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Among killer whale forms, type C is a fish-eating form and is the most common in the Ross Sea. In the austral summer 2015, a study was conducted to evaluate the toxicological hazard these marine mammals face in the Antarctic ecosystem. Seven biopsy samples were collected from adult individuals (five males and two females) in the surroundings of the Italian Research Station Mario Zucchelli, Terra Nova Bay, by remote dart sampling from the pack ice. The accumulation levels of persistent organic pollutants (POPs) such as legacy (DDTs, PCBs, and HCB) and emerging (PBDEs and DP) were measured. Moreover, the protein expression of cytochrome P450 (CYP1A1 and 2B) and the mRNA level variations of the peroxisome proliferator-activated receptors α and γ (PPARα-γ) and the estrogen receptor α (ERα), aryl hydrocarbon receptor (AhR), and Cyp1a were evaluated. Twenty PCB congeners, six DDTs, HCB, three HCHs, and fourteen brominated BDEs and DP-syn and anti-isomers were analyzed on freeze-dried blubber biopsy samples by GC-MS. The protein expression was evaluated by Western Blot and the mRNA levels were quantified by quantitative real-time PCR. The average abundance pattern for the contaminants was DDTs > PCBs > HCB > HCHs ≈ PBDEs >> DP. Contaminant levels resulted to be lower when compared to the existing data from the Antarctic type C killer whales from the McMurdo Sound (Ross Sea) and those reported for fish-eating killer whales worldwide. The mRNA levels of the five target genes were successfully quantified, but no statistical correlation was found with POP levels, suggesting that either the low levels of quantified POPs in blubber may not significantly affect the biological responses investigated, or that other stressors could contribute to the alterations of the molecular biomarkers. Although the results showed a lower risk related to contamination compared to more impacted areas, this study provides baseline data for the conservation of this species in an area with high ecological value, recently declared as the largest Marine Protected Area in Antarctica, where pollutants should remain at minimum levels despite increasing multiple stresses existing in the region.
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INTRODUCTION

Killer whales (Orcinus orca) can be found in all marine regions, ranging from the polar areas to the equator (Pitman and Ensor, 2003; Lauriano et al., 2011). Despite O. orca being considered a single species, there are suggestions of taxonomic diversity (Morin et al., 2015), supported by the presence of specialized ecotypes in several locations in both hemispheres (Foote et al., 2016).

Differences in habitat, as well as prey preferences, diet specialization, behavior, and group size are elements that make it possible to distinguish five killer whale ecotypes in the Southern Ocean (Pitman et al., 2018). Among these five types A, B (1 and 2), C, and D, the most common ecotype in the Ross Sea is the C form, known as the Ross sea killer whale (RSKW). The RSKW is the smallest killer whale form, easily recognizable through its small and dorsal-oriented post ocular eye patch and the dorsal patch.

The RSKW is distributed in the coastal area, where it is known to search for prey, mainly consisting of fish (Krahn et al., 2008; Lauriano et al., 2020). Occurrence and movements of the RSKW are described for the Mc Murdo Sound area (Ainley et al., 2017; Pitman et al., 2018), where the ecotype is known to occur in mid-November to benefit from prey availability in the icebreaker channel to catch the Antarctic toothfish (Dissostichus mawsoni). In Terranova Bay (TNB), the presence of RSKW is delayed compared to the nearby Mc Murdo area (250 Km south of TNB), being reported in mid-January (Lauriano et al., 2011, 2020). A recent study from Lauriano et al. (2020) revealed RSKW movements and inferred the presence of feeding grounds in the eastern Ross Sea coastal area and a traveling behavior outside the polar front.

The Antarctic toothfish has been considered a major diet component of this fish-eating killer whale; in TNB a stable isotope study revealed that the Notothenoid species accounted for 35% of the ingested biomass in the sampled individuals (Lauriano et al., 2020).

As top predators with long life spans, generally killer whales are prone to accumulate high concentrations of environmental contaminants of toxicological concern, such as persistent organic pollutants (POPs); hence, the population worldwide has been predicted to decline due to POP accumulation (Desforges et al., 2016, 2018; Pedro et al., 2019). Among the most relevant and studied POPs, there are organochlorine pesticides such as dichlorodiphenyltrichloroethane (DDT) and its metabolites, hexachlorobenzene (HCB), or hexachlorocyclohexanes (HCHs), as well as the well-known polychlorinated biphenyls (PCBs) or halogenated flame retardants, such as polybrominated diphenyl ethers (PBDEs) or the highly chlorinated Dechlorane plus (DP). Generally, POPs experience biomagnification within food webs since dietary intake acts as the main route for contaminant accumulation. Thus, high levels of POPs have been documented in killer whales from different geographical areas (mostly from the northern hemisphere; Desforges et al., 2018; Andvik et al., 2020; Lawson et al., 2020; Remili et al., 2021). Substantial differences due to their ecotype (based on prey specialization) influence the accumulation of contaminants in killer whales, which may exert different effects on different populations worldwide (Desforges et al., 2018). Robust data from killer whale populations inhabiting pristine areas such as Antarctica are much less abundant. However, there is an increasing concern about the potential effects of POPs on polar environments and polar food webs. The polar regions can represent the final sink for POPs, which are detected in polar marine, terrestrial ecosystems, and biota (Corsolini, 2009; Corsolini et al., 2017), despite their low level of anthropization and distance from the main pollution sources. In addition, polar regions are sensitive to cumulative stress, mostly related to climate change, with modifying sea-ice dynamics and temperature, which can affect organisms’ health in these environments (Hückstädt et al., 2017). The Ross Sea has been recently recognized for its ecological importance as a large marine protected area (MPA) in Antarctica since it is an important breeding site of several penguins’ species and fish species (e.g., Antarctic silverfish). Moreover, this ecosystem sustains many predators (including seabirds and marine mammals) due to high primary production (Ballard et al., 2012).

The Antarctic type C killer whale population has been classified at low risk of exposure to pollutants due to relatively low concentration of PCBs when compared to other populations worldwide (Desforges et al., 2018). However, very few data are available on the accumulation of both legacy and emerging contaminants in this ecotype and, specifically, no data are available on the ecotoxicological effects due to contaminants exposure and cumulative effects due to other stressors, such as prey depletion and climate change. Thus, the conservation status of this population is still nearly unknown.

Alterations in the expression profiles of mRNA and proteins related to the exposure to POPs and the complex mixture of contaminants in the environment represent a valid tool to assess the health effects on wild populations including marine mammals (Godard-Codding and Fossi, 2018). Several molecular warning signals are investigated to evaluate the cumulative effects due to the exposure to different classes of contaminants or other environmental stressors.

Since a key component of PPAR-dependent transcriptional activity is the binding of an endogenous ligand, environmental contaminants can act as peroxisome proliferator-activated receptor (PPARs) agonists (e.g., per- and polyfluoroalkyl substances, PFAS). There are three isoforms of PPARs (PPARα, PPARδ, and PPARγ) that share a similar structure, but they are expressed in different tissues and vary in their physiological roles. The physiological functioning of these receptors is crucial for mammals because they regulate adipogenesis and the storage of lipids (Rosen et al., 1999; Lühmann et al., 2020), inflammation, adipogenesis, and reproduction (Schupp and Lazar, 2010). The endocrine system is fundamental to the health of marine mammals, which are exposed to many classes of pollutants defined as endocrine-disrupting chemicals in humans and wildlife. Tartu et al. (2017) reported increasing transcript levels of PPARγ and its target genes with increasing POP concentrations in polar bears (Ursus maritimus). Agonistic or antagonistic effects of chlorinated and brominated POPs and PFAS have been shown in mammalian PPARγ, and several studies have reported significant correlations between transcript levels of nuclear receptors and concentrations of POPs in marine mammals (Routti et al., 2016; Fossi et al., 2018; Kurtz et al., 2019).

Moreover, a compound with endocrine disruptor capability can act by altering the mRNA levels of the estrogen receptors (ERs), which are nuclear ligand-inducible transcription factors. POPs may exert estrogenic and antiestrogenic effects interfering with endogenous ligand-binding (Kester et al., 2000) and altering the hormone-dependent transcription of ER-inducible genes, including Cyp1a1.

Several environmental pollutants modulate the transcriptional activity of these nuclear receptors at environmentally relevant concentrations for whales (Lühmann et al., 2020) as well as the aryl hydrocarbon receptor (AhR), which is a ligand-activated transcription factor that regulates several genes involved in the metabolism of several classes of contaminants (also known as AhR-inducers) and mediates the activation of CYP1a transcription (Wilson et al., 2007). AhR, along with the cytochrome P450 (CYP450) isoforms, has been considered a biomarker of chemical exposure in marine mammals (Buckman et al., 2011; Noël et al., 2014; Godard-Codding and Fossi, 2018). CYP1A1 and CYP2B proteins have been detected in cetacean skin. The different expression of these CYP isoforms has been related to the exposure to lipophilic contaminants (AhR inducers) such as organochlorine compounds [OCs, polycyclic aromatic hydrocarbons (PAHs), and PBDEs both ex vivo and in in-field studies (Godard, 2004; Baini et al., 2020)].

Although POP concentrations have been measured before in RSKW blubber (Krahn et al., 2008) and that the population size and trend and conservation status of RSKW is still unknown, there are no published studies to date investigating the possible health effects of POPs in RSKW. The few studies available that measure health effects at the molecular level have attempted to relate biomarkers of toxicological effects to pollutant concentrations in other KW populations worldwide (e.g., Buckman et al., 2011; Fossi et al., 2014), but none on this population.

For these reasons, the main aim of this study was to investigate the potential ecotoxicological effects in RSKW population related to POP exposure and other environmental stressors occurring in this ecologically important area. This is the first study to profile the expression of molecular biomarkers in this Antarctic ecotype, and it paves the way for future biomarker research in these marine sentinels of the Ross Sea ecosystem, especially after the recent establishment of the Ross Sea Region MPA and the recent concern on the global killer whale population collapse (Jepson et al., 2016; Desforges et al., 2018).



MATERIALS AND METHODS


Sampling Area and Biopsy Sampling

This study was conducted in the Terranova Bay, between Cape Washington and the Italian research station Mario Zucchelli (MZS; Figure 1), between mid-January and mid-February 2015. Killer whale pods were located by helicopter survey along the ice shelf; once a killer whale pod was sighted, the survey platform moved in their travel direction to anticipate individuals’ movements and to let researchers prepare for the biopsy sampling. A 150-lb recurve crossbow, equipped with a 55 cm long carbon fiber dart with a 8 mm × 60 mm biopsy tip (manufactured by Ceta Dart V/F. Larsen) was used to collect skin biopsies, and the shooting distance ranged between 3 and 15 m. Samples were stored at −20°C for contaminant analysis and in RNAlater™ for protein and mRNA analysis.
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FIGURE 1. The study area in the Ross Sea and the sampling locations of the killer whales (red triangles).


Seven RSKW skin biopsies (five males and two females) were sampled and a multidisciplinary approach was applied to each individual to successfully study movements, foraging areas, and diving behavior, thanks to the simultaneous application of satellite telemetry devices and biopsy sampling to describe the diet by stable isotope analysis (Lauriano et al., 2020).

A permit to collect biopsy samples was issued by the Italian Antarctic Research Programme on behalf of the Italian Ministry of Foreign Affairs.



Contaminant Analysis


Sample Treatment

The blubber samples of RSKW (∼300 mg on average) were first freeze-dried and subsequently extracted and purified as indicated in Muñoz-Arnanz et al. (2019) with minor variations. In short, freeze-dried samples were mixed with 5 g of anhydrous Na2SO4 and spiked with different quantities of isotopically labeled standards as surrogates. Extraction was performed for 24 h in Soxhlet using precleaned cellulose thimbles with n-hexane:dichloromethane (9:1 v/v). Lipid content was determined gravimetrically for each sample. Extracts were subsequently purified by low-pressure chromatography on multilayer silica gel, reduced down to ∼1 mL by means of a TurboVap ® system, transferred to vials and further reduced to incipient dryness under nitrogen. Samples were reconstituted in a 20 μL solution of internal standards (IS) before instrumental analysis. Full information on materials and standards used can be found in Supplementary Tables 1–3.



Instrumental Determination

Twenty PCB congeners (# 28, 52, 95, 101, 105, 114, 118, 123, 132, 138, 149, 153, 156, 157, 167, 170, 180, 183, 189, and 194), six DDTs (p,p′- and o,p′-DDT, -DDD and -DDE), HCB, and three HCHs (α-, β-, and γ-) were analyzed by gas chromatography low resolution mass spectrometry (GC-LRMS) employing a 7890N gas chromatograph coupled with a 5975C quadrupole mass spectrometer (Agilent, Palo Alto, CA, United States) with electronic impact (EI) as ionization and operating in selected ion monitoring mode (SIM). The isotopic dilution technique was used for the quantitation of these target analytes. Fourteen brominated BDE congeners, from tri- to deca-substituted (#28, 47, 66, 85, 99, 100, 153, 154, 183, 184, 191, 196, 197, and 209) and DP (syn- and anti- isomers), were analyzed by GC-LRMS using a 6890N gas chromatograph coupled with a 5975 quadrupole mass spectrometer (Agilent, Palo Alto, CA, United States) operated in SIM with negative chemical ionization (NCI). Quantitation of PBDEs and DP relied on the use of IS (PBDEs) or the isotopic dilution technique (DP). Comprehensive details on each chromatographic and MS method are indicated in Muñoz-Arnanz et al. (2016, 2019) and in the Supplementary Material.




Sex Determination

The sex was first estimated in the field based on the size and shape of the dorsal fin size. Sex was then confirmed by molecular sex determination based on ZFY/ZFX gene. A total of 20 mg of dermal tissue was homogenized with a Tissue Lyser (Qiagen, Hilden, Germany) to isolate DNA with the Wizard ® SV Genomic DNA Purification Kit (Promega, Madison, WI, United States) following the manufacturer’s instructions. DNA was quantified by Nano-Drop ND-100 UV–Vis spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, United States), and the purity was assessed by 280/260 and 260/230 nm ratios. Gender was determined using 50–100 ng of DNA in standard PCR reactions following the protocol described by Berube and Palsbøll (1996).



RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was isolated using 20–30 mg of the dermal part of the biopsy to analyze transcript levels of five target genes. Skin samples were homogenized using a Tissue Lyser II (Qiagen, Hilden, Germany), and the total RNA was extracted using the Aurum Total Fatty and Fibrous Tissue kit (Bio-Rad Laboratories, Hercules, CA, United States) following the manufacturer’s instructions and stored at −80°C. Genomic DNA was digested by DNase-on-column treatment for each sample. RNA was quantified by Nano-Drop ND-100 UV–Vis spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, United States). An additional assessment of the integrity of the samples was determined by denaturing agarose gel (1.2%) electrophoresis and ethidium bromide staining. A total of 1 μg of the total RNA for each sample was retrotranscribed using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, United States).

Primers for quantitative real time-PCR (qRT-PCR) for PPARα and γ were both designed on the specific killer whale sequences. Genes were sequenced using killer whale samples available in the University of Siena tissue bank and deposited in GenBank under the accession numbers OL331015 (PPARα) and OL331016 (PPARγ). Primers were then specifically designed using the Beacon Designer v. 8.14 software (Premier Biosoft, Palo Alto, CA, United States). ERα, Cyp1a, and AhR primer sequence were obtained from Panti et al. (2011), and the primer sequences for the reference gene tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Spinsanti et al. (2006; Supplementary Table 5). Primer pairs were validated with cetacean samples using traditional PCR and sequencing of the PCR product.

All primers were purchased from (Merck Sigma-Aldrich, Dermstadt, Germany). The efficiency of each primer pair (Supplementary Table 5) for each gene was determined by a calibration curve (1:5 cDNA serial dilutions). Each primer pair presented a melting curve with a sharp peak, indicating no unspecific products or primer dimer formation. The amplicon length was verified on 2% agarose gel with ethidium-bromide staining.

The qRT-PCR assays were carried out in 96-well reaction plates with an iCycler iQ5 (Bio-Rad Laboratories, Hercules, CA, United States) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, United States) as described in Routti et al. (2019).

The five genes of interest and two reference genes selected for the normalization procedure were amplified for each of the seven samples. Each reaction was run in triplicate and a control with no template was included in each reaction series. The normalized fold expression values are expressed as the mean value of the triplicate for each sample for each gene.



Protein Expression: Cytochrome P450 Analysis

Analysis of cytochrome P450 CYP1A1 and CYP2B, used in this study as a potential marker of POP exposure, were analyzed in the dermal part of the skin biopsies of RSKW using Western Blot (WB) and a semiquantitative analysis of the data according to Fossi et al. (2008). Subsamples of biopsies (about 30 mg) were homogenized using a Tissue Lyser II (Qiagen, Hilden, Germany) in the aryl-hydrocarbon-receptor buffer (1:10), and the lysate processed according to Baini et al. (2020). Semiquantitative analysis was performed using the Quantity One software (1-D Analysis Software, Bio-Rad Laboratories, Hercules, CA, United States) and molecular weights calculated with multiple regression models using the Precision Plus Protein™ Standard (Bio-Rad Laboratories, Hercules, CA, United States).



Data Analysis

Contaminants concentrations below quantification limits were assigned a value of zero and regarded as not detected (ND). The relative gene expression obtained by qRT-PCR was calculated using the ΔΔCt method according to Livak and Schmittgen (2001). Statistical analyses were conducted using the software RStudio v2021.09.0 + 351. Spearman’s rank correlation was adopted to measure the correlation between variables. All statistical analyses were considered significant at p < 0.05. Missing data were handled using pairwise deletion methods, and PCA analysis was performed with Factoshiny-FactoMineR package (R Core Team, 2021).




RESULTS AND DISCUSSION

The ecotoxicological study consisted of the quantification of POPs (PCBs, HCH, PBDEs, DDTs, and DP) and the investigation of the molecular effect by quantifying mRNA and protein levels in seven RSKW skin biopsies are listed in Table 1 and sampled during the austral summer of 2015 off the Italian Research Station Mario Zucchelli in TNB, Antarctica.


TABLE 1. Summary of the results on pollutant levels, mRNA levels, and protein levels in the seven Ross Sea Killer Whales (RSKWs).
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Pollutant Concentrations

All target contaminants were detected in the killer whale’s samples analyzed in this study. Concentrations on lipid weight (l.w.) basis (ng/g) are summarized in Table 2.


TABLE 2. Mean (in brackets the mean and median values for females-F and males-M), median, range, and detection frequencies [% >limit of quantification (LOQ)] of target contaminant concentrations.

[image: Table 2]
The relative abundance of the contaminants analyzed followed the order DDTs > PCBs > HCB > HCHs ≈ PBDEs >> DP. This pattern of abundance is similar to what has been described for type C killer whale specimens sampled at the Ross Sea in 2005/2006 and reported by Krahn et al. (2008). However, given the small number of samples in this study, the comparison with values reported by Krahn et al. (2008) should be exerted with caution. Interestingly, this pattern was also similar to that reported for toothfish (Dissostichus mawsoni) from the same area by Corsolini et al. (2017), which is relevant since toothfish is assumed to be among the main prey of type C KW foraging in the Ross Sea (Krahn et al., 2008; Lauriano et al., 2020).

The results underline the importance of top predators as sentinels of ecosystems’ health due to their trophic position and their role as integrators of multiple environmental stressors, allowing us to understand the relationships between exposure and the range of effects.

Factors such as sex, age, or reproductive status highly influence the bioaccumulation of pollutant burdens in marine mammals in general, which can explain the range of values found among the animals sampled in this study, although they were all adults. Nonetheless, in terms of total concentrations and direct comparison with values reported by Krahn et al. (2008) within a time interval of roughly 10 years, our results suggest an important reduction in the area of legacy POPs such as PCBs, DDTs, and HCBs, confirming the results of Hao et al. (2019) in air monitoring, in which PCBs, HCHs, DDTs, and HCB were found in decreasing temporal trends, and there was an equally important increase of “emerged” POPs such as PBDEs.

It is worth noting the detection of DP, which, to the best of our knowledge, has been only been published on killer whales from the Artic (Vorkamp et al., 2019) at very low detection frequencies (∼18%) and concentrations (only anti isomer at <0.037–2.01 ng/g l.w. in blubber). The occurrence of DP in the Antarctic marine biota has been, however, documented before. For instance, Na et al. (2017) studied the trophic magnification of DP in marine food webs of the Fildes Peninsula finding DP concentrations in nine different species ranging from average values (ng/g l.w.) of 0.25 in krill to 6.81 in seals, with intermediate levels for fish species, such as starfish (1.22) or cod (2.36). Thus, the extremely low DP concentrations found in our study, in agreement with the low values in Arctic specimens of killer whale, might indicate a lack of bioaccumulation and biomagnification of this POP, perhaps in relation to this species’ metabolism. This is, however, a hypothesis that needs to be tested and for which further investigation and more data are needed.

Concentrations of the rest of target POPs, while orders of magnitude higher than those of DP, ranked among the lowest values ever found in killer whales from the Northern (summary of values from various locations at Atkinson et al., 2019; Andvik et al., 2020; McCormley et al., 2021) or even the Southern Hemisphere (Noël et al., 2009) and in agreement with that previously reported by Krahn et al. (2008). This probably reflects on the diet of Type C killer whales and a general lower degree of pollution in the Ross Sea area.



Pollutant Profiles

Pollutant profiles were noticeably similar across all sampled specimens. Graphical analysis of each pollutant group can be found in the Supplementary Figures 1–4). The RSKW’s average PCB content (Supplementary Figure 1) was dominated by the contribution of hexachlorinated congeners such as CB-153, -138, and -149, followed by heptachlorinated (CB-180) and pentachlorinated (CB-101 and -95). This pattern of abundance is consistent with what has been generally described in killer whales within an ample range of sampled time and areas, such as the North East Pacific (Ross et al., 2000), the Russian North Pacific (Atkinson et al., 2019), the North of Norway (Andvik et al., 2020, 2021), and Ireland (Schlingermann et al., 2020) or the Southern Indian Ocean (Noël et al., 2009), likely reflecting on the length of killer whales’ food chains as apex predators and the resistance of these congeners to biodegradation (Borja et al., 2005).

The major contributor to the average PBDE profile was BDE-47, as it is usually reported in marine food webs and found dominant in killer whales (Alava et al., 2016). Major contributors in order of abundance were BDE-85, -99, -209 ≈ -28, -153 ≈ -154 ≈ -100. All of these congeners have been previously found in similar relative abundance in these animals (Rayne et al., 2004; Haraguchi et al., 2009; Schlingermann et al., 2020). It is noteworthy that there was a high contribution of BDE-85, which is an understudied BDE congener for which there are no available data on killer whales or their prey. Furthermore, the relatively high contribution of BDE-209 should be highlighted. This is usually not detected in marine mammals under the general assumption of both reduced bioavailability (owing to preferential binding to particle phase) and bioaccumulation (owing to ready debromination to lower brominated congeners; Alava et al., 2016). At the same time though, most studies on PBDEs in killer whales, and generally in marine biota, have not included this congener in their analytical procedures, it poses the question of whether the earlier assumption should be revisited once data on this specific congener’s occurrence are generated. As an example, BDE-209 very recently was found predominant in two penguin species (Pygoscelis antarticus and Pygoscelis papua) from the Antarctic area (Morales et al., 2022), but also in other organisms in other areas as in sperm whales (Physeter macrocephalus) from the Mediterranean Sea (Zaccaroni et al., 2018) or in whale sharks (Rhincodon typus) from the Gulf of California (Fossi et al., 2017).

Organochlorine pesticides (DDTs and HCHs) were also found in abundance patterns in consonance with that described for killer whales from other areas such British and Irish waters (McHugh et al., 2007; Schlingermann et al., 2020) or the Pacific Coast of Japan (Haraguchi et al., 2009). p,p-DDE showed a heightened contribution of about 80% to the DDT content quantified. The rest of analytes were found in decreasing order with p,p-DDT (∼9%) > o,p-DDT (∼7%) > p,p-DDD (∼3%) > o,p-DDE (1.4%) > o,p-DDD (0.9%). Among HCHs, the α-isomer contributed with almost half to the total content (∼49%), followed by the γ- and β- isomers with ∼34 and ∼17%, respectively.

The DP antiisomer was found in all specimens (median 9.02 and range 3.67–37.0 pg/g l.w.), while the syn-isomer was not detected in two samples (median 3.02 and range 0–37.0 pg/g l.w.). As stated earlier (paragr. 3.1), the presence and trophic magnification of this pollutant has been described in the Antarctica (Na et al., 2017), with the highest levels found in seals (6.81 ng/g l.w.). Moreover, these authors estimated an fanti (calculated as the concentration of anti-DP by the sum of anti-DP and syn-DP) for the different trophic levels studied in the range of 0.23–0.53, lower than the average fanti derived from commercial products (0.68). In our study, not only the concentration of both DP enantiomers was found at about three orders of magnitude lower, but also the median fanti was higher than the commercial signature, reaching a value of 0.75 (in the range 0.50–1.00). These two facts seem to back up the concept of a ready degradation of DP by killer whales, most likely enhanced for the syn-isomer. In contrast with what has been described for other Antarctic marine mammals, this hypothesis should warrant further investigation.



mRNA and Protein Quantification

The analysis of mRNA transcripts was performed in the dermal part of the skin biopsies and analyzed using quantitative real-time PCR. Al the target genes were successfully amplified.

To the best of our knowledge, the expression of five target genes (PPARγ, PPARα, AhR, ERα, and Cyp1a) was evaluated for the first time in RSKWs. The expression of the five target genes varied across the samples, with males generally having lower mRNA levels for all five genes than females (Figure 2). KW002 (male) showed the lowest expressions for all target genes. Generally, the expression of the AhR gene was more stable in the seven individuals compared to the other genes, including Cyp1a. Although the upregulation of AhR may result in metabolic and physiological changes through enhancement of AhR-CYP pathways (Kim et al., 2005), any statistically significant correlation was found among the expression of these two genes, as instead shown in previous studies on hepatic Cyp1a and AhR in pacific killer whales and arctic beluga whales (Buckman et al., 2011; Noël et al., 2014). The mRNA levels of Cyp1a and ERα, instead, were positively correlated (rho = 0.929, p = 0.007; Figure 3). There are some evidence that the upregulation of ERs may affect steroid hormone concentration, but also it can alter the AhR-dependent Cyp1a expression when a ligand (or a toxic compound) activates the ER binding to estrogen response elements can alter the hormone-dependent transcription of ER-inducible genes including cytochromes P450 1A1, 1A2, or 1B (Matthews et al., 2007). The KW012 male individual showed the highest ER mRNA levels, which was 1.7-fold higher than the female mean expression and 5.1-fold higher than the average value for males. Regarding the PPARγ gene, KW007 showed the highest mRNA levels. It is worth noting that the same individual presented the highest accumulation of POPs analyzed (Table 1). It has been demonstrated that exposure to PCBs, DDTs, and PBDEs can increase the PPARγ transcript levels in polar bears (Routti et al., 2016; Tartu et al., 2017). Additionally, the transcriptional activity of PPARγ after the exposure to POPs has also been demonstrated to be activated by agonistic effects in fin whales and blue whales. Since the ligand-binding domain of whale PPARγ is the same as in other cetacean species, similar responses are expected also in killer whales (Lühmann et al., 2020). The PPARα mRNA levels can be modulated by the exposure to POPs and perfluorinated alkyl acids (PFAAs) compounds, and the activation of the receptor, in turn, promotes the transcription of genes responsible for energy metabolism and regulation of lipids (Kurtz et al., 2019; Griffin et al., 2020). The highest PPARα mRNA levels were found in the female KW011 and the lowest in KW002. The mRNA levels varied across the RSKW samples, but any statistical correlation was found with the POP levels. The downregulation of PPARα gene has been shown in killer whale organotypic cell cultures exposed to BPA and PFOA (Fossi et al., 2018), but few studies investigated the expression of this gene in marine mammals. In ringed seals from Baltic Sea, for instance, the expression of PPARα was not related to POP exposure or sampling area, but to fasting and molting period (Castelli et al., 2014), suggesting that the effects of contaminants on the activation of this receptor and the related pathways are negligible if compared to physiological and metabolic status of the organisms.
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FIGURE 2. mRNA expression of five genes (PPARγ, PPARα, ERα, Cyp1a, and AhR) in the dermal part of RSKW skin biopsies for each individual (M = male, F = female). Relative quantities normalized to GAPDH and YWHAZ genes. The values are expressed as normalized fold expression ± standard deviation.
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FIGURE 3. Correlation matrix of the variables analyzed in the RSKW samples. Blank square means no statistically significant correlation. Darker colors mean higher negative (red) or positive (blue) rho values. p Values: *p < 0.05; **p < 0.01, and rho values are displayed in the circles and reported in Supplementary Table 6.


The detection of cytochrome CYP450 protein expression by Western Blot technique was carried out for the first time on RSKWs. Cytochrome-like bands for the CYP1A1 (59 kDa) and CYP2B (56 kDa) were identified and quantified in the dermal part of five out of seven skin biopsies (Table 1). CYP1A1 and CYP2B protein expression have a broad range of expression among the samples, where CYP1A1 has higher values than CYP2B, as already shown in a previous study on the same species (Fossi et al., 2014) and other cetaceans (Hoydal et al., 2018; Baini et al., 2020).



Statistical Analysis of Persistent Organic Pollutants and Molecular Endpoints: Toxicological Implications

All the data obtained in the seven RSKWs were further analyzed to investigate if any endpoint or contaminant has the role as the main driver for the comprehensive ecotoxicological status evaluation in this species. The analysis was performed to highlight whether gene transcripts and protein concentrations are correlated with POP concentration or whether the alteration of gene and protein expression might be related to other potential stressors.

According to the PCA analysis, male and females did not cluster separately, probably due to the low number of samples, even if a trend of aggregation appears, mainly due to the contribution of POPs on dimension 2 and transcript values on dimension 1 (Figure 4), which contributes to explain more than 50% of the variance in the dataset.
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FIGURE 4. Principal component analysis (PCA) plot of mRNA level of the five target genes (PPARγ, PPARα, ERα, Cyp1a, and AhR), protein expression (CYP1A1 and 2B), and POPs (sum values of each class of compounds: PCBs, PBDEs, HCHs, HCB, and DP) in the seven individuals. Males are indicated by blue triangles and females by red circles. The total variance explained by the first two principal axes is 76.4%.


The absence of a significant correlation between transcript profiles and POPs may indicate that levels of contaminants measured in the blubber of RSKWs might not exert a contaminant-related biological response at these concentrations or that other variables both endogenous and exogenous, as different anthropogenic stressors or other classes of contaminants, are responsible for the alterations of the biological responses investigated. The levels of PCBs, for instance, are about 20-fold lower (1,060 ng/g l.b.) than the levels in Norwegian fish-eating killer whales (429 mg/kg l.b.), hundred-fold lower than mixed-diet killer whales (Remili et al., 2021), and well below the lowest value (9.0 mg/kg l.b.) proposed as the toxicity threshold concentration for the onset of physiologic effects in marine mammals (Kannan et al., 2000; Jepson et al., 2016).

Considering the link between biochemical endpoints and concentration of POPs, the most interesting result, apart from the correlation between Cyp1a and ERα transcripts, which has also been previously demonstrated due to the crosstalk between these two genes, is the negative correlation between HCB and CYP2B protein (rho = 1; p = 0.017; Figure 3).

The PCBs, PBDEs, DDTs, and HCB are positively correlated confirming the same behavior and the rate of accumulation in the adipose tissue of marine organisms (Figure 3 and Supplementary Table 6).




CONCLUSION

This work highlights and confirms the usefulness of a multidisciplinary approach successfully applied to bind together feeding ecology, foraging behavior, and ecotoxicological data (from both molecular biomarkers and several classes of POPs) in a poorly studied killer whale ecotype, frequenting an area with a high ecological value. The outstanding value of the Ross Sea Region, recognized by the Commission on the Conservation of Antarctic Marine Living Resources (CCAMLR) through the establishment of the Ross Sea Region Marine Protected Area (RSA MP) (CCAMLR, 2016), has also been the driving force for the expansion of the scientific infrastructure in the area, which may have brought about an increase in the anthropogenic pressure in the area (Lauriano et al., 2020), in addition to the cumulative stress to which the polar regions are subjected.

It should be highlighted the heightened contribution in this species of an often overlooked BDE congener in marine foodwebs, such as BDE-209. In that sense, this study’s results could contribute to spur the systematic investigation of this as well as other higher brominated congeners while studying the occurrence of PBDEs in marine ecosystems. Furthermore, the low rate of DP biomagnification found in RSKWs in comparison with data reported for other Antarctic marine mammals should be investigated to decipher the metabolic or other causes behind this behavior. Moreover, PCBs in RSKWs far below the toxicity threshold concentration seem to not affect molecular responses of target genes and proteins, which underline the current low risk of exposure to organic contaminants.

Overall, and within the RSA MP context, this work contributes to the establishment of baseline data for the fish-eating killer whale as a sentinel in this fragile Antarctic ecosystem. The recent predicted global killer whale collapse due to pollution (in particular PCBs; Desforges et al., 2018) makes this ecotype, which has been shown to be exposed to low levels of POPs, as a reservoir for the recovery of this species and to be considered as a “control” population to set baselines for biological and toxicological levels of this species worldwide.
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