion in SW followed by Cl− (114.0 mg L−1), where-
as Na+ (340.0 mg L−1) was the dominant cation.
3.2. Biological characteristics

O. bonariensis showed CF values (males= 0.8, females= 0.8) below
the species standard curve (Mancini et al., 2008).O. jenynsii also showed
CF values (males = 0.9, females = 1.0) lower than those reported by
other authors (males=1.0, females=1.4; Barla et al., 2003). Regarding
C. voga, literature about CF values is scarce for this species. Therefore, in
order to obtain a reference value, CFs were calculated using measure-
ments of total weight and total length values of C. voga from a shallow
lake (González Sagrario and Ferrero, 2013). The obtained CF ranged be-
tween 2.5 and 3.5, being higher than the value obtained at the present
work (CF = 2.0). The CF is an indicator of fish health (Grosman et al.,
1996) and varies as a function of several biological characteristics
such as amount of fat, susceptibility to environmental changes, gonad
development and degree of parasitism (Barbieri et al., 1985). Females
of C. voga showed the highest GSI (18.8) together with the highest
gonad lipid content (6.1%) compared to O. bonariensis (GSI = 2.3, lipid
content =3.7%) and O. jenynsii (GSI = 2.0, lipid content =3.7%),
which could be related with a more advanced reproductive maturity.
O. jenynsii showed lower HSI values (males = 0.5, females = 0.5)
with regard to O. bonariensis (males = 1.0, females = 1.5) and C. voga
(females = 1.1) (see Table S2 in supplementary material). All C. voga
specimens caught were females.
3.3. Total contaminant levels

POPs concentration showed the following order: OCPs N PCBs N PBDEs
in the three fish species tissues (Tables S3, S4 and S5) and the abiotic
matrices (SW, SPM and BS; Table S6). In general, pollutants levels
were correlated with the tissue lipid content within each fish species,
showing brain and liver the highest concentrations (Friedman
ANOVA, p b 0.05). Brain registered the highest lipid percentage in the
three fish species, followed by liver and gonads, whereas gills and
muscle showed the lowest values (Friedman ANOVA, p b 0.0001).
Thus, a good correlation was obtained between OCPs and lipid percent-
age for O. bonariensis (r = 0.89, p b 0.0001) and C. voga (r = 0.87,
p b 0.0001). However, PCBs and PBDEswere not significantly correlated
with lipid levels although a positive relation was observed. Similar re-
sults were previously observed for O. bonariensis and lipid classes
have been proposed as influencing factors on contaminant tissue parti-
tion (Silva Barni et al., 2014).
3.3.1. OCPs
Endosulfans were the main pollutants in fishes (Fig. 1, Tables S3, S4

and S5) and abiotic matrices (Fig. 2, Table S6), constituting more than
84%, 67% and 89% of OCPs in O. bonariensis, O. jenynsii and C. voga, re-
spectively. The predominance of this insecticide demonstrates that agri-
culture is themain source of pollutants in the lake. Technical endosulfan
use and production was totally banned by the National Service of
Food Quality (SENASA from the Spanish acronyms, Argentina) in
July 2013 (SENASA, 2011). Consequently, this insecticide was in use
during the sampling period. Inter-specific differences in endosulfans
levels and tissue distribution between the three fish species were
observed. Endosulfans distribution between tissues was as follows:
brain N liver N gonads N gills ≥ muscle in O. bonariensis (Friedman
ANOVA, p b 0.0001; Fig. 1 Table S3), liver ≥ gills ≥ brain ≥ gonads Nmus-
cle in O. jenynsii (Friedman ANOVA, p = 0.002; Fig. 1, Table S4) and
brain N gonads N gills ≥ liver N muscle in C. voga (Friedman ANOVA,
p b 0.0001; Fig. 1, Table S5). As toxicants are metabolized in the liver,
high pollutant levels are expected in this organ. However, the high en-
dosulfans levels in brain indicate that these compounds are able to
pass through the brain–blood barrier. Similar results were found in sil-
ver carp (Hypophthalmichthys molitrix), with higher OCPs concentra-
tions in brain than liver (Zhou et al., 2007). Moreover, individuals of
Jenynsia multidentata exposed to technical endosulfan for 24 h showed
the highest endosulfans levels in liver and brain (Ballesteros et al.,
2011). Silva Barni et al. (2014) also reported endosulfans accumulation
in brain ofO. bonariensis froma lothic environment of the Pampa region,
although overall levels were lower (males: 5.4 ± 1.5 ng g−1 wet w, fe-
males: 20.6 ± 12.0 ng g−1 wet w during the post-application period)
than those of the presentwork (males=184.2± 26.2 ng g−1wetw, fe-
males =219.1 ± 13.3 ng g−1 wet w). Muscle showed the lowest endo-
sulfans levels in the three fish species, in accordancewith its lower lipid
content.

When comparing species, O. bonariensis registered significantly
higher endosulfan levels than C. voga and O. jenynsii in liver (Kruskal
Wallis, p = 0.0068, Fig. 1) and brain (Kruskal Wallis, p = 0.0002,
Fig. 1). These results could be associated with the different feeding
habits and trophic web levels occupied by the three species
(Lavandier et al., 2013). The high endosulfans levels found in liver
of O. bonariensis could be related with the high levels recorded in
SPM (Fig. 2, Table S6), considering that this species filters particles
from the water column (Ringuelet et al., 1980). It is generally recog-
nized that direct uptake of contaminants from SPM, as well as from
food, serve as sources of hazardous chemicals for fish (Zhou et al.,
1999). Even when O. bonariensis can develop a piscivorous diet during
the adult stage, enabling biomagnification processes, the filter-feeding
habits might be favored in Pampean shallow lakes due to its high
productivity (Quirós et al., 2002). On the other hand, O. jenynsii, an
opportunistic carnivorous lacking filter-feeding habits, showed lower
bioaccumulation potential (Barros, 2004). Similarly, C. voga, a bottom
feeder with a high percentage of detritus in its diet (Destefanis and
Freyre, 1972; González Sagrario and Ferrero, 2013), showed lower accu-
mulation of this pesticide, as lower endosulfans concentrations were
found in BS (Fig. 2, Table S6). Colombo et al. (1990) reported a similar
OCPs pattern between Prochilodus platensis, a detritivorous fish, and
sediments, suggesting that the absorption from sediments could be a
dominant process. Additionally, Colombo et al. (2011) found that the
biochemical composition of settlingmaterial frommetropolitan Buenos
Aires coast was similar to the stomach contents of fishes, supporting the
importance of considering feeding habitat of the organisms. Othermany
factors related to fish biology such as species, sex, age, reproductive
stage and/or trophic level (Rosseland et al., 1999; Rognerud et al.,
2002; Vives et al., 2005) can be involved in pollutants accumulation
leading to the final pesticide behavior reported here.

Technical endosulfan is a mixture ofα- and β- isomers in a 7:3 ratio.
As theα-isomer degrades faster than the β-isomer in the environment,
theα−/β-ratio enables the estimation of endosulfan application period



Fig. 1.Organochlorine pesticides (OCPs) in gills, brain,muscle, liver and gonads ofOdontesthes bonariensis,Oligosarcus jenynsii and Cyphocharax voga.ΣEndosulfans:α-+ β-+ endosulfan
sulfate; ΣDDTs: p,p′-DDT + p,p′-DDE + p,p′-DDD, HCH: γ-HCH; ΣChlordanes: α- + γ-chlordane and trans-nonachlor.
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(Schmidt et al., 1997). Theα/β ratio obtained and the presence of endo-
sulfan sulfate in SPM and BS suggested the exposure to an aged techni-
cal mixture (Walse et al., 2002, Weber et al., 2010; Table S6). O. jenynsii
and C. voga showed predominance of α-endosulfan over the β-isomer
and endosulfan sulfate in most tissues (Table S4 and S5), following the
pattern observed in abiotic matrices (Table S6). Therefore, following
Fig. 2. Organochlorine pesticides (OCPs) in surface water (SW), suspended particulate matte
α- + β- + endosulfan sulfate; ΣDDTs: p,p′-DDT + p,p′-DDE + p,p′-DDD, HCH: γ-HCH; ΣChlor
pesticide application, α-isomer could become adsorbed to SPM and
BS, being available to be incorporated by fish. On the other hand,
O. bonariensis showed a predominance of endosulfan sulfate over
endosulfan isomers in liver and gonads (Friedman ANOVA, p b 0.05).
Accordingly, this could indicate a higher endosulfan metabolism in
O. bonariensiswith respect to C. voga and O. jenynsii. Therefore, different
r (SPM) and bottom sediments (BS) from the shallow lake La Peregrina. ΣEndosulfans:
danes: α- + γ-chlordane and trans-nonachlor.
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species would show different endosulfans distribution patterns in the
same environment caused not only to differing feeding habits but also
to metabolic differences.

DDTs represented the second predominant pesticide group in fish
(Fig. 1) and abiotic matrices (Fig. 2), constituting about 12%, 20% and
8% of OCPs in O. bonariensis, O. jenynsii and C. voga, respectively. DDTs
distribution in tissues was species dependent. Liver of O. bonariensis
showed DDT levels significantly higher than in other tissues (Friedman
ANOVA, p = 0.0018); C. voga presented the highest levels in gonads
(Friedman ANOVA, p b 0.0001), while O. jenynsii showed no significant
differences between tissues. A good correlation was observed between
DDTs levels and lipid percentage in O. bonariensis (r = 0.78,
p b 0.0001) and C. voga (r = 0.86, p b 0.0001), in accordance to the
high hydrophobicity of these pesticides (p,p'-DDT log Kow = 6.91
and p,p′-DDE log Kow = 6.96, Sabljic et al., 1995). Among species and
tissues, the highest DDT and endosulfans levels were found in liver of
O. bonariensis, coinciding with the highest pesticide levels recorded in
SPM. These results could be attributed to the filter-feeding habits of
O. bonariensis where the uptake of pesticides through SPM ingestion
would be an important input pathway.

DDTs levels found in O. bonariensis tissues appear as relatively
high compared to those registered in the same species from the
Quequén Grande River (Silva Barni et al., 2014) while relatively low
compared to those registered in Odontesthes hatcheri from Negro
River, Argentina (Ondarza et al., 2014), in which soils are recognized
as a hot spot of p,p′-DDE (Gonzalez et al., 2010). DDE/DDT ratio is gen-
erally considered to be an index of pollution age (Iwata et al., 1995,
Maldonado and Bayona, 2002). All fish tissues showed a p,p′-DDE/p,p′
Fig. 3.O. bonariensis. Liver sections from a female (A) and amale (B). Gill sections from a female
lamellae. h: hepatocyte; s: sinusoid.
DDT ratio N 1 (Table S3, S4 and S5), as was observed in SW and BS
(Table S6). Nevertheless, the p,p′-DDE/p,p′-DDT ratio b 1 in SPM could
be associated with dicofol use, since Qiu et al. (2005) have reported
the presence of DDT impurities in the technical mixture.

Levels of dieldrin, chlordanes and γ-HCH (Lindane) in the three fish
species (Fig. 1) as well as in abiotic matrices (Fig. 2) correspond with a
diffuse and historical contamination in the area, considering these com-
pounds were totally banned in 1980 (dieldrin) and 1998 (chlordanes
and Lindane).

3.3.2. PCBs and PBDEs
PCB concentrations varied between tissues in the three fish species.

The highest PCBs levels were found in brain and the lowest inmuscle of
all species (Friedman ANOVA, p b 0.05, Tables S3, S4 and S5), in agree-
ment with tissue lipid content.

PCBs, especially higher-chlorinated congeners, have a great tenden-
cy to adsorb to sediments and remain static for long periods (WHO,
1993; van der Oost et al., 2003). C. voga ingests large quantities of sedi-
ments and presents a high degree of interactionwith the substrate. As a
consequence of this behavior, all tissues of C. voga showed a predomi-
nance of higher chlorinated congeners, mainly penta (#101) and
hexa-CBs (#153 and 138; Table S5), which collectively accounted for av-
erage 71.7% of total PCBs. Additionally, a similar congener patternwas ob-
served in sediments but in relatively low levels (b dl - 0.4 ng g−1 dry w,
Table S6). Colombo et al. (2011) found a similar composition of PCBs,
with a prevailing contribution of penta, hexa and heptachlorobiphenyls
in Prochilodus lineatus, a detritivorous fish from the coastal area ofMetro-
politan Buenos Aires. Tetra, penta and hexa-CB congeners prevailed in
(C) and amale (D) showing edema associatedwith epithelial lifting (arrow) in secondary



906 M.F.S. Barni et al. / Science of the Total Environment 550 (2016) 900–909
O. bonariensis (# 52, 44, 66, 101, 153 and 138) and O. jenynsii (# 44, 110,
153 and 138), accounting for about 84.2% and 75.7% of the total PCBs, re-
spectively (Tables S3 and S4).O. bonariensis showed amajor contribution
of tetra-CBs (44.3%) than O. jenynsii (19.8%) and C. voga (23.5%).These
results were in accordance with SPM congener pattern (Table S6).
Moreover, similar PCB profiles in fish have already been reported for
Salmo trutta and O. hatcheri, from Andean Patagonia and Negro River
(Argentina), respectively, with a predominance of penta and hexa-CBs
in different tissues (Ondarza et al., 2011, 2014). This pattern reflects pol-
lution by Arochlors 1254 and 1260, which were historically used in the
region, aswell as the high lipophilicity andpersistence of these congeners
(Breivik et al., 2002).

Regarding PBDEs, congeners presented low values, in most of cases
below the limit of quantification, for all matrices (Tables S3, S4, S5 and
S6). BDE-47 and BDE-100 were predominat in O. bonariensis and
C. voga, whilst only BDE-47 was detected in O. jenynsii. This pattern of
congeners has been also reported in other fish species from freshwater
systems (Colombo et al., 2011; Ondarza et al., 2012, 2014; Silva Barni
et al., 2014) and is associated to the composition of the commercial
penta-BDE formulation that was one of the most used PBDE mixtures
in South America.

Several studies have suggested that PBDEs are susceptible to degra-
dation, via debromination, following exposure to UV light (Söderström
et al., 2004) as well as a consequence of microbial activity (He et al.,
2006) and fish metabolism (Stapleton et al., 2006). Biotransformation
of BDE99 to BDE47 has been previously described in whole body, liver,
and intestinal tissues of common carp (Cyprinus carpio) (Stapleton
Fig. 4. O. jenynsii.A) Liver section from a female showing necrotic process, B) Gill section from a
female showing secondary lamellae fusion (arrow). Cyphocharax voga. D) Liver section fro
mc: melano-macrophage center.
et al., 2006). Therefore the prevalence of BDE47 in the three fish species
found in the presentworkmight be partially due to a biotransformation
process.

3.4. Histological analysis

Histological analysis of target organs is very useful to determine pos-
sible relationships between pollutants and biological effects and its use
has been recommended for monitoring POPs in aquatic ecosystems
(STAP/GEF, 2003). In this work, O. bonariensis and O. jenynsii of both
sexes showed histological lesions in liver and gills while no alterations
were detected in ovaries or testes.

O. bonariensis liver showed fatty degeneration (nuclei with loose
chromatin and scarce free cytoplasm). Gills presented secondary lamel-
lae with edema and epithelial lifting (Fig. 3). In the case of O. jenynsii,
secondary lamellae fusion andmast cell infiltration, aswell as hyperpla-
sia of primary lamellae epithelium,were themost remarkable gill tissue
disorders. Basophilic cytoplasm andpycnotic nuclei, indicating a necrot-
ic process, were observed in the hepatocytes. Liver from C. voga females
showed a high incidence ofmelano-macrophages centers as the only al-
teration (Fig. 4).

Gills constitute the primary route for the entry of pesticides from the
water column and damages described here such as fusion of secondary
lamellae are associated to acute exposure to contaminants (Oliveira
Ribeiro et al., 2005). Also, these alterations are considered a defense
mechanism against pollutant entry as they decrease the gill surface
area that is exposed to toxic substances (Ballesteros et al., 2007).
male showing hypertrophy of primary lamellae epithelium (arrow), C) Gill section from a
m a female showing a high incidence of melano-macrophages centers. h: hepatocyte;
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Conversely, liver as the first organ of detoxification (Velmurugan et al.,
2009) is subject to both acute and chronic exposure to organic contam-
inants. The necrosis and the presence of abundant melano-macrophage
centers suggest a continuous exposure to environmental pollutants
in O. jenynsii and C. voga, respectively (Oliveira Ribeiro et al., 2005;
Agius and Roberts, 2003).

The histological lesions observed in gills and liver might be related
with the predominance and relatively high levels of endosulfans in
these organs. Similar histological disorders were reported for other
fish species (Jenynsia multidentata, Cichlasoma dimerus, Danio rerio)
after laboratory exposure to endosulfan mixture (Ballesteros et al.,
2007; Da Cuña et al., 2011; Velasco-Santamaría et al., 2011). Neverthe-
less, association between thesefish lesions and the presence of endosul-
fans should be carefully studied since fish are exposed to multiple
pollutants in the environment.
3.5. VTG immunodetection

VTG synthesis in male fish has been used as a specific biomarker
of exposure to xenoestrogens (Sumpter and Jobling, 1995). The estro-
genic effects of some POPs are well documented (Flouriot et al., 1995;
Christiansen et al., 2000; Okoumassoun et al., 2002). In particular, endo-
sulfan has previously been shown to be capable of inducingVTG synthe-
sis in fish after exposure to concentrations higher than 1 μg L−1 (Min
et al., 2010; Chow et al., 2013; Lee et al., 2013). Nevertheless, studies
with lower concentrations suggest that endosulfan does not act as an
estrogen mimic (Hemmer et al., 2001; Berntssen et al., 2010). In addi-
tion, nonionic surfactants such as nonylphenol ethoxylate are usually
used in combination with or as coadyuvants in pesticide commercial
formulations in order to increase chemical penetration in crops, and
their degradation products (eg. nonylphenol) have been demonstrated
to be estrogenic (White et al., 1994).

SDS-PAGE followed by Western blot of plasma samples revealed one
ir-VTG band (70 kDa) for O. bonariensis males and two for O. jenynsii
males (114 and 73 kDa, Fig. 5). Induction of VTG inmales of both species
suggests that fish are exposed to environmental estrogenic compounds.
In the case of C. voga, only females were sampled so no results can be
mentioned. The prevalence and relatively high levels of endosulfans in
livermight lead to VTG synthesis, since this process occurs in hepatocytes
in response to the activation of estrogen receptors (Mommsen and
Walsh, 1988). DDTs, the second predominant group, could be also
responsible of VTG induction in males. Nevertheless, o,p′-DDT has been
reported as a stronger inducer of VTG than p,p′-DDT (Okoumassoun
Fig. 5. Immunodetection of VTG inplasma samples fromO. bonariensis (left) andO. jenynsii
(right). One ir-Vtg band (70 kDa) was revealed in male O. bonariensis while two bands
(114 and 73 kDa) were evidenced in male O. jenynsii. Numbers: pre-stained molecular
weight standards.
et al., 2002) and only p,p′-isomers were measured in this study. There-
fore, o,p′-isomers could be present in the environment and also induce
VTG production in males. Considering that o,p′-DDT accounts for more
than 80% of current-used dicofol whilst it represents only 18% in the
phased-out technical DDT mixture (Qiu et al., 2005), more attention
should be paid to the o,p′-DDT inputs due to dicofol use.

4. Conclusion

This work provides an integrative analysis of POPs in freshwater
fishes with different feeding habits, demonstrating the utility of analyt-
ical and biological approaches for assessing environmental risk to fish
species in a typical shallow lake. The distribution pattern of contami-
nants in fish tissues reflected the importance of considering the ecolog-
ical niche inhabited by fish to interpret POPs bioaccumulation. A
relationship was observed between histological damage and vitellogen-
esis induction with the levels of POPs in fish organs, mainly liver and
gills, which are directly related with POPs exposure. However, it cannot
be discarded that other chemicals present in the environment could
contribute to such effects. Regardless, themagnitude of these effects ap-
pears to not seriously affect the fish vital system, but it could become
crucial during reproduction and/or under prolonged exposure periods.
Therefore, combining both analytical and physiological studies provides
useful information to assess fish exposure in contaminated environ-
ments. It has been evidenced that shallow lakes adjacent to agricultural
areas are very likely to be affected by pesticides entering via rainfall run-
off as well as atmospheric inputs of other contaminants. Since exposure
of fish to even low levels of pesticides such as endosulfans can result in
several alterations, monitoring programs should be adopted to prevent
the occurrence of contaminants in the aquatic environment.
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