
1 

2 

Accumulation of Emerging Chemicals in 3 

Southern Hemisphere Humpback Whales 4 

(Megaptera novaeangliae) and Species-5 

specific Chemical Effect Assessment 6 

7 
8 

By Maria Valeria Casà 9 
10 

BSc, MSc 11 
12 

Environmental Futures Research Institute, Griffith University 13 
14 
15 
16 
17 
18 
19 

20 
A Thesis presented to  21 

22 
Griffith University 23 

24 
Submitted in fulfilment of the requirements for the degree of 25 

26 
Doctor of Philosophy 27 

28 
Date 5th December 2020 29 

30 

31 
32 



Casà M V PhD Thesis 

1 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

46 
47 
48 

Breaching Southern Hemisphere humpback whale, 2016 49 

50 
51 
52 
53 
54 
55 



Casà M V PhD Thesis 

2 

56 

ABSTRACT 57 

58 

Millions of hazardous chemicals are synthesized each year. Their release often represents a 59 

risk for the environment and biota. As part of a broader effort to investigate the 60 

accumulation and effect of emerging chemicals of concern in the Antarctic sea-ice 61 

ecosystem, this thesis focuses upon exposure and effect assessment in southern hemisphere 62 

(SH) humpback whales (Megaptera novaeangliae). 63 

64 

Cetaceans traditionally represent ideal targets for exposure assessment to Persistent 65 

Organic Pollutants (POPs), that is chemicals identified as persistent, bioaccumulative, toxic 66 

and capable of long-range environmental transport. Their extended life span and high 67 

proportion of body fat render cetaceans susceptible to accumulation of elevated burdens. 68 

Southern hemisphere humpback whales feed almost exclusively on Antarctic krill (Euphasia 69 

superba) and thus represent second order consumers of the Antarctic sea-ice ecosystem. 70 

71 

Exposure assessment consisted of targeted analysis of short-chain chlorinated paraffins 72 

(SCCPs) included under the Stockholm Convention (SC) in 2017, and brominated structures 73 

listed in 2009 as well as novel, naturally occurring brominated structures, already detected 74 

at lower trophic levels of the Antarctic sea-ice ecosystem. SCCPs were targeted in stranded 75 

specimens and were detected in 77.7 % of samples, representing the first detection of SCCPs 76 

in any mysticetes or any Antarctic foraging marine mammal. 77 

78 

Blubber samples from free-swimming and stranded specimens were dedicated to the 79 

analysis of the modern category of POPs, polybromodiphenilethers (PBDEs), and a naturally 80 

occurring brominated compound, 2,4,6-tribromoanysole (TBA), the chemical structure of 81 

which closely resembles PBDEs, flagging the possibility of similar toxic action. 82 

83 

Humpback whale PBDEs profiles were dominated by tetra- and penta- congeners, 84 

supporting a single previous study on PBDE accumulation in Southern hemisphere 85 

humpback whales feeding in the Antarctic Peninsula region. Further, the detection of 86 

decaBDE adds support for the local emissions or particle bound transport to Antarctica. 87 
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PBDE congeners were detected in all samples analysed, whilst TBA was detected in 80% of 88 

samples. 89 

90 

Upon establishing accumulation of three novel chemical groups in the Antarctic sea-ice 91 

ecosystem, species-specific effect assessment was performed through cytotoxicity 92 

assessment implementing the newly established immortalized humpback whale fibroblast 93 

cell line (HuWaTERT). Two endpoints were targeted, namely membrane integrity and 94 

metabolic activity following 24h exposure to an SCCP cocktail, BDE-47, BDE-99, TBA. Each 95 

assay also incorporated the assay reference chemical, p,p’-DDE. The four chemicals did not 96 

show a dose-dependent response comparable to the one produced by the reference chemical. 97 

Whilst p,p’-DDE induced a decrease of both metabolic activity and membrane integrity, the 98 

cell response to BDE-99 indicated a positive, or potentially hermetic relationship with 99 

regards to the metabolic activity, warranting further investigation of underlying 100 

mechanisms. 101 

102 

The final thesis chapter explores the unique potential of HuWaTERT for the generation of 103 

induced pluripotent stem cells (iPSCs). The main objective of this work was to generate a 104 

source of a number of different cell lines from the iPSCs, that could be applied for a more 105 

tailored approach to in-vitro chemical effect evaluation to fill the gap currently existing in 106 

the field of cetacean toxicology. The re-generation trial involved the use of the Sendai virus, 107 

which induces the de-differentiation mechanism in HuWaTERT to become iPSCs without 108 

integrating into the cell genome. After successfully generating a number of iPC colonies, the 109 

cells ultimately did not thrive, likely due to a fungal infection. 110 

111 

Overall, this thesis combines both chemical exposure and effect assessment of novel 112 

chemical groups, for unique insight into chemical accumulation and impact in the Antarctic 113 

sea-ice ecosystem. The work provides new information regarding the range of chemicals that 114 

Antarctic consumers are exposed to, a reflection of hemispheric chemical usage and local 115 

input, and also contributes invaluable species-specific in vitro toxicity assessment data, 116 

which represents a critical research gap for cetacean chemical impact assessment. 117 

118 

119 
120 
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 463 

1.1 Global Chemical Usage 464 

Since commercial marketing of the first synthetic chemicals, more than one hundred million 465 
chemicals have been manfactured, current estimates suggest production levels at an annual rate of 466 
c.a. 1 million per year (Bettelheim et al. 2016; Gessner et al. 2016). Synthetic chemicals have been 467 
designed for application in many industries from food production, synthetic fragrances, plastics, 468 
paints, electrical appliances and pest control. Their application protects humans and animals from 469 
disease, improves agricultural productivity, industrial efficiency and improves human quality of life. 470 
Some chemicals, such as pesticides were designed with a biological action targeted at specific 471 
organisms. Many studies have, however, revealed their toxic effects on non-target organisms (Muir 472 
et al. 2004). Further, chemicals with seemingly beneficial applications, have been found to pose a 473 

significant health risk (Skaare et al. 2002; Corsolini et al. 2005).  474 
 475 
As evidence of harmful chemical actions upon human and environmental health have emerged, 476 
legislative policy has sought to better regulate the chemical industry. The Stockholm Convention 477 
(SC), was implemented with a focus on one group of chemicals, categorized according to their shared 478 
physico-chemical properties of persistence, toxicity, capacity for long range environmental transport 479 
(LRET), and a tendency to accumulate in organisms and magnify along food chains. This led to the 480 
promulgation of the SC which entered into force in 2004 and is currently ratified by 152 nations 481 

internationally. The Convention seeks to restrict and ultimately eliminate the use of identified 482 
chemicals, collectively termed as POPs. 12 chemical groups had been initially identified as “The Dirty 483 
Dozen”, encompassing hundreds of chemical structures (DDT, aldrin, dieldrin, chlordane, endrin, 484 
heptachlor, mirex, toxaphene, PCB, HCB, PCDD, PCDF). New chemicals that fulfil the criteria of 485 
POPs continue to emerge. Between 2009-2017, 16 new chemical groups have been added to the 486 
convention (List of POPs), including aHCH, ßHCH, penta- and octaBDE technical mixtures, 487 
chlordecone, HBB, lindane, PeCB, PFOS, PFOA, SCCPs. As human chemical usage continues to 488 
increase, the environmental effects of chemical compounds and their mixtures are constantly 489 
uncovered, even as the pace of new chemical manufacturing continues to far exceed regulatory 490 
capacity to robustly evaluate chemical risks (Burton 2017). Under such premises, it is expected that 491 
further chemicals will be included under the SC, and many more may fulfil some, but not all, of the 492 
four defining criteria necessary to be placed under the convention, yet these chemicals still pose a 493 
threat to the environment due to their sheer volume of production.  494 
In the past, and indeed as is still the case for major parts of the world, chemical regulation has 495 
primarily been a retrospective task. The lack of information on most of the substances available on 496 
the market, as well the absence of routine analytical methods to identify potentially dangerous 497 
substances, makes it difficult to identify the risks associated with these chemicals; the reality is that  498 
 499 
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international regulators are poorly equipped to effectively evaluate the risks associated with the ever 500 
increasing production of chemicals (Burton et al. 2017). There are approximately 30000 (>1 t/y) 501 
widely used chemicals in commerce (Muir et al. 2006; Howard et al. 2010). Despite current 502 

legislation efforts, it is clear that any substantial legislative action against known chemicals comes 503 
after many decades of production and consequential environmental exposure of these substances 504 
and often lacks international validation. 505 
In order to rectify some of the blind spots that arise with this approach, the EU introduced the 506 
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) program, which 507 
came into force in June 2007. REACH’s aim consists in obtaining and evaluating information on a 508 
specific substance in order to know its properties and hazards, if the authorities rate the risks as 509 
impossible to control, the manufacturing of such substances can be restricted or banned. 510 
 511 

1.2 Long Range Environmental Transport and the Role of Polar Regions in 512 

Global Chemical Policy   513 

The semi-volatile nature of chlorinated and brominated POPs, favours their long-range dispersal via 514 
the atmosphere. Following emission at temperate or tropical latitudes, atmospheric currents 515 
facilitate their transport to higher latitudes where colder temperatures alter the chemical’s volatility 516 
and ultimately favour deposition and “cold trapping” in Polar regions (Wania et al. 2004; Wania et 517 
al. 2008). As the atmospheric currents of the two hemispheres largely function as two separate 518 
compartments, Polar contamination is primarily a function of hemispheric chemical usage and the 519 
efficiency with which a chemical is transported to higher latitudes (Bengtson Nash 2011; Bengtson 520 
Nash et al. 2017). At a time of rapidly changing chemical usage patterns and incomplete chemical 521 
auditing information from several countries, particularly those that have not signed various 522 
legislative agreements, pollution profiles, trends and levels measured at the Poles can provide 523 
valuable clues as to hemispheric chemical usage patterns.  524 
The Global Monitoring Plan (GMP), implemented in 2009, evaluates the effectiveness of the SC in 525 
meeting its goals by collecting comparable monitoring data on the presence of POPs in all global 526 

regions in order to understand their temporal and spatial trends as well as their environmental 527 
transport (Riget et al. 2019). Data is collected from the standard matrices of ambient air, human 528 
breast-milk, blood and surface water for water-soluble POPs. 529 
Whilst the human matrices monitored under the GMP are not available in the Antarctic due to the 530 
absence of a subsisting human population, the detection of chemicals in the Arctic and Antarctic 531 
atmosphere and surface waters provide unique insight into the global distribution and reach of 532 
chemical emissions. As such, Polar regions, have a special role under the GMP as they are to a great 533 
extent removed from local industry. Detection in these remote environments can therefore serve as  534 
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direct and empirical evidence of chemical persistence and capacity for LRET i.e. two of the four 535 
criteria for listing under POPs (Bengtson Nash et al. 2017). In this manner, the Poles of the earth act 536 
as “barometers” of hemispheric chemical usage patterns and may play a pivotal role in accelerated 537 

regulation of current use chemicals.  538 
Whilst air and water represent core media under the GMP, the chance of detection of 539 
bioaccumulative chemicals dramatically increases when moving to the biotic environment where 540 
marine mammals are most susceptible to bioaccumulation, on the account of their long lifespan and 541 
higher trophic level feeding (Bengtson Nash 2018; Bengtson Nash et al. 2018).  542 
 543 

 1.3 Southern Hemisphere Humpback Whales 544 

Southern hemisphere (SH) humpback whales represent second order consumers of the Antarctic 545 

sea-ice ecosystems. Their high-fidelity diet of Antarctic krill (Euphausia superba) fuels their annual 546 
migration to equatorial breeding grounds. Their high prey specificity greatly simplifies dietary 547 
forensic investigations whilst their migrations afford research and monitoring opportunities outside 548 
of the Antarctic, greatly reducing associated logistical challenges. As such, The Southern Ocean 549 
Persistent Organic Pollutant Program (SOPOPP) of Griffith University, Australia, has monitored the 550 
humpback whales breeding stock migrating off the east coast of Australia (E1 as termed by the 551 
International Whaling Commission (IWC 2006) since 2008 (Bengtson Nash et al. 2018). As part of 552 
ongoing monitoring, legacy POPs have been regularly quantified in this population and provide a 553 

baseline for temporal change. Ready access to freshly biopsied blubber tissues from free-swimming 554 
individuals under this Program, and a proven record of chemical detection in this lipid rich tissue, 555 
offers a unique opportunity for further exploring the prevalence of emerging and previously 556 
undetected chemicals of concern in the Antarctic ecosystem. Furthermore, the Program offers a 557 
unique opportunity to explore associated chemical risks. 558 
 559 

1.4 Chemical Risk Assessment 560 

The framework for chemical risk assessment encompasses 4 stages or steps (Fig. 1.1): step 1 concerns 561 

the identification of the hazard; step 2 the exposure assessment; step 3 the effect assessment and 562 
step 4 the risk characterization. This 4-step assessment will be described in the following sections, 563 
whilst the thesis will focus primarily on steps 2 and 3.  564 
  565 
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 566 

 567 
 Figure 1.1 The 4-step risk assessment process. 568 

 569 
1) Hazard identification 570 

Risk assessment usually starts with identifying a substance believed to pose a health risk and 571 
providing information on its toxic nature. The latter is designed to protect workers who are 572 
dealing directly or indirectly with the chemical and general public or the environment who 573 
might be exposed to it unintentionally. Direct contact, inhalation and ingestion are possible 574 
routes through which the substance may enter the body. As a consequence of the exposure, 575 
there is a wide range of adverse effects that such substances may cause to an organism; they 576 

can be classified, for example, on the basis of the duration of the exposure (acute or chronic), 577 
the body area that was in direct/indirect contact with the chemical (local or systemic) and, 578 
finally, the possibility for the organism to recover from the exposure (reversible or 579 
irreversible). An extensive group of organic chemicals identified as toxic for the organisms 580 
includes those ones listed as POPs. There is a wide range of health problems that they can 581 
cause, such as skin and eye irritation, interference with nervous, gastrointestinal and 582 
reproductive systems, genotoxicity, etc. A number of toxicity tests have been designed with 583 
the aim to investigate the potential harm associated with the use of a specific substance, they 584 
are often animal studies based on humans and rodents. There are a number of clinical studies 585 
involving humans and toxicological ones involving rodents: they include investigation of the 586 
endocrine disruption ability of p,p’-DDE e.g. (Gray et al. 1999; van den Berg et al. 2017; Lind 587 
et al. 2018; Abellan et al. 2019; Yilmaz et al. 2020), PCBs e.g. (Wayman et al. 2012; Yang et 588 
al. 2014), PBDEs e.g. (Stoker et al. 2005; Dingemans et al. 2011; Chen et al. 2014; Costa et 589 
al. 2014; Chen et al. 2017), bisphenol A e.g. (Bang et al. 2012), etc.  590 
 591 

Step 4: Risk Characterization
Assess the risk of a substance based on the effect intensity and the 
exposure extent

Step 3: Effect Assessment
Measure quantitatively the effects in response to a certain 
concentration of the substance

Step 2: Exposure Assessment
Investigate the levels of the substance to which the organism is 
exposed and the main exposure route

Step 1: Hazard Identification 
Determine the substance of concern and related potential adverse 
effects
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 592 
 593 

Although the number of studies available on cetaceans is limited, chemical risk assessments 594 

involving these marine mammals face a major challenge that consists in obtaining samples 595 
such as, blood, faeces, body fluids, from free-roaming specimens; alternatively, they  596 
can be collected from captive odontocetes. A study based on dolphins reveals that they are 597 
chronically impacted by high levels of organic pollutants (Sanganyado et al. 2018) and that 598 
the accumulation of PCBs, for example, is associated with health problems such as anaemia, 599 
hypothyroidism and a low response in the immune system (Schwacke et al. 2012). Modelling 600 
was applied to three specie specific case studies - bottlenose dolphins, humpback whales, 601 
killer whales- to gain information on how PCBs might impair their immune system and calf 602 
survival, concluding that the latter was less affected than the first (Hall et al. 2018). 603 
Contrarily, identification of a potentially hazardous chemical in humpback whales, has been 604 
performed measuring protein levels in the tissue (Waugh et al. 2011; Burkard et al. 2019) or 605 
through the use of skin biopsies since this sampling method allows to maximise the 606 
information that can be gained from living specimens (Fossi et al. 2003). 607 
 608 

2) Exposure Assessment 609 
In order to investigate the entity of the exposure to a specific substance, its levels need to be 610 
determined. Useful matrices for detecting lipophilic pollutants in humans are fat (Yu et al. 611 
2011; Malarvannan et al. 2013), breast milk (Fängström et al. 2005; Bawa et al. 2018; 612 

Lehmann et al. 2018; Lu et al. 2018; Acharya et al. 2019; Müller et al. 2019), plasma 613 
(Imbeault et al. 2001; Donat-Vargas et al. 2018). Completing this step in free-roaming 614 
cetaceans, represents a challenge. In the absence of chemically quantified prey and 615 
environmental levels, chemical exposure assessment of lipophilic chemicals, may be 616 
performed through analysis of the blubber section in skin biopsies (Marsili et al. 1996; 617 
Metcalfe et al. 2004; Wolkers et al. 2007; Elfes et al. 2010; Atkinson et al. 2019). 618 
Overall, by evaluating diverse chemical profiles, it is possible to obtain integrated 619 
information regarding individual and population exposure, as chemical burdens can provide 620 

insight in the chemical profiles of the prey and the ecosystem where the cetaceans feed.  621 
To our knowledge, in SH humpback whales, the chemical profiles of legacy POPs have been 622 
established, by four studies. Among the most frequently detected pollutants were PCBs, HCB, 623 
DDTs, CHLs, HCHs (Dorneles et al. 2015; Das et al. 2017), followed by endosulfan, dieldrin, 624 
aldrin, toxaphene (Bengtson Nash et al. 2013; Waugh et al. 2014). As suspected when 625 
comparing findings from the Polar regions of the planet, SH humpback whales have shown 626 
so far, to be less exposed than odontocetes and mysticetes in the north in terms of levels, 627 
mostly due to the great production/use of such substances in the northern hemisphere (NH) 628 
compared to the SH (UNEP 2003). 629 
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Conversely, very little is known about modern or emerging chemicals in SH humpback 630 
whales. Of the newly listed POPs, this thesis will pay special attention to PBDEs and SCCPs 631 
to provide further information on their temporal trends in remote areas, to expand the 632 

knowledge on their occurrence in SH humpback whales and the potential health risk that 633 
these large vertebrates might be facing overtime after exposure to these lipophilic chemicals. 634 

 635 
o New generation POPs in the Antarctic scenario: PBDEs and SCCPs 636 

Polybrominated diphenyl ethers (PBDEs) 637 
are synthetic compounds that have been widely produced as flame retardants and 638 
found application in many consumer products, such as plastics, electronic appliances 639 
and textiles. Three distinct technical mixtures that were available in the market, 640 
namely the penta-, octa- and deca-mixes (UNEP 2014, 2015c, 2016) have now been 641 
listed as POPs under Annex A. Whilst penta- and octa- were banned (UNEP 2009a, 642 
2009b), the use and production of decaBDE mixtures is under regulation and still 643 
allowed for specific purposes (UNEP 2017a, 2017b). However, the “legacy” of the 644 
other mixtures will remain due to their extensive use and environmental persistence. 645 
Despite the fact that their ubiquity and toxic potential have been known for decades, 646 
their levels in Antarctica have not been monitored accordingly in abiotic and biotic 647 
matrices. However, the findings show that both low (e.g. BDE-28, 47, 49, 99) and high 648 
(e.g. BDE-153, 154, 183) brominated congeners have been detected in the organisms, 649 
confirming that, regardless of the penta- and octa-mixtures’ ban, BDEs persist in the 650 
environment and bioaccumulate (Markham et al. 2018); in addition,  environmental 651 
transformation processes may also represent a source of lower brominated congeners 652 
(Söderström et al. 2004; Kohler et al. 2008; Davis et al. 2009). Further to this, there 653 
is an increasing concern that the detection of BDE-209, the main component of the 654 
deca-mixture, might be also linked to contributions from local sources such as 655 
research stations (Vecchiato et al. 2015; Wild et al. 2015). To our knowledge, BDE 656 
levels in SH humpback whale blubber were reported only in few studies; these, aside 657 
from confirming the challenge related to sample collection from living mysticetes, 658 

show that the levels are lower than the ones in cetaceans in the NH (Dorneles et al. 659 
2015), a fact that could have the same explanation as the aforementioned banned 660 
legacy POPs. 661 

 662 
 663 
 664 
 665 
 666 
 667 
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 668 
Short-chain chlorinated paraffins (SCCPs) 669 
 670 

owe their name to their C chain length (C10-C13), the shortest among the chlorinated 671 
n-alkanes comprised in commercial mixtures known as chlorinated paraffins (CPs), 672 
together with medium- (C14-C17) and long-chain (>C17). CPs found application in 673 
plastics, paints and metal working fluids. China remains the largest producer, 674 
consumer and exporter of CPs worldwide, with a total production reaching >1 million 675 
tonnes in 2013 (WCC 2014). Overall, SCCPs have been detected in most 676 
environmental matrices, including, air e.g. (Barber et al. 2005; Li et al. 2012a; Ma et 677 
al. 2014; Nizzetto et al. 2014; Gillett et al. 2017), water e.g. (Nicholls et al. 2001; Zeng 678 
et al. 2011), snow, soil and sediment e.g. (Zeng et al. 2011; Wang et al. 2013; Zeng et 679 
al. 2013; Li et al. 2016), and a diverse range of biota e.g. (Strid et al. 2013; Zeng et al. 680 
2015; Li et al. 2016). Li et al. (2014) reports that congeners with carbon chains <C11 681 
are more volatile than other SCCPs and more prone to longer atmospheric lifetimes. 682 
Furthermore, despite being detected in various Arctic organisms such as beluga 683 
whales (Delphinapterus leucas) (Tomy et al. 2000; Simond et al. 2020), walruses 684 
(Odobernus rosmarus) and ringed seals (Pusa hispida) (Tomy et al. 2000), there are 685 
only two studies investigating their levels in Antarctic biota. One of them reports 686 
SCCPs in algae, fish, gastropods and mosses (Li et al. 2016) whereas the second in SH 687 
humpback whales (Casà et al. 2019), further confirming that these novel POPs are 688 
ubiquitous in the environment and bioaccumulate in different groups of organisms. 689 
In regard to the latter, to further support the fact that there are limitations in 690 
performing exposure studies in mysticetes, the amount of sample needed for 691 
measuring SCCP levels in the blubber could not be obtained through skin biopsies and 692 
therefore stranded specimens had to be used. 693 

 694 
3) Effect Assessment 695 

Quantifying the effects induced by the exposure to specific substances in the organisms is 696 

performed in accordance with methods that express mathematically the biological response 697 
to increasing concentrations of the target chemical. The relationship between a certain effect 698 
and the chemical dose that induced it, is expressed as dose descriptor, such as: NOAEL (No 699 
Observed Adverse Effect Level), LOAEL (Lowest Observed Adverse Effect) LC50 (Lethal 700 
Concentration 50%), etc (ECHA.eu.) Effect assessments can be performed for example, in 701 
vivo and in vitro: the first refers to living organisms and the second to biological molecules, 702 
cells, etc. outside their biological context. Commonly in vivo studies are carried out in rodents 703 
to investigate, for instance, neurotoxic effects e.g. (Kuriyama et al. 2005; Llansola et al. 2007; 704 
Viberg et al. 2011; Costa et al. 2015), endocrine disruption e.g. (Kuriyama et al. 2005; Kanaya 705 
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et al. 2019), various metabolic induced disfunctions  e.g. (La Merrill et al. 2013; Howell et al. 706 
2015; Cano-Sancho et al. 2017). In addition, in vitro effect assessment methods are 707 
remarkable tools to evaluate the toxic nature of most chemicals and their application implies 708 

studying also species who are not easily maintained in laboratory conditions and therefore 709 
they can be conducted outside their usual biological context. As such, the effects of the 710 
exposure to POPs are measured for instance, in male human reproductive cells e.g. (Pant et 711 
al. 2013; Tavares et al. 2013), placental cells e.g. (Robinson et al. 2019), but also rodent cell 712 
lines as macrophages e.g. (Mangum et al. 2016) and neurons e.g. (Llansola et al. 2007; Chen 713 
et al. 2010; Costa et al. 2015).  714 
Although adequate chemical effect assessment in large free-roaming cetaceans is often 715 
prevented by logistcal and ethical constraint, the interest in cetacean toxicology is growing  716 
due to the high levels of pollutants in the tissues of these large marine mammals e.g. (Tanabe 717 
2002; Jepson et al. 2016; Marsili et al. 2018) and documented toxic effects in other biota. 718 
The Australian Government, in line with the International Whaling Commission (IWC), has 719 
called for the development of new, non-lethal assessment strategies. As such, skin biopsies 720 
represent a minimal invasive tool to also enable effect asessment in large free-roaming 721 
cetaceans (Fossi et al. 2000) that, otherwise, could not been carried out in the wild. However, 722 
the majority of in vivo studies in cetaceans are more focused on measuring the exposure 723 
rather than the adverse effects of pollutants, therefore, the extraordinary potential of skin 724 
biopsies relies more on their use in in vitro research (Marsili et al. 2012; Weijs et al. 2016). 725 
Although in vitro approaches have been established from skin biopsies and to offer insight 726 
into the chemical behavior once present in a biological matrix, this strategy remains 727 
challenging mostly due to the fact that the knowledge of biology and physiology of most 728 
cetacean species is not well known (Weijs et al. 2016). As such, thanks to this sampling 729 
method, different cell lines have been established e.g. (Burkard et al. 2015; Rajput et al. 2018; 730 
Yajing et al. 2018) and used to perform bioassays designed to evaluate specific endpoints 731 
after exposure to POPs and that, most importantly, they can be achieved withouth 732 
threatening the survival of the animal: among them there are, for instance, intercellular 733 
communication e.g. (Hu et al. 2002), immunotoxicity e.g. (Levin et al. 2004; Mori et al. 734 

2006; Levin et al. 2007; Wirth et al. 2014; Jia et al. 2015; Wirth et al. 2015; Soloff et al. 2017; 735 
Rajput et al. 2018), only to mention some.  736 
 737 

o Cell Culturing as a tool to investigate chemical effects in SH humpback whales 738 
 739 

It is well established that cells represent basic-functional units of a living organism and, given 740 
that the primary interaction between chemical and biota occurs at the surface or inside the 741 
cell, they can be used to examine the effects caused by numerous xenobiotics, as previously 742 
mentioned. It is possible to target various cytotoxicity endpoints and the response can vary 743 
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between cell lines due to differences in their metabolism, in serum and medium composition, 744 
exposure time, incubation T°, etc. (Fent 2001) and the knowledge gained can be integrated 745 
to show intra- and inter-species differences that cannot be fully investigated in vivo in 746 

cetaceans (Fossi et al. 2000). Indeed, the opportunity to analyse a mechanism in a controlled 747 
environment like a cell culturing flask or plate in a laboratory, far from all the variables that 748 
act under natural conditions, is probably one of the greatest advantages of cell culturing. 749 
Despite the challenge related to the sampling method, it is extraordinary that from a small 750 
amount of tissue, long lasting cell lines can be obtained and ultimately used to help fill the 751 
gap surrounding cetacean toxicology. Cell lines have been established from cetaceans: 752 
dolphin skin e.g. (Marsili et al. 2000; Jin et al. 2013; Rajput et al. 2018; Yu et al. 2018), renal 753 
e.g. (Pfeiffer et al. 2000; Pine et al. 2004), hepatic cells e.g. (Hu et al. 2002), porpoise (Wang 754 
et al. 2011) and pigmy killer whale fibroblasts (Yajing et al. 2018). To our knowledge, 755 
chemical dose-response studies in cetacean-derived cell lines were mainly investigating 756 
endpoints such as:  cell viability e.g. (Pfeiffer et al. 2000; Burkard et al. 2015), intercellular 757 
communication e.g. (Hu et al. 2002), immunotoxicity e.g. (Wirth et al. 2014; Jia et al. 2015; 758 
Wirth et al. 2015; Rajput et al. 2018; Yu et al. 2018; Centelleghe et al. 2019; Marsili et al. 759 
2019). In order to increase the opportunity to study the extent of species-specific responses 760 
to chemicals, an immortalized fibroblast cell line was established from humpback whale skin 761 
biopsies, HuWaTERT (Burkard et al. 2015), to date, the sole cell line isolated from any 762 
mysticete species and was used to perform cell viability (Burkard et al. 2015) and 763 
immunotoxicity assays (Burkard et al. 2019) after exposure to POPs. 764 

 765 

 766 
Figure 1.2 3T3 fibroblasts. Nuclei of 3T3 cells grown in culture were stained with fluorophore DAPI and imaged using a 767 
combination of fluorescence and phase contrast illumination. Supplied by OLYMPUS Life Science Solutions. 768 
 769 
 770 
 771 
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3) Risk characterization 772 
 773 

As the last stage of a chemical risk assessment process, characterizing the health risk, is based 774 
on estimating the frequency and severity of the adverse effects induced in the organisms that 775 
are exposed to the chemical. This is done by integrating the data obtained through the 776 
exposure and effect assessment steps and with the aim to provide useful information on the 777 
magnitude of the adverse effects in order to successfully contribute managing the risk. To 778 
this purpose, a risk characterization ratio (RCR) is needed and calculated in humans by 779 

dividing the exposure estimate level to the DNEL (Derived No Effect Level). The latter is the 780 
level of exposure above which humans should not be exposed and is calculated by dividing 781 
the dose descriptor value by an assessment factor. If the RCR>1, the risk is characterized as  782 
unacceptable and therefore RCR needs to be reduced by reducing the exposure, in terms of 783 
duration or concentration of the substance used as example (ECHA.eu). 784 
The number of toxicological studies on the health risk characterization in cetaceans (Alava et 785 
al. 2020; Marega-Imamura et al. 2020) is still relatively small mostly because of the limited 786 
information available on the physiology, population data and sampling chances of these large 787 
marine mammals. In vitro effect assessments are contributing to expand this field.  788 

 789 

 790 

 791 

Figure 1.3 Free-roaming E1 breeding stock humpback whale specimen. Southern Ocean Persistent Organic Pollutants 792 
Program (SOPOPP) field campaign, Northern migration (N14), outside Stradbroke Island, QLD, Australia (Maria Valeria 793 
Casà, 2017) 794 

 795 
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A lot less is known on risk characterization in baleen whales such as SH humpback whales 796 
due to the exposure to POPs. Whilst dietary intake of POPs is expected to vary very little over 797 
shorter time-frames due to the primarily diffuse and long-range nature of Antarctic chemical 798 

contamination, blubber chemical burdens have been found to fluctuate dramatically as a 799 
function of humpback whale life-history and lipid dynamics (Bengtson Nash et al. 2013). 800 
Their unique migratory life history results in seasonal mobilisation of lipophilic compounds 801 
stored in their fat tissue as a function of fasting and reproduction. POP levels in outer blubber 802 
are found to increase on average by as much as 340% over the course of just four months of 803 
migration (Bengtson Nash et al. 2013). Re-mobilization and re-exposure to accumulated 804 
contaminants coincides with vulnerable stages of foetal and calf development and must be  805 
considered a time of increased chemical risk (Bengtson Nash, 2018). This life history 806 
characteristic may place SH humpback whales at a higher risk category than that attributed 807 
to baleen whales based upon trophic level alone (Bengtson Nash, 2011). In order to contribute 808 
filling in the knowledge gap surrounding SH humpback whale toxicology, information 809 
achieved empirically using HuWaTERT allows the application of in vitro effect assessment for 810 
risk characterization that ultimately leads to understanding how pollutants interfere with the 811 
physiology, ecology and fitness of these free-roaming marine cetaceans. 812 

1.5 Project Aims 813 

This project sought to advance understanding of hemispheric chemical profiles and usage patterns, 814 

and their permeation of the remote Antarctic sea-ice ecosystem. This was performed using 815 
humpback whales as model biomonitoring species and as a long-lived cetacean consumer of the 816 
Antarctic sea-ice ecosystem. The project approach focused on novel chemical exposure and effect via 817 
two over-arching objectives:  818 
 819 

A) To investigate accumulation of chemicals rarely or not previously quantified in southern 820 
hemisphere humpback whales. 821 
 822 

B) To quantify the species-specific cytotoxic effect of exposure to these  identified chemicals via 823 
the HuWaTERT fibroblast cell line cytoxicity assay.   824 
 825 

The thesis is structured into 4 core chapters 826 
 827 
Chapter 2. First Detection of Short Chain Chlorinated Paraffins in Humpback Whales 828 
feeding in Antarctic waters: focuses on assessing the levels of short chain chlorinated paraffins 829 
(SCCPs). This lipophilic class of compounds has been added to the list of POPs in 2017 and was never 830 
investigated before in the blubber of SH humpback whales. Blubber samples from 9 stranded 831 
specimens were analysed and results confirmed the first detection of these compounds in any baleen 832 
species feeding in Antarctic waters. This chapter was published in April 2019 (Casà et al. 2019). 833 
 834 
Chapter 3. Synthetic and Natural Brominated Products in Southern Hemisphere 835 
Humpback Whales: reports the levels of emerging compounds as polybromodiphenilethers 836 
(PBDEs) recently listed as POPs and natural occurring 2,4,6-tribromoanisole (TBA) in SH humpback 837 
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whale samples collected between 2013-2016. To date, only one other study reports PBDE levels in 838 
SH humpbacks while none have reported detection of TBA. The latter is a natural compound that 839 
shares a structure similair to POPs and most likely shares similar properties. Together with Chapter 840 
4, findings of this chapter are prepared in a manuscript for submission to Environ Tox J. 841 
 842 
Chapter 4. HuWaTERT cell viability assessment upon exposure to SCCPs, PBDEs and 843 
TBA: explores the toxic potential of firstly and/or most detected compounds in an immortalized 844 
fibroblast cell line obtained from humpback whales (HuWaTERT), through basal cytotoxicity tests, as 845 
SCCPs, BDE-47 and BDE-99, TBA. Metabolic activity and membrane integrity were the two 846 
endpoints set in this experiment in order to gain information on the impact of each priority 847 
compound on the fibroblasts after 24h exposure at 37°C and 5% CO2. Together with Chapter 3, 848 
findings from this chapter, are presented on a combined manuscript for submission as per above. 849 
 850 
Chapter 5. Attempted generation of induced pluripotent stem cells (iPSCs) from an 851 
Immortalized Humpback Whale Fibroblast Cell Line (HuWaTERT): HuWaTERT cell line was 852 
used in an effort to generate iPSCs. Sendai virus (SeV) was the vector involved into the initial stages 853 
of the reprogramming process. SeV does not integrate into the genome of the host cell, so that the 854 
latter can maintain its identity. The reprogramming factors  carried by SeV were Oct, Sox2, Klf4 and 855 
c-Myc. The approach is especially beneficial in wildlife studies as it facilitates the generation of de-856 
differentiated cells directly from free-ranging specimens that cannot be kept under laboratory 857 
conditions such as humpback whales and it can contribute to comparative studies in species-specific 858 
cell sensitivity response to disruptive events i.e. disease, drugs, etc. 859 
 860 
  861 
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a b s t r a c t

Short-chain chlorinated paraffins (SCCPs) are particularly prone to environmental dispersal through long
range atmospheric transport. Consequently, they have been detected in biota and environmental
matrices at both the North Pole and South Pole. This study shows the first detection of SCCPs in southern
hemisphere humpback whales feeding in Antarctic waters. Blubber of specimens stranded along the
Australian coastline was analysed and SCCPs were detected in 7 out of 9 individuals. Levels of SCCPs
detected in this study were generally low with concentrations up to only 46 ng/g lw. These results were
significantly lower than those detected in Northern Hemisphere odontocetes from previous studies,
although no reported burdens in northern hemisphere baleen whales are available for comparison. Both
the highest level and lowest (<MDL) were measured in calves-of-the-year. Congener group profile in the
samples showed that the predominant carbon chain length was C11, followed by C10¼ C12> C13. Further
investigation is needed in order to evaluate the presence and distribution of SCCPs in the remote
Antarctica ecosystem, and delineate longer term environmental consequences of recent inclusion of
SCCPs under Annex A of the Stockholm Convention, securing their phase out in ratifying nations.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Chlorinated paraffins (CPs) have emerged as a group of chem-
icals of environmental concern in recent decades (UNEP, 2015).
These chemicals are produced through the chlorination of n-alkane
mixtures. Chlorinated paraffins are commonly subdivided into
three categories based on their carbon chain length: short-chain
(SCCPs; C10-13), medium-chain (MCCPs; C14-17) and long-chain
chlorinated paraffins (LCCPs; C>17), with a chlorination degree
ranging from 30% to 70% bymass (Tomy et al., 1998). They were first
synthesised during World War I, for the preparation of antiseptic
products (Zitko, 1980). By 1930, wide scale production had
commenced, with the compounds finding commercial application

for example as coolants and lubricants in metalworking fluids, as
plasticizers and flame retardants. Their release occurs during pro-
duction, usage and disposal of these products (UNEP, 2015).

SCCPs in particular have come under scrutiny as evidence sup-
porting their classification as Persistent Organic Pollutants (POPs)
has emerged; they have been shown to resist environmental
degradation, elicit toxic effects and demonstrate both a propensity
for long range environmental transport, as well as the tendency to
bioaccumulate in organisms over time (UNEP, 2015). They have
been included in the priority substances’ list of the EU Water
Framework Directive (2001), the US EPA Toxic Release Inventory list
(UNEP, 2015), the prohibited substances list in Canada and the
Pollutant Release and Transfer Register Law in Japan (WCC, 2014).
Their production ceased in Japan in 2007, and in the US and Europe
in 2012. Finally, the 2017 meeting of the parties decreed the in-
clusion of SCCPs under Annex A (Elimination) of the Stockholm
Convention (UNEP, 2016). Today, China remains the largest* Corresponding author.

E-mail address: valeria.casa@griffithuni.edu.au (M.V. Cas!a).
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producer, consumer and exporter of CPs worldwide, with a total
production reaching >1 kt in 2013 (WCC, 2014).

Despite acknowledgement of concerns surrounding this chem-
ical group, quantitative analysis has presented a practical challenge
for environmental chemists, with a lack of a standardised methods
precluding routine analysis. Biota in particular represents a unique
analytical challenge as the congener group patterns of CPs in such
matrices differs to those of the commercially available standard
mixtures. Using these standard mixtures to quantify SCCPs in such
matrices could therefore lead to quantification errors (Reth et al.,
2005).

SCCPs have been detected in most environmental matrices,
including, air e.g. (Barber et al., 2005; Li et al., 2012; Ma et al., 2014;
Nizzetto et al., 2014; Gillett et al., 2017), water e.g. (Nicholls et al.,
2001; Zeng et al., 2011), snow, soil and sediment e.g. (Zeng et al.,
2011; Wang et al., 2013; Zeng et al., 2013; Li et al., 2016), and a
diverse range of biota e.g. (Strid et al., 2013; Zeng et al., 2015; Li
et al., 2016).

Despite their relatively short atmospheric half-life, between
0.81 and 10.5 days (Atkinson, 1986, 1987; Meylan et al. 1993), and
low vapor pressure at room temperature, SCCPs are susceptible to
long range atmospheric transport (Muir, 2010). Li et al. (2014) re-
ports that congeners with carbon chains< C11 are more volatile
than other SCCPs and are more prone to longer atmospheric
lifetimes.

In 2014, Ma et al. detected SCCPs in the atmosphere of the
remote Antarctic Fildes Peninsula. Empirical measurements of both
gaseous and particulate fractions revealed that SCCPs favoured the
aerosol phase. Further, modelling efforts by the authors suggested
that it was particularly the absorption of SCCPs to organic matter in
the aerosol phase that represented the most relevant contribution
to the transfer of SCCPs to the Antarctic Peninsula, potentially
assisting in overcoming relatively short atmospheric residence
times. This study represented the first evidence of system input of
SCCPs to the Antarctic region. It should be noted, however, that the
Antarctic Peninsula is considered an anomaly in terms of atmo-
spheric currents and transport to the continent and detection is yet
to be confirmed in continental Arctic air (Bengtson Nash et al.,
2017).

In general, bioaccumulation of SCCPs in wildlife is positively
correlated with carbon chain length and the number of chlorine
atoms (UNEP, 2015). The log Kow values for all SCCPs range between
4.8 and 7.6 (Sijm et al. 1995; Hilger et al., 2011), demonstrating their
lipophilicity and tendency to accumulate in the fat tissues of or-
ganisms. Although detected in many different Arctic organisms
such as beluga whales (Delphinapterus leucas), walrus (Odobernus
rosmarus) and ringed seal (Pusa hispida) (Tomy et al., 2000), only
one study has detected SCCPs in Antarctic biota (Li et al., 2016). In
this study, authors reported positive detection of SCCPs in algae
(Halymenia floresia), moss (Sanionia uncinata), fish (Notothenia
coriiceps), and gastropoda (Trophon geversianus, Nacella concinna)
sampled on the Fildes Peninsula at King George Island and Ardeley
Island. To date, no studies have reported SCCPs in any Antarctic
foraging marine mammal species.

Due to their long lifespan, high proportion of adipose tissue and
frequently, higher trophic level, marinemammals are susceptible to
the accumulation of lipophilic compounds such as SCCPs (Bengtson
Nash et al., 2013). This study sought to further explore the presence
of SCCPs in the Antarctic ecosystem, through analysis of Southern
Hemisphere humpback whale (Megaptera novaeangliae) blubber
tissues. With a principal diet of Antarctic krill (Euphausia superba)
(Waugh et al., 2012; Eisenmann et al., 2016; Eisenmann et al., 2017),
Southern Hemisphere humpback whales, represent second level
consumers of the Antarctic sea-ice ecosystem (Bengtson Nash et al.,
2018a, b). This population migrates seasonally to equatorial

breeding grounds. The migration is associated with voluntary
fasting with individuals relying on the energy reserves accumu-
lated through summer feeding in Antarctica. As such the chemical
profiles of this population are expected to reflect their high-fidelity
krill diet, as previously evidenced for legacy POPs (Bengtson Nash
et al., 2008; Bengtson Nash et al., 2013; Waugh et al., 2014). In
turn, chemical contamination at the base of the Antarctic food-web
is expected to reflect primarily well-mixed, diffuse hemispheric
sources (Bengtson Nash, 2011), as well as few potential local point
sources (Wild et al., 2014). As SCCPs have rarely been studied in the
Antarctic or Southern Ocean, the aims for the present study were 1)
to investigate the presence of SCCPs in humpback whales and 2) to
discuss findings in the context of the global ubiquity of these newly
listed POPs.

2. Materials and methods

2.1. Sample collection

Blubber samples were obtained from nine humpback whale
specimens (Megaptera novaeangliae) that were found stranded
between 2007 and 2015 during their seasonal migration period
from/to their breeding grounds along Western or Eastern Australia
coasts. Eight samples were collected from the Eastern Australia
breeding sub-stock E1 while one sample from the Western
Australia breeding sub-stock D1, as designated by the International
Whaling Commission (IWC) (Garrigue et al., 2006; Rosenbaum
et al., 2017). E1 and D1 sub-stocks show high fidelity to their
feeding grounds, which are mainly identified by the IWC as Ant-
arctic Management Area V and IV, respectively. Due to the relatively
large tissue amount (ca. 2 g of blubber tissue) required for SCCP
analysis, this study utilised tissues from stranded individuals rather
than biopsies from free-roaming individuals. Sample collection
from the E1was conducted under theMoreton BayMarine Park and
Scientific Purposes Permits #QS2014/CVL1397, WISP04862307,
WISP10018311, WISP07789610 and from the D1 under Department
of Environment Scientific Purposes Licenses SF000007, SC000619,
SC000941, SC001255. All animals were of a decomposition condi-
tion code (DCC) of !3 (Kuiken et al. 1991; Jauniaux et al., 2005).
Blubber was excised using solvent rinsed knives and then wrapped
in aluminium foil, placed in zip-lock plastic bags and stored
at"20 #C until analysis. Specimens were genetically sexed in-house
at Griffith University, according to B!erub!e and Palsbøll (1996).
Samples analysed included two adult males, three juvenile males,
one juvenile female and three male calves-of-the-year. The age was
estimated on the basis of the size of each specimen. All males were
from the E1 whilst the female was from D1. Details of the in-
dividuals sampled are presented in Table 1.

Table 1
Sample summary including sample ID, the migration cardinal point at stranding
(N ¼ northward; S ¼ southward); Age category; Length where available, blubber
lipid percentage and gender.

Sample ID Migration Age Category Length (m) Blubber Lipid % Sex

1 N Adult not recorded 33.4 M
2 S Adult 14 74.8 M
3 S Juvenile 7 51.2 M
4 N Juvenile 10.3 70.1 M
5 N Juvenile 7.9 50.7 M
6 S Juvenile 8.2 73.0 F
7 S Calf-of-the-year 5.87 67.1 M
8 N Calf-of-the-year not recorded 9.1 M
9 S Calf-of-the-year 6.14 72.0 M
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2.2. Sample preparation and clean up

The following eight CP standard mixtures (100 mg/mL) were
purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany):
SCCPs C10eC13 51.5% Cl (SCCP 52% Cl), C10eC13 55.5% Cl (SCCP 56%
Cl), C10eC13 63% Cl, MCCPs C14eC17 42% Cl, C14eC17 52% Cl, C14eC17
57% Cl, LCCPs C18eC20 36% Cl and C18eC20 49% Cl. By combining
these commercially available mixtures, the following other mix-
tures were created: C10eC13 53.5% Cl (SCCP 54% Cl), C10eC13 58.5%
Cl (SCCP 59% Cl), C10eC13 60.75% Cl (SCCP 61% Cl), C14eC17 45% Cl
(MCCP 45% Cl), C14eC17 49% Cl (MCCP 49% Cl), C14eC17 54.5% Cl
(MCCP 55% Cl), C18eC20 38.6% Cl (LCCP 39% Cl), C18eC20 42.5% Cl
(LCCP 43% Cl), C18eC20 46.4% Cl (LCCP 46% Cl). All non-disposable
glassware, ceramic bowls, silica gel and Na2SO4 (both Merck)
were furnaced at 200 !C and rinsed with n-hexane (Suprasolv®,
Merck) prior to use. The sample extraction started with a thorough
homogenization of approximately 2 g of blubber with anhydrous
Na2SO4 (Merck) by mortar and pestle. The resulting homogenate
was then packed in a glass column and extracted three times with
approximately 100mL of variable acetone:n-hexane mix ratio (first
elution 1:1, second and third elution with 1:3). The extract was
collected and concentrated to 3mL in a rotavapor (Rotavapor®,
Büchi), transferred to a pre-weighed flask and left overnight to let
the solvent evaporate in order to calculate the sample lipid fraction
(%). The lipid extract contained in the flasks, was then cleaned up by
adding approximately 30 g of 44% acidified silica (44% sulphuric
acid, Merck) and n-hexane (approximately 20mL). Each flask,
closed with a lid, was placed in a sonicator bath where vibration
and warm water (~35e36 !C) favourited the solvent phase to
become clear. To check whether all lipids were removed, the sol-
vent phase was then collected and filtered through an additional
column packed with 44% acidified silica. The resulting extract was
evaporated to near dryness under a gentle flow of N2, re-dissolved
in 100 mL acetonitrile (HPLC analysis grade, Merck) with the in-
strument standard 0.1 ng/mL dechlorane 603 (Novachem) and
refrigerated until further analysis.

2.3. Instrumental analysis

Samples were analysed and quantified according to van Mourik
et al. (submitted) and Brandsma et al. (2017), with a chlorine
enhanced atmospheric pressure chemical pressure ionisation time
of flight mass spectrometry (Cl" -APCI-QToF-MS) technique and a
quantification procedure based on the method established by Reth
et al. (2005) that allows quantification for samples with a different
chlorine content than that of the standard mixtures.

The Cl" -APCI-QToF-HRMS technique used is in accordance with
Brandsma et al. (2017), with some modifications. A Triple TOF
5600 þ model (Sciex, Concord, Ontario, Canada) was operated in
APCI mode in combination with a Shimadzu Nexera HPLC system
(Shimadzu Corp., Kyoto, Japan). Injection was performed without a
column, and acetonitrile (99.99%) was used as eluent with an iso-
cratic flow of 250 mL/min. Dichloromethanewas used as a dopant at
a flow rate of 40 mL/min and mixed with the eluent just prior to
entering the ion source. The nebulizer temperature was set to
200 !C, the declustering potential (DP) at " 20 V and the collision
energy (CE) at " 10 V. The full scan range of m/z 200 to 1500 was
monitored, with a minimal resolution of 21,100. External mass
calibrationwas performed with the Sciex APCI Negative Calibration
solution 5600 that consists of a mix of known molecular weight
polypropylene glycols (PPGs). M/z ratios, related to the two most
abundant m/z signals of the CP congener groups (expressed as
CmCln) C10e17Cl3-12, were extracted from the full scan mass spectra
using MultiQuant 3.0 software (Sciex).

The Cl -APCI-QToF-MS technique in combination with the

quantification method applied in the present study participated in
two interlaboratory studies for which the results were satisfactory
(i.e. z-score < 2) (Kraetschmer et al. 2018; van Mourik et al., 2018).

2.4. QA/QC

Method recovery was evaluated by fortifying one sample in
duplicate with a native SCCPs mixture (56% Cl) and taking these
two replicates through the whole extraction procedure. The per-
formance of the method recovery was reflected by the ratio of the
derived mass against the expected mass in the fortified samples,
which was 0.66 and 0.83. Sample 2 was extracted in duplicate, for
which the calculatedmass was 21 and 23 ng, with a relative error of
8%.

The instrument detection limit (iLOD) derived by the lowest
standard of SCCP mixture 52% Cl with a signal to noise ratio of >10
was 0.1 ng/mL. Two procedural blanks, represented by Na2SO4 (ca. 2
g), were processed to check for possible interference or contami-
nation. Blank concentrations were above iLOD (0.15 ng/mL), for
which the mass was 15.3 and 15.4 ng. The method detection limit
(MDL), set as the average of the blank plus three times the standard
deviation, was 15.5 ng (absolute mass), while the limit of quanti-
fication, set as the average of the blank plus ten times the standard
deviation, was 15.8 ng.

To test for matrix suppression, two samples that had a relatively
low and high concentration (samples 4 and 5 respectively) and two
blanks were fortified with 50 ng after analysis and reinjected. The
ratios between the derived added mass and expected added mass
for these samples were 0.97 and 0.92, while 0.96 and 1.06 for the
blanks, hence there was no evidence to suggest matrix suppression.

2.5. Statistical analysis

Because of the small sample size (n ¼ 9) and different breeding
stocks, ages, gender and year of death, results were not tested
statistically and are interpreted individually.

3. Results and discussion

Of the nine individuals included in this study, SCCPs were
detected in all animals except for 2 male calves-of-the-year. Total
levels of the sum of SCCPs ranged from <MDL to 46.0 ng/g lipid
weight (lw) (Fig. 1).

3.1. Levels of SCCPs in humpback whales

The levels of SCCPs detected are shown as concentration (ng/g
lw) (Fig. 1).

Interestingly, both the highest cumulative level of SCCPs as well
as the two lowest levels (below the MDL), were observed in calves-
of-the-year (sample 9, 7 and 8 respectively). One possible expla-
nation is that the blubber lipid content of the three calves varied
greatly among individuals, which in turn would inherently govern
the extractable amount of SCCPs. For example, sample 8, in which
SCCPs were not detected, revealed an unusually low level of
blubber lipid content (9.1%). The extracted sample would therefore
have been only 0.2 g of fat which may have contributed to the lack
of SCCP detection. By contrast, sample 9 which demonstrated the
highest cumulative levels of SCCPs had a very high blubber lipid
content of 72%, thereby increasing the potential for SCCP detection.
Blubber lipid content therefore appears to be a contributing factor
for positive detection in this study as it can vary substantially
among individuals.

The blubber of new born calves is not well developed and must
be acquired through intensive nursing over the first year of life. The
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blubber lipid content of the three calves-of-the-year reflected
vastly different lipid contents, and therefore possible age and level
of maternal provisioning prior to death. As no ancillary measure-
ments of body condition, nor knowledge of exact time of death
prior to sampling, it cannot be confidently ascertained whether
variable maternal provisioning or blubber tissue degradation post-
mortem contributed to inter-individual blubber lipid variability.

Another factor that must be considered in contaminant level
differences among same age calves, is the individual's birth order.
Off-loading of lipophilic POPs from mother to calf, through preg-
nancy and nursing is well-documented in mammals (Debier et al.,
2003; Weijs et al., 2013). A first-born calf is expected to acquire a
relatively greater burden from the mother than subsequent siblings
(Wells et al., 2005) depending on the maternal body burdens. As no
demographic information is known for these individuals, no con-
clusions on this basis can be made in the current study.

Whilst Bengtson Nash et al. (2013) found that migration-
associated loss of body condition caused an increase of legacy
POPs in the outer blubber layer of humpback whales, the current
study found a weak positive relationship (r¼ 0.27) between
blubber lipid fraction and SCCP concentration, rather than the
negative relationship expected from the metabolic concentration
effect in fasting animals (Bengtson Nash et al., 2013; Bengtson Nash
et al., 2018a, b). The small sample size, mixed age and gender cat-
egories may, however, be clouding any observable trend.

3.2. MCCPs

Whilst MCCPs were not the focus of this study, the standard
mixture included a range of MCCPs.

Despite unsatisfactory recoveries for these congeners (average
53%), is notable that, hence MCCPs were detected above detection
limits (MDL¼ 33 ng absolutemass) in 3 (samples 1, 3 and 4) of the 9
samples. We recommend for future efforts aimed at optimizing
extraction method for MCCPs enabling their inclusion in analysis.
Although MCCPs are not yet classified as POPs, they are replacing
SCCPs applications. The resulting rising production volumes and
levels found in the environment, mostly higher than that of SCCPs
(Gluge et al., 2018) warrants more attention on these chemicals.

3.3. Relative congener group abundance

The sum of each group of congener detected (C10, C11, C12, C13) in

each sample analysed is reported as percentage in Fig. 2, while the
congener group abundance can be found in supplementary mate-
rial (Figs. S3eS5). The relative abundances of the congener group
profile found in this study, expressed as carbon chain relative
abundance (e.g. C10), is reported only for the samples where the
concentration of SCCPs was >MDL. SCCP abundance was consistent
among individuals with the predominant congener group being
mainly C11 followed by C10¼ C12> C13. This finding is in accordance
with the expected higher prevalence of shorter chain-length, more
volatile SCCPs, at the end of the global distillation pathway
(Drouillard et al., 1998; Li et al., 2014). To our knowledge, data on
relative abundance of SCCP congener groups in aquatic animals
obtained by the method used in this study remains unidentified.
Relative abundances are dependent on the type of instrument
applied and therefore data on the relative abundances in this study
are not compared to that of other studies that applied different
instruments (i.e. GC-ECNI-MS).

3.4. Comparisons with marine mammals from northern hemisphere

To our knowledge, this study represents the first report of SCCPs
in baleen whale species feeding in Antarctica. By contrast, SCCPs
have been reported in a number of odontocetes in Northern
temperate and Arctic regions. There are no studies available on the
presence of SCCPs in any marine mammal species foraging in
Antarctica. Although direct quantitative comparisons cannot be
made due to different instrumental techniques applied and the
inherent bias of certain techniques for specific congener groups,
overall qualitative observations can be made.

For example, Tomy et al. (2000) measured SCCPs in the blubber
of beluga whales (Delphinapterus leucas). Levels ranged between
130 and 290 ng/g lw in beluga whales from northwest Greenland
(n¼ 4), 150e320 ng/g lw in individuals from the Mackenzie Delta,
Canada (n¼ 3), and 490e1600 ng/g lw in specimens from the
highly contaminated St Lawrence estuary, Canada (n¼ 5). These
levels are circa 3e30 times higher than levels detected in the
humpback whales in the present study. Tomy et al., reported also
SCCP concentrations in ringed seals (Phoca hispida) from south-
west Ellesmere Island (n¼ 6) and walruses (Odobemus rosmarus)
from northwest Greenland (n¼ 2) where levels of SCCPs were be-
tween 400 and 420 ng/g lw and 430e590 ng/g lw, respectively.
Investigating SCCP congener groups in the samples, authors noted
that the C10-11 were predominant in specimens from the Arctic.

Fig. 1. Concentration (ng/g lw) of SCCPs in all samples analysed (n¼ 9). The concentration in two samples was <MDL. Gender (male/female), age group (adult, juvenile, calf-of-the-
year), and abbreviated sample codes are given (for full sample description, see Table 1).
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Again, this may be explained by the higher volatility of the SCCPs
with shorter carbon chains, and their susceptibility to long range
atmospheric transport (Drouillard et al., 1998; Li et al., 2014). By
comparison, levels of SCCPs with C12-13 were considerable in
samples from the St Lawrence estuary, potentially reflecting prox-
imity to source regions (Tomy et al., 2000). Further, Bennie et al.
(2000) analysed SCCPs and MCCPs in blubber samples from
beluga whales obtained from St. Lawrence River and Gulf of St.
Lawrence between 1987 and 1991. Concentrations of SSMCCPs in
females ranged between 7600e170,000 ng/g lw and from
54,300 ng/g lw to 193,000 ng/g lw in males. As Bennie et al. reports,
the concentration of SCCPs was consistently higher than MCCPs
and this could be attributed to bioconcentration considering the
SCCP higher water solubility (1993) compared to medium- and
long-chain chlorinated paraffins.

Zeng et al. (2015) detected SCCPs in the blubber of stranded
finless porpoises (Neophocaena phocaenoides) and Indo-Pacific
humpback dolphins (Sousa chinensis) from the South China Sea,
world's largest CP producing country. This study reports compar-
atively elevated levels of SCCPs, between 920e24,000 ng/g lw and
570e5800 ng/g lw in Indo-Pacific humpback dolphins and finless
porpoises, respectively. These levels are 50 to 2400 times higher
than the levels reported in the present study for humpback whales.
There are different reasons why POP levels, in this case SCCPs, are
usually lower in humpback whales compared to odontocetes or
other toothed marine mammals. It could be attributed to their
different diet for examples since SH humpback whales, as mysti-
cetes, are mainly second level consumers while the majority of
toothed marine mammals are upper level consumers or top pred-
ators. Further, the isolation of the Antarctic continent and its
remoteness from populated regions could be reasons for the lower
POP levels measured over the years compared to the Arctic.

3.5. SCCPs in Antarctic biota

To our knowledge, Li et al. (2016) is the only study that provides
information on the concentration of

P
SCCPs in Antarctic biota. For

example, in the molluscs Nachella concinna and Trophon gever-
sianus, the concentration of

P
SCCPs was 1500 ng/g lw and

2700 ng/g lw (mean), respectively while in fish samples (Notothe-
nia coriiceps), it was 1500 ng/g lw (mean). In addition to samples
from fauna, the study detected SCCPs also in flora species such as,

algae (Halymenia floresia) and moss (Sanionia uncinata), at
2800 ng/g lw and 1700 ng/g lw (mean), respectively. Regarding the
congener group profiles in the samples above, C10 and C11 were
found at the highest levels. Although overall, the concentrations of
SCCPs found in Li et al. (2016) are remarkably higher compared to
those ones found in the present study while the predominance of
shorter C chains among SCCPs is a common finding between the
two studies, these findings cannot be compared due to the fact that
the analytical analysis were conducted using different instruments.

4. Conclusions

This study presents the first report of SCCPs in baleen whales
and the first detection of these chemicals in an Antarctic foraging
marine mammal. Environmental determination of these com-
pounds represents an analytical challenge, and in this study, total
tissue lipid content appeared to play a role in positive detection
between samples, indicating that the method was operating at the
limit of detection. Larger sample sizes may therefore improve
detection frequency.

Because if the low sample size (n¼ 9), no statistical analysis was
conducted. The findings of the present study should therefore be
seen as observations rather than statistically sound conclusions.
Congener profiles showed a dominance by shorter and more vol-
atile SCCPs that have greater potential for reaching the end of the
global distillation pathway in remote polar regions. This is in
accordance with the fact that Antarctica is an isolated continent
devoid of commercial industry.

The levels of SCCPs detected in odontocetes from previous
studies are notably higher than those ones reported here for
Southern Hemisphere humpbacks, by up to 3 orders of magnitude.
Both proximity to source regions and trophic level influence this
observation.

Broader investigation is needed to further evaluate the preva-
lence of SCCPs in the remote Antarctica ecosystem, and delineate
longer term impacts of recent inclusion of short-chain chlorinated
paraffins under Annex A of the Stockholm Convention, securing
their phase out in ratifying nations. As MCCPs are forming
replacement chemicals for SCCPs with higher production volumes
and environmental levels, their inclusion in future studies is
recommended.

Fig. 2. The sum of each congener group in each samples shown as percentage (%) of C chain length relative abundance. Only samples where SCCP were >MDL are shown (1, 2, 3, 4, 5,
6, 9).
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 1021 

Abstract 1022 

 1023 
Although a number of persistent organic pollutants (POPs) are banned, thousands of new chemicals 1024 
are regularly introduced to the market and their unknown fate in the environment as well as their 1025 

toxic potential, add uncertainty to the outcome on the health of the planet already negatively 1026 
impacted by legacy chemicals. Polybrominated diphenyl ethers (PBDEs) were listed under the SC in 1027 
2009 and their levels and impact in the environment is still measurable to this day. In addition to 1028 
synthetic brominated chemicals, there is a growing concern around the detection of naturally 1029 
occurring brominated compounds, the chemical structure of which resembles brominated POPs 1030 
such as 2,4,6-tribromoanisole (TBA) and it might also have their toxic potential. Based on the 1031 
detection of PBDEs and TBA in the polar remote region of Antarctica, this study wanted to contribute 1032 
to increasing the knowledge on their hemispheric distribution using the southern hemispheric whale 1033 
population as a target organism, they are a useful indicator of the health status of the Antarctic sea-1034 
ice ecosystem. A mix of fifty-seven free-swimming and stranded specimens was dedicated to this 1035 
study. The BDE profile observed in our samples shows tetra- and penta- congeners as the most 1036 
prominent, which confirms findings from other studies on humpback whales from the southern 1037 
hemisphere, as well as a number of marine mammal species from the northern half of the globe, 1038 
contributing to further validate their bioaccumulation potential. In addition to this, the detection of 1039 
decaBDEs is in accordance with their on-going usage worldwide and from local sources in Antarctica. 1040 
More information is needed to understand if the worldwide ban relative to lower brominated BDEs 1041 
is impacting their ubiquity in the environment, and if the levels and fate of the still-in-use decaBDEs 1042 
might lead to the end of their production and usage globally. Given that here we show preliminary 1043 
detection of TBA in any mysticete species, such findings represent a baseline that should be 1044 
integrated with further data on its levels in cetaceans from the two hemispheres overtime. 1045 
 1046 
 1047 
 1048 
 1049 
 1050 
 1051 
 1052 
 1053 
 1054 
 1055 
  1056 
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 1057 

3.1 Introduction 1058 

POPs are ubiquitous contaminants in the global environment. Polar ecosystems represent a unique 1059 
study environment for both hemispheric pollution trends and chemical long-range transport 1060 
potential (Bengtson Nash et al. 2017). When polybrominated diphenyl ethers (PBDEs) were listed 1061 

under the SC in 2009 (UNEP 2009a, 2009b), they became the first brominated POPs to be listed 1062 
under the convention.  1063 
 1064 
PBDEs were historically synthetized and marketed as three distinct commercial mixtures, namely 1065 
the penta-, octa-, and decaBDE formulations (EPA 2009a; ATSDR 2015). The pentaBDE formulation 1066 
was primarily composed of tetra- and penta-BDEs for application in furniture foams and textiles. 1067 
They are banned and listed under Annex A (Elimination) of the SC (UNEP 2009a). Similarly, the 1068 
octa-BDE formulation was primarily applied as an additive in certain thermoplastic polymers, such 1069 

as polystyrene (UNEP 2007b). The use and production of the octa-BDE, together with two of its 1070 
major components hexa- and hepta-BDE, is also banned and the formulation is listed under Annex 1071 
A of the SC. Although decaBDE remains the sole commercial mixture in production, this mixture is 1072 
listed under the SC (Annex A) and therefore it is under regulation (UNEP 2015a, 2017a).  1073 
 1074 
The cumulative historical production of the technical mixtures penta-, octa- and decaBDE, were 1075 
estimated to be circa 175, 130 and 1600 kilo-tonnes, respectively; further, the annual production of 1076 
total PBDEs reached its highest point in 2003 at c.a. 85 kilo-tonnes (Abbasi et al. 2019).  1077 
 1078 
Although production of the majority of PBDEs has been banned in SC ratifying nations, the legacy 1079 
of these compounds remains due to their extensive, prolonged use and their environmental 1080 
persistence. PBDEs, like their chlorinated counterparts, achieve long-range transport primarily 1081 
through the atmosphere (Hale et al. 2008; Wang et al. 2017; Corsolini et al. 2019). In the remote 1082 
Antarctic environment, local emissions from research stations have also been implicated  (Hale et 1083 
al. 2008; Wild et al. 2015). Their ubiquitous presence in the South Polar environment, has been 1084 
shown through detection in abiotic matrices, such as: air (Dickhut et al. 2012; Li et al. 2012b; Wang 1085 
et al. 2017), snow and sea-ice (Dickhut et al. 2012) soil and lake and  marine sediment. PBDEs were 1086 
also reportedly found in terrestrial and marine primary producers e.g.  (Yogui et al. 2011; Wang et 1087 
al. 2012; Corsolini et al. 2019),  krill (Euphasia superba) (Corsolini et al. 2006; Bengtson Nash et 1088 
al. 2008), and also in higher order consumers such as fish (Vetter et al. 2001; Corsolini et al. 2006; 1089 
Borghesi et al. 2008; Cincinelli et al. 2016; Markham et al. 2018), marine mammals including seals 1090 
i.e. Weddell seals (Vetter et al. 2001; Trumble et al. 2012; Markham et al. 2018) and southern 1091 
hemisphere humpback whales (Megaptera novaeangliae) (Dorneles et al. 2015). 1092 
 1093 
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In addition to man-made POPs, naturally occurring halogenated products (HNPs), have been 1094 
detected in the global environment, including Antarctica (Vetter et al. 2002; Vetter et al. 2005; 1095 
Bengtson Nash et al. 2008). Many HNPs are structurally similar to their problematic synthetic 1096 

equivalents, hence concerns have been raised with regard to their associated environmental and 1097 
biological risks. HNPs are generally produced by marine biota and, often, it is unclear whether they 1098 
are synthetized by an organism or its symbiont (Bidleman et al. 2019). One such compound is 2,4,6-1099 
tribromoanisole (TBA), which has been detected in the Antarctic biota (Vetter et al. 2005; Bengtson 1100 
Nash et al. 2008) and air (Vetter et al. 2002; Bengtson Nash et al. 2021). 1101 
 1102 
This study sought to further investigate the relative prevalence and bioaccumulation of PBDEs and 1103 
TBA, a synthetic group of brominated compounds and a natural brominated compound respectively, 1104 
in the Antarctic sea-ice ecosystem as well as providing a baseline for their temporal monitoring. To 1105 
do so, the blubber of southern hemisphere (SH) humpback whales was analysed for these 1106 
compounds. Humpback whales represent 2nd order consumers in the Antarctic sea-ice ecosystem 1107 
and, as such, their blubber provides superior detection potential for lipophilic, bioaccumulative 1108 
compounds compared to primary producers or the abiotic environment.  1109 
 1110 

 1111 

 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 
 1121 
 1122 
 1123 
 1124 
 1125 
 1126 
 1127 
 1128 
 1129 
 1130 
 1131 
 1132 
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3.2 Materials and Methods 1133 

3.2.1 Sample collection 1134 
 1135 

 1136 
 1137 
Figure 3.1 Collection of skin biopsies during field season 2017 while E1 breeding stock was travelling northward. Part of 1138 
the blubber is going to be cut and dedicated to POP analysis. 1139 
 1140 
Blubber from 57 individual southern hemisphere humpback whales were dedicated to this study. All 1141 
were assumed to belong to the E1 breeding sub-stock (Garrigue et al. 2006; Rosenbaum et al. 2017), 1142 
although two samples were collected in Antarctic waters and the rest along the southeast Queensland 1143 
(QLD) migratory corridor. Specimens from E1 are known to have their feeding ground in an 1144 
Antarctic water sector identified by IWC as Area V to which they migrate in the austral summer, 1145 
whereas in winter they reach the breeding grounds in the East coast of Australia. Remote blubber 1146 
biopsies were collected from n=50 free-swimming (FS) individuals as described in detail elsewhere 1147 
(Waugh et al. 2009) and they were all adults except for a single immature individual. In addition, 1148 
tissue samples from stranded individuals (n=7) of the same population were included in the study. 1149 
All stranded individuals were calf-of-the-year or immature (Tab 3.1). 1150 

 1151 
Table 3.1 Details on stranded samples (n=7): sample code, migration direction, length of the specimen in meters, age 1152 
group, sex. 1153 

sample migration length (m) age sex 
1 north 7.9 immature m 
2 south 4.5-5 calf m 
3 north 10.3 immature m 
4 north 8.02_fluke 2.5 immature m 
5 north 4.6_fluke 1.3 calf m 
6 north 4.03_fluke 1.16 calf f 
7 north 4.5 calf f 
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Samples were collected between 2008 and 2016 at three time-points and two locations. They were 1154 
defined as the northward and southward migrating cohorts, collected in southeast Queensland 1155 
(27’26S, 153’34E) and the Antarctic cohort, collected onboard the 2013 Southern Ocean Research 1156 

Partnership (SORP) Blue whale Voyage in the South Pacific sector of the Southern Ocean. Northward 1157 
migrating animals were targeted during the last two weeks of June and the first two weeks of July, 1158 
when the animals were traveling to their equatorial breeding grounds. Southward migrating animals 1159 
were targeted three months later in the last two weeks of September and the first two weeks of 1160 
October as the animals were returning to their Antarctic feeding grounds. The two animals sampled 1161 
in Antarctica were collected in February 2013. Details on the number of samples per category 1162 
mentioned above, are presented in Tab 3.2 whereas full available details on each animal sampled can 1163 
be found in Table S3.1.  1164 
 1165 
Table 3.2. FS and stranded number of specimens grouped as females, males and sampling location 1166 
(southward/northward migration corridor, Antarctica). *n=1 sex unknown. 1167 

specimen sampling condition females (n) males (n) southward cohort (n) northward cohort (n) Antarctica 
Free-swimming* 11 38 29 19 2 

stranded 2 5 1 6 - 
 1168 
 1169 

3.2.2 Lipid determination 1170 
 1171 
Approximately 0.03g of blubber was used for lipid determination. Each sample was extracted using 1172 
a modified Bligh and Dyer methanol-chloroform-water extraction method as described in detail 1173 
elsewhere (Waugh et al. 2012). Lipid class profiles were determined by an Iatroscan Mark VTH10 1174 
thin layer chromatograph coupled with flame ionization detector (Volkam et al. 1991). The lipid 1175 
extract was then used to calculate the lipid % on a mass basis.  1176 
 1177 

3.2.3 Analytes 1178 
 1179 
Seventeen PBDE congeners (BDE-28, BDE-47, BDE-49, BDE-66, BDE-71, BDE-77, BDE-85, BDE-1180 
99, BDE-100, BDE-119, BDE-138, BDE-153, BDE-154, BDE-183, BDE-196, BDE-206, BDE-209) 1181 
were analysed in n=50 FS and all stranded (n=7) specimens. A further eight PBDE congeners (BDE-1182 
17, BDE-126, BDE-156, BDE-184, BDE-191, BDE-197, BDE-202, BDE-207) were targeted only in 1183 
2014-2016 FS samples (n=20).  1184 

 1185 

3.2.4 Sample Extraction and Clean-up 1186 
 1187 
Blubber samples were extracted and cleaned at Griffith University and the method is described in 1188 
detail elsewhere (Bengtson Nash et al. 2008; Bengtson Nash et al. 2013). Briefly, approximately 0.3 1189 
g blubber was thoroughly homogenized with anhydrous Na2SO4. The dried sample was extracted 1190 

with ethyl acetate/cyclohexane (1:1). The extract was concentrated and cleaned by gel permeation 1191 



Casà M V  PhD Thesis 

 41 

chromatography followed by alumina oxide and silica column clean up steps. All samples were 1192 
solvent exchanged to isooctane prior quantification. Solvents (SupraSolv GC grade) and reagents 1193 
used in this experiment were from Merck Millipore.  1194 

 1195 

3.2.5 Instrumental Analysis 1196 
 1197 
The analysis was undertaken at the Norwegian Institute for Air Research (NILU), Oslo, Norway by 1198 
high-resolution gas chromatography/high resolution mass spectrometry operating in electron 1199 
ionization mode using selected ion monitoring for the respective compound group targeted 1200 
(HRGC/HRMS-EI/SIM). Quantification was performed using Masslynx software by Waters. All 1201 
results are reported on a pg/g lipid weight (lw) basis. 1202 
 1203 

3.2.6 QA/QC 1204 
 1205 
An in-house internal reference material (IRM) consisting of cryo-homogenised humpback whale 1206 
blubber tissue (stranded immature male), and a certified reference material (CRM)(Clean Fish  1207 

Reference Material - Cerilliant CIL, Inc.) were processed every ten samples. A 13C-labelled internal 1208 
standard was added to the top of the cold column prior to extraction. Further, before HRGC/HRMS 1209 
analysis, an unlabelled 1,2,3,4-tetrachloronaphthalene (TCN) recovery standard was added to the 1210 
sample vial. Prior to each new set of samples, a laboratory blank (Na2SO4 spiked plus internal 1211 
standard) was extracted. The instrumental Limit of Quantification (LOQ) was considered as >3/1 for 1212 
signal to noise. The limit of detection was set as the average of the blank plus three times the standard 1213 
deviation. The limit of quantification was set as the average of the blanks plus ten times the standard 1214 
deviation. Reported sample concentrations were blank adjusted by subtracting the average series 1215 
blank value or LOQ if blanks were below the limit of quantification. Quantification was confirmed if 1216 
the retention time of the native was within three times of the corresponding 13C-labelled isomer. The 1217 
isotope ratio of the two monitored masses was +20% of the theoretical value.  1218 

3.2.7 Statistical Analysis  1219 
 1220 
Meta data report the % of samples in which a congener was detected, as well as the mean 1221 

concentration in animals where levels were above the LOD.  The differences between the means of 1222 
different cohorts were assessed as outlined below. Firstly, sex and migratory cohort concentrations 1223 
were tested for normality via a Shapiro-Wilk normality test. Sex cohort concentrations were observed 1224 
to be normally distributed. By contrast, neither north nor south migratory cohorts were. As such, the 1225 
differences of the means of sex cohorts and the difference between the means of migratory cohorts 1226 
were evaluated by an unpaired t test and passed the Kolmigorov-Smirnov normality test. For all tests, 1227 



Casà M V  PhD Thesis 

 42 

the level of significance was set at p < 0.05. Cohort means for FS and stranded specimens (males vs 1228 
females; north vs south) were subject to ordinary one-way ANOVA.  1229 

  1230 

3.3 Results and Discussion 1231 

3.3.1 Overview on levels and profiles of PBDEs and TBA in SH humpback whales  1232 

 1233 
The overall analytical findings of the present study in FS specimens are presented in Table 3.3. The 1234 
mean concentration value is based only on >LOD and is integrated by the % of detection. BDE-47 1235 
and BDE-99 were the most prevalent compounds, with average concentrations of 187.6 and 114.6 1236 
pg/g lw respectively, followed by BDE-49 (47.4 pg/g lw) > BDE-100 (29.2 pg/g lw). BDE-196 and 1237 
197 were each detected in a single sample at 5,920.1 and 59.1 pg/g lw respectively. BDE-126, 138, 1238 
156, 184, 191 and BDE-202 were not detected in any sample and are not discussed further. BDE-206 1239 
and BDE-209 were the most concentrated in our samples at 1,506.0 pg/g lw and 7,265.5 pg/g lw 1240 
respectively, albeit low detected. TBA, the sole naturally occurring brominated compound in this 1241 
study, was highly detected (84%) at an average concentration of 133.4 pg/g lw: its frequency of 1242 
detection is comparable to a previous study on TBA in krill (Euphasia superba) sampled in Antarctic 1243 
waters (Bengtson Nash et al. 2008) and supports its ubiquitous presence in the Antarctic sea-ice 1244 
ecosystem; however, as its levels were also comparable to Antarctic krill (147 pg/g lw), there is no 1245 
evidence of biomagnification of TBA between humpback whales and their principal prey item. 1246 
Cohort means for FS and stranded specimens (males vs females; north vs south) were subject to 1247 
ordinary one-way ANOVA and the differences were determined as significant: males vs females p = 1248 
0.003; north vs south p = 0.009.  1249 
 1250 

 1251 
 1252 
 1253 
 1254 
 1255 
 1256 
 1257 
 1258 
 1259 
 1260 
 1261 
 1262 
 1263 
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Table 3.3. Metadata overview of analytical findings in FS specimens. Columns represent compound/congener 1264 
classifications, mean (±SD); median and range (pg/g lw) <LOD values to max as well as the % of detection of the compound 1265 
in the sample number analyzed. 1266 
 1267 

 1268 
 1269 
 1270 
 1271 
 1272 
  1273 

lipid % 
(n=50) 

mean ± SD  
median/range 

50.1 ± 13.2 
53.4/17.8 – 71.5 

compound  concentration 
(>LOD pg/g lw) 

mean ± SD 
median/range (<LOD - max) 

% >LOD 
detection 

(tot. number of 
samples 
analyte 

was targeted 
in) 

<LOD (pg/g ww) 
mean 
value 

triBDE    
17 4.6 ± 5.2 

1.9/ <LOD - 16.6 
47% (19) 2.3 

28 9.8 ± 13.3 
5.2/ <LOD - 47.2 

73% (49) 62.3 

tetraBDE    
47 187.6 ± 175.6 

124.6/ <LOD – 805.3 
98% (50) 147.5 

49 47.4 ± 33.3 
37.9/ <LOD – 155.4 

90% (50) 57.3 

66 77.6 ± 58.4 
77/ <LOD – 230.0 

66% (50) 27.3 

71 115.7 ± 94.5 
165.8/ <LOD -174.8 

6% (50) 18.0 

77 4.6 ± 2.6 
4.2/ <LOD - 9.2 

12% (50) 14.9 

pentaBDE    
85 17.2 ± 20.4 

6.2/ <LOD - 40.7 
6% (50) 34.1 

99 114.6 ± 169.5 
74.9/ <LOD – 1,118.7 

94% (50) 192.8 

100 29.2 ± 34.4 
18.3/ <LOD – 200.7 

80% (50) 55.2 

119 9.9 ± 14.5 
3.9/ <LOD - 39.3 

12% (50) 27.1 

hexaBDE    
153 62.4 ± 62.1 

39.3/ <LOD – 177.3 
24% (50) 89.9 

154 40.1 ± 30.4 
22.5/ <LOD – 81.0 

20% (50) 50.4 

heptaBDE    
183 133.7 ± 268.3 

73.3/ <LOD - 1,149.7 
36% (50) 38.4 

octaBDE    
196 5,920.1  

<LOD - 5,920.1  
2% (50) 1,373.1 

197 59.1 
<LOD - 59.1 

5% (20) 12.9 

nonaBDE    
206 1,506.0± 3,559.5 

404.3/ <LOD - 14,757.9 
38% (50) 1,414.7 

207 333.1 ± 350.8 
203.7/ <LOD - 1,131.2 

70% (20) 12.8 

decaBDE    
209 7,265.5 ± 9,080.5 

3,658.3/ <LOD – 32,953.6 
36% (50) 6053.7 

TBA 133.4 ± 123.3 
110.3/<LOD – 520.7 

84% (49) 81.4 
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Calves of the year were over-represented among stranded animals. Calves are born without a well-1274 
developed blubber layer and have to build this up via their mother’s lipid-rich milk before reaching 1275 
polar latitudes (Bengtson Nash 2019). In the case of stranded calves, this may have been exacerbated 1276 

by separation from their mother or inadequate maternal provisioning in utero. Indeed 3 of the 4 1277 
calves of the year had blubber lipid levels between 1.7-2.8% (Tab. 3.4). This in turn serves to 1278 
artificially inflate lipid normalised POP levels above the rest of the cohort. To avoid so, BDE/TBA 1279 
measured concentration was expressed on wet weight (ww). Whilst BDE-47, 49, 66, 99, 100 were the 1280 
most prevalent congeners, similarly as observed in FS specimens BDE-71, 77, 85, 119, 138 and 196 1281 
were <LOD (Tab. 3.4). Contrarily to the findings in FS, TBA was not a predominant compound in 1282 
stranded whales. Considering the age groups – adult FS versus calf-of-the-year/immature stranded- 1283 
it is possible that their feeding strategies – adult/immature krill, calf-of-the-year milk – have 1284 
influenced the levels since, as stated before, no biomagnification of TBA has been observed between 1285 
whales and E. superba. Overall, detailed toxicokinetic investigations are needed to further 1286 
investigate the actual body burden of these individuals. 1287 
 1288 

Table 3.4 Metadata of analytical findings in stranded specimens. Columns represent compound concentration (pg/g 1289 
ww) (n=7) and lipid % in each of all seven samples (1-7). 1290 

lipid % 28.97 13.79 42.49 21.09 1.67 1.70 2.78 

sample 1 2 3 4 5 6 7 
compound        

triBDE concentration pg/g ww 
BDE-28 0.0 0.0 10.6 <LOD 0.0 0.0 0.0 

tetraBDE        
BDE-47 0.0 56.7 369.1 371.5 35.0 13.7 41.8 

BDE-49 15.4 4.6 38.1 30.5 1.6 3.8 3.3 
BDE-66 0.0 16.4 29.1 6.5 0.0 0.0 0.6 
BDE-71 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-77 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

pentaBDE        
BDE-85 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-99 0.1 30.1 172.1 167.1 17.1 4.6 13.2 

BDE-100 0.0 3.5 69.4 50.3 2.1 0.0 4.4 

BDE-119 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
hexaBDE        

BDE-153 1.8 <LOD 17.1 32.0 3.1 1.6 <LOD 
BDE-154 0.6 <LOD 11.0 18.9 4.4 0.2 <LOD 

heptaBDE        
BDE-183 8.7 <LOD 11.5 <LOD 0.0 9.1 1.5 

octaBDE        
BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
nonaBDE        
BDE-206 26.3 37.5 24.5 322.1 <LOD 0.0 52.4 

decaBDE        
BDE-209 920.8 low recovery 731.9 low recovery low recovery 0.0 1503.8 

TBA <LOD 0.0 16.4 <LOD 39.9 0.0 <LOD 

 1291 
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3.3.3 Migration time-point differences in outer blubber contaminant burdens 1292 
 1293 
The comparison between levels of brominated compound concentrations in the outer blubber of 1294 
specimens migrating north/south (Tab. 3.5) allows increased focus on what has been observed in 1295 
previous sections. Lower brominated BDEs, in particular BDE-47, 49, 99 and 100 were the most 1296 
frequently detected congeners in each group presented. Overall higher levels and sometimes lower 1297 

detection frequency were measured in the southward migrating cohort compared to the northward. 1298 
As such, the higher levels of tetra- and pentaBDEs might be influenced by the re-mobilization of 1299 
these highly bioaccumulative congeners associated with fasting.  1300 
 1301 

Table 3.5 Metadata of analytical findings in FS specimens. Columns represent compound/congener classifications, means 1302 
of concentration (pg/g lw) and lipid %, percentage of detection (%) in northward/southward migrating and Antarctic 1303 
samples. Note: BDE-28 is reported as 0.0 (pg/g lw) in Antarctic samples as it refers to the concentration in only one of the 1304 
2 samples, it’s not the mean value, for this reason the detection is 50%. 1305 

compound 
northward 

pg/g lw 
(51.7 lipid%) 

detection 
% 

n=19 

southward 
pg/g lw 

(49.6 lipid %) 

detection 
% 

n=29 

Antarctic 
pg/g lw  

(42.2 lipid %) 

detection 
% 

n=2 
triBDE       

28 11.2 ± 10.8 89% 9.2 ± 15.4 66% 0.0 50% 
tetraBDE       

47 139.4 ± 123.3 100% 228.2 ± 200.6 97% 77.3 ± 69.1 100% 
49 43.4 ± 39.2 95% 48.9 ± 22.1 87% 14.1 ± 5.4 100% 
66 65.2 ± 62.6 42% 79.2 ± 59.6 79% 109.8 ± 10.9 100% 
71 115.7 ± 94.5 16% <LOD  <LOD  
77 4.3 ± 1.4 11% 4.7 ± 3.3 14% <LOD  

pentaBDE       
85 4.5 5% 23.5 ± 24.4 7% <LOD  
99 59.0 ± 53.1 89% 150.5 ± 209.5 97% 85.01 ± 32.3 100% 

100 20.1 ± 17.8 89% 37.1 ± 43.6 72% 22.34 ± 11.5 100% 
119 2.5 5% 11.4 ± 15.7 17% <LOD  
138 <LOD  <LOD  <LOD  

hexaBDE       
153 67.9 ± 74.4 21% 59.7 ± 60.6 28% <LOD  
154 22.4 ± 2.7 11% 44.5 ±32.8 28% <LOD  

heptaBDE       
183 162.9 ± 350.0 53% 101.4 ± 130.0 24% 67.9 50% 

octaBDE       
196 <LOD  5,920.1 3% <LOD  

nonaBDE       
206 385.1 ± 263.5 68% 3,934.7 ± 5924.6 21% <LOD  

decaBDE       
209 6,391.7 ± 7360.0 68% 9,946.0 ± 15412.5 14% 7,904.0 50% 
TBA 83.5 ± 109.5 89% 165.4 ± 122.9 90% <LOD  

 1306 

The two FS samples, male and female, collected in Antarctic waters reveal a higher detection 1307 
frequency of lower brominated compounds; BDE-209 was detected only in the female sample and at 1308 
a remarkably high concentration (Tab. 3.5). TBA was <LOD in both samples.  1309 
 1310 
As expected, the levels of PBDEs in SH humpback whales are reportedly lower compared to the ones 1311 

from marine mammals in the northern hemisphere. Indeed, Moon et al. (2010) measured SPBDE  1312 
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level 160 • 103 pg/g lw with the predominance of BDE-47 followed by BDE-99 > BDE-154 > BDE-1313 

153 in the blubber of mink whales (Balaenoptera acutorostrata) from the east coast of Korea in 1314 

2006. In Bjurlid et al. (2018) SPBDEs levels ranged between 140 • 103 – 190 • 104 pg/g lw in blubber 1315 

samples of pilot whales (Globicephala melas) collected in the Faroe Islands between 1997-2013; and, 1316 
as in our findings, the predominance was detained by BDE-47, followed by BDE-99 and BDE-153. 1317 
Overall, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154 have been detected in marine mammals 1318 
worldwide as predominant BDEs (Watanabe et al. 2003; Shaw et al. 2008) and this might indicate 1319 
a major exposure to the penta- mixture. Further, aside from the study focused on odontocetes where 1320 
higher PBDE levels might be also a consequence of a much higher trophic level to which pilot whales 1321 
belong, the higher concentration of PBDEs in northern hemisphere mink whales is possibly due to 1322 
the higher production and usage of these brominated products compared to the SH (Ueno et al. 1323 
2004). 1324 
 1325 

3.3.5 Southward migrating female specimens reported higher levels of brominated 1326 

compounds compared to males 1327 

 1328 
Females (n=7) showed higher levels of contamination compared to males (n=21). Only congeners 1329 

detected in ≧50% of samples in both sexes are discussed here and presented in Fig 3.2. BDE-47 and 1330 
99 were detected at the highest concentrations and were the most prevalent congeners in both sexes. 1331 
These findings are opposite to the expected bioaccumulation pattern of males and females. Contrary 1332 
to males, females off-load part of their lipophilic contaminant burdens through pregnancy, birth and 1333 
lactation. This was not apparent in this study comparison and may have been masked by the 1334 
unknown variables of age, the low sample number of females, and the fact that females presented in 1335 
the graph were only sampled during southward migration. Further, high contaminant burdens might 1336 
be also linked to poor body conditions consequent to fasting during migration: indeed, the loss of fat 1337 
required as fuel for the migration, causes concentration of the contaminants in the remaining fat 1338 
reserves (Bengtson Nash et al. 2013). 1339 
 1340 
 1341 

  1342 
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 1343 

 1344 

Figure 3.2 Median and standard error values in FS are grouped as males (n=21) VS females (n=7). Only compounds 1345 
detected in ≧50% of the samples in both sexes were used for this comparison: BDE-28, 47, 66, 99, 100 and TBA. 1346 

 1347 
There is only one other study where PBDEs were measured in SH humpback whales, that is Dorneles 1348 

et al. (2015). Here SPBDEs (BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183) 1349 

were reported in males and females sampled in the Antarctic Peninsula waters during research 1350 
cruises that were conducted in 2000-2001, 2001-2002 and 2002-2003 summers, respectively. 1351 

SPBDEs in males were reported as 2490 pg/g lw (2000-2001, n=7), 970 pg/g lw (2001-2002, n=9) 1352 

and 1320 pg/g lw (2002-2003, n=8) respectively, hence our samples were at the lower range 1353 

compared to Dorneles et al. In females, levels were by comparison elevated: 5770 pg/g lw (2000-1354 
2001, n=15), 1650 pg/g lw (2001-2002, n=10) and 1840 pg/g lw (2002-2003, n=16). The sex 1355 
difference in patterns supports our findings, although gross blubber levels reported were higher 1356 

compared to ours where SBDEs (BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-1357 

183) was 1063 pg/g lw in males and 1259 pg/g lw in females. Another notable difference was the 1358 
inversion of dominance between BDE-99 and BDE-47 with BDE-99 being higher in the samples from 1359 
Antarctic Peninsula compared to E1 where BDE-47 was 188 pg/g lw in all FS males and 195 pg/g lw 1360 
in females whereas BDE-99 was 88 pg/g lw and 193 pg/g lw, respectively. We know that timing of 1361 
sampling has a profound effect on outer blubber burdens of lipophilic contaminants, such as those 1362 
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targeted in the current study, in capital breeding wildlife such as humpback whales (Bengtson Nash 1363 
et al. 2013; Bengtson Nash 2018). It is unknown during which months sampling campaigns under 1364 
Dornele’s study were performed. However, relatively higher burdens may be reflective of poor body 1365 

condition if animals were targeted early in the feeding season as they return from their winter 1366 
migration.  1367 
 1368 
Overall, it has to be noted that the long range transport contaminant profiles of the Antarctic 1369 
Peninsula region are distinct from the remainder of the Antarctic region, influenced by regional 1370 
meteorological, oceanographic conditions and the lower latitude at which the Peninsula lies 1371 
(Bengtson Nash et al. 2017) and these factors in turn may lead to distinct contamination profiles and 1372 
levels between the feeding grounds of Southern Hemisphere humpback whales (Das et al. 2017). A 1373 
timescale for long range atmospheric transport (LRAT) from neighboring continents to the Antarctic 1374 

is expected to be quicker in the Antarctic Peninsula region. As such, higher SPBDEs, reported by 1375 

Dorneles’s in both sex groups, could be the product of the fact that penta- and octa- mixtures were 1376 
still in the market when samples were collected for that study (2000-2003), while ours were collected 1377 
between 2008-2016 which means between two to seven years from the international ban. 1378 
 1379 
 1380 
 1381 

 1382 
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 1384 
 1385 
 1386 
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3.3.5 Higher brominated BDEs in FS male specimens 1401 

 1402 

Two mean concentration values are reported for BDE-206 and BDE-209 in FS males, namely: i) The 1403 
mean concentration of samples that fell above the method LOD, and ii) The mean of all samples, 1404 
where non-detect samples were treated as “0” (Fig. 3.3). The impact of frequent non-detect values 1405 
obscured confident detection of migration-related trends, providing contrasting findings when non-1406 
detects were included vs. excluded. Specifically, for BDE-209, congeners appeared to be more 1407 
concentrated in the blubber in northward samples than southward samples when non-detects were 1408 
considered "0" (northward 3878.88 pg/g lw < 1894.47 pg/g lw southward). This finding is counter-1409 
intuitive when considering lipid dynamics across the migration, and indeed when no-detects were 1410 
excluded, southward migrating individuals showed characteristically higher (northward 5171.84 1411 

pg/g lw < 9945.95 pg/g lw southward). The same shift was not observed for BDE-206, with both 1412 
means reported as higher in southward migrating individuals. 1413 
 1414 

 1415 

Figure 3.3 Mean values (pg/g lw) of BDE-206 and 209 in FS male specimens are shown as follows: mean values above 1416 
LOD only and mean values including non-detects treated as “0” (zero).  1417 

 1418 

BDE 209 and 206 congeners have still not been reported widely in the Antarctic environment, often 1419 
plagued by methodological difficulties in detection (UNEP 2015c). They are therefore considered 1420 
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here and presented in Fig. 3.3 as a special case, demonstrating the presence of higher brominated 1421 
congeners in these remote areas, and at higher levels of the food chain. Their detection in Antarctic 1422 
feeding specimens is in accordance with findings from previous studies. Indeed, Wild et al. (2015) 1423 

found BDE-209 as the predominant congener in indoor dust and treated wastewater effluent from 1424 
the Australian polar research station, suggesting the latter as the major source of commercial 1425 
decaBDE products in the sampled matrices. These findings are also comparable to those from 1426 
Krasnobaev et al. (2020), where BDE-209 had the highest concentration in benthic invertebrates 1427 
from the Western Antarctic Peninsula, identifying LRAT as the possible input for BDE-209 to the 1428 
marine environment. The major input pathways of decaBDEs to the Antarctic environment remains 1429 
unclear. Nevertheless, the presence of BDE-209 in Antarctica biotic and abiotic matrices may be a 1430 
result of both local sources and LRAT as well as past and present hemispheric production and usage.  1431 
 1432 

3.4 Conclusions 1433 

This study sought to investigate the occurrence and levels of synthetic and naturally occurring 1434 
brominated compounds in SH humpback whales, reflective of biomagnification through the 1435 
Antarctic sea-ice ecosystem. It represents the second report of PBDEs in SH humpback whales. We 1436 
confirm that tetra- and penta-BDE are the most predominant BDEs in SH humpbacks as well as 1437 
observed in cetaceans from the northern hemisphere. As such, when comparing different cohorts, 1438 
they were more concentrated in southward migrating specimens and, whilst BDE-47 levels were 1439 

higher in males than females (the difference was not substantial though), BDE-99 were higher in 1440 
females. 1441 
These findings represent a further confirmation of their bioaccumulation potential but also provide 1442 
information on the fact that BDE levels are lower in these baleen whales, compared to the northern 1443 
ones, mainly due to their low position in the trophic web and to the lower production and usage of 1444 
these chemicals in the SH. Also, higher brominated BDEs were detected in our samples suggesting 1445 
that LRAT, past and present hemispheric usage as well as local Antarctic sources might have been 1446 
contributing to their presence in such remote environments; however, at this stage we do not know 1447 
which of the above-mentioned sources of decaBDE, is contributing the most to their accumulation 1448 
in Antarctica.  1449 
 1450 
Here we also documented the first detection of TBA in any mysticetes. With its high level of 1451 
concentration and detection in our samples as well as its structural similarity to brominated POP, 1452 
which might lead to similar toxic behaviour, this naturally occurring compound needs to be further 1453 
investigated in other whale species in order to collect more data on its levels in the marine megafauna 1454 
from both hemispheres. Results should be used to track its long-term level fluctuations and expand 1455 
the knowledge of TBA’s fate in marine mammals. 1456 

 1457 
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______________________________________________________________ 1458 

CHAPTER 4. Assessing the effect of novel 1459 

brominated and chlorinated contaminants on 1460 

humpback whale fibroblast (HuWaTERT) cell 1461 

viability 1462 

______________________________________________________________ 1463 
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 1485 

Assessing the effect of novel brominated and 1486 

chlorinated contaminants on humpback whale 1487 

fibroblast (HuWaTERT) cell viability 1488 

 1489 

 1490 

Together with chapter 3, this chapter forms a manuscript currently in preparation: 1491 

“Occurrence and cytotoxic effect of synthetic and brominated products in southern 1492 

hemisphere humpback whales” (In prep). 1493 
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Abstract 1515 

This is the first study reporting a 24-hour dose-response relationship of the polybrominated 1516 

diphenylether congeners, 47 and 99, the naturally occurring brominated compound, 2,4,6-1517 
tribromoanisole (TBA), as well as a complex mixture of short chain chlorinated paraffins (SCCPs) on 1518 
the immortalized humpback whale fibroblast cell line, HuWaTERT. The cytotoxic endpoints targeted 1519 
were cell metabolic activity and membrane integrity as measured via AlamarBlue and CFDA-AM 1520 
respectively.  1521 
The exposure to BDE-99 induced an increase in cell metabolic activity, the higher the concentration 1522 
the more active the cell. This was also determined to be statistically significant when comparing 1523 
solvent control (DMSO) to the three highest concentrations (6250 µg/L – 12500 µg/L – 25000 1524 
µg/L). The metabolic activity response trend was the opposite compared to the reference chemical, 1525 

namely dichlorodiphenyldichloroethylene (p,p’-DDE), whereas the membrane integrity dose-1526 
response trend was comparable to p,p’-DDE. By contrast, although BDE-47, TBA and SCCPs induced 1527 
measurable changes in the metabolic activity and membrane integrity, the dose-response 1528 
relationship trend is not clear. Relatively to each chemical tested, the outcome was different from 1529 
the reference chemical. At this stage, it cannot be confirmed whether these substances are toxic or 1530 
not for baleen whale fibroblasts. Further studies should account on increasing the exposure time 1531 
(48h - 72h) and/or selecting specific endpoints such as mitochondria membrane integrity, induction 1532 
of aryl hydrocarbon receptor (AHR) and hormone receptor (i.e. estrogen receptor a-ERa), that might 1533 

be more sensitive to brominated and chlorinated compounds. 1534 
 1535 
 1536 
 1537 

 1538 

 1539 

 1540 

 1541 

 1542 
 1543 
 1544 
 1545 
 1546 
  1547 
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4.1 Introduction 1548 

Cetaceans accumulate significant burdens of lipophilic persistent organic pollutants - POPs (Fossi et 1549 

al. 2003; Dorneles et al. 2015; Bengtson Nash 2018). Whereby, chemical exposure can be robustly 1550 
evaluated through tissue analysis, either from stranded specimens or tissues derived from non-1551 
lethally biopsied free-swimming individuals. Assessing the health risks associated with elevated 1552 
contaminant burdens is, however, challenging. Necropsy assessment of stranded individuals is 1553 
compounded by several factors: for instance, southern hemisphere baleen whales in particular, 1554 
rarely strand as adults and available carcasses are often from very young, or otherwise weakened 1555 
individuals, and not representative of the broader population. Controlled chemical effect 1556 
assessments on captive cetaceans are precluded on ethical grounds. As such, our understanding of 1557 
cetacean chemical sensitivity is largely derived from studies on other mammals, primarily humans 1558 

(Kawashiro et al. 2009; Jiang et al. 2012; Souza et al. 2013; Erratico et al. 2015; Geng et al. 2015) 1559 
and rodents (Tennant et al. 1987; Erratico et al. 2011; Larsson et al. 2015; Pazin et al. 2015). Overall, 1560 
a significant need for species-specific chemical effect data for cetaceans remains. 1561 
 1562 
One promising way to study these species is the use of in vitro methods which can side-step major 1563 
challenges associated with chemical effect assessment in large, free-roaming wildlife. Their 1564 
application allows measurement of a broad range of molecular end-points: to cite some, enzymatic 1565 
induction of CYP1A1, CYP2B (Fossi et al. 2006; Fossi et al. 2008), CYP17 (Cantón et al. 2006), 1566 

apoptosis and heat shock protein synthesis (Deane et al. 2014), endocrine disruption (Liu et al. 1567 
2011), MICA alteration for immune system (Marsili et al. 2019), following exposure to organic 1568 
carbon-based contaminants. In particular, the establishment and use of cetacean-derived cell lines 1569 
(Marsili et al. 2000; Pine et al. 2004; Marsili et al. 2008; Wang et al. 2011; Burkard et al. 2015; Jia 1570 
et al. 2015; Rajput et al. 2018; Yajing et al. 2018), through samples collected from free-swimming or 1571 
stranded individuals, has been gaining momentum in recent years. Recently, our group established 1572 
two wild-type fibroblast cell lines, HuWawild-type, from skin biopsies of free-swimming humpback 1573 
whales (Megaptera novaeangliae) (Burkard et al. 2015). This cell line was later transfected with 1574 
telomerase reverse transcriptase (TERT) and resulting in HuWaTERT, in order to provide long-term 1575 
preservation (Burkard et al. 2019). Among others, one main goal of the transfection was to establish 1576 
a versatile tool, which can be applied in toxicological studies, for example, to test the impact of 1577 
priority contaminants accumulating in the tissue of humpback whales. 1578 
 1579 
Whilst legacy POP burdens and profiles in southern hemisphere humpback whales are well 1580 
established (Waugh et al. 2014; Das et al. 2017), new research has recently uncovered a number of 1581 
new generation POPs, such as polybrominated diphenyl-ethers (Dorneles et al. 2015), Chapter 3) 1582 
and short-chain chlorinated paraffins (SCCPs) (Casà et al. 2019). These two classes of contaminants 1583 
have shown evidence of persistence in the environment, long range environmental transport 1584 
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tendency and, as a consequence of their lipophilicity, a high bioaccumulation potential (UNEP 1585 
2007a, 2015b). Further, the presence of the halogenated natural product 2,4,6-tribromoanisole 1586 
(TBA) has been evidenced in this thesis (Chapter 3). As a result of the study and establishment of 1587 

their toxic nature, PBDEs (EPA 2008a, 2008b, 2009a) and SCCPs (EPA 2009b), have been listed as 1588 
POPs (UNEP 2009a, 2017a). By contrast, little is known regarding the biological effect of TBA, but 1589 
the fact that its molecular structure resembles that one of PBDEs has raised concerns (Vetter et al. 1590 
2004; 2005).  1591 
 1592 
Regarding toxicological effects, there are a number of studies of these compounds and they apply 1593 
mostly to mammals (Souza et al. 2013; Geng et al. 2015; Pazin et al. 2015; Zhang et al. 2016; Wang 1594 
et al. 2018). To our knowledge, only a single study reports exposure of cetacean fibroblasts to a BDE-1595 
mixture where genotoxic effect and cytochrome levels where targeted (Marsili et al. 2012) but no 1596 
knowledge is available regarding the toxicological effects of our targeted compounds in humpback 1597 
whales. 1598 
 1599 
The present study aims to gain new insights regarding the species-specific cytotoxicity of these 1600 
compounds, by performing a set of cell viability assays to measure the impact of BDE-47, BDE-99, 1601 
SCCPs and the naturally occurring TBA.  1602 
 1603 

4.2 Materials and Methods 1604 

4.2.1 Chemical Standards 1605 

 1606 

All stock solutions were prepared by dissolving the chemical directly in DMSO (³ 99.9%, Sigma-1607 

Aldrich), unless stated otherwise, and placed in a vortex for 20 minutes at room temperature, sealed 1608 
with parafilm, wrapped in aluminum foil and stored at 4°C until used. Working solutions were 1609 
prepared freshly. 1610 

 1611 

p,p’-DDE 1612 

p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) was included in this study as a reference chemical 1613 
based on the fact that, its cytotoxic effects, under the same assays, have previously been established 1614 
(Burkard et al. 2015). The assay conditions differed slightly from Burkard et al. (2015) and are 1615 
detailed under the following section (4.3.1 Cell viability > Reference chemical) of the present 1616 
chapter. The stock solution was prepared by dissolving 50 mg of p,p’-DDE (Sigma-Aldrich) in 5 mL 1617 
of DMSO (10 g/L). The working solutions were obtained by diluting the stock in DMSO to 1618 

successively obtain the six following concentrations in the exposing medium: 138.9 µg/L, 1388.9 1619 
µg/L, 4166.7 µg/L, 12500 µg/L, 25000 µg/L, 50000 µg/L. 1620 
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 1621 

BDE-47  1622 

BDE-47 (³98.0%, Sigma-Aldrich) was diluted in DMSO (5 g/L) as a stock solution. The working 1623 

solutions were obtained by diluting the stock in DMSO to successively obtain the six following assay 1624 
concentrations in the exposure medium: 781.25 µg/L, 1562.5 µg/L, 3125 µg/L, 6250 µg/L, 12500 1625 
µg/L, 25000 µg/L. 1626 

 1627 

BDE-99 1628 

The 5 g/L BDE-99 (³98.0%, Sigma-Aldrich) stock solution was diluted in DMSO to successively 1629 

obtain the six following concentrations in the exposure medium: 781.25 µg/L, 1562.5 µg/L, 3125 1630 
µg/L, 6250 µg/L, 12500 µg/L, 25000 µg/L.  1631 
 1632 

TBA 1633 

The stock solution was obtained by diluting TBA powder (99%, Sigma-Aldrich) in 5 mL of DMSO (2 1634 
g/L). The working solutions were obtained by diluting the stock in DMSO to successively obtain the 1635 
six following concentrations in the exposure medium: 0.5 µg/L, 5 µg/L, 50 µg/L, 500 µg/L, 5000 1636 
µg/L, 10000 µg/L. It was not possible to achieve a higher dose due to solubility limitations.  1637 
 1638 

SCCPs 1639 

Chloroparaffin C10-C13 63% Cl (LGC), 100 ng/µL in cyclohexane (10 mL) was the standard for SCCPs 1640 
used in this study. The cyclohexane was evaporated under gentle flow of N2 and then the stock 1641 
solution was prepared by adding 5 mL of DMSO (0.2 µg/L). The working solutions were obtained by 1642 
diluting the stock in DMSO to successively obtain the six following concentrations in the exposure 1643 
medium: 31.25 µg/L, 62.5 µg/L, 125 µg/L, 250 µg/L, 500 µg/L, 1000 µg/L.  1644 
 1645 

4.2.2 Maintenance of cell cultures 1646 
 1647 
All experimental work involved HuWaTERT with cell passage between P16-P30 upon transfection. 1648 
Cells were maintained in T75 tissue culture flasks (Corning) that were then placed at 37°C, 5% CO2. 1649 
The culture medium was replaced every two days. The culture medium was composed of DMEM/F12 1650 
(50:50 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12, Gibco), 10% of Fetal Bovine 1651 
Serum (FBS, Eurobio), 0.1 mM MEM non-essential amino acids (Gibco), 1 mM sodium pyruvate 1652 
(Gibco), 1% of 5.000 U/mL penicillin-streptomycin (P/S, Gibco). Commonly the cells from a T75 1653 
flask reached 100% confluency within 7 days when seeded 1:3. The seeding density was 106 cells/mL, 1654 
cell number was assessed using an CASY Cell Counter & Analyzer (OMNI Life Science, OLS). To 1655 
perform the splitting, the medium was discarded, 6 mL of Versene (Gibco) was added to the flask 1656 
and discarded after 1 minute. Then, 1 mL of trypsin (TripLE, Life Technologies) were added to the 1657 
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flask. After 3 minutes, the cell suspension was transferred in a 50 mL falcon tube and centrifuged at 1658 
600 x g for 3 minutes. 1659 
 1660 

4.2.3 Cell Growth Curve 1661 
 1662 
The cell density to be seeded (mL of cell suspension) was calculated as follows:  1663 

 1664 

𝐶𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	 + 𝐶𝑚𝐿- ∗ 	𝑚𝐿 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑙𝑎𝑡𝑒𝑠

𝐶𝑜𝑢𝑛𝑡𝑒𝑑	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	 + 𝐶𝑚𝐿-
= 𝑉	[𝑚𝐿]	𝑜𝑓	𝑐𝑒𝑙𝑙	𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 1665 

 1666 

 1667 
Volume of cell suspension (mL):  1668 
Cell number_ cell density required/mL 1669 
mL_ total medium volume required  1670 
Number of plates_ number of well plates needed 1671 
Counted cell number_ cell amount measured with cell counter 1672 
 1673 
To obtain a growth curve, 1.5x104 cells/mL were seeded into each well of a 12-well plate (Corning).  1674 
Five time points were collected: t1, t2, t4, t8, t9 days (Fig. 4.1). 1675 
The doubling time of HuWaTERT was calculated as 25h and the cells did not show any sign of 1676 

structural abnormalities. These results were comparable to those once shown by Burkard et al. 1677 
(2019). 1678 

 1679 

 1680 
Figure 4.1 Growth curve of HuwaTERT. Seeding cell density 1.5 • 104 cells/mL in a 12-well plate. t1 is the day after 1681 
seeding. Five time points (days) were collected in a time period of nine days. 1682 
 1683 
To collect each time point, the wells were rinsed with 1 x Versene for 1 minute and then 200 µL of 1684 
trypsin was added, incubated for 3 minutes and 1 mL of standard cell culture medium was added. 1685 
Cell suspension was centrifuged at 600 x g for 3 minutes. The supernatant was discarded and the 1686 
cell pellet was resuspended by adding 200 µL of culturing medium. For counting, 10 µL of cell 1687 
suspension was added to 10 mL of CASY-ton (Roche) and measured via CASY Cell Counter. 1688 
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 1689 

4.2.4 Cell viability assay set-up 1690 
 1691 
Cells were seeded at a density of 4x104 cells/mL in a 24-well plate and cultured for 48h prior exposure 1692 
to chemicals. The experiment was conducted according to Schirmer et al. (1997). 1693 
 1694 

Working solutions were freshly prepared using DMSO to reach the required final concentration of 1695 
DMSO (0.5%). This concentration did not affect the viability of the cells compared to a non-DMSO 1696 
control. Stock and working solutions were prepared into sterile amber vials (2 mL - 7 mL, Supelco 1697 
Sigma-Aldrich). The preparation of SCCPs stock solution was performed with some specifications 1698 
compared to TBA and BDEs, as outlined in 4.2.1 Chemical Standards > SCCPs. 1699 
 1700 
For exposure, DMEM/F12 was supplemented with 1% of FBS. The exposure medium was prepared 1701 
in autoclaved 20 mL amber vials for indirect dosing exposure. The vials were vortexed and the 1702 

exposure medium was distributed in cell well plates (2.5 mL/well) according to the pipetting scheme 1703 
(Fig. 4.2). The well plate was covered with autoclaved aluminum foil, its lid and sealed with parafilm 1704 
before being placed at 37°C for 24h. Following the exposure, physiology was monitored by imaging 1705 
the cell cultures (Nikon camera)(Fig. 4.2). 1706 

 1707 

 1708 

Figure 4.2 24-well plate set up for exposure to dosing mixtures. A1-A3 contain only 2 mL because the dosing mixture 1709 
(500 µL) was not collected at t0 or t24. Image adapted from EAWAG protocol 1710 

 1711 
4.2.5 Assessment of the endpoints 1712 
 1713 

The viability test used in this study was conducted according to Schirmer et al. (1997), targeting the 1714 
assay endpoints of cell metabolic activity and cell membrane integrity. The fluorescent dyes used to 1715 
measure these two endpoints are, AlamarBlue and 5-carboxyfluorescein diacetate acetoxy methyl 1716 
ester (CFDA-AM), respectively.  1717 
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 1718 
AlamarBlue is a commercial preparation of the dye resazurin. Resazurin enters the cells in its non-1719 
fluorescent form and is converted to the fluorescent product, resofurin, by mitochondrial, 1720 

microsomal or cytoplasmic oxidoreductases. A reduction in AlamarBlue fluorescence indicates a 1721 
decline in cellular metabolism, including disruption of mitochondrial membranes.  1722 
 1723 
CFDA-AM rapidly diffuses into the cells and is converted by non-specific esterases of the plasma 1724 
membrane of living cells to the fluorescent product, 5-carboxyfluorescein. The product diffuses out 1725 
of intact cells slowly (Schirmer et al. 1997). Hence, a decline in CFDA-AM fluorescence indicates 1726 
disturbance of plasma membrane integrity. 1727 
 1728 
Assessment was performed after 24h of exposure to the individual compounds. The exposure 1729 
medium of the 24-well plate was discarded and washed 1 x DPBS. Then, 400 µL of 1730 
AlamarBlue/CFDA-AM mix (4 µM) was added to the wells, the covered plate was placed at 37°C for 1731 
30 minutes. Fluorescence was measured at excitation/emission wavelengths of 530/595 nm for 1732 
AlamarBlue and 485/530 nm for CFDA-AM (Schirmer et al. 1998), using an Infinite M200 multi-1733 
well plate reader (Tecan, Switzerland). The results were expressed as percentage of the solvent 1734 
control, which was set to 100%. Concentration-response curves were fitted using non-linear 1735 
regression (sigmoidal dose-response, variable slope, top = 100% and bottom = 0% constrained) and 1736 
the concentrations or dilutions causing a 50% impact on cell viability (EC50 values) calculated using 1737 

GraphPad Prism 6 software. 1738 
 1739 

4.2.6 Statistical analysis  1740 
 1741 
The experimental data of three independent biological replicates were evaluated by analysis of 1742 
variance, one-way ANOVA and each concentration was compared to the solvent control. GraphPad 1743 
Prism 6 was used as software. 1744 
 1745 
  1746 
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 1747 

4.3 Results and Discussion 1748 

4.3.1 Cell viability 1749 
 1750 

Reference chemical 1751 

 1752 
The p,p’-DDE positive control dose-response relationship is shown in Fig. 4.3. The Lowest Observed 1753 
Effect Concentration (LOEC) was also the lowest exposure concentration 138.9 µg/L, with no No 1754 
Observed Effect Concentration (NOEC) captured in the dose series. The EC50 values were 10144 M 1755 
and 12266 M for metabolic activity and membrane integrity, respectively. Statistical significance 1756 
compared to the control was found for the following concentrations 12500 µg/L, 25000 µg/L, 50000 1757 
µg/L (p < 0.05) and for both the endpoints (marked with * in Fig. 4.3).  1758 

 1759 

 1760 

 1761 

 1762 

 1763 

 1764 

 1765 

 1766 

 1767 

 1768 

 1769 

 1770 

 1771 
 1772 

Figure 4.3 Cell viability assessment upon exposure to p,p’-DDE. Results are presented as the mean of three biological 1773 
replicates and the error bars are the standard deviation. Metabolic activity is depicted in blue whereas membrane integrity 1774 
in red. Dots and squares (in the graph) indicate each of the six concentrations tested (from lowest to highest): 138.9 µg/L, 1775 
1388.9 µg/L, 4166.7 µg/L, 12500 µg/L, 25000 µg/L, 50000 µg/L. The viability is shown as % of control (y-axis) and 1776 
concentration of the chemical in µg/L (x-axis). a) EC50 values as results from p,p’-DDE dose-response (or concentration-1777 
response) curves for metabolic activity (blue) and membrane integrity (red). Statistically significant results are indicated 1778 
by * in the graph.  1779 
 1780 
Morphological observations of cells through experimentation (Fig. 4.7), were in accordance with cell 1781 
viability results (Fig. 4.3). There was a clear reduction in cell density whilst increasing the dose, 1782 
especially from 12500 µg/L - 50000 µg/L. The highest concentration of p,p’-DDE resulted in a clear 1783 

reduction of cell numbers (Fig. 4.7); only a few elongated cells remain showing clear morphological 1784 
impairment compared to control cells. Although these morphological observations are comparable 1785 
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to those made by Burkard et al. (2015), there are differences between the two studies. Firstly, a 1786 
different concentration range was applied: in the present study, it was 138.9 µg/L – 50000 µg/L 1787 
whereas, in Burkard et al. (2015), it was 0.3 µg/L - 2400 µg/L. Secondly, a different exposure 1788 

medium was used: FBS was added into the exposure medium (1%) whereas in Burkard et al. (2015) 1789 
no FBS was present. Further, HuWawild-type were used as model organism which display different 1790 
growth characteristics.  1791 
 1792 

 1793 

 1794 
Figure 4.4 Cell viability assessment using HuWa1 (HuWawild-type) and Hfb (human fibroblast). p,p’-DDE was the 1795 
chemical tested. Supplied by Burkard et al., 2015. 1796 

 1797 
Burkard et al. (2015) further compared DDE-exposed HuWa-wild-type with subcultured primary 1798 
human fibroblast (Hfb) (Fig. 4.4). Interestingly, despite a different concentration range, the trend of 1799 
the dose-response relationship of the current study (Fig. 4.3) was more comparable to Hfb (red 1800 

curve, Fig. 4.4) than to HuWawild-type (or HuWa1, purple curve in Fig. 4.4). This could be attributed to 1801 
the fact that HuWawild-type proliferate slower than HuWaTERT and Hfb. This factor may in turn result 1802 
in a lower cell metabolism rate. Alternatively, it is possible that the FBS influenced the sensitivity of 1803 
HuWaTERT, acting as a “buffer” for p,p’-DDE by occupying the binding sites that, otherwise, would 1804 
have been available to the chemical and this could have contributed to mitigate the p,p’-DDE action 1805 
in the cells and making HuWaTERT response more similar to Hfb than HuWawild-type (Fischer et al. 1806 
2019).  1807 
 1808 
 1809 
 1810 
 1811 
 1812 
 1813 
  1814 
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 1815 

BDE-47 and BDE-99 1816 

 1817 
For BDE-47 no clear impact on metabolic activity and membrane integrity was detected. (Fig. 4.5).  1818 
The highest metabolic activity measured corresponded to 6250 µg/L, followed by 781.25 µg/L > 1819 
12500 µg/L > 3125 µg/L.  1820 

 1821 

 1822 

 1823 

 1824 

 1825 

 1826 

 1827 

 1828 

 1829 
 1830 

 1831 
Figure 4.5 Cell viability assessment upon exposure to BDE-47. Results are presented as the mean of three biological 1832 
replicates and the error bars are the standard deviation. Metabolic activity is depicted in blue whereas membrane integrity 1833 
in red. Dots and squares (in the graph) indicate each of the six concentrations tested (from lowest to highest): 781.25 µg/L, 1834 
1562.5 µg/L, 3125 µg/L, 6250 µg/L, 12500 µg/L, 25000 µg/L. The viability is shown as % of control (y-axis) and 1835 
concentration of the chemical in µg/L (x-axis). 1836 

 1837 
Of the two endpoints tested, membrane integrity appears to slightly lower in response to the two 1838 
highest exposure concentrations, however no statistical significance was detected. In the same line, 1839 
morphological assessment also did not show any visible impairment of the fibroblast’s shape or 1840 
density (Fig. 4.7).  1841 
 1842 
HuWaTERT exposed to BDE-99 resulted in a significant increase of metabolic activity for 25000 µg/L 1843 
– 12500 µg/L > 6250 µg/L (Fig. 4.6). The lowest metabolic activity value was measured in response 1844 

to 1562.5 µg/L.  1845 
 1846 
 1847 
 1848 
 1849 
 1850 
 1851 
  1852 

Metabolic activity 
Membrane integrity 
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 1853 

 1854 

Figure 4.6 Cell viability assessment upon exposure to BDE-99. Results are presented as the mean of three biological 1855 
replicates and the error bars are the stanadard deviation. Metabolic activity is depicted in blue whereas membrane integrity 1856 
in red. Dots and squares (in the graph) indicate each of the six concentrations tested (from lowest to highest): 781.25 µg/L, 1857 
1562.5 µg/L, 3125 µg/L, 6250 µg/L, 12500 µg/L, 25000 µg/L. The viability is shown as % of control (y-axis) and 1858 
concentration of the chemical in µg/L (x-axis). Statistically significant results are marked by * in the graph and, also, the * 1859 
is blue because it refers to the metabolic activity results only. 1860 

 1861 
Interestingly, BDE-99 impacted the membrane integrity: the two highest assay concentrations led 1862 
to decrease the membrane integrity. The highest endpoint value was measured in response to 781.25 1863 
µg/L, the lowest assay concentration. Overall, BDE-99 shows an interesting effect upon the fibroblast 1864 
metabolic activity. Contrarily to what was observed for the positive control, here the metabolic 1865 
activity increases with the increase of BDE-99 concentration, precisely between 1562.5 µg/L and 1866 
25000 µg/L. Furthermore, in the assay measuring the HuWaTERT metabolic activity, statistically 1867 
significant differences were observed between DMSO control and 6250 µg/L - 25000 µg/L only (Fig. 1868 
4.6). 1869 
No EC50 was calculated for BDE-99 as the dose-response curve was ambiguous.  1870 
 1871 

BDE 47 and 99 were highly persistent as it was confirmed for BDE congeners with 4-10 Br atoms 1872 
(Vonderheide et al. 2008et al; Environment Canada 2009; Shaw et al. 2009) and highly 1873 
bioaccumulative as shown for tetra- and penta- (and hexa-) (Environment Canada 2006). In 1874 
particular, BDE-99 has been found to cause a decrease of the mitochondrial membrane potential in 1875 
human hepatoma cells (HepG2) which results in the accumulation of reactive oxygen species (ROS) 1876 
and apoptotic cell death, implying a general hepatic toxicity for humans (Souza et al. 2013). Further, 1877 
Pazin et al. (2015) investigated the effects of BDE-47 and BDE-99 on rat liver mitochondria inner 1878 
membrane, membrane potential, oxygen consumption, calcium release, mitochondrial swelling and 1879 
ATP levels. Both BDEs were found to be toxic to mitochondria and, BDE-47 in particular, affected 1880 
the mitochondrial bioenergetics to the higher degree. The higher toxicity of the tetra-BDE may be 1881 

*.     *     * 
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due to its lower number and position of Br (ortho and meta) compared to BDE-99 with the ortho 1882 
position of Br facilitating its transport through the mitochondrial membrane. Although HuWaTERT 1883 
survival did not seem to be affected by the two BDE congeners, by observing the cell plate under the 1884 

microscope and with particular reference to 12500 µg/L - 25000 µg/L for both BDE-99 and BDE-47 1885 
(Fig. 4.7), the area surrounding and involving the nucleus in BDE-47-exposed-cells appears more 1886 
compact, solid, concentrated in the center of the cell whereas, the same area in BDE-99-exposed-1887 
cells seems less compact and more scattered. Based on the above-mentioned previous studies, we 1888 
assume that the increase in the metabolic activity of HuWaTERT in response to BDE-99 could be due 1889 
to the cell’s attempt to cope with the stress induced by the chemical to the mitochondria or, it might 1890 
be that the cells were trying to metabolize and excrete the chemical or, the latter, somehow interfered 1891 
with the fibroblast apparatus. 1892 
 1893 
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 1900 
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 1903 
 1904 

 1905 

 1906 

 1907 

 1908 

 1909 

 1910 
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 1912 

 1913 

 1914 

 1915 

 1916 

 1917 

 1918 

 1919 

 1920 

 1921 

 1922 

 1923 

 1924 

 1925 

 1926 

Figure 4.7 HuWaTERT after 24h exposure to: (from top) solvent control and BDE-47, BDE-99, p,p’-DDE, from lowest to 1927 
highest concentration (µg/L). BDE-47 and BDE-99 concentrations: 781.25 µg/L, 1562.5 µg/L, 3125 µg/L, 6250 µg/L, 12500 1928 
µg/L, 25000 µg/L. p,p’-DDE concentrations: 138.9 µg/L, 1388.9 µg/L, 4166.7 µg/L, 12500 µg/L, 25000 µg/L, 50000 µg/L.  1929 
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 1935 

TBA 1936 

 1937 

The highest concentrations of TBA 10000 µg/L (28.99 µM) resulted in lower metabolic activity and 1938 

membrane integrity values (Fig. 4.8). Lower concentrations indicated no variation from control. 1939 
Results suggest interference with the metabolic activity and the membrane integrity of HuWaTERT to 1940 
some extent.  1941 

 1942 

 1943 

 1944 

 1945 

 1946 

 1947 

 1948 

 1949 

 1950 

 1951 

 1952 

 1953 

Figure 4.8 Cell viability assessment upon exposure to TBA. Results are presented as the mean of three biological replicates 1954 
and the error bars are the stanadard deviation. Metabolic activity is depicted in blue whereas membrane integrity in red. 1955 
Dots and squares (in the graph) indicate each of the six concentrations tested (from lowest to highest): 0.5 µg/L, 5 µg/L, 1956 
50 µg/L, 500 µg/L, 5000 µg/L, 10000 µg/L. The viability is shown as % of control (y-axis) and concentration of the 1957 
chemical in µg/L (x-axis).  1958 

 1959 
None of the TBA concentrations that the cells were exposed to elicited significantly different 1960 
responses compared to the others. 1961 
 1962 
Although effect data is largely lacking for TBA, Vetter et al 2004 exposed human AHR, obtained from 1963 
cloned complementary DNA, to TBA and monitored the binding process. It was found that this 1964 
compound poorly binds the AHR receptor. Further, EROD induction in rat hepatoma cells revealed 1965 
TBA to be a poor agonist of the AHR (Vetter et al. 2004).   1966 
Overall, on the basis of the two endpoints measured, it is not clear if TBA is toxic to HuWaTERT. 1967 
Potentially, performing the same assay over longer exposure times i.e. 48h, may produce a different 1968 
outcome, compared to the present assay conditions. 1969 
  1970 
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 1971 

SCCPs 1972 

 1973 
The results following the exposure to SCCPs, showed that the highest concentration, 1000 µg/L, 1974 

produced the lowest level of molecular activity whereas, the lowest concentration, 31.2 µg/L, induced 1975 

the highest (Fig. 4.9).   1976 
 1977 
 1978 

 1979 

 1980 

 1981 

 1982 

 1983 

 1984 

 1985 

 1986 

 1987 

 1988 
 1989 

Figure 4.9 Cell viability assessment upon exposure to SCCPs. Results are presented as the mean of three biological 1990 
replicates and the error bars are the standard deviation. Metabolic activity is depicted in blue whereas membrane integrity 1991 
in red. Dots and squares (in the graph) indicate each of the six concentrations tested (from lowest to highest): 31.25 µg/L, 1992 
62.5 µg/L, 125 µg/L, 250 µg/L, 500 µg/L, 1000 µg/L. The viability is shown as % of control (y-axis) and concentration of 1993 
the chemical in µg/L (x-axis). 1994 
 1995 
There was no statistical significance in the concentration-impacts or either an EC50 was possible to 1996 
determine for SCCPs; moreover, no pictures were taken in regard to SCCP cell plates as we did not 1997 
observe visible changes at the microscope in the cell morphology or density after 24h exposure. 1998 
 1999 
Other studies have shown fluctuations in the production of energy and synthesis of proteins, fatty 2000 
acid metabolism and ammonia recycling when HepG2 were exposed to SCCPs (Geng et al. 2015). 2001 
Further, SCCPs were attributed as the major agents of the increased rate of phospholipid and fatty 2002 
acid metabolism when HepG2 were treated with a mixture of SCCPs and PAHs (Wang et al. 2018);  2003 
similar effects were observed by Ren et al. (2019) when HepG2 where exposed to a mixture of CPs 2004 

as well as an increase in reactive oxygen species levels and a decrease in the synthesis of ATP. The 2005 
endocrine disrupting capabilities of SCCPs was evaluated in human adrenocortical carcinoma cell 2006 
lines (H295R), studying their effects on ERa, glucocorticoid receptor (GR) and thyroid receptor 2007 
(TRß) through dual-luciferase reporter gene assay. Additionally, Chinese hamster ovary cell lines 2008 
(CHO-K1 cells) were used to further verify SCCP effects on production of 17ß-estradiol (E2) and 2009 
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cortisol and mRNA levels of steroidogenesis related genes. Results confirmed that SCCPs act as 2010 
endocrine disruptors through ERa, GR and interfere also with secretion of E2 (Zhang et al. 2016).  2011 
Nevertheless, under the current assay conditions, HuWaTERT response to SCCPs appears like a basic 2012 

fluctuation with no potential effect as the cells were not particularly affected by the selected range of 2013 
SCCP concentrations, indeed, although the response induced by the highest concentration, 1000 2014 

µg/L, was higher compared to the one produced by the lowest concentration, 31.2 µg/L, overall, they 2015 

did not differ substantially from each other, as shown in Fig. 4.9.  2016 
Potentially, it could be interesting to evaluate and measure the effect that SCCPs may produce to 2017 
HuWaTERT production of energy mechanism and synthesis of proteins as it is suggested by previous 2018 
studies on mammalian cell lines. 2019 
 2020 

4.4 Conclusions 2021 

The aim of the present study was to measure the impact of SCCPs, BDE-47, BDE-99 and TBA on the 2022 
cell viability (metabolic activity and membrane integrity) of HuWaTERT in the frame of a 24h exposure 2023 
experiment. Overall, SCCPs, BDEs and TBA did not show a dose-dependent relationship for the 2024 
selected endpoints. Further studies are needed in order to investigate the actual mechanism that 2025 

induces the increased metabolism and the decrease in membrane integrity as low concentrations of 2026 
BDE-99 can still play a role in mixture toxicity. With particular regard to BDE-47, future studies 2027 
should focus for instance on endpoints at a molecular level or use a different cetacean cell line to see 2028 
how different/alike the species-specific response is. In the case of TBA, the interest in the present 2029 
study was to observe the effect of this chemical in a 24h time limit and compare it to the others but, 2030 
possibly, an increase of the exposure time could produce a different outcome using the same 2031 
endpoints as the present study.  2032 

From other studies, it is known that SCCPs can produce an impact on a number of cell functions, 2033 
such as protein synthesis, fatty acid metabolism, production of energy, etc. It is possible then that 2034 
the concentration range used in this study was not high enough to produce a similar effect in 2035 
HuWaTERT fibroblasts or the exposure time was short, both or else. For this reasons SCCP impact on 2036 
cetacean cell lines should be further investigated. 2037 
 2038 
Ultimately and relatively to each chemical tested, the outcome was different from the reference 2039 

chemical. At this stage, it cannot be confirmed whether these substances are toxic or not for baleen 2040 
whale fibroblasts based on the selected endpoints, hence further studies are needed to analyze their 2041 
impact and narrow down the assays that can be performed in order to validate the thesis that they 2042 
are toxic or reject it. 2043 
  2044 
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 2112 

Abstract 2113 

 2114 
Induced pluripotent stem cells (iPSCs) represent a valuable resource in the field of cell biology as 2115 
iPSCs can be used to generate any number of different cell types. The method of reprogramming of 2116 

fibroblasts isolated from tissue biopsies has been found to be transferable between mammalian 2117 
species. The approach is particularly valuable in wildlife studies as it facilitates the generation of de-2118 
differentiated cells directly from free-ranging specimens that cannot be kept under laboratory 2119 
conditions. To date, no studies have reported a generation of iPSCs from humpback whales. This 2120 
work attempted generation of iPSCs from the established immortalized humpback whale fibroblast 2121 
cell line (HuWaTERT) using Sendai virus-mediated delivery of the reprogramming transgenes. The 2122 
first cell aggregates resembling colonies of iPSCs were observed but ultimately did not proliferate.  2123 

 2124 
 2125 
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 2157 

5.1 Introduction 2158 

 2159 
The generation of induced pluripotent stem cells (iPSCs) occurs when adult differentiated cells are 2160 
reprogrammed to a pluripotent state. Reprogramming can be induced by giving them specific 2161 
transcription factors (Takahashi et al. 2006). iPSCs have been generated from fibroblasts in various 2162 
mammalian species including mouse (Takahashi et al. 2006), human (Takahashi et al., 2007; Yu et 2163 
al., 2007) (Takahashi et al. 2007; Yu et al. 2007), dog (Whitworth et al. 2012), horse (Nagy et al. 2164 
2011; Whitworth et al. 2014), platypus (Whitworth et al. 2019)  and Tasmanian devil (Weeratunga 2165 
et al. 2018). As yet there are no published reports regarding the generation of iPSCs of marine 2166 
mammals. This may be linked to the difficulties associated with obtaining viable tissue samples from 2167 
free ranging wildlife, as well as isolating and maintaining the cells of lesser studied species.  2168 

 2169 

The potential of iPSCs for differentiation into any cell type of the three germ layers (ectoderm, 2170 
mesoderm, endoderm) represents a potentially valuable resource for diverse areas of research, 2171 
including cetacean toxicology. Indeed, generation of adipocytes would represent a physiologically 2172 
relevant model for toxicological investigation of lipophilic anthropogenic compounds that 2173 
accumulate in the thick blubber layer of cetaceans. Similarly, other target tissues may be generated 2174 
from the same cell line of iPSCs to study the accumulation and effect of polar anthropogenic 2175 
compounds. 2176 

 2177 

Non-lethal and minimally invasive skin and blubber biopsies of free-ranging cetaceans represents a 2178 
proven pathway for the isolation of fibroblasts from which iPSC may be derived. The use of biopsy 2179 

sampling is particularly useful in studies involving large cetaceans that cannot be kept in captivity.  2180 
 2181 
A variety of different delivery techniques for reprogramming transgenes have been applied for the 2182 
generation of iPSCs, and the method of reprogramming fibroblasts has been found to be transferable 2183 
between mammalian species. Delivery techniques applied include the use of retrovirus, lentivirus 2184 
and Sendai virus (SeV). While retrovirus and lentivirus integrate in the host genome, which may 2185 
cause mutagenesis that could alter the integrity of the recipient genome, the Sendai virus instead can 2186 
express the reprogramming transgenes without chromosomal integration. As such, the recipient 2187 
cells may also expel the genome vector.  2188 

 2189 

5.1.1 Principle of Vector Reprogramming for generation of iPSCs 2190 
 2191 
iPSCs are generated from somatic cells when the latter are transfected with a vector i.e. a virus, which 2192 
carries certain transcription factors as Oct4 and Sox2 into the host cells. The cDNA may either  2193 
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 2194 
integrate itself in the cell genome (stable transfection) or merely be present in the cell for a limited 2195 
period (transient transfection).  2196 

 2197 

 2198 

Figure 5.1 General process of reprogramming fibroblasts into iPSCs which then can differentiate in cell lines from the 2199 
three germ layers: ectoderm, mesoderm, endoderm.  2200 

 2201 
Common Types of Vectors for IPSC Reprogramming 2202 
 2203 

Retrovirus 2204 

Reprogramming of the recipient genome through a retrovirus is usually performed through 2205 
introduction of a single stranded RNA virus in combination with reverse transcriptase. The reverse 2206 
transcriptase enzyme generates cDNA from the virus RNA. The major peculiarity of a retrovirus is 2207 
based on the fact that, since they can integrate in the host DNA, they can therefore produce 2208 
permanent modifications. Examples of retroviruses are lentivirus and the well-known human 2209 
immunodeficiency virus (HIV), both members of Retroviridae family (Hoyle 2014).  2210 
 2211 

Sendai Virus 2212 

In contrast to retrovirus vectors, Sendai Virus (SeV) acts through a non-integrating process, that is, 2213 
it does not induce insertional mutation, thus preserving the integrity of the recipient cell genome. 2214 
SeV consists of a single chain of RNA and six genes for viral proteins are located on the genome: 2215 
nucleocapsid protein (NP), phosphoprotein (P), matrix protein (MP), fusion protein (F),  2216 
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 2217 

hemagglutinin-neuramidase (HN), large protein (LP) (CytoTune® -iPS 2.0 kit). The virus interacts 2218 
directly with the sialic acid receptor positioned on the recipient cell membrane and the fusion 2219 
between the two occurs after the activation of a fusion protein (F, one of the six carried by SeV). Once 2220 
SeV has infected the recipient cell, it starts to replicate inside its cytoplasm (Fig. 5.1). If 2221 
reprogramming is successful, the recipient can be cleared of SeV reprogramming factor genes. The 2222 

lower safety risks associated with working with SeV compared to retrovirus, combined with the 2223 
transient nature of reprogramming with this vector makes it an attractive tool for experimental iPSC 2224 
reprogramming of novel species. Previously, the investigative team has had success with SeV 2225 
reprogramming of mammalian fibroblast cells, including horse, dog and humans. This work trialed 2226 
the iPSCs generation from the immortalized humpback whale (Megaptera novaeangliae) fibroblast 2227 
cell lines (HuWaTERT). The work was undertaken with the view of: 2228 
 2229 

• using iPSCs as a pluripotent pool of cells that could provide a number of cell types through 2230 

differentiation processes, including organoid studies. 2231 

• obtaining toxicologically-relevant cell types e.g. adipocytes for the study of lipophilic 2232 
compound toxicodynamics.  2233 

 2234 

The approach and methodology applied, and initial findings are outlined in the following sections. 2235 
 2236 

5.2 Materials and methods 2237 

5.2.1 Cell culture 2238 
 2239 
Method details on the establishment and immortalization of the fibroblast cell line dedicated to the 2240 
transfection with Sendai virus in the present study, can be found in (Burkard et al. 2015; 2019). A 2241 
cryovial of humpback whale (HuWaTERT) Passage 6 (TP6, Fig. 5.2) was thawed and cultured in a T75 2242 
flask (Corning) in KnockOut Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented 2243 
with 10% (v/v) defined fetal bovine serum (HyClone; GE Healthcare Life Sciences, Australia), 1% 2244 
(v/v) Non-Essential Amino Acid Solution (MEM NEAA 100X; Gibco), 3% (v/v) GlutaMAX -l (100X; 2245 
Gibco), and 1% (v/v) sodium pyruvate (100mM; Gibco). The flask was maintained at 37°C and 5% 2246 
CO2, the medium was changed daily until 100% confluency was reached (4 days). HuWaTERT TP6 was 2247 
passaged with 1mL of TripLE (Gibco). The fibroblasts were then seeded in a 6-well plate (Corning) 2248 
at a density of 1x105 cells/mL and medium changed daily until 80-90% confluence was reached (3 2249 
days). 2250 
 2251 
  2252 
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 2253 

 2254 

Figure 5.2 Culture of HuWaTERT, passage 6. 2255 

 2256 
5.2.2 Sendai Virus Reprogramming Kit  2257 
 2258 
A commercial SeV reprogramming kit was purchased for the experiment (CytoTune® -iPS 2.0). The 2259 

kit consists of three CytoTune® 2.0 SeV reprogramming vectors (Tab. 5.1) that are used for 2260 
delivering and expressing key genetic factors necessary for reprogramming somatic cells into iPSCs 2261 
(Fig. 5.3). 2262 

 2263 

 2264 

Figure 5.3 From left to right, host genome non-integrating virus transfection (SeV) process compared to an integrating 2265 
one. Supplied by “User guide of CytoTune® -iPS 2.0 Sendai Reprogramming kit (invitrogenTM by life technologiesTM)”. 2266 

 2267 
 2268 
 2269 
 2270 
 2271 
  2272 
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 2273 
Transduction with SeV 2274 
 2275 
After three days of culture, the HuWaTERT TP6 cells were 80-90% confluent. One well of the 6-well 2276 
plate was used to establish cell density needed to calculate the transduction volume of SeV (Tab. 5.1) 2277 
to be added through a micropipette, to the 5 remaining wells with cells, using the formula below: 2278 

 2279 

Volume of virus to add (µL)= MOI a • (cells/well) / Titer • 10-3 (µL/mL) 2280 

 2281 
a MOI: Multiplicity of Infection, i.e. the ratio of agents to infection target 2282 
 2283 
 2284 

Table 5.1 Details about each vector included in the Sendai reprogramming kit. 2285 

Component 
Titer 

(CIU/mL) 
Cell density 

(cells/mL) 
MOI Transduction Volume 

(µL) 

CytoTune® 2.0 KOS  1.3x108   3.5 µL 

CytoTune® 2.0 hc-
Myc  

1.1x108 9x104  5:5:6 4 µL 

CytoTune® 2.0 hKlf4  1.3x108   4.2 µL 

 2286 
The reprogramming vectors in Tab. 5.1 include the four Yamanaka factors - namely Oct, Sox2, Klf4, 2287 
c-Myc - which are known to be adequate for an effective reprogramming (Takahashi et al. 2006; 2288 
2007). 2289 
 2290 

5.3 Results and Discussion 2291 

After 24h, about 50% of the cells were dead which is indicative of a high rate of transduction 2292 
efficiency of the cells with SeV. The medium was changed the day after transduction to eliminate 2293 
traces of SeV from the medium and daily thereafter. At seven days post transduction, the cells from 2294 
each of 5 wells were split and seeded in petri dishes. The petri dishes were coated with Extracellular 2295 
matrix (ECM) gel (Sigma-Aldrich) according to the manufacturer’s instructions and placed at 37°C 2296 
for 2h before seeding the cells. After 24h, the culture medium was switched to iPSC medium. The 2297 

iPSC medium was the same used before transduction but it contained also additional factors 2298 
required to support the cells during the transition into iPSCs, namely: 0.1 mM 2-Mercaptoethanol 2299 
(Sigma-Aldrich), 6.0 ng/mL basic fibroblast grown factor (bFGF, Invitrogen), 1,000 IU/mL ESGRO 2300 
leukemia inhibitory factor (mouse LIF, Merck). Medium continued to be changed daily. 2301 
During the 2 weeks following transduction, the cells showed some change in morphology and 2302 
organization. Aside from some sparse fibroblasts, there were groups of small and round cells with an 2303 
epithelial organization which resemble the beginning of colonies of iPSCs. Approximately 12 days 2304 
later, the colonies were of sufficient size to be mechanically isolated from the plates (Fig. 5.4, left) 2305 
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and transferred onto organ culture dishes (Falcon) seeded with irradiated mouse embryonic 2306 
fibroblasts  2307 
 2308 

(MEFs). Initially, organ culture dishes were coated with a 1% gelatin (Sigma) solution and left at 2309 
37°C for at least 1h. After the gelatin solution was removed, 5.8•104 cells/mL of MEFs were seeded 2310 
onto the coated organ culture dishes and placed at 37°C for 24h. Then, each putative iPSC colony 2311 
was cut from the surrounding fibroblasts under the microscope using a 28G needle attached to a 1 2312 
ml syringe; then, using a 200µL pipette, each colony was transferred onto the organ culture dish 2313 
where there was 1mL of iPSCs medium, placed at 37°C and the medium was changed daily. Four 2314 
days after transfer to the organ culture dishes colonies had attached to the substrate and appeared 2315 
viable (Fig. 5.4, top-middle and right).  2316 
 2317 
 2318 
 2319 

 2320 
Figure 5.4 Cells transfected with SeV. Aggregate of cells two weeks circa after transfection with SeV (left); First colony 4 2321 
days after cut (right); Detail of colony (top-middle).   2322 

 2323 
Two weeks after the first colonies appeared, they were infected by Actynomices as is visible from Fig. 2324 
5.5. Normally, actinomyces are part of the human microflora associated with the oral mucosa (Pujic 2325 
et al. 2015); cell plates (different cell line) cultured in the same incubator were already infected by 2326 

these bacteria.  iPSCs are not cultured with antibiotics since they have been shown to adversely affect 2327 
reprogramming efficiency and cell survival. Subsequent daily washing steps with Dulbecco’s 2328 
Phosphate-Buffered Saline (DPBS, Sigma-Aldrich) and daily treatment with antibiotics were not 2329 
successful and the colonies stopped expanding. The cells in the colonies started to pile up inside the 2330 
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colonies instead of following an epithelial-like expansion. After 5 days of antibiotic treatment with 2331 
Penicillin/Streptomycin, Antibiotic:Antimycotic (Thermo Fisher Scientific) and kanamycin (Sigma-2332 
Aldrich) the infection was gone but the colonies were darker and “crystallized”, cracking when etched 2333 

with a needle. Cutting open of the colonies to free the cells inside and transferring them into new  2334 
organ culture dishes (with gelatin and MEFs) was attempted but it did not lead to any improvement. 2335 
It remains unclear if the death of the cells was ultimately caused by Actynomices, the use of 2336 
antibiotics or if abnormal development started at some point after the transduction with SeV and/or 2337 
if the abnormal development was indeed linked to the fact that the cells were immortalized 2338 
fibroblasts already infected with TERT. The attempt to generate iPSCs from HuWaTERT was not 2339 
repeated due to time and funding limitations within the current program.  2340 
 2341 

 2342 
Figure 5.5 Cell colonies infected by Actynomices. 2343 

 2344 

5.4 Conclusions 2345 

This study represents the first attempt to generate iPSCs from an immortalized humpback whale 2346 
fibroblast cell line. The first cell aggregates demonstrated morphological characteristics of iPSCs. 2347 
Experimental progression was interrupted by actynomicosis infection which is suggested as a key 2348 
contributor to cell demise. Other contributing factors may be that the transfection with SeV was not 2349 
successful or immortalized fibroblasts are not suitable for generating iPSCs with SeV. We 2350 
recommend repetition of the experiment, initially with the non-immortalized fibroblasts cell line 2351 
(HuWawild-type). 2352 

 2353 
 2354 

 2355 

 2356 

 2357 
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______________________________________________________________ 2358 

CHAPTER 6. Conclusion and Outlook 2359 

______________________________________________________________ 2360 
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 2366 

 2367 

 2368 

 2369 

 2370 
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 2373 

 2374 

 2375 

 2376 

 2377 

 2378 

 2379 

 2380 

 2381 

 2382 

 2383 
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 2386 

 2387 
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 2390 

Conclusions and outlook 2391 
 2392 

 2393 
This PhD project was developed around the main object of investigating the current distribution of 2394 
selected synthetic chemicals in Antarctica using SH humpback whales as biomonitoring species and 2395 
evaluating the chemicals’ effects in humpback whale cell line in order to fill the gap surrounding 2396 
cetacean toxicology. 2397 
 2398 

The main observations can be recapitulated as follows: 2399 
 2400 

Þ SCCPs, recently subject for global regulation, were detected for the first time in any baleen 2401 
specie and Antarctic feeding marine mammal 2402 

Þ PBDE trends in Antarctic feeding humpback whales were amplified   2403 

Þ First time detection of naturally occurring TBA in humpback whales  2404 

Þ SCCPs, BDE-47, BDE-99 and TBA induced a species-specific response in HuWaTERT cell line 2405 

______________________________________________________________ 2406 
 2407 
 2408 

SCCPs, recently subject for global regulation, were detected for the first time in 2409 

any baleen whale specie and Antarctic feeding marine mammal (Chapter 2) 2410 

This class of POPs has already reached the status of ubiquity, as its presence has been confirmed in 2411 
biotic and abiotic compartments, in the most populated areas as well as the most remote regions of 2412 
the planet, the Poles. Their inclusion under the SC, however, occurred only recently, in 2017 (UNEP 2413 
2017). As such, their detection in the blubber of SH humpback whales, confirms their 2414 
bioaccumulative potential, environmental stability and likely long-range atmospheric dispersal to 2415 
Antarctica. However, we encountered some limitations due to the no-availability of a standardized 2416 
analytical method for the detection of SCCPs in blubber. Contrarily to most lipophilic chemicals that 2417 
require only a little amount of adipose tissue (i.e. 0.3g) for successful detection in skin biopsies, the 2418 
analytical method used in the present study demanded at least 2g of sample in order to extract circa 2419 
1g of pure fat. As a consequence, skin biopsies were not suitable and hence, blubber from stranded 2420 
specimens needed to be used. Currently the analytical methods might represent a limitation for 2421 
investigating SCCPs in blubber, therefore future studies should focus on standardizing the analytical 2422 
procedure in order to optimize their detection method using a few grams of fat that can be obtained 2423 
from skin biopsies, as it happens for other lipophilic chemicals. 2424 
  2425 
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 2426 
Nevertheless, their preliminary detection represents a baseline to further investigate SCCP levels in 2427 
Antarctic biota and in this whale species over time in order to provide a detailed multi-year trend 2428 

that should be integrated with information on their levels in other Antarctic marine mammal species 2429 
and ultimately compared to those from the Arctic. 2430 
 2431 

PBDE trends in Antarctic feeding humpback whales were amplified (Chapter 2432 

3) 2433 

In an effort to build upon existing knowledge of the chemical profile of SH humpback whales, we 2434 
targeted PBDEs, only once previously reported in SH populations (Dorneles et al. 2015). Although 2435 

the homologue BDE profile that emerged from the blubber samples analysed was comparable 2436 
between the two studies, with tetra- and pentaBDE congeners being the most frequently detected, 2437 
the trend between the two studies was the opposite, with tetraBDEs detected at higher levels than 2438 
penta- in our study. Interestingly, the high detection of lower brominated compounds was expected 2439 
considering the fact that they are more bioaccumulative compared to higher brominated ones, as 2440 
decaBDEs (EPA 2008a, 2008b; UNEP 2014). The latter, however, were also detected in a lower 2441 
number of samples and as observed by previous studies, their occurrence in Antarctica is attributable 2442 
to a more recent long-range environmental transportation and from local sources considering that 2443 
they undergo biotransformation in biota. Overall, the levels of PBDEs in SH humpback whales were 2444 
lower compared to the ones in the northern hemisphere and this might be due to the fact that this 2445 
class of brominated compounds was highly produced and used in the northern hemisphere rather 2446 
than the southern hemisphere. However, a long-term monitoring program of lipophilic chemical 2447 
burdens in Antarctica allows the acquisition of interesting information regarding the fluctuation of 2448 
PBDE levels overtime. As such, although 2nd order consumers, the long lifespan and thick adipose 2449 
tissue of SH humpback whales, are important factors in tracking the extent of the hemispheric BDE 2450 
levels and profile overtime.  2451 
 2452 

First time detection of naturally occurring TBA in humpback whales (Chapter 2453 

3)  2454 

We also reported the first detection of a naturally occurring brominated compound in baleen whales, 2455 
TBA. The rising concern around this compound is due to its structural similarity to its POP-2456 
counterpart, namely PBDEs and therefore to the possibility that it might also carry comparable 2457 
hazardous properties. To date very little is known about its toxic potential towards organisms and 2458 
its fate in the environment and since it is hypothesised that climate change might influence the 2459 

synthesis and distribution of natural halogenated compounds such as TBA, a regular monitoring 2460 
program designed specifically for these potentially harmful chemicals is needed. 2461 

  2462 
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 2463 

SCCPs, BDE-47, BDE-99 and TBA induced a species-specific response in 2464 

HuWaTERT cell line (Chapter 4) 2465 

Once the target chemicals were identified, the second major objective of the present research was to 2466 
investigate the species-specific cytotoxic effects associated with the identified chemicals (Chapter 4). 2467 
Cell viability assays that measured the membrane integrity and metabolic activity of HuWaTERT after 2468 
a 24h exposure, were performed. Overall, results indicated that there was not a clear concentration-2469 
dependent decrease in cell viability associated with test compounds, as it was clearly observed for 2470 
the reference chemical. BDE-99, however, induced an inverse relationship resulting in an increase 2471 
in metabolic activity with an increase in dose concentration. One limitation of this experiment is the 2472 
absence of confirmed exposure media concentrations. Chemicals are known to adhere to exposure 2473 
wells but until we are able to measure their concentration in the exposure medium collected at t0, 2474 
t24 there is uncertainty about how the nominal dose relates to assay concentrations.  2475 
Trying a different concentration range that starts from one of the six already tested (for example the 2476 
highest), might allow to investigate further the response that appeared more affected in the 2477 
exposure-graph or extending the exposure time to 48-72h might give more time to the chemical to 2478 
penetrate those biological barriers or interact with cell defence mechanisms that cannot be overcome 2479 
in 24h. Concerning specifically the interesting effect of BDE-99 to the metabolic activity of 2480 

HuWaTERT, further investigation should focus on assays involving the expression of proteins 2481 
implicated in the mithocondria’s mechanism of action as this might be a possible explanation and 2482 
an effect that was also previously observed in studies focused on other mammalian species. It needs 2483 
to be noted that in vitro experiments, most likely, will always produce a different outcome from in 2484 
vivo situations, i.e. in terms of response’s extent; therefore it is essential to perform cell assays that 2485 
will allow to collect information useful to explain the effects of a certain chemical to a specific 2486 
endpoint, in order to expand the cetacean toxicological field which is currently limited.  2487 
 2488 

In conclusion, based on the findings of the present study, we recommend the collection of further 2489 
data that is needed in order to increase the knowledge of the Antarctic pool of chemicals to which 2490 
the SH humpback whales are exposed, mainly due to their high-fidelity diet, Antarctic krill. In 2491 
particular, future research should focus on extending the temporal trends that, for POPs as SCCPs 2492 
and PBDEs as well as the unexplored TBA, are currently at a starting level. In this context, the 2493 
Southern Ocean Pollutant Program plays a unique role in the collection of skin biopsies from SH 2494 
humpback whales through a minimally invasive sampling method. Such materia prima provided by 2495 
the Program is essential in monitoring the health status of the Antarctic sea-ice ecosystem and, for 2496 
inference, providing information on the southern chemical hemispheric usage. 2497 
 2498 
 2499 
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On the other hand, considering the suitability of HuWaTERT cytotoxic assays, the unique opportunity 2500 
presented by this cell line allows a broad range of applications. As such, testing chemicals to evaluate 2501 
specific molecular endpoints (i.e. protein synthesis/inhibition), de-differentiating them to generate 2502 

iPSCs in order to obtain a number of different cell lines, performing intra- and interspecies responses 2503 
to specific chemicals are only some of the potential outcomes that HuWaTERT are able and ready to 2504 
achieve. 2505 
 2506 

 2507 

 2508 
 2509 
 2510 
 2511 
 2512 
 2513 
 2514 
 2515 
 2516 
 2517 
 2518 
 2519 
 2520 
 2521 
 2522 
 2523 
 2524 
 2525 
 2526 
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 2531 
 2532 
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 2541 
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Appendix 2543 
 2544 
Chapter 2 First detection of short-chain chlorinated paraffins in southern 2545 

hemeisphere humpback whales (Megaptera novaeangliae) feeding in Antarctic 2546 

waters 2547 

 2548 

Occurrence and detection of SCCP congeners in humpback whales 2549 

In Fig. S1, there are the six common standard quantification mixtures that were injected in the TOF. 2550 
These SCCP mixtures contained C10-13 in terms of C chain length and a chlorine content expressed in 2551 
% as follows: 52%, 54%, 56%, 59%, 61%, 63% respectively. The relative abundance is dependent upon 2552 
the instrumental technique used. In this study, where Cl--APCI-QToF-MS was adopted, C13 is more 2553 
dominant in the standard SCCP mixtures, whereas C10 is the least dominant and it could have been 2554 
different using the same SCCP mixture and different instrument, for example GC-ECNI-MS. Our 2555 
APCI-QToF can measure more congener groups than using GC-ECNI-MS and this would change the 2556 
relative abundance as well. With the instrumental technique used in this study, SCCPs 2557 
between C10Cl4-10 , C11Cl4-11 , C12Cl4-11 , C13Cl4-11 can be detected in the samples.   2558 

 2559 
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 2570 
Figure S1 Congener group profile relative abundance in the six common standard quantification mixtures injected in Cl-2571 
-APCI-QToF-MS. The mixtures are named after their chlorine content expressed as percentage (%) and they are (top left): 2572 
52%, 54%, 56%, 59%, 61% and 63% respectively. 2573 

 2574 

 2575 
Figure S2 Congener group profile relative abundance in the two procedural blanks, blank 1 and blank 2 (bl1 and bl2 2576 
respectively). 2577 
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 2581 
Figure S3 Congener group profile relative abundance in sample 1, 2 and 3 (sample code in the graph 1.07 – 3.11 – 1.08 2582 
respectively). Y axis reports the congener group abundance, expressed as CmCln. 2583 
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 2588 
Figure S4 Congener group profile relative abundance in sample 4, 5 and 6 (sample code in the graph 1.12 – 1.10 – 4.13 2589 
respectively). Y axis reports the congener group abundance, expressed as CmCln. 2590 

 2591 

 2592 
 2593 
 2594 
 2595 

C1
0C
l3

C1
0C
l4

C1
0C
l5

C1
0C
l6

C1
0C
l7

C1
0C
l8

C1
0C
l9

C1
0C
l10

C1
0C
l11

C1
1C
l3

C1
1C
l4

C1
1C
l5

C1
1C
l6

C1
1C
l7

C1
1C
l8

C1
1C
l9

C1
1C
l10

C1
1C
l11

C1
1C
l12

C1
2C
l3

C1
2C
l4

C1
2C
l5

C1
2C
l6

C1
2C
l7

C1
2C
l8

C1
2C
l9

C1
2C
l10

C1
2C
l11

C1
2C
l12

C1
3C
l3

C1
3C
l4

C1
3C
l5

C1
3C
l6

C1
3C
l7

C1
3C
l8

C1
3C
l9

C1
3C
l10

C1
3C
l11

C1
3C
l12

0

5

10

15

20

1_12

1_12

C1
0C
l3

C1
0C
l4

C1
0C
l5

C1
0C
l6

C1
0C
l7

C1
0C
l8

C1
0C
l9

C1
0C
l10

C1
0C
l11

C1
1C
l3

C1
1C
l4

C1
1C
l5

C1
1C
l6

C1
1C
l7

C1
1C
l8

C1
1C
l9

C1
1C
l10

C1
1C
l11

C1
1C
l12

C1
2C
l3

C1
2C
l4

C1
2C
l5

C1
2C
l6

C1
2C
l7

C1
2C
l8

C1
2C
l9

C1
2C
l10

C1
2C
l11

C1
2C
l12

C1
3C
l3

C1
3C
l4

C1
3C
l5

C1
3C
l6

C1
3C
l7

C1
3C
l8

C1
3C
l9

C1
3C
l10

C1
3C
l11

C1
3C
l12

0

5

10

15

20

1_10

C1
0C
l3

C1
0C
l4

C1
0C
l5

C1
0C
l6

C1
0C
l7

C1
0C
l8

C1
0C
l9

C1
0C
l10

C1
0C
l11

C1
1C
l3

C1
1C
l4

C1
1C
l5

C1
1C
l6

C1
1C
l7

C1
1C
l8

C1
1C
l9

C1
1C
l10

C1
1C
l11

C1
1C
l12

C1
2C
l3

C1
2C
l4

C1
2C
l5

C1
2C
l6

C1
2C
l7

C1
2C
l8

C1
2C
l9

C1
2C
l10

C1
2C
l11

C1
2C
l12

C1
3C
l3

C1
3C
l4

C1
3C
l5

C1
3C
l6

C1
3C
l7

C1
3C
l8

C1
3C
l9

C1
3C
l10

C1
3C
l11

C1
3C
l12

0

5

10

15

20

4_13

4_13



Casà M V  PhD Thesis 

 88 

 2596 
Figure S5 Congener group profile relative abundance in sample 7, 8 and 9 (sample code in the graph 5.11 – 1.15 – 6.11 2597 
respectively). Y axis reports the congener group abundance, expressed as CmCln. 2598 
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Table S1 Calculated chlorine content of the standard mixtures and samples. The table includes Sample 10 (and its 2603 
replicate) which has been used for method validation only. 2604 

Standard mixtures and samples Calculated chlorine content (%) 

Mixture SCCPs 51.5% Cl 56% 
Mixture SCCPs 55.5 Cl 58% 
Mixture SCCPs 63% Cl 63% 
Sample 8 58% 
Sample 6 60% 
Sample 2 61% 
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NesW_2 58% 
Sample 5 61.5% 
Sample 9 63% 
Sample 3 61% 
Sample 1 59% 
NesW_3 58% 
Sample 7 57% 
Sample 4 58% 
R-Sample 10 58% 
Sample 10 59% 

 2605 
 2606 
Table S2 Method validation and measurement of Method Detection Limit (MDL) and Method Quantification Limit 2607 
(MQL). Sample used for validation method is Sample 10 and its replicate (R-Sample 10). 2608 
SCCP Method Validation  

RSE calibration model 0.1 

MDL*  15.5 

MQL** 15.8 

NESS 1 repeatability instrument CV (%) 4% 

ion supression test *** no ion supression 

Recovery replicate 1  

recovery replicate 2   

***Ion supression test  

 2609 
 2610 
 2611 
Table S3 Levels of SCCPs in each sample and MDL (ng) shown as absolute mass (ng). 2612 
Sample 1 2 3 4 5 6 7 8 9 

SCCP absolute mass (ng) 18,25 24,41 40,14 43 22,09 15,62 12,01 12,86 69,68 

MDL absolute mass (ng) 15,51 

 2613 
 2614 
 2615 

 2616 
 2617 
 2618 

 2619 
 2620 
 2621 

 2622 

 2623 

 2624 

 2625 

 2626 

 2627 

 2628 
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Chapter 3 Synthetic and natural brominated products in southern 2629 

hemisphere humpback whales 2630 

 2631 

Table S1 Lipid percentage (%), sex, sample code, concentration (pg/g lw) of each compound analysed in free-swimming 2632 
specimens migrating north in 2014. *n.a. means <LOD and >10% recovery. 2633 

Northward free-swimming 2014 
Lipid% 42.79 51.80 55.29 61.59 17.80 53.85 48.12 21.75 

Sex M M M M M M M M 
Sample Code 3N14 17N14 18N14 19N14 22N14 26N14 35N14 39N14 

TBA 64.69 69.56 35.25 44.40 193.02 45.10 34.80 142.99 
BDE-17 1.87 <LOD 1.48 <LOD <LOD 3.78 <LOD 16.64 
BDE-28 7.88 4.80 6.49 5.52 24.99 5.99 <LOD 40.66 
BDE-47 145.29 90.22 71.97 80.54 549.68 48.85 111.39 230.83 
BDE-49 39.66 25.83 31.49 32.02 115.37 24.56 43.78 96.77 
BDE-66 <LOD <LOD 0.00 0.00 95.79 <LOD <LOD 0.00 
BDE-71 <LOD <LOD <LOD <LOD <LOD 6.70 <LOD <LOD 
BDE-77 <LOD <LOD <LOD 3.30 5.22 <LOD <LOD <LOD 
BDE-85 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-99 74.87 24.39 18.57 19.26 140.60 20.57 37.60 83.21 

BDE-100 21.20 13.42 7.90 7.45 59.10 11.19 21.84 43.37 
BDE-119 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-126 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-153 <LOD <LOD 17.23 <LOD <LOD <LOD <LOD <LOD 
BDE-154 <LOD <LOD <LOD <LOD <LOD <LOD 24.34 <LOD 
BDE-156 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-183 84.66 <LOD 12.59 <LOD 114.08 <LOD <LOD <LOD 
BDE-184 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-191 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-197 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-202 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-206 436.76 116.79 481.98 157.54 937.10 607.96 630.89 558.88 
BDE-207 330.52 97.35 320.22 99.73 936.24 432.70 307.73 677.23 
BDE-209 6243.64 2186.95 9209.64 2153.59 21328.37 10648.64 n.a. n.a. 

 2634 
Table S2 Lipid percentage (%), sex, sample code, concentration (pg/g lw) of each compound analysed in free-swimming 2635 
specimens migrating north in 2016. *39N16 was not analysed for TBA, BDE-17 and 28. 2636 

Northward free-swimming 2016 

Lipid% 39.47 57.72 55.21 64.12 71.54 68.51 71.42 49.22 

Sex M M M M M M M M 

Sample Code 10N16 14N16 16N16 29N16 35N16 39N16 * 50N16 56N16 

TBA 46.13 34.66 24.49 24.65 <LOD  21.82 42.09 

BDE-17 <LOD 5.22 1.42 <LOD 1.93  <LOD <LOD 

BDE-28 8.42 10.92 4.62 3.90 29.71  4.97 8.45 

BDE-47 76.99 89.98 63.38 54.41 312.95 88.25 34.68 74.39 

BDE-49 37.89 36.53 23.12 27.77 24.93 155.43 9.40 27.94 

BDE-66 143.41 <LOD <LOD <LOD <LOD 146.23 <LOD <LOD 

BDE-71 174.77 <LOD <LOD <LOD <LOD 165.77 <LOD <LOD 

BDE-77 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-85 <LOD <LOD <LOD <LOD 4.54 <LOD <LOD <LOD 

BDE-99 <LOD 38.18 29.01 4.70 74.95 <LOD 3.92 12.36 

BDE-100 <LOD 6.20 3.41 0.32 18.55 <LOD 4.45 5.35 
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BDE-119 <LOD <LOD <LOD 2.53 <LOD <LOD <LOD <LOD 

BDE-126 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-153 <LOD <LOD <LOD <LOD 25.46 <LOD <LOD <LOD 

BDE-154 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-156 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-183 <LOD 15.50 <LOD 7.65 94.44 <LOD 8.65 13.57 

BDE-184 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-191 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-197 <LOD <LOD <LOD <LOD 59.12 <LOD <LOD <LOD 

BDE-202 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BDE-206 <LOD <LOD 404.27 50.71 154.84 <LOD <LOD 90.08 

BDE-207 <LOD <LOD <LOD 40.69 89.95 <LOD <LOD <LOD 

BDE-209 <LOD 1.103.58 4.974.32 410.62 3.317.68 <LOD 0.00 485.09 

 2637 
Table S3. Lipid percentage (%), sex, sample code, concentration (pg/g lw) of each compound analysed in free-2638 
swimming specimens migrating north in 2008. 2639 

Northward free-swimming 2008 
Lipid% 42.10 62.12 47.42 

Sex F F F 
Sample code 17N08 20N08 22N08 

TBA <LOD 456.48 55.67 
BDE-28 5.37 6.55 <LOD 
BDE-47 237.01 163.87 124.64 
BDE-49 27.96 0.00 <LOD 
BDE-66 90.44 45.69 <LOD 
BDE-71 <LOD <LOD <LOD 
BDE-77 <LOD <LOD <LOD 
BDE-85 <LOD <LOD <LOD 
BDE-99 164.89 147.34 108.49 

BDE-100 46.49 32.75 39.34 
BDE-119 <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD 
BDE-153 51.46 177.32 <LOD 
BDE-154 20.54 <LOD <LOD 
BDE-183 128.12 1149.67 <LOD 
BDE-196 <LOD <LOD <LOD 
BDE-206 378.77 <LOD <LOD 
BDE-209 2,1029.35 <LOD <LOD 

 2640 
Table S4. Lipid percentage (%), sex, sample code, concentration (pg/g lw) of each compound analysed in free-2641 
swimming specimens migrating south in 2015. 2642 

Southward free-swimming 2015 
Lipid% 36.54 57.43 57.57 17.82 

Sex M M M M 
Sample code 3S15 5S15 6S15 21S15 

TBA 22.81 27.66 14.42 176.46 
BDE-17 <LOD 0.16 <LOD 9.02 
BDE-28 0.87 3.99 2.35 38.51 
BDE-47 71.50 25.44 37.07 662.34 
BDE-49 24.92 30.52 23.52 147.89 
BDE-66 <LOD 0.00 0.00 0.00 
BDE-71 <LOD <LOD <LOD <LOD 
BDE-77 <LOD <LOD <LOD <LOD 
BDE-85 <LOD <LOD <LOD <LOD 
BDE-99 6.98 0.00 2.34 170.08 
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BDE-100 2.44 1.21 4.10 67.30 
BDE-119 4.70 3.18 2.10 <LOD 
BDE-126 <LOD <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD <LOD 
BDE-153 5.90 <LOD 7.62 <LOD 
BDE-154 5.86 <LOD <LOD 81.02 
BDE-156 <LOD <LOD <LOD <LOD 
BDE-183 14.42 7.19 7.48 <LOD 
BDE-184 <LOD <LOD <LOD <LOD 
BDE-191 <LOD <LOD <LOD <LOD 
BDE-196 <LOD <LOD <LOD <LOD 
BDE-197 <LOD <LOD <LOD <LOD 
BDE-202 <LOD <LOD <LOD <LOD 
BDE-206 213.82 138.23 38.96 1.513.69 
BDE-207 87.05 86.12 27.18 1.131.19 
BDE-209 2.508.01 3.998.95 323.30 32.953.56 

 2643 
Table S5. Lipid percentage (%), sex, sample code, concentration (pg/g lw) of each compound analysed in free-swimming 2644 
specimens migrating south in 2013. 2645 

Southward free-swimming 2013 (part 1) 
Lipid% 61.37 45.59 55.53 44.20 56.52 64.59 53.39 56.55 42.62 29.27 49.06 

Sex M M M M M M M M M M M 
Sample code 2S13 3S13 5S13 6S13 8S13 11S13 13S13 14S13 17S13 18S13 22S13 

TBA 123.86 54.55 38.80 520.67 129.92 64.48 116.44 110.32 292.30 177.30 <LOD 
BDE-28 13.50 <LOD 6.53 39.34 0.18 0.00 0.00 0.00 <LOD 0.00 <LOD 
BDE-47 322.31 119.36 69.10 417.02 50.33 46.53 99.11 134.01 304.89 805.31 <LOD 
BDE-49 39.28 <LOD 31.64 59.31 66.20 <LOD 49.35 36.78 35.55 85.28 <LOD 
BDE-66 77.17 <LOD <LOD 52.20 6.33 35.12 49.69 111.02 230.00 197.33 <LOD 
BDE-71 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-77 <LOD <LOD 2.25 <LOD <LOD <LOD 9.23 2.19 <LOD <LOD <LOD 
BDE-85 <LOD <LOD <LOD <LOD <LOD 6.24 <LOD <LOD <LOD <LOD <LOD 
BDE-99 175.28 85.22 33.20 212.77 31.54 19.10 62.38 56.78 156.67 324.21 <LOD 

BDE-100 48.06 <LOD 11.65 45.51 <LOD 17.25 13.17 15.21 <LOD 86.17 <LOD 
BDE-119 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 7.70 <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-153 <LOD <LOD <LOD 27.23 <LOD <LOD <LOD 28.82 <LOD 54.54 <LOD 
BDE-154 <LOD <LOD <LOD <LOD <LOD 20.62 <LOD <LOD <LOD 77.49 <LOD 
BDE-183 <LOD <LOD <LOD <LOD <LOD <LOD <LOD n.a. <LOD n.a. <LOD 
BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-206 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 6945.63 <LOD 
BDE-209 <LOD <LOD n.a. <LOD n.a. n.a. n.a. n.a. n.a. n.a. <LOD 

 2646 
Southward free swimming 2013 (part 2) 

Lipid% 32.73 57.48 42.44 47.95 54.41 47.54 64.84 
Sex M M M M M M not determined 

Sample code 25S13 30S13 33S13 34S13 35S13 36S13 38S13 
TBA <LOD 144.46 323.13 123.22 178.37 233.67 <LOD 

BDE-28 <LOD 19.81 <LOD 1.24 <LOD <LOD 0.00 
BDE-47 353.81 233.02 255.33 188.52 147.43 347.38 108.34 
BDE-49 83.76 96.45 68.02 64.07 52.01 <LOD 42.63 
BDE-66 144.77 130.91 <LOD <LOD 77.00 61.60 79.22 
BDE-71 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-77 <LOD <LOD <LOD 5.12 <LOD <LOD <LOD 
BDE-85 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-99 274.71 124.84 142.36 88.03 124.27 309.05 174.85 

BDE-100 <LOD <LOD <LOD 27.21 30.79 57.61 40.85 
BDE-119 <LOD <LOD <LOD <LOD <LOD <LOD 39.30 
BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-153 <LOD <LOD <LOD <LOD <LOD <LOD 173.18 
BDE-154 <LOD <LOD <LOD 14.34 <LOD <LOD 58.31 
BDE-183 <LOD <LOD <LOD <LOD <LOD <LOD 375.27 
BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD 5920.10 
BDE-206 <LOD <LOD <LOD <LOD <LOD <LOD 14757.92 
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BDE-209 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
 2647 

Southward free-swimming 2013 
Lipid% 26.32 44.44 48.40 53.38 67.41 58.64 64.83 

Sex F F F F F F F 
Sample code 7S13 10S13 12S13 20S13 26S13 29S13 37S13 

TBA 323.13 125.86 155.68 272.90 51.15 332.29 <LOD 
BDE-28 1.57 <LOD 0.00 <LOD <LOD 47.23 0.00 
BDE-47 649.94 184.41 159.63 241.94 72.98 203.04 78.47 
BDE-49 37.89 45.74 43.62 57.32 26.59 57.91 18.07 
BDE-66 66.01 121.38 111.85 104.16 48.84 58.98 57.56 
BDE-71 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-77 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-85 40.73 <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-99 1118.66 132.88 98.22 145.43 36.41 47.26 59.53 

BDE-100 200.71 33.97 17.97 30.88 11.47 <LOD 15.80 
BDE-119 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-138 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-153 130.79 <LOD 49.75 <LOD <LOD <LOD <LOD 
BDE-154 80.29 <LOD 18.42 <LOD <LOD <LOD <LOD 
BDE-183 124.78 <LOD 78.77 <LOD 102.14 <LOD <LOD 
BDE-196 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-206 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
BDE-209 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

 2648 
 2649 
  2650 
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