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HIGHLIGHTS

o PCB levels were above the threshold established as risk limit for Tursiops truncatus.
o Transcript levels of GR, GPx-4 and IL-1« were associated with PBDEs and pesticides.
o Higher GST activity was associated with higher pesticides levels.

e Data suggests a putative influence of seasonality on biomarker responses.
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Adverse effects of exposure to persistent organic pollutants (POPs) threaten the maintenance of odon-
tocete populations. In southern Brazil, coastal bottlenose dolphins from the Laguna Estuarine System
(LES) and Patos Lagoon Estuary (PLE) were sampled using remote biopsies during the winter and
summer months. Levels of bioaccumulated POPs were measured in the blubber. The activities of
glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx), and super-
oxide dismutase (SOD) were also quantified, as were the mRNA transcript levels of aryl hydrocarbon
receptor (AhR), AhR nuclear translocator (ARNT), cytochrome P450 1A1-like (CYP1A1), metallothionein 2A
(MT2A), GST-m, GPx-4, GR, interleukin 1 alpha (IL-1«), and major histocompatibility complex Il (MHCII) in the
skin. In general, levels of POPs were similar among sites, sexes, ages and seasons. For most animals, total
polychlorinated biphenyl (SPCBs) levels were above the threshold level have physiological effects and
pose risks to cetaceans. The best-fitting generalized linear models (GLMs) found significant associations
between GR, IL-1a and GPx-4 transcript levels, SOD and GST activities, and total polybrominated diphenyl
ether (SPBDEs) and pesticide levels. GLMs and Kruskal-Wallis analyses also indicated that there were
higher transcript levels for most genes and lower GST activity in the winter. These results reinforce the
need to consider the influence of environmental traits on biomarker values in wildlife assessments.
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the coastlines has led to the increasing release of persistent organic
pollutants (POPs), such as polychlorinated biphenyls (PCBs),
organochlorine pesticides (OCPs) like dichlorodiphenyltrichloro-
ethane (DDT), and polybrominated diphenyl ethers (PBDEs), into
aquatic ecosystems. POPs are highly stable, toxic and lipophilic
(Breivik et al., 2004), and thus accumulate in biota and biomagnify
through the food chain to reach higher concentrations in top
predators, such as odontocetes (Kelly, 2007; Tanabe, 2002). Previ-
ous studies demonstrated that continuous exposure to complex
mixtures of POPs affected the health of a variety of odontocete
species. For instance, the high incidence of carcinomas in belugas
(Delphinapterus leucas) in the St. Lawrence Estuary, Canada, was
associated with their exposure to OCPs, polycyclic aromatic hy-
drocarbons (PAHs), metals, and PCBs (De Guise et al., 1994).
Furthermore, reduced activity of lymphocytes and natural killer
(NK) cells, as well as increased susceptibility to viral infections, has
been associated with exposure to POPs in bottlenose dolphins
(Tursiops truncatus) (Lahvis et al., 1995). POPs were also associated
with hormonal changes in delphinids (Schwacke et al., 2012; Trego
et al., 2018), as well as to enhanced levels and activities of cyto-
chromes P450, glutathione S-transferases (GSTs) (Bengtson Nash
et al., 2014; Hooker et al., 2008; McKinney et al., 2004), and anti-
oxidant enzymes (Fossi et al., 2013; Kanerva et al., 2012; Regoli
et al., 2011), which are upregulated upon exposure to certain con-
taminants to facilitate their metabolism and eventual excretion or
to cope with reactive molecules produced during their biotrans-
formation (Regoli et al., 2011).

Changes at cellular, tissue, or systemic levels due to POP expo-
sure may lead to higher mortality rates and reduced fecundity,
resulting in adverse effects on population dynamics (Vasseur and
Cossu-Leguille, 2006). This is of particular concern to small odon-
tocete populations, which display a high degree of site fidelity to
coastal areas close to POP sources and further harmful human ac-
tivities. POP contamination is usually silent and cumulative, so
exposure effects tend to become apparent only after longer expo-
sure periods. Even then, the identification of cause-effect re-
lationships may be hampered by confounding factors, such as the
occurrence of diseases, fitness variations due to food availability, or
normal aging effects (O'Shea, 1999). Therefore, the use of tools, such
as biomarkers that indicate contaminant-induced biological re-
sponses, is necessary in the study of free-ranging cetaceans.

In recent years, many studies have searched for and measured
levels of different biomarkers in wild populations of cetaceans,
mainly in the skin tissue collected from live animals by remote
biopsy. The main limitation facing these studies is that their sample
sizes are usually small (Fossi et al., 1997, 2004; Jauniaux et al., 2011;
Waugh, 2011), although the long-term collection of samples has
provided some studies with greater sample sizes (Buckman et al.,
2011; Fossi et al., 2003). Regardless of this challenge, this meth-
odology is an invaluable tool for population assessment since it
presents no bias in terms of the animals’ health conditions or
sample degradation, which are two of the main limitations in the
use of stranded cetaceans for pollutant and biomarker analysis
(Aubail et al., 2013; Kershaw et al., 2018).

The purpose of this study was thus to evaluate potential mo-
lecular and biochemical biomarkers in the skin and POP levels in
the blubber of free-ranging bottlenose dolphins inhabiting coastal
areas in southern Brazil, specifically the Laguna Estuarine System
(LES) (28°30'S 48°46'W) and Patos Lagoon Estuary (PLE) (32°05'S
52°04’'W), using samples obtained through remote biopsies. Both
populations are small, with a high degree of site fidelity, and
geographically and genetically isolated from other bottlenose dol-
phin populations (Borges Costa et al., 2015; Fruet et al., 2017). These
characteristics, along with morphological differences among

populations, have prompted researchers to discuss whether the
bottlenose dolphins living along the Brazilian coast could be
considered as belonging to a new subspecies or species; herein, we
considered the studied dolphin populations to belong to Tursiops
truncatus gephyreus, which was recently recognized as a valid
subspecies by the Society for Marine Mammalogy Committee on
Taxonomy (2017). Due to their habitats, coastal populations are at
a particularly high risk due to their exposure to a variety of
anthropogenic impacts, including POP release (O'Shea, 1999).

The LES dolphin population, estimated at 55 to 60 individuals
(Daura-Jorge et al., 2013), has shown an increasing incidence in
recent years of a lacaziosis-like disease or lobomycosis-like disease
(LLD), which is an opportunistic fungal disease related to immune
impairment (Van Bressem et al., 2015). Dolphins from the LES are
also known for their specialized cooperative foraging with artisanal
fishermen, a behavior displayed by a subset of this group (Simoes-
Lopes et al., 1998). This distinctive interaction has enormous cul-
tural and economic value for the local community (Peterson et al.,
2008), and reinforces the need for studies that monitor potential
health risks to these animals. The LES is adjacent to the largest coal
extraction and refining complex in southern Brazil and several rice
farming properties (Rodriguez-Iruretagoiena et al., 2015; Vieira
et al., 2016). Therefore, the runoff from such activities could
potentially expose dolphins in the LES population to a suite of
different POPs. No LLD occurrence has been recorded to date among
the PLE dolphin population, which consists of about 90 individuals,
but in spite of this it is also exposed to runoff from a highly
developed petrochemical and industrial complex. PLE is one of the
most productive fishing grounds in Brazil, with abundant fish as-
semblages inside the estuary and along the adjacent coasts
(Rodrigues and Vieira, 2013). Intense rice farming is also present
along the shores of nearby lagoons (Santos et al., 2008).

Thus, to understand whether POPs cause biological responses in
the skin of free-ranging dolphins from the LES and PLE populations,
remote biopsy sampling was conducted and the blubber obtained
was analyzed to assess its concentrations of POPs, and the skin in
the samples was also analyzed for the identification and quantifi-
cation of various biochemical and molecular biomarkers. We
further evaluated if sex, age, and season influenced the POP accu-
mulation and biomarker responses in these bottlenose dolphins.

2. Materials and methods
2.1. Sample collection

Between June 2015 and March 2016, 17 remote biopsy samples
were collected from resident bottlenose dolphins of the LES (n = 7)
and PLE (n = 10), representing more than 10% of each population
sampled (Fig. 1).

Sampling was conducted during boat surveys that were part of
ongoing, long-term monitoring projects for both populations
(Daura-Jorge et al., 2013; Fruet et al., 2015) following a well-
established remote biopsy sampling protocol (Winn et al., 1973).
Further details can be found in the Electronic Supplementary
Material (SM1). Biopsy samples were fractionated into one
blubber and two skin subsamples, with the former used for POP
quantification and the two latter samples used for biomarker
analyses.

Biopsied animals were identified through photo-identification
of natural marks on the dorsal fin (Wiirsig and Jefferson, 1990) to
avoid re-sampling. The sex of each sampled dolphin was deter-
mined through the amplification of the ZFX and SRY genes (Rosel,
2003). The dolphin of undetermined sex was not included in ana-
lyses that included sex as a parameter. Age class was determined
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Fig. 1. Study sites in southern Brazil, South America (A), and close-up view of southern Brazil (B). Red rectangles indicate sites where the remote biopsy sampling of resident
bottlenose dolphins was undertaken. LES, Laguna Estuarine System, Santa Catarina state; PLE, Patos Lagoon Estuary, Rio Grande do Sul state. Sampling sites are shown in greater
detail in C (PLE) and D (LES). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

based on the available data from long-term individual monitoring
(see Electronic Supplementary Material for methodology details —
SM2), and seasonality was based on the astronomical calendar and
annual temperature fluctuations in the sampling areas. The infor-
mation on each dolphin sampled is presented in Table 1.

2.2. Contaminant analysis

Levels of 7 PBDE congeners, 17 OCPs, and 51 PCB congeners were
quantified in the blubber samples. PCB-198 and PCB-103 were
added as surrogates to all samples analyzed, including the blanks
and reference materials (SRM1245). =PCBs refers to the sum of the
33 PCB congeners (28, 52, 49, 44, 74, 95, 101, 99, 87, 110, 151, 149,
118, 153, 132, 105, 141, 138, 158, 187, 183, 128, 167, 174, 177, 156, 180,
170, 201, 195, 194, 206 and 209), =PBDEs represent the sum of all
measured PBDEs, and =DDTs refers to the sum of o,p’-DDD, p,p’-
DDD, o,p’-DDE, p,p’-DDE, o,p’-DDT, and p,p’-DDT.

The lipid content of the blubber was measured gravimetrically,

and its POP content was normalized by the lipid weight in the
sample to avoid biases due to variations in lipid content among the
biopsy samples (Méndez-Fernandez et al., 2016). POP concentra-
tions were expressed as ng.g lipid weight~!. Concentrations below
the limit of detection were assigned random values between zero
and the limit of detection for that compound. For details of sample
preparation, chemical analyses, and a list of all the POPs quantified,
see the Electronic Supplementary Material (SM3).

2.3. Biochemical biomarkers

The biochemical biomarkers evaluated were the activity of
glutathione S-transferase (GST), superoxide dismutase (SOD),
glutathione peroxidase (GPx), and glutathione reductase (GR). For
all assays, approximately 100 mg of epidermal tissue was homog-
enized in a 1:7 (w:v) mixture of the proper buffer (50 mM Tris-HCl,
pH 7.4, 150 mM KCl, 1 mM DTT and 0.5 mM PMSF). Disruption of
tissues was carried out with a Tissue-Tearor (BioSpec Products) in
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Table 1

Summary of sampling and individual data for sampled dolphins: Sample ID, established according to the location and sampling order; individual ID, obtained from the long-
term monitoring catalog of both populations?®; sex; age class (juvenile or adult); sampling date and levels of bioaccumulated POPs (ng.g lipid weight™1).

Sample ID* Ind. ID® Sex Age class Sampling date =DDT >PCB SPBDE Mirex HCB Chlordanes
LES1 #3 Male Adult 07-22-2015" 293.85 695.97 0.30 0.24 59.97 0.79
LES2 J42 Female Juvenile 07-27-2015% 702.15 1267.7 52.94 34.33 35.88 16.28
LES3 #16 Male Adult 07-27-2015% 8385.61 19336.72 312.94 167.92 29.32 31.51
LES4 #46 Male Adult 07-29-2015% 827.62 2310.94 0.24 283.11 0.30 0.21
LES5 #48 Male Adult 07-29-2015% 4146.20 10051.08 426.67 148.62 0.76 0.35
LES6 #32 Male Adult 02-11-2015 17267.56 16369.67 238.75 212.62 181.99 257.94
LES7 #51 Female Adult 03-01-2016 5505.28 14956.12 564.49 259.47 42.04 42.66
PLE1 #105 Male Adult 06-01-2015" 2568.15 22962.99 413.33 567.55 1.01 0.56
PLE2 #207 Male Juvenile 06-02-2015% 1694.03 12051.95 260 336.37 44.59 15.18
PLE3 #137 Male Adult 06-02-2015" 5075.31 41093.43 472.67 295.05 42.07 90.13
PLE4 #208 Male Juvenile 06-02-2015" 1053.24 7836.07 73.75 240.58 27.50 0.35
PLE5 SM1 Male Juvenile 03-08-2016 2077.40 29827.26 269 301.52 55.91 24.58
PLE6 #23 Male Adult 03-09-2016 3699.03 30988.08 534.19 561.55 34.45 33.20
PLE7 #123 Male Adult 03-09-2016 5259.65 51491.59 590 492.46 41.34 30.28
PLE8 #012 Female Adult 03-09-2016 99.49 5563.45 15 76.36 0.24 16.09
PLE9 #142 Female Adult 03-09-2016 316.48 7345.97 66.47 135.44 0.89 14.87
PLE10 SM2 Unknownn Juvenile 03-09-2016 435.47 5443.94 80 75.80 36.72 233.06
w: Winter.

2 LES: Samples obtained from the LES population; PLE: Samples obtained from the PLE population.
b LES: Population catalog based on Daura-Jorge et al. (2013); PLE population catalog based on Fruet et al. (2015).

three cycles of 10 s duration each. Samples were maintained on ice
throughout homogenization and between disruption cycles. The
homogenate was centrifuged at 9000 g for 30 min at 4 °C, and the
resulting supernatant was used in enzymatic assays.

The GST assay was performed according to Habig et al. (1974).
The SOD assay was conducted as described by McCord and
Fridovich (1969). GPx activity was measured according to Flohé
and Gunzler (1984), and the measurement of GR activity followed
the method established by Carlberg and Mannverick (1985). All
enzymatic assays were performed in duplicate at 37 °C in a 96-well
plate reader (SpectraMax 250, Molecular Devices, Sunnyvale, CA,
USA). Total protein levels were quantified according to Bradford
(1976). See the Electronic Supplementary Material (SM4) for the
details of the methodology used in the above assays.

2.4. Molecular biomarkers

2.4.1. RNA extraction and cDNA synthesis

Total RNA was extracted from 30 mg of epidermis individually
using a RNeasy Fibrous Tissue Mini Kit (Qiagen, US), according to
the manufacture's instructions. Genomic DNA (gDNA) was elimi-
nated by a DNase-on-column treatment supplied with the kit. The
quantity of extracted RNA was determined with a NanoDrop ND-
1000 UV-Vis spectrophotometer (ThermoScientific, UK) at
260 nm, and the absorbance ratios at 260/280 nm and 260/230 nm
were used to assess the purity of the RNA samples.

To avoid any gDNA contamination before cDNA synthesis, the
extracted RNA was treated with a gDNA wipeout buffer (QuantiTect
Reverse Transcription Kit, Qiagen, US). For each of the 17 samples,
1 ng of treated RNA was retrotranscribed to cDNA with the Quan-
tiTect Reverse Transcription Kit (Qiagen, US), following the manu-
facturer's instructions. The cDNA samples were then stored
at —20°C. The detailed methodology used is described in the
Electronic Supplementary Material (SM5 and SM6).

2.4.2. Quantitative real-time polymerase chain reaction (qPCR)
Nine target genes were selected to provide biological informa-
tion on the effects of POPs in the skin tissue of T. truncatus: cyto-
chrome P450 1A1-like (CYP1A1), aryl hydrocarbon receptor (AhR), AhR
nuclear translocator (ARNT), metallothionein 2A (MT2A), major his-
tocompatibility complex class Il (MHCII), interleukin 1 alpha (IL-1c),
glutathione S-transferase w (GST w), glutathione peroxidase 4 (GPx-4),

and glutathione reductase (GR), along with the housekeeping gene,
ribosomal protein S18 (RPS18), for the correction of input variation.
Primers specific to T. truncatus were designed from the gene se-
quences deposited in the NCBI database (https://www.ncbi.nlm.
nih.gov/genbank/) using the PrimerQuest Tool® of Integrated DNA
Technologies Inc. (IDT). Primers were designed for distinct exons, or
exon-exon junctions, to minimize the risk of amplifying contami-
nating gDNA. Primers were evaluated for hairpin, self-dimer, and
hetero-dimer formation, annealing temperatures, the similarity
between forward and reverse primers, and primer quality using the
FastPCR 6.5 software (PrimerDigital). Gene accession numbers,
sequences from selected primers, and results for the primer pa-
rameters evaluated are reported in the Electronic Supplementary
Material (Tables S1 and S2).

The qPCR assays were performed in duplicate in a Rotor-Gene
6000 system (Qiagen, US) using a QuantiNova SYBR Green PCR
Kit (Qiagen, US). For each target gene, the reaction system consisted
of 100 ng of cDNA (or 200 ng cDNA for low expression genes),
QuantiNova SYBR Green Master Mix and 0.7 uM of forward and
reverse primers. The amplification program for each transcript
consisted of one cycle for enzyme activation at 95 °C (2 min), fol-
lowed by 35 cycles of denaturation at 95 °C for 5 s, and a combined
primer annealing/elongation step at 60 °C for 10s. PCR products
were submitted to a melting curve analysis from 55 to 98 °C to
evaluate primer specificity. A standard curve was constructed in
duplicate for all genes, with five known concentrations obtained
from a pool of all samples. Reference blanks with molecular-grade
water were also included in each curve and run. This curve was
used to assess primer efficiency (E) and the linearity of the rela-
tionship between the Cq (quantification cycle) and cDNA concen-
tration. This linear relationship was considered to be appropriate if
the r? values obtained were above 0.97. An E-value of one repre-
sented a duplication of the transcripts in one PCR cycle.

The Cq values obtained for the target genes from each sample
were normalized by the Cq of the housekeeping gene (RPS18),
yielding ACq values. These ACq values were used in the estimation
of relative transcription levels using the 224 method (Schmittgen
and Livak, 2008).

2.5. Statistical analyses

The distributions of the data for the different POPs and
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biomarkers were analyzed using histograms and plots comparing
the data to a theoretical normal distribution. Homoscedasticity was
evaluated through the construction of boxplots, as recommended
by Zuur et al. (2010). Statistical analyses were planned to answer
two main questions: (1) Do dolphins present distinct levels of
contaminants and biological responses based on individual char-
acteristics, sites and/or sampling season, and (2) on top of the ef-
fects of such factors, can the measured biological responses be
explained by the levels of POPs bioaccumulated in their tissues?

Both biomarkers and POPs presented non-Gaussian error dis-
tributions, so the first question was answered by performing
Kruskal-Wallis tests comparing the data for all POP classes and
biomarkers between groups defined based on sex, age class, site,
and sampling season. Significance was established to occur at
p < 0.05. For the second question, generalized linear models (GLMs)
with gamma or Gaussian error distributions were fitted to the data
for each biomarker. Season was the only categorical factor included
as a predictor, given the results of the Kruskal-Wallis tests.
Considering the strong influence of sex on POP levels reported in
the literature (i.e. Aguilar et al., 1999; Jepson et al., 2016; Yordy et al.,
2010), and the impossibility of including sex as a predictor within
the models due to the small number of females sampled (n = 4), the
GLMs were constructed using data from males only (n=12).
>PBDEs and =PCBs were not included in the same models due to
their co-linearity (r? = 0.85).

Models were fit to the data with a stepwise procedure, using
backward elimination from the full model in the MuMIn package
version 1.40.0 (Bartén, 2017) in R ver.3.3.3 (R Core Team, 2017).
Adjusted p-values were used to check the statistical significances of
the variables included in each model. The best models were
selected based on their values of Akaike's information criteria (AIC)
(Zuur et al., 2009). Those with a AAIC from the AIC of the best model
less than 2 were retained, and can be found in the Electronic
Supplementary Material (Tables S4 and S5). Model goodness-of-fit
was assessed based on pseudo-r-squared (1) values, which were
calculated as (null deviance — residual deviance)/null deviance, and
the models were validated by plotting their residuals vs. fitted
values (Zuur et al., 2007).

A principal component analysis (PCA) was performed to visu-
alize the relationships among the different contaminant classes and
biomarkers, and also to investigate potential separations between
groups of the sampled dolphins based on patterns in the variables
used for the PCA. All data were normalized and scaled to unit
variance. A preliminary PCA was conducted with all POPs and
biomarkers (Electronic Supplementary Material, Fig. S1). To reduce
the ratio between the number of variables and the number of
samples, a second PCA was performed with variables selected from
among those included in the preliminary PCA. Based on the pre-
liminary PCA plots, we identified strongly correlated variables, and
among these, selected those with the highest loading values. The
selected variables for the second PCA were: =PBDEs, SDDTs, GST
activity, and the transcript levels of ARNT and GPx.

All statistical analyses were conducted in R ver. 3.3.3 (R Core
Team, 2017) and the R scripts used for the data analyses are sup-
plied in the Electronic Supplementary Material (SM7).

3. Results and discussion

3.1. Contaminant concentrations in resident bottlenose dolphins
Levels of different POPs bioaccumulated in the sampled dol-

phins are presented in Table 1. In general, levels of POPs did not vary

between dolphins from the LES and PLE populations, or between
sampling seasons, with the exception of chlordane levels, which

were significantly higher in dolphins sampled in summer
(mean + standard error =81.58 + 101.78) compared to those
sampled in winter (17.26 +29.45) (C—S=4.9, df=1, p=0.02)
(Table S3 in the Electronic Supplementary Material shows a com-
plete list of these results). POP levels were also similar between
juveniles and adults, and despite of the vast body of literature on
the influence of sex on the bioaccumulation of organic contami-
nants in cetaceans (i.e. Aguilar et al., 1999; Jepson et al., 2016; Yordy
etal., 2010), POP levels did not vary between the males and females
sampled in this study (p > 0.05; Table S3). This result was most
likely due to the uneven sampling of males (n=12) and females
(n=4) in this study, and may possibly also be attributed to the fact
that, to our knowledge, only two out of the four females sampled
were of reproductive age (samples ID: PLE8 and PLE9).

In dolphins from both sites, SPCBs were the prevalent class of
POPs, with average levels of 9284 + 7859 and 21,460 + 16,441 in
dolphins from the LES and PLE populations, respectively. The levels
of =PCBs detected in T. truncatus from PLE were much lower than
the levels previously found in dolphins from the Mediterranean
Sea, Adriatic Sea, and waters surrounding Portugal and parts of the
United Kingdom (UK), which ranged from 40,000 to over
180,000 ng g lipid weight~. The values obtained herein were also
lower than those reported for dolphins from the coast of the United
States of America (USA), which ranged from 50,000 to over
100,000 ng g lipid weight ! (Borrell et al., 2006; Borrell and Aguilar,
2007; Fair et al., 2010; Genov et al., 2019; Gonzalvo et al., 2016;
Jepson et al., 2016; Marsili et al., 2018). On the other hand, the levels
of =PCBs in dolphins from the PLE herein were similar to those
found in highly industrialized regions of Brazil, Ireland, and India
(Berrow et al., 2002; Lailson-Brito et al., 2012; Tanabe et al., 1993;
Yogui et al., 2010), and even higher than the values reported for
bottlenose dolphins from Hawaii, Taiwan, and Australia (Bachman
et al.,, 2014; Chou et al., 2004; Vetter et al., 2001). Such results
indicate that there are likely relevant levels of PCB inputs in the PLE,
which are most likely associated with the petrochemical complex
and intense harbor activities in the region.

Hexachlorobenzenes (HCBs) were the most frequent PCB con-
geners found in all sampled dolphins, followed by penta-
chlorobiphenyls and heptachlorobiphenyls (see Electronic
Supplementary Material, Table S6). Higher levels of highly chlori-
nated PCBs are recurrently seen in odontocete cetaceans (Lailson-
Brito et al., 2012; Tornero et al., 2006; Yordy et al., 2010), which is
primarily associated with the reduced capability of the cytochrome
P450 enzyme superfamily in this group to detoxify specific PCB
groups (Boon et al., 1997; Fossi et al., 1992; Tanabe et al., 1988). The
lower dispersion rates of these PCB congeners may also contribute
to their deposition in coastal environments (Combi et al., 2016) and
enhanced bioaccumulation in coastal marine mammals (Brown
et al,, 2015).

Among pesticides, DDT metabolites were predominant in the
dolphins sampled in this study, although the levels found herein
were lower than those identified in other regions of the world (Fair
et al., 2010; Berrow et al., 2002; Borrel, Aguilar, 2007; Borrell et al.,
2006; Gozalvo et al., 2016; Marsili et al., 2018). Furthermore,
p,p’DDE was the most abundant metabolite in all samples, rein-
forcing the fact that the =DDTs measured in dolphins likely origi-
nated from historical inputs. A similar pattern is frequently
observed in cetacean studies (Borrell et al., 2007; Fair et al., 2010;
Genov et al., 2019).

Concentrations of SPBDEs (LES: 228 + 222; PLE: 277 + 215) were
similar to those previously reported in bottlenose dolphins from
southern Europe, north of Florida, USA, and along the coast of Sao
Paulo, Brazil (Barén et al., 2015; Wilson et al., 2012; Yogui et al.,
2011). BDE47 was the most prevalent PBDE congener in all
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samples, followed by BDE100. BDE153 and BDE99 were only
detected in dolphins from LES. Furthermore, the levels of mirex
measured in the blubber of PLE dolphins (PLE: 308 + 105) were
comparable to those previously found in bottlenose dolphins from
estuaries in the southeastern USA (Fair et al., 2010).

Overall, our results indicate that, despite presenting lower POP
levels than those previously reported from more highly impacted
regions of the globe, the bottlenose dolphins from the PLE and LES
still face health risks from =PBDEs, as they presented bio-
accumulation values similar to those found in more industrialized
regions, and also from SPCBs because they contained levels of these
exceeding the threshold for the onset of physiological effects (e.g.
hormonal imbalance and immune suppression), which is estimated
to occur at 17,000 ng g lipid weight™! of Aroclor (Kannan et al.,
2000), equivalent to 9000 ngg lipid weight~! of SPCBs (Jepson
et al., 2016). For six out of the 17 dolphins sampled in the present
study, PCB concentrations were above 14,800 ng g lipid weight™,
which is considered a ‘risk limit’ for reproduction in T. truncatus
based on the dose-response data for surrogate species (Schwacke
et al.,, 2002). Interestingly, the PCB levels for two of the PLE dol-
phins (samples ID: PLE3 and PLE7) were above the 41,000 ng g lipid
weight~! threshold for reproductive impairment in ringed seals
established by Helle et al. (1976).

3.2. Biomarker responses to organic contaminants

Considering the potential health risks associated with POP
exposure, we chose a set of biomarkers, namely those involved in
immune responses and antioxidant and biotransformation sys-
tems, to try to understand whether POPs contributed to biological
changes in response to environmental stress in the skin of free-
ranging dolphins from the PLE and LES populations. The
biochemical and molecular data obtained for the sampled dolphins
are presented in Table 2.

Among the GLMs tested in this study, most models presented
high r’-values (0.51—0.76), which indicated that the selected
models explained the variance in the data well, with the exception
of the data for transcription levels of AhR (r?> = 0.35) and GPx ac-
tivity (r2 = 0.16) (Table 3). ARNT, GST &, and MHCII transcript levels
were best explained by the null model, suggesting that the pre-
dictors assessed could not explain these responses. The best-fitting
models obtained are presented in Table 3.

Overall, the best-fitting models indicated that POP levels were
positively associated with GST and SOD activities and GR and IL-1«

Table 2

transcript levels, while a negative association was found between
POP levels and GPx-4 mRNA levels. The detailed results of these
analyses are presented in the following sections, which are divided
up based on the metabolic functions of the measured biomarkers.

3.2.1. Biomarkers involved in xenobiotic biotransformation (AhR,
ARNT, GST and GST-m)

Among the biomarkers assessed that were involved in xenobi-
otic metabolism, only GST activity varied with POP levels, and the
best-fitting models indicated that the activity of GST was positively
associated with the concentration of =DDTs and mirex (Table 3).
GST is a classic biomarker of exposure to several classes of organic
contaminants due to its role in phase Il xenobiotic biotransforma-
tion. In this step, GST catalyzes the conjugation of endogenous
glutathione (GSH) to electrophilic centers on a variety of com-
pounds, both endogenous and exogenous, which are formed in
phase I, contributing to their metabolism and excretion from the
cell and organism (Regoli et al., 2011). Increased GST activity
following exposure to POPs, namely PCBs, PAHs, and dioxin-like
contaminants (and, to a lesser extent, OCPs) has been extensively
reported in fish (for review, see Van der Oost et al., 2003). Increased
GST activity has also been reported in amphibians (Bufo regularis)
and earthworms (Eisenia fetida) following exposure to pesticides
and DDTs, respectively (Ezemonye and Tongo, 2010; Shi et al.,
2016).

It is well-known that GST expression is regulated by the aryl
hydrocarbon receptor (AhR) protein (Nebert et al., 1990). AhR is a
ligand-dependent transcription factor that dimerizes with ARNT to
activate the transcription of the genes coding for xenobiotic phase I
and phase Il metabolizing enzymes (Dietrich and Kaina, 2010).
Although some studies have reported higher AhR mRNA levels in
killer whales (Orcinus orca) and ringed seals (Phoca hispida)
exposed to PCBs (Brown et al., 2014; Buckman et al., 2011), in the
present study, neither AhR nor ARNT transcript levels varied with
the levels of pesticides or other POPs in the blubber. These findings
are consistent with observations from a recent study that showed
only a slight increase in the transcription of AhRR (AhR repressor, a
feedback modulator of AhR transcriptional activity) in a bovine
mammary epithelial cell line exposed to dioxin-like PCBs, which
was coupled with there being no effects on the transcriptional ac-
tivity of AhR and ARNT (Girolami et al.,, 2015). Similarly, the tran-
scription of the AhR gene was not activated in mouse cells exposed
to dioxins (Beedanagari et al., 2010). Our results indicate that the
upregulation of AhR-targeted genes, particularly those involved in

Values of biochemical and molecular biomarkers measured in all sampled bottlenose dolphins: SOD, GPx, GR and GST activity are presented in miliU per milligram of protein
(mU.mgprt~!) and Cq values are presented for all target genes and housekeeping gene RPS18.

Sample ID** SOD (U SOD. mgprt~') GPx (mU. mgprt~') GR (mU. mgprt~!) GST (mU.mgprt~') AhR ARNT GPx-4 GR  GSTw IL-la MHCI MT2A RPS18

LES1 184.83 11.79 71.74 48.00
LES2 179.46 25.04 87.70 67.92
LES3 143.31 20.14 75.44 72.60
LES4 96.84 2243 81.20 49.07
LES5 158.29 16.98 95.95 66.97
LES6 164.26 16.38 62.70 74.86
LES7 205.87 19.65 85.94 95.46
PLE1 163.89 16.04 77.00 62.64
PLE2 195.14 29.87 72.90 61.02
PLE3 111.46 14.9 78.20 57.54
PLE4 208.63 15.66 77.38 63.80
PLE5 158.23 16.62 53.60 53.96
PLE6 195.47 23.47 82.43 75.52
PLE7 212.83 18.47 84.12 75.26
PLE8 156.62 18.61 56.24 81.23
PLE9 155.28 20.32 40.17 63.55
PLE10 161.78 2347 67.01 90.89

2237
21.98
22.72
22.72
21.14
23.02
23.72
21.99
21.74
2248
2235
22.86
23.94
21.62
24.35
24.04
22.86

27.87
26.85
27.87
27.63
24.68
27.45
27.2

26.44
26.04
27.19
26.89
27.27
28.24
24.86
28.32
28.31
27.06

246

23.53
24.86
2434
235

24.94
2735
24.75
24.53
24.19
24.68
24.92
26.03
24.68
25.85
26.09
25.65

27.42
26.15
27.61
27.25
24.99
28.88
29.21
26.1

25.99
26.24
26.85
27.8

29.19
26.41
30.1

30.85
28.24

26.11
25.27
26.3

26.6

2491
26.88
29.06
2548
25.77
26.17
2542
25.92
27.75
24.94
28.87
28.96
26.13

18.75
18.98
20.53
19.93
17.38
22.49
23.49
17.53
18.09
18.78
18.72
21.62
23.22
19.49
2233
224

20.24

23.26
23.29
24.85
23.64
22.65
22.99
25.77
24.05
238

21.89
20.41
22.04
27.57
2292
28.08
26.78
25.09

13.55
13.51
13.5

13.69
13.71
14.76
14.62
13.81
13.5

14.01
1437
14.52
14.32
13.78
14.31
14.3

13.89

14.97
15.44
15.49
15.81
15.64
15.39
15.76
15.34
15.05
15.63
15.41
15.31
14.83
15.14
14.94
15.21
14.97
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Table 3

Generalized linear models (GLMs) fit to data for the biochemical and molecular biomarkers analyzed in bottlenose dolphins from the LES and PLE populations, including the
best-fitting models of from those originally including SPBDES or =PCBs and a null model.

Predictors AIC AAIC 2 w df

AKR PBDESs (+), Season W (+)* -954 0 035 0322 4
Season W (+) -94.6 0.79
Null model -93.8

ARNT Null model 33.2 0 0.521 2
PBDEs (+), HCB (—) 347 15

GPx Mirex (+) 729 0 0.16 0.348 3
Mirex (+), PCBs (—) 73 0.15
Null model 731

GPx-4 Mirex (—)**, HCB (—)**, Chlordanes (+)* -139.7 0 0.66 0.609 5
DDTs (—), Mirex (—)*, HCB (—)*, Chlordanes (+) -137.9 1.82
Null model -1323

GR DDTs (+), HCB (—)* 209.1 0 0.51 0.443 4
HCB (-)* 2105 137
Null model 2139

GR PBDESs (+)*, Season W (+)** -166.7 0 0.58 0.452 4
PBDEs (+), HCB (—), Season W (+)* -165.7 0.97
Null model -159.4

GST DDTs (+)**, Mirex (+)* Chlordanes (—)* 81.2 0 0.76 0.407 5
PBDEs (+), DDTs (+)*, Mirex (+), Chlordanes (—) 82 0.82
Null model 92.4

GST-7 Null model -80.7 0 0.352 2
Chlordanes (—) -80.3 0.35

IL-1a PBDESs (+)*, Season W (+)*** —40 0 0.68 0478 4
PBDEs (+)* Chlordanes (—), Season W (+)*** -39.2 0.85
Null model -29.5

MHCII Null model -90.6 0 0.364 2
Mirex (—) -90.1 047

MT2A DDTs (+), HCB (), Season W (+)* 263 0 0.71 0.361 5
DDTs (+), HCB (—), Mirex (—), Season W (+)* 26.7 0.39
Null model 35.6

SoD PBDESs (+), Mirex (+), HCB (+)*, Chlordanes (—)* 1186 0 0.65 0.361 6
DDTs (+), Mirex (+), Chlordanes (—)*, HCB (+)* 119.1 0
Null model 123.2

+ Indicates a positive contribution of the predictor to biomarker response.

- Indicates a negative contribution of the predictor to biomarker response.
Significance indicated through * = p < 0.05, ** = p < 0.01 and *** = p <0.001.
W: Winter.

w: Weight.

df: Degrees of freedom.

phase II xenobiotic biotransformation, does not implicate changes
in the transcription rates of this receptor or its nuclear translocator
genes.

3.2.2. Biomarkers involved in antioxidant defense (SOD, GR, GPx, GR
and GPx-4)

The best-fitting models for antioxidant biomarkers pointed to
there being a positive association between SOD activity in the skin
and HCB levels in the blubber, which supports the onset of a
prooxidant scenario in the animals presenting higher POP burdens.
SOD is an enzyme that participates in converting highly toxic rad-
icals, such as the superoxide anion, into the less toxic hydrogen
peroxide, where it is further hydrolyzed into water and oxygen by
the catalase (CAT) enzyme. These antioxidant enzymes are sug-
gested to be the first line of defense against oxidative stress, and
previous studies found increased SOD activity in predatory birds
and broad-snouted caimans (Caiman latirostris) exposed to PBDEs
and pesticides, respectively (Abbasi et al., 2017; Burella et al., 2018).

In our study, levels of SPBDEs were positively correlated with GR
transcription in the skin of T. truncatus (Table 3). PBDEs have been
associated with the onset of oxidative stress both in vitro and
in vivo, which is related to the enhanced ROS production that is
coupled with the biotransformation of PBDEs (Costa et al., 2014).
PBDEs are structurally similar to PCBs (Hooper and McDonald,
2000), and some studies have indicated the existence of a similar
CYP-mediated metabolism for the detoxification of PBDEs in

odontocetes to that involved in PCB detoxification (Marsili et al.,
2008; McKinney et al., 2006). CYP-mediated reactions contribute
greatly to the production of ROS, and an increase in antioxidant
responses is expected to occur to cope with this prooxidant sce-
nario (Regoli et al., 2011). In fact, enhanced GR activity has been
reported in rats and rainbow trout (Oncorhynchus mykiss) experi-
mentally exposed to PCBs (Forlin et al., 1996; Twaroski et al., 2001).
Moreover, Abbasi et al. (2017) reported a positive correlation be-
tween GR activity and BDE-100 levels in predatory birds. Increased
GR expression associated with POP exposure, as was found in the
present study, is likely due to there being a greater cellular
requirement for endogenous reduced glutathione (GSH) to act as a
non-enzymatic antioxidant and/or substrate for GST-mediated GSH
conjugation (Regoli et al., 2011).

Contrastingly, transcript levels of GPx-4 and GR activity were
found to be negatively associated with pesticide levels (mirex, HCB,
and chlordanes) in bottlenose dolphins sampled at the LES and PLE
sites (Table 3). This outcome reveals the non-specificity of antiox-
idant defense biomarkers, as in the conflicting antioxidant results
obtained in studies of different species upon exposure to POPs
(Benedetti et al., 2009; Lushchak et al., 2009; Orbea and Cajaraville,
2006). Furthermore, it is important to consider the assumption of
Regoli et al. (2011), who stated that antioxidant defenses frequently
do not vary in their degree of synchronization, possibly due to
complex interactions among antioxidant molecules or other con-
founding factors.
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3.2.3. Biomarkers involved in immune response (IL-1« and MHCII)

The best-fitting models also pointed out that there was a posi-
tive association between levels of SPBDEs and IL-1¢ transcription
(Table 3). In line with our observations, Brown et al. (2014) and
Routti et al. (2010) found a positive correlation between hepatic IL-
16 mRNA levels and =PCBs in ringed seals from the coasts of Lab-
rador, Canada, as well as Svalbard and the Baltic Sea. Rajput et al.
(2018) also found that expression of IL-15 was enhanced in fibro-
blast cell lines from the pantropical spotted dolphin (Stenella
attenuata) exposed to BDE-47, BDE-100, and BDE-209. IL-1a and IL-
10 are pro-inflammatory cytokines from the IL-1 family, which are
involved in the stimulation of leukocyte activity and activation of
lymphocytes, and thus act as major players in the immune system
(Dinarello, 1988). Increased expression of inflammatory cytokines is
usually observed in cases of cancer, bacterial infections, and in-
flammatory diseases (Dinarello, 1996; Yusa et al., 2017). The asso-
ciation between levels of SPBDEs and IL-1a expression found in the
present study suggests that bottlenose dolphins with higher
contaminant burdens are more prone to develop diseases, although
such results do not necessarily support the occurrence of immu-
nosuppression by exposure to these contaminants, as was previ-
ously found for free-ranging T. truncatus (Lahvis et al.,, 1995). It is
important to mention that a high prevalence of a lacaziosis-like
disease or lobomycosis-like disease (LLD) has been observed on
the tegument of wild dolphins in the LES population (Van Bressem
et al,, 2015). However, whether this prevalence is related to envi-
ronmental contamination needs to be investigated further.

Still with regard to the immune system, MHCII transcript levels
exhibited no relationship with POPs in this study (Table 3). MHCII
plays a key role in the onset of an immune response to bacteria and
fungi, as it is responsible for the recognition of exogenous peptides
and their presentation to T lymphocytes (Germain et al., 1996). Its
expression level was previously found to be reduced in bottlenose
dolphins affected by lacaziosis, suggesting that a reduced immune
capacity favors the onset of such opportunistic disease (Reif et al.,
2009). Once again, our results do not seem to support the hy-
pothesis of immunosuppression due to contamination in coastal
bottlenose dolphins.

In general, the best-fitting models indicated that biomarker
responses to bioaccumulated =PBDEs and pesticides occurred in
T. truncatus resident in estuarine systems in southern Brazil, sug-
gesting that the contaminant levels in these dolphins are of bio-
logical relevance. For most dolphins from PLE, as well as some
animals from the LES, the levels of SPCB exceeded thresholds for
physiological effects and risks of reproductive impairment and
mortality (Jepson et al., 2016; Schwacke et al., 2002). The measured
values were also much higher than those reported by Brown et al.
(2014) as thresholds for molecular responses in ringed seals, which
were estimated to be 1680 ng lipid weight ™.

While no ‘risk’ threshold has been established for concentra-
tions of PBDEs in dolphins, previous studies have indicated that
both contaminant classes (PCBs and PBDEs) display similar toxi-
cological effects in murine models and fish, such as decreasing
hormone production and potentially inducing carcinogenesis
(Darnerud, 2003; Hallgren and Darnerud, 2002; Siddiqi et al.,
2003). Furthermore, cetaceans seem to not be able to effectively
metabolize specific PBDE congeners (McKinney et al., 2006), and
in vitro assays with cetacean fibroblast cultures also suggested that
PBDEs may elicit a stronger biomarker response when compared to
a mixture of OCPs, even at much lower doses (Marsili et al., 2008).
Such results reinforce the relevance of this contaminant class to
cetacean toxicology and support our findings, suggesting that the
PBDE levels measured in the sampled dolphins may be toxicolog-
ically relevant.

Hallgren and Darnerud (2002) also showed that the enzymatic

responses and hormonal impacts in rats exposed to mixtures of
PBDEs and PCBs were higher than those observed in animals
exposed to different contaminant congeners individually. Such
findings highlight the cumulative effects of contaminants, which
can be attributed to their co-stimulation of similar cellular path-
ways, and shows that these are of particular relevance to envi-
ronmental studies, where animals are exposed to myriad
contaminants in the field at once.

3.3. Seasonal influence on biomarker responses

In addition to helping to improve our understanding of the ef-
fects of POPs on biomarker responses in the skin of T. truncatus from
the LES and PLE populations, the Kruskal-Wallis test results
revealed that sampling site, age class, and sex did not influence the
biomarker responses examined (Electronic Supplementary Mate-
rial, Table S1). In contrast, the results suggested that there was a
putative influence of season on most molecular biomarkers and
GST activity. For instance, the transcript levels of nearly all target
genes (except ARNT and MHCII) were higher in dolphins sampled in
winter in comparison to those in animals sampled in summer (the
full set of results is shown in the Electronic Supplementary
Material, Table S1). A similar pattern was visualized in the PCA
plot (Fig. 2) and in the GLM results (Table 3), where the best-fitting
models included season as a significant predictor for AhR, GR, IL-1¢,
and MT2A transcript levels. In all cases, winter samples exhibited
higher transcript levels. However, GST activity presented the
opposite pattern, with GST activity being higher in dolphins
sampled in warmer months.

Interestingly, a recent study performed by Dopico et al. (2015)
shed light on the role of season in the modulation of the expres-
sion of genes involved in human physiological processes, where the
ambient temperature is a candidate environmental cue that can
coordinate the transcription of different genes. In dolphins, shifts in
water temperature are believed to significantly affect the
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Fig. 2. Principal component analysis (PCA) of integument levels of representative
molecular and biochemical biomarkers in coastal bottlenose dolphins (Tursiops trun-
catus) sampled in southern Brazil (n = 17). Each colored square indicates an individual
dolphin. Solid lines indicate 95% confidence intervals of the biomarker values of dol-
phins sampled in the summer (orange) and winter (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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temperature of the epidermis, resulting in seasonal heat loss, as
was previously observed at the surface of the skin in T. truncatus
(Meagher et al., 2008). According to the authors of that study, such
seasonal variation might indicate an enhancement of the meta-
bolism during colder months. Van Dolah et al. (2015) also observed
seasonal variation in biological responses in the skin of T. truncatus,
with seasonal changes occurring in transcription rates of genes
related to cell proliferation, motility, and differentiation. However,
whether water temperature and/or changes in metabolism are
involved in any mechanism maintaining the putative seasonal
variation in biomarkers in T. truncatus from the LES (mean water
temperature: ~23°C in summer; ~18.5°C in winter) and PLE
(summer: ~25 °C; winter: ~15 °C) remains to be confirmed.

4. Conclusion

This study established the baseline for contaminant levels in the
blubber of coastal bottlenose dolphins from the LES and PLE pop-
ulations, and was the first to assess biomarker responses in this
subspecies, which exhibits a restricted distribution in the western
South Atlantic and is comprised of only a few discrete population
units totaling no more than 300 individuals. Overall, our results
point to an association between PBDEs and pesticides and
biomarker responses in the skin of these free-ranging dolphins,
suggesting that their levels of bioaccumulated POPs are biologically
relevant. Given their high site fidelity to inshore areas, both pop-
ulations are exposed to a variety of anthropogenic stressors, and
long-term biomonitoring using biomarkers can be a powerful tool
in determining to what extent such stressors challenge the main-
tenance of these populations. Considering the small sample size,
we could not confirm the putative seasonal variation in biomarker
responses. However, we suggest that seasonal effects should be
taken into account when applying biochemical and molecular
biomarkers to assess exposure to POP contaminants and its related
effects in cetaceans.
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