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Abstract

Per- and polyfluoroalkyl substances (PFASs) are environmentally persistent and
bioaccumulative chemicals, which reach high levels in apex predators like birds of prey.
Immunomodulation is among the most concerning toxic effects linked with PFAS exposure in
traditional animal models, and additional studies are needed to determine if and how these apply
to birds. Innate immune system signalling pathways provide crucial responses against infection
that initiate the clearance of pathogens, and these could be impaired by pollutant exposure. This
study aimed to investigate the levels and sources of variation of PFASs in plasma (n=38) and
feathers (n=39) from northern goshawk (Accipiter gentilis) nestlings, and evaluate specific
immune effects linked with one of the most prominent PFAS using an in vitro avian model. The
in vitro experiment was performed using chicken embryo fibroblasts exposed to
perfluorooctane sulfonate (PFOS), and infected with gallid herpesvirus-2 (GaHV-2) or the
RNA virus analogue poly(l:C). We investigated the expression of microRNA-155, two pro-
inflammatory cytokines (IL-8 and TNF-a), the transcription factor NF-xB, and the anti-

inflammatory cytokine IL-4 at four consecutive time points following viral stimulation.

Goshawk nestlings were found to be exposed to a wide range of PFASSs, although at relatively
low levels, and comparable to those found in previous studies on birds of prey. PFAS profiles
differed between the studied regions, with perfluoroalkyl sulfonates (PFSAs) dominating
plasma profiles in Troms and Trgndelag (Norway), and perfluoroalkyl carboxylates (PFCAS)
being the dominant class in Spanish birds: linear PFOS was at highest levels in Norway (mean:
6.37 =~ 5.96 > 2.13 ng/mL), while perfluononanoic acid (PFNA) was the most abundant in
Spanish nestlings (2.77 > 1.05 =~ 0.75 ng/mL). In addition to the likely underlying contribution
of local PFSA and PFCA contamination sources, the diet contributed to explain PFAS variation
across goshawk nestlings, as individual burdens significantly increased with trophic level.
Additionally, this study showed that PFOS exposure could mediate a downregulation of
constitutive immune gene expression in bird cells from 36h post-exposure. Overall, these
findings indicate that PFOS might deregulate innate signalling pathways and cytokine release
in birds, but results should be interpreted with care because the experimental dose of PFOS (22
ppm) is generally not relevant for bird exposure, and the effect of PFOS on virus activated
pathways could not be demonstrated here. Further research on the impact of pollutants on host-
virus interactions is recommended, as they have been overlooked and might contribute to
understand disease outcomes and outbreaks in birds of prey, together with other factors like

host genetics or the evolving nature of infectious agents.



Resumen

Los compuestos perfluorados (PFASs) son contaminantes persistentes en el medio ambiente y
acumulables en los organismos, que pueden alcanzar niveles elevados en depredadores como
las aves rapaces. Las alteraciones del sistema inmune estan entre los efectos adversos asociados
con la exposicion a estas sustancias, aunque las respuestas en aves permanecen mucho menos
estudiadas que en modelos animales tradicionales. Las vias de sefializacion del sistema inmune
innato movilizan y facilitan las respuestas efectoras ante las infecciones, y una posible
modulacion de las mismas podria comprometer la inmunidad del huésped. El objetivo del
presente trabajo fue evaluar los niveles de PFASs en plasma (n=38) y plumas (n=39) de pollos
de Azor comun (Accipiter gentilis) e investigar efectos especificos sobre la respuesta inmune
de uno de los compuestos perfluorados mas prominentes mediante cultivos celulares. Para el
experimento in vitro se utilizaron fibroblastos de embridn de pollo expuestos a sulfonato de
perfluorooctano (PFOS), y estimulados con gallid herpesvirus-2 (GaHV-2) o el analogo viral
poly(l:C). Se estudi la expresion de microRNA-155, citoquinas proinflamatorias (IL-8 y TNF-

) y la citoquina antiinflamatoria IL-4 en diferentes momentos después de la infeccion.

Los resultados indican que los azores estan ampliamente expuestos a PFASs, aungue a niveles
relativamente bajos y comparables con los encontrados en estudios previos con rapaces. En
cuanto a las diferencias entre las regiones estudiadas, los &cidos sulfonicos (PFSAS)
predominan en aves noruegas de Troms y Trendelag, y los &cidos carboxilicos (PFCAS) son
preponderantes en azores de Murcia: linPFOS muestra niveles mas elevados en las poblaciones
noruegas (media: 6.37 =5.96>2.13 ng/mL en plasma), mientras que el acido perfluorononanoico
(PFNA) abunda mas en aves murcianas (2.77>1.05=0.75 ng/mL). Ademas de las posibles
diferencias regionales en la contaminacion por PFSAs and PFCAs, diferencias en la dieta
ayudan a predecir los niveles de PFASs en plasma, ya que estos aumentaron significativamente
con la posicion tréfica (biomagnificacion). Los resultados del experimento sefialan que PFOS
disminuyd la expresion constitutiva de los genes estudiados a partir de 36 horas. Esto sugiere
gue la exposicion a PFOS en aves podria afectar vias de sefializacion del sistema innato y
comprometer la secrecion de citoquinas importantes. No obstante, estos hallazgos deben
interpretarse con cautela porque la dosis utilizada (22 ppm) es poco relevante ambientalmente,
y los efectos no pudieron ser corroborados a nivel de respuesta antiviral. Se necesita mas
investigacion en este sentido para dilucidar las interacciones entre contaminantes ambientales
y virus. Estas han sido generalmente pasadas por alto, y podrian ayudar a entender los impactos,

prevalencia y brotes de agentes infecciosos en poblaciones de rapaces y otros organismos.
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1. Introduction
1.1. Per- and polyfluoroalkyl substances (PFASS)
Per- and polyfluoroalkyl substances (PFASs) are highly fluorinated aliphatic compounds that

represent a large class of man-made chemicals. They have at least one C atom on which all the
H substituents have been replaced by F atoms (Buck et al., 2011). PFASs contain chemically
and thermally stable C-F bonds, and exhibit both water and oil repellence (amphiphilicity).
These unique properties have prompted their use in a wide variety of industrial and commercial
applications since the 1950s, including surfactants, paints, water and stain repellent coatings in
textiles and cookware, fire-fighting foams or ski waxes (Kissa, 2001; Lau et al., 2007). The past
and ongoing production and use of PFASs has resulted in their widespread distribution in the
environment, wildlife and humans (Wang et al., 2017). The perfluoroalkyl moiety is very
persistent under natural conditions and biota may only degrade PFASs into highly stable
metabolites, such as perfluoroalkyl carboxylates (PFCAs) and perfluoroalkyl sulfonates
(PFSAS). These constitute two of the most important classes and are collectively referred to as
perfluoroalkyl acids (PFAAS) (Blum et al., 2015; Buck et al., 2011).

PFAAs were initially considered as biologically inactive and nontoxic (Lau et al., 2007).
However, the environmental persistence, bioaccumulation potential and toxicity of certain
compounds has driven recent regulations. For example, perfluorooctane sulfonate (PFOS) was
added to the list of persistent organic pollutants (POPs) in Annex B under the Stockholm
Convention, and its use, production, import and export have been restricted (UNEP, 2009).
There have also been voluntary initiatives to phase-out the manufacture of certain PFASs, such
as perfluorooctanoic acid (PFOA), PFOS and related compounds by the company 3M in 2002
(3M, 2000). In Europe and North America, recent regulations on PFOS, PFOA and long-chain
PFCAs have motivated a shift towards shorter-chain alternatives, which are claimed to be less
bioaccumulative (Scheringer et al.,, 2014). However, these alternatives are still as
environmentally persistent as long-chain substances, and larger production quantities are
expected, in order to compensate for their lower efficiencies. More studies are therefore needed
to evaluate the potential environmental impact associated with shorter-chain replacements
(Blum et al., 2015; Eriksson et al., 2016). In addition, production and industrial use of legacy
compounds in emerging Asian economies continues and represents a major source of global
pollution (Wang et al., 2014). PFASs are primarily produced through two major manufacturing
processes: electrochemical fluorination (ECF) and telomerisation of tetrafluoroethylene (TFE)

units. ECF yields a complex mixture of linear and branched isomers, while telomerisation

1



results in linear alkyl chains (Alsmeyer et al., 1994). Isomeric profiles of the compounds in the
environment can be used to gain insight into emission sources and environmental fate of PFASs
as they may relate to the manufacturing process. Nonetheless, patterns in biota can be
transformed relative to the emission source, due to e.g. preferential elimination of branched
isomers through the food chain (Buck et al., 2011; Butt et al., 2010; Riddell et al., 2009).

PFASs have been globally detected in various abiotic compartments, such as surface waters,
snow, sediments, soils and wastewater (Butt et al., 2010; Zareitalabad et al., 2013). Due to their
persistence and water solubility, PFAAs may undergo long-range transport through water
currents and aerosols. Transport by the water phase constitutes the major pathway for PFCAs
into the Arctic. In addition, atmospheric transport and deposition of volatile precursors, such as
fluorotelomer alcohols (FTOHS), are indirect alternative sources of PFAAS into remote regions
(Prevedouros et al., 2006). 8:2 FTOH is a well-studied example of a precursor that degrades
into PFCASs upon atmospheric reactions and contributes to the their global spread (Ellis et al.,
2004). The relative importance of atmospheric transport is supported by the prevalence of
PFASs in Arctic lakes, which are primarily influenced by atmospheric deposition (Butt et al.,
2010). Interannual changes in atmospheric transport (North Atlantic Oscillation, NAO) seem
to affect the input of PFASs to local ecosystems (Bustnes et al., 2015). Correlations between
the concentrations of PFOS and polychlorinated biphenyls (PCBs) in polar bears may indicate
similar long-range transport pathways and source regions for these pollutants (Smithwick et al.,
2005). At the local scale, highly populated and industrial areas have been recognized as hotspots
of PFAS contamination (Ahrens et al., 2010; D’Hollander et al., 2014).

In organisms, uptake of PFASs occurs mostly through the diet, but respiratory and dermal routes
can play a role as well (Stahl et al., 2011). PFASs have a high affinity for proteins and
accordingly increase binding in protein rich tissues, such as liver or blood serum. This contrasts
with lipophilic pollutants, which predominantly accumulate in fatty tissues (Jones et al., 2003).
Pharmacokinetic properties are particularly well studied for PFOS and PFOA. Upon absorption,
these primarily bind to serum albumin, as well as B-lipoproteins and fatty acid binding proteins
in the liver (Stahl et al., 2011). Metabolism and excretion of PFASs in biota is low, and the
elimination rate generally decreases with increasing chain length, with certain variation in
elimination patterns across sex and species (Jones et al., 2003; Lau et al., 2007). These processes
result in bioaccumulation and widespread occurrence of some PFASs in biota, across terrestrial
and marine ecosystems, and through different trophic levels (Butt et al., 2010; D’Hollander et
al., 2014; Kannan et al., 2002). Top predators tend to have higher levels of some PFASs (Butt
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et al., 2010; Houde et al., 2006), but biomagnification mechanisms are still unclear (Conder et
al., 2008; Tomy et al., 2004) and limited data is available for terrestrial birds of prey (Jaspers
et al., 2013; Meyer et al., 2009). It seems that PFOS and some long-chain PFCAs have a higher
tendency to bioaccumulate and biomagnify. The assessment of biomagnification in PFASSs is
complicated by the lack of protein-normalized biomagnification factors and species-specific
metabolic capabilities (Butt et al., 2010). PFAS biomagnification processes have mostly been
investigated in marine food webs (Butt et al., 2010), and terrestrial ecosystems remain
understudied (D’Hollander et al., 2014; Miiller et al., 2011). The ability of PFASs to accumulate
in upper trophic levels is of particular concern because of their potential adverse effects in top
predators. These comprise genotoxicity and carcinogenesis, reproductive and developmental
toxicity, neurotoxicity, endocrine disruption and immunotoxicity (Lau et al., 2007; Stahl et al.,
2011). The activation of peroxisome proliferator-activated receptor o (PPARa) has been
suggested as a major mechanism for PFAS toxicity, but this mode of action does not seem to
account for all toxicities of all compounds (Wang et al., 2017). The most commonly occurring
PFAS in biota is PFOS, followed by long-chain PFCAs such as perfluorononanoic acid (PFNA)
or perfluoroundecanoic acid (PFUnDA), and perfluorooctane sulfonamide (PFOSA). The
detection of PFOA is less frequent in wildlife, despite its high frequency of detection in air and
ocean waters (Butt et al., 2010; Yamashita et al., 2005).

1.2. Biomonitoring of contaminants using raptors

The utility of top predators as powerful sentinels for monitoring environmental contamination
has been recognized for over 50 years (Garcia-Fernandez et al., 2008; Gomez-Ramirez et al.,
2014). Biomonitoring using wildlife ultimately provides a warning system of potential harmful
effects on humans and the environment (Pain et al., 2010). Among the features that make raptors
appropriate sentinels for biomonitoring are their apex position in food webs, relatively long
lifespan, extended home range, and relative ease of monitoring, capture and sampling (Furness,
1993). Nonetheless, the protected conservation status of most birds of prey highlight the
importance of using non-destructive sampling techniques in biomonitoring, such as blood,
feather and preen oil sampling, or collection of failed eggs, regurgitated pellets, excrements and
carcasses (Espin et al., 2016).

Blood is one of the most suitable matrices to monitor recent pollutant exposure (Espin et al.,
2016). It provides a snapshot for internal contamination and the possibility to study several
associated effect biomarkers (Sonne et al., 2012; Sonne et al., 2010). The blood concentrations

of contaminants can be converted into liver-based equivalents by using plasma-to-liver
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conversion factors. This allows for comparison across studies when the sampled matrices are
different (Smithwick et al., 2005). On the other hand, feathers are widely collected samples
across Europe for biomonitoring purposes (Espin et al., 2016). They constitute interesting
emerging matrices for pollutant monitoring as they are non-destructive, easy to transport and
store, and they can be collected from live and dead individuals (Burger, 1993). Plucking of
recently grown nestling feathers provides insight into recent exposure as well, but feathers
integrate a longer period of time than plasma. This relates to the fact that feathers remain
connected to the bloodstream upon growth and act as a sink for certain pollutants (Burger, 1993;
Eulaers et al., 2011b). The contribution of external contamination in nestling feathers is
minimized due to their shorter exposure time to air-borne pollutants (Eulaers et al., 2011b). The
use of feathers has been evaluated and validated for monitoring various environmental
pollutants, particularly for metals at the beginning, but also for organohalogen contaminants
(OHCs) more recently (Bustnes et al., 2013a; Dauwe et al., 2003; Eulaers et al., 2013).
Significant correlations between feather and internal concentrations of PFASs have been
reported by some studies (Eulaers et al., 2011b; Jaspers et al., 2013; Jaspers et al., 2011; Meyer
et al., 2009). A recent study on white-tailed eagle nestlings suggests that feathers can be used
as a tool to monitor PFASs exposure, as they reflect the concentrations of certain compounds
in blood plasma (Goémez-Ramirez et al., 2017). However, the suitability of feathers as a
biomonitoring matrix for PFASs is still under investigation, and more research is needed to

confirm its reliability.

1.3. Immunomodulatory effects of PFASs

Immunotoxicity is one of the well-known effects associated with PFAS exposure (Lau et al.,
2007). Environmental pollutants can increase the susceptibility of organisms to infections by
modulating the immune function (Heilmann, 2012). The association between organochlorines
and immunosuppression has been widely reported in wildlife (Presley et al., 2010) and
immunotoxicity is one of the major toxicological findings associated with PFASs as well
(DeWitt et al., 2012). Early reports on PFOS and PFOA immunotoxicity demonstrated that oral
exposure caused atrophy of lymphoid organs in rodents, as well as reduction in immune cell
numbers and antibody production (Peden-Adams et al., 2008; Yang et al., 2002). Interference
with various innate and adaptive responses has later been reported, such as impairment of
cytokine signalling, the inflammatory response and lymphocyte proliferation (DeWitt et al.,
2012). Laboratory studies have suggested that immunomodulation by PFASs occurs at serum
concentrations comparable to those reported in highly exposed humans and wildlife (DeWitt et



al., 2012; Peden-Adams et al., 2008). Environmentally relevant doses of PFOS (145-1607
ng/mL in serum) deregulated both the serum lysozyme activity (innate immunity) and the T-
cell dependent antibody response (TDAR) (adaptive immunity) in white leghorn chicken
(Gallus gallus) (Peden-Adams et al., 2009). Research into the mode of action of PFOS-induced
immunosuppression has demonstrated that signalling responses to infection within host cells,
such as the nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-kB) response,
can be negatively regulated by peroxisome proliferator-activated receptor (PPARa) agonists
like PFOS (Cunard et al., 2002). This may lead to the suppression of cytokines like interleukin
(IL)-6 in stimulated B-lymphocytes exposed to PFOS (Peden-Adams et al., 2008). To the
knowledge of the author, and in addition to Peden-Adams et al. (2009), only two studies have
addressed the effects of PFASs on bird immunity. Smits and Nain (2013) found a
downregulation of the TDAR to Escherichia coli in experimental Japanese quails (Coturnix
japonica), whereas Sletten et al. (2016) did not find any relationship between PFASs and
immunoglobulins in a field study on white-tailed eagle nestlings. The immune effects of PFOS
in non-mammalian models is therefore rather understudied, and further investigation has been

suggested to understand potential immune effects of PFOS in birds.

1.4.The innate immune system of birds

The immune system constitutes a defence system that protects organisms against diseases.
These are often caused by pathogens encountered in the environment, and hosts must be able
to recognize the invading agents and trigger an efficient physiological response to neutralize
them (Davision, 2008). The avian immune system is structurally and functionally similar to the
mammalian, but it has some peculiarities (Davision, 2008). For example, the bursa of Fabricius,
whose mammalian equivalent is the bone marrow, is a primary lymphoid organ responsible for
antibody production in birds. The spleen is a secondary lymphoid organ that plays an important
role in avian lymphopoiesis, but it is not a reservoir of erythrocytes like in mammals. Another
difference is that birds do not have true lymph nodes, relying on the spleen and diffuse lymphoid
tissues for antigen capture and recognition (Olah and Vervelde, 2008). The spleen of birds
provides a suitable environment for non-lymphoid and lymphoid cell interaction and mediates
the rearrangement of B cell progenitors before they colonize the bursa of Fabricius, where they
undergo further differentiation (Olah and Vervelde, 2008). Taken together, the set of protective
mechanisms within the avian immune system can be divided into innate and adaptive immunity
(Davision, 2008) .



The innate immune system represents the first line of host defence against invading pathogens.
It comprises a series of constitutive barriers, such as epithelial surfaces, and rapid biochemical
(e.g. complement system) and cellular responses to pathogens. Among the innate cell subsets,
natural killer (NK) and dendritic cells (DCs) have remarkable importance, as they target and
kill virus-infected cells, or engulf pathogens and facilitate the activation of the adaptive
immunity, respectively (Demas and Nelson, 2012; Juul-Madsen et al., 2008). The early
activation of innate mechanisms relies on pattern recognition receptors (PRRs) that are encoded
in the germline DNA, including Toll-like receptors (TLRs), intracellular nucleotide
oligomerization domain-like receptors (NLRs) and retinoic acid-inducible gene I-like receptors
(RLRs) (Takeuchi and Akira, 2009). PRRs interact with conserved pathogen associated
molecular patterns (PAMPs) or damage associated molecular patterns (DAMPS) and initiate
downstream antimicrobial cascades (Juul-Madsen et al., 2008). DAMPSs are proteins released
upon cell damage during necrotic events, whereas PAMPs typically comprise cell wall
components such as bacterial lipopolysaccharides (LPS), or bacterial and viral nucleic acids
such as dsRNA (Newton and Dixit, 2012). There are a variety of PRRs with affinities for
specific ligands. For example, while viral dsSRNA activates the intracellular TLR3, bacterial
LPS is recognized by cell surface TLR4 (Akira and Sato, 2003), and RLRs can recognize viral
RNA from dsRNA and ssRNA viruses in the host cell cytoplasm (Takeuchi and Akira, 2010)
and mediate an inflammatory response in fibroblasts (Kato et al., 2005). The interaction
between DAMPs and PAMPs with PRRs generally triggers the activation of inflammatory
responses and expression of signalling molecules, such as cytokines (Juul-Madsen et al., 2008),
which are essential for the activation, differentiation and regulation of the host immune system
(Haq et al., 2013). For example, pro-inflammatory cytokines enhance the maturation of antigen-
presenting cells (APCs), which mediate the transition between innate and adaptive immune

responses by activating antigen specific T cells in lymphoid organs (Juul-Madsen et al., 2008).

1.5. Disease association with PFASs

The important role that the immune system plays on the defence of organisms against pathogens
underlines the importance of keeping it in a healthy status. Because immunomodulation may
occur at PFAS concentrations similar to those in highly exposed biota, it is possible that
concomitant changes in immune function and disease resistance occur as a consequence of
PFAS exposure in birds (DeWitt et al., 2012). It has been suggested that immunotoxicants may
increase the prevalence of diseases and compromise the health of wild populations (Heilmann,
2012). Epidemiological studies have connections between exposure to environmental pollutants



and disease emergence (Desforges et al.,, 2016). For example, glaucous gulls (Larus
hyperboreus) that were highly exposed to Hg and Se had increased parasite burdens (Sagerup
et al., 2009) and the susceptibility of marine mammals to viruses increased in relation to dietary
OHC intake. This may contribute to explain mass mortality events during the 1980s, which
affected seals from contaminated sites in the Baltic Sea (de Swart et al., 1994; Hall et al., 1992).
Studies are more limited for PFASs, but Guruge et al. (2009) demonstrated an increased
mortality of mice in response to influenza A infection, which could associate with a PFOS-
mediated shift towards activation of helper T cells type 2 (Th2) (Zheng et al., 2011). Kannan et
al. (2006) found a link between sea otters that died from infectious diseases and concentrations
of PFOS and PFOA in their livers. In humans, an association between pre-natal PFOS and
perfluorohexane sulfonate (PFHXS) exposure and increased prevalence of common infectious
diseases (e.g. otitis media) has been found (Goudarzi et al., 2017). The margin of exposure
(MOE) for PFOS in humans is below 100, especially in occupationally exposed, which is
suggestive of potential immunomodulatory risks as well (Fair et al., 2011; Faustman and
Omenn, 2001).

Establishing a direct link between exposure and disease prevalence in a population, nonetheless,
remains difficult because of the inherent limitations of epidemiological studies (Luster, 2014).
In addition to contaminants, other environmental factors (e.g. stress, temperature, nutrition)
may contribute to modulate the avian immune system and the overall immunocompetence of
wild birds. For example, immune cells possess receptors of endocrine-signalling molecules,
such as stress, metabolic and sex hormones. It has been observed that exposure to acute stressful
events increases corticosterone levels and enhances the trafficking of leukocytes, while chronic
stress promotes a transition to an immunosuppressed state (Koutsos and Klasing, 2008).
Therefore, indirect effects of pollutants on immunity through a disruption of the hormonal status
could occur as well (Kaminski et al., 2008).

1.6.Herpesviruses: Gallid herpesvirus-2 (GaHV-2) and Marek’s disease

Herpesviruses (Herpesviridae) are among the highly successful infectious agents that can affect
birds and other animals, including humans. Their virions are made up of a core containing
nucleic acids, namely dsDNA, within a proteinaceous capsid (Mettenleiter et al., 2008). The
capsid is surrounded by a lipidic envelope in which viral glycoproteins are embedded
(Mettenleiter et al., 2008). These can interact with host cell surface receptors to initiate the
fusion of the viral envelope with the cell membrane and mediate the entry of the virus into a

host cell (Spear and Longnecker, 2003). This is crucial because, like any other virus,

7



herpesviruses are parasites that require a host to reproduce themselves. Inside the cell, the viral
genome is released into the nucleus through nuclear pores, where it undergoes transcription to
generate mMRNA and guarantee viral reproduction (Ojala et al., 2000). The viral dsSDNA remains
near a crucial nuclear domain (ND10) and disrupts its defensive activity (Maul, 1998). This
leads to the replication and transcription of viral DNA within the nucleus via the lytic cycle
(Flemington, 2001). In addition to lytic replication, herpesviruses may cause latent infections
where the virus is integrated into the host genome and persists in host cells indefinitely
(McPherson and Delany, 2016). Herpesviruses in such latent state can become reactivated by
switching into the lytic cycle to produce new virions (Schelcher et al., 2005). In fact, one of the
typical features linked with herpesviruses is the recurring or reactivating nature of their

infections (Spear and Longnecker, 2003).

These pathogens can cause mild and asymptomatic diseases or more serious outcomes, which
are sometimes life-threatening (Mettenleiter et al., 2008; Spear and Longnecker, 2003). Among
these, gallid herpesvirus-2 (GaHV-2), also referred to as Marek’s disease virus (MDV), is of
particular importance in domestic fowl. GaHV-2 is an oncogenic o-herpesvirus
(Alphaherpesvirinae) that causes Marek’s disease, which is a contagious lymphoproliferative
disease characterized by induction of T-cell lymphomas (Osterrieder et al., 2006). Birds are
primarily exposed to GaHV-2 through inhalation of air-borne viral particles. The virus may
then infect APCs, such as macrophages, DCs and B cells, either directly or through intermediate
cells from the lung epithelium (Baaten et al., 2009). This can trigger the infiltration of
macrophages into the infected tissue and upregulation of TLRs and cytokines like I1L-8 (Abdul-
Careem et al., 2009). Following transportation from the lung tissue to internal organs, the cell-
associated virus continues its cytolytic infection in the spleen (lymphocytes), bursa of Fabricius
(bursal cells) and thymus (thymocytes) (Osterrieder et al., 2006). B cells are primary target cells
during the first phase of a natural in vivo infection with GaHV-2 (Baigent et al., 1998). The
second phase is less productive in terms of viral replication and a latent infection is established
in CD4" T cells. Reactivation of a subset of latently infected cells leads to increased viral
replication in feather follicles and potential horizontal transmission of the virus to other birds
(Davison and Nair, 2004). Ultimately, malignant transformation of latently infected cells can
occur via modulation of the expression of viral and cellular genes (Gennart et al., 2015;
Jarosinski et al., 2006). This gives rise to the onset of GaHV-2 lymphomas in visceral tissues

and paralysis after three weeks (Davison and Nair, 2004).



Marek’s disease (MD) has had a major and widespread impact on the poultry industry since the
1950s. Although research has contributed to better understand the causative herpesvirus and its
disease mechanisms, as well as to provide diagnosis and vaccines, MD remains a risk to poultry
health worldwide owing to the emergence of virulent strains (Biggs and Nair, 2012). In
addition, GaHV-2 is well known as a model organism in pathogenesis and immune control of
virus-induced tumorigenesis in avian hosts (Osterrieder et al., 2006). Even though infection
with GaHV-2 is not concerning for birds of prey, other herpesviruses are relatively common in

raptors and may impact wild populations (Kaleta, 1990).

Falcon herpesvirus 1 (FHV-1) is the causative agent of inclusion body disease and it is generally
regarded as fatal in falcons (Remple, 2000), but latent infections for FHV-1 may occur as well
(Zsivanovits et al., 2004). This virus is also referred to as Columbid herpesvirus 1 (CoHV-1) in
literature due to its closely related pigeon counterpart (Gailbreath and Oaks, 2008). Similarly,
FHV-1 is antigenically related to other -herpesviruses isolated from eagles (Accipitrid HV 1,
AHV-1) and owls (Strigid HV 1, SHV-1) (Kaleta, 1990). Fatal cases of herpesviral infection
leading to body inclusion disease have been reported in various species of raptors (Graham et
al.,, 1975; Mare and Graham, 1973; Phalen et al., 2011; Pinkerton et al.,, 2008). The
seroprevalence of these B-herpesviruses ranged from 2.4% to 35.5% in wild raptors from
Germany (Zsivanovits et al., 2004). A common feature among herpesviruses is that they have
evolved various mechanisms to evade the host immunity and complicate the recognition of
virally infected targets. For example, during latency, a very limited subset of viral genes is
expressed, minimizing the antigenic immune response by the host to foreign antigens (David-
Poynter and Farrell, 1996). Some herpesviruses directly disrupt the host immunity by targeting
APCs. In addition certain viral proteins, such as the virion host shutoff (vhs) protein, can supress
protein synthesis in infected cells via degradation of host mMRNA (Taddeo and Roizman, 2006).
It has more recently been discovered that viral microRNAs (miRNAS) provide an alternative
evasion strategy in herpesviruses, whereas host miRNAs are implicated in the regulation of the

immune response and they can enhance inflammatory signalling upon infection (Cullen, 2013).

1.7.The role miRNAs in innate immunity and disease

miRNAs are non-coding and endogenous RNA molecules that modulate gene expression at the
post-transcriptional level. Their length is about 22 nucleotides and they generally lie within
introns in the genome of multicellular organisms as well as in viruses (Bartel, 2004; Cullen,
2013). By targeting mRNA for cleavage or translational repression, they regulate multiple

biological processes, including growth, development and differentiation (Bartel, 2004; Samir
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et al., 2016). The first miRNA was discovered in the nematode Caenorhabditis elegans, where
a non-protein coding transcript was found to be processed into small functional RNAs
(miRNAS), which repressed the production of the transcription factor lin-14 (Moss et al., 1997).
It has been established that miRNAs can modulate immune signalling pathways through
binding of mature miRNAs to the catalytic site of the RNA-induced silencing complex (RISC)
(Chendrimada et al., 2005; Mehta and Baltimore, 2016). The role of the RISC-associated
miRNA is to antisense a complementary sequence of messenger RNA (mRNA), inducing its
cleavage or translational repression (Bartel, 2004). The ‘seed region’ of the miRNA (from the
5’ end, positions 2 to 8) is crucial for the recognition of the mRNA target, regardless of the
remainder sequence of the miRNA (Cullen, 2013)

It has recently been demonstrated that miRNAs can play a favourable role for the hosts during
the early innate immune response (Lindsay, 2008). The upregulation of certain miRNAs upon
infection seems beneficial for the host, as they provide tight regulation of the innate viral
detection system. For example, miRNAs expressed by host cells can directly bind to viral
MRNA and inhibit viral replication. It seems that infected cells generally retain the capacity to
express and use their miRNAs to regulate immune processes, such cytokine production and
activation of the cellular response to infection (Lindsay, 2008; Thai et al., 2007). Accordingly,
one particular miRNA (miR-155) has received considerable attention owing to its role in the
innate host response against viruses (O'Connell et al., 2007). The synthesis of miR-155 by host
cells implies the processing of a non-coding RNA transcript from a region known as the B-cell
integration cluster (BIC) located on chromosome 21. The homology of the BIC sequence among
human, mouse and chicken, together with its high expression in lymphoid organs, suggest an
evolutionary conserved function (Lagos-Quintana et al., 2002). The mature miR-155 can target
cellular mRNAs by binding to 3> mRNA untranslated regions (UTRs) and either degrade the
mRNA or inhibit its translation (Valencia-Sanchez et al., 2006). During viral infections, miR-
155 is known to repress viral replication and influence the disease outcomes (Gottwein and
Cullen, 2008; Wang et al., 2010). miR-155 expression has also been found to diminish HIV-1
infection by targeting viral factors (Swaminathan et al., 2012), or to limit the replication of
Japanese encephalitis virus (JEV) in human microglial cells through modulation of the JEV-
mediated innate immune responses (Pareek et al., 2014). The adaptive branch of immunity
seems to require miR-155 too, as demonstrated by decreased antibody production in miR-155-
deficient mice (Calame, 2007).
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The cellular recognition of viruses and early activation of such innate antiviral pathways,
including the upregulation of miRNA-155, would be important for the antiviral defence of the
host. miR-155 expression was found to be up-regulated via the RIG-1/JNK/NF-kB-dependent
pathway in macrophages infected with a RNA virus (Wang et al., 2010). Cells from the innate
immune system, such as macrophages, DCs and fibroblasts, recognize pathogens through PRRs
and promote the activation of transcription factors such as NF-xB. It was established in
macrophages that TLR3 ligands like polyinosinic-polycytidylic acid (poly(l:C)) induce the
activation of the NF-«B signalling pathway using the MyD88-independent pathway (Akira and
Sato, 2003). This therefore enhances the expression of miR-155, which positively feeds back
to the NF-«B response by inhibiting two regulatory proteins, the SH2 domain-containing
inositol 5’-phosphatase 1 (SHIP1) and the suppressor of cytokine signalling 1 (SOCS1) (Mehta
and Baltimore, 2016; O'Connell et al., 2007). This signalling pathway ultimately drives the
production of cytokines, including IL-8, interferon (IFN)-o and tumor necrosis factor (TNF)-a,
as well as other mediators of the inflammatory response via the type | IFN-mediated antiviral
innate immunity, which stimulates and initiates the clearance of pathogens (Juul-Madsen et al.,
2008; Kracht and Saklatvala, 2002; Wang et al., 2010). Type I IFNs have been regarded as an
early antiviral defence as most cytokines are triggered later than IFN-B (Smith et al., 2005). In
addition, miR-155 was found to be induced in macrophages by innate immune signals such as
TNF-a, IFN-B and IFN-y stimulation (O'Connell et al., 2007; Wang et al., 2010), and some of
these cytokines are essential for the early control of viral replication (Heilmann, 2012). An
association between miR-155 and the innate immune response was therefore established
(Lindsay, 2008), and increased miR-155 expression was demonstrated upon activation of innate
signalling pathways by poly(l:C) (O'Connell et al., 2007). On the other hand, anti-inflammatory
cytokines have a regulatory role and mediate suppression of pro-inflammatory cytokines. For
example, IL-4 may supress the LPS-induced production of TNF-a, and this would prevent
excessive inflammation in the infected tissue (Woodward et al., 2010). Host miRNAs with anti-
inflammatory roles can be important as well. In line with this, miR-146a is responsive to TLR
stimulation and provides negative feedback by targeting cytokine receptors, which prevents an

uncontrolled cellular response to infection (Mehta and Baltimore, 2016).

Microbial deregulation of innate miRNA pathways may however account for the link between
inflammation and induction of cancer (Karin, 2006; tili 2013). Recent studies have shown that
certain miRNAs may play a role as viral determinants in the development of tumours associated

with GaHV-2 infection. Chicken infected with GaHV-2 were found to express a distinctive
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profile of mMiIRNAs compared to the non-infected ones. The target genes of these miRNAs are
associated with lymphomagenesis and may thus contribute to virus-induced oncogenesis (Lian
etal., 2012). miR-155 is a known oncogene in the induction of MD lymphomas, as it mediates
the transformation of lymphocytes by repressing a set of host genes, including PU.1, Bach1l,
and Cebpp genes (O'Connell et al., 2008). It has also been suggested that overexpression of
miR-155 leads to cancer by targeting the transcriptional factor SMADS5, thereby impairing the
transforming growth factor beta (TGF-B) signals during lymphomagenesis (Rai et al., 2010).
Taken together, the disruption of such innate signalling pathways may contribute to explain the
association between inflammation and oncogenesis (Tili et al., 2013). In addition, the
expression of a viral analogue of miR-155 during infection with GaHV-2, namely miR-M4,
mediates the oncogenic transformation of lymphoid cells (Cullen, 2013). GaHV-2 can therefore
utilize miR-155 pathways by expressing a miRNA (miR-M4) that mimics and shares a common
set of target genes with the host miRNA (miR-155) (Zhao et al., 2009). It has been demonstrated
that miR-M4 targets comprise proteins involved in the cleavage and packaging of virion DNA
(muylkens 2010). This would constitute one of the mechanisms whereby a viral miRNA

functions as a mediator of host immunity evasion (Cullen, 2013).

1.8. PFASs and innate miRNA signalling pathways

It has been established that PFASs can impact an overall indicator of innate immune function
in chicken, namely the plasma lysozyme activity (Peden-Adams et al., 2009). It is known from
traditional models that innate signalling cascades can be negatively regulated by PFAS-
mediated activation of PPARa, which may lead to the attenuation of NF-«B signalling and
downregulation of pro-inflammatory genes (DeWitt et al., 2009b). Despite an increasing
number of studies have focused on the mechanistic aspects of PFASs immunosuppression
(DeWitt et al., 2012), the effect of these compounds on innate miRNA signalling during early
immune responses remains unexplored. In fact, only one study to date has looked at the effect
of pollutants on miRNA expression in infected in vitro systems (Waugh et al., 2018). This study
focused on a mixture of PCBs (Arochlor-1250) and found that chicken embryo fibroblasts
(CEFs) were incapable of upregulating miR-155 signalling to poly(l:C) after pollutant
exposure. In addition, a limited number of studies have looked at the effect of environmental
pollutants on baseline miRNA expression (Baccarelli and Bollati, 2009). For example, PCB
concentrations in pregnant women positively related to the expression of miR-191, which
targets genes involved in metabolic processes and apoptosis (Guida et al., 2013). Therefore,

although the role of miRNA signalling in the cellular response to environmental stimuli is still
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under investigation, it is plausible that they contribute to the pro-inflammatory and carcinogenic
effects of certain pollutants (Sonkoly and Pivarcsi, 2011). Because of the enormous regulatory
potential of mMiRNAs, also during innate immune responses, modulation of miRNAs activity
may constitute a disease risk determinant (Sonkoly and Pivarcsi, 2011; Waugh et al., 2018).
Accumulating evidence suggests a link between exposure to environmental pollutants and
deregulation of miRNAs, although the mechanisms by which chemicals modulate miRNA
expression are not well understood (Guida et al., 2013). In addition, because changes in miRNA
profiles may relate to certain diseased states (e.g. cancer) or exposure to pollutants, circulating
levels of miRNAs could be used as a novel class of biomarkers (Guida et al., 2013; Sonkoly
and Pivarcsi, 2011; Wang et al., 2013). Taken together, the expression of immunologically
relevant genes and miRNAs in avian models following combined PFAS exposure and viral
infection remains unstudied. Further research has been recommended to better understand the
effect of PFOS on innate inflammatory signalling processes and virus-host interactions (DeWitt
et al., 2009b). This may ultimately contribute to explain if and how exposure to environmental

pollutants can impact disease resistance and increase the severity of viral infections.

1.9. In vitro system: chicken embryo fibroblasts

Fibroblasts have been recognized as early mediators of innate immune responses. Besides their
known structural role as connective tissue cells that synthesize extracellular matrix proteins,
they are capable of recognizing pathogens and inducing the recruitment of inflammatory cells
(Jordana et al., 1994). Synthesis of important receptors and inflammatory mediators involved
in the early immunity against microorganisms, such as TLRs, pro-inflammatory cytokines,
chemokines or antimicrobial peptides has been reported in fibroblasts (Bautista-Hernandez et
al., 2017; Jordana et al., 1994). For example, although TNF-a is mainly produced by monocytes
and macrophages, other cell types like fibroblasts can release it upon inflammation as well
(Bradley, 2008). The extracellular matrix (ECM) synthesized by fibroblasts constitutes an
adequate environment for the storage of such cytokines, which are implicated in the activation
of influxing leukocytes (Vaday and lider 2000). Other signalling proteins, such as IL-8, are
chemotactic and facilitate the influx of leukocytes from the blood into the infection site (Smith
etal., 1997). Therefore fibroblasts are connective tissue cells, and not strictly immune cells, but
they constitute an early barrier against infection with importance for the sensing of microbial
invasion (Jordana et al., 1994). These innate responses are very important during the earliest
phases of infection, because they are more rapid than and ultimately mediate the interplay with

adaptive responses. The innate immune system is the major initiator of inflammatory responses
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and can ultimately neutralize or slow down disease development before the adaptive immunity
becomes activated (Juul-Madsen et al., 2008). Thus, the adaptive or acquired response takes
longer to occur, but it provides a highly specific response and immunological memory through
B-lymphocytes (humoral immunity) and T-lymphocytes (cellular immunity) (Demas and
Nelson, 2012). Fibroblasts are ubiquitously distributed in different tissues (e.g. lung
interstitium) and represent key elements for the initiation of such inflammatory processes and
transition between innate and adaptive immunity (Smith et al., 1997). This cell type, namely
chicken embryo fibroblasts (CEFs), was used as an in vitro system for innate immune toxicity

in this study.

Because of the inherent difficulties in experimentally studying multiple stressors in vivo, such
as in the goshawks, CEFs were selected as useful sentinels to investigate the interaction between
viruses, PFOS and immune gene expression in birds. In a broader context, this can provide
further insight on how innate immune signalling pathways could be impacted in raptors
following pollutant exposure and viral infection. For example, because other viruses from the
Herpesviridae family are relatively prevalent in birds of prey, the use of GaHV-2 in our in vitro
system may partially mimic that situation. Previous studies have indicated that CEFs are
compatible with GaHV-2, as they show responsiveness during infection and induction of host
gene expression (Morgan et al., 2001). The immunocompetence of CEFs has also been
demonstrated by their ability to synthesize cytokines (e.g. IL-8) and other antimicrobial
components (e.g. INOS) upon infection (Xing and Schat, 2000). In line with this, it was assumed
that CEFs would mount a measurable immune response following infection with the selected
herpesvirus. In addition to GaHV-2, poly(l:C), which is a structurally similar synthetic analogue
to viral dSRNA (He et al 2012), was selected as alternative viral model to potentially distinguish
between the induced host innate signalling pathways upon infection. The involvement of the
TLR3 pathway in the activation of epithelial cells has been demonstrated for poly(l:C) and
related viruses such as avian influenza virus (ssRNA), which are impactful for wild and
domestic birds (Guillot et al., 2005; Ulrich et al., 2018). Although poly(l:C) simulates the action
of dsRNA, the genetic material of several viruses, dsSRNA can be generated as a replication
intermediate in sSRNA viruses as well (Akira et al., 2006). The interactive effect between
PFASs and viral infections investigated in this study is of interest because highly exposed

populations of raptors might ultimately appear more susceptible to the impact of infections.
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1.10. Aims and hypotheses

This study is part of the NewRaptor project co-funded by the Norwegian Research Council and

NTNU, which is concerned with environmental exposure to emerging pollutants and biological

effects in birds of prey. Within this context, the present work aims to investigate exposure to a

wide range of PFASs in Northern Goshawks (Accipiter gentilis) and evaluate specific immune

effects associated with one of the most prominent PFAS using an in vitro avian model. These

effects could potentially be relevant for and linked back to the raptors, as they are birds exposed

to PFASs and pathogens related to the selected viral models. In line with this, the following

aims were addressed in the present study:

1) To investigate the occurrence and levels of PFASs in plasma and feathers of goshawk

2)

nestlings in three distinct populations, addressing variation and potential explanatory factors

(biological, spatial, ecological). The study populations were situated in northern Norway

(Troms), central Norway (Trgndelag) and southern Spain (Murcia), representing a

latitudinal gradient and areas with minimal human development, relative urbanization, and

agricultural activity, respectively.

Hypothesis 1.1. Accumulation during the nestling period will occur, with increased
PFAS burdens in older/bigger nestlings. This would result from dietary intake of
pollutants by feeding chicks overcompensating the growth dilution effect, based on the
bioaccumulative properties of PFASs and suggested by Bustnes et al. (2013b) in raptors.
Hypothesis 1.2. Significant differences across populations were expected in relation to

distinct dietary sources and/or local sources of PFAS contamination.

To characterize the potential effect of perfluorooctane sulfonate (PFOS) on the antiviral

response to infection using an in vitro model, namely primary chicken embryo fibroblasts
(CEFs) stimulated with either gallid herpesvirus-2 (GaHV-2) or the RNA viral analogue

poly(1:C). More specifically, this study aimed to evaluate whether PFOS can modulate viral

replication (first experiment) and innate immune signalling pathways (second experiment).

Hypothesis 2.1. Because PFOS may modulate the innate host defence, it was
hypothesized that viral replication and plaque formation will increase in host cells
exposed in vitro to PFOS and GaHV-2 in combination (experiment 1).

Hypothesis 2.2. The expression of innate immune signalling pathways components
(miR-155, IL-4, IL-8, NF-xkB, TNF-a), studied at four different time points, will be
altered by combined exposure to PFOS and viral stimulation (experiment 2).
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3) To address how an in vitro modulation of the investigated innate immune signalling
pathways might be relevant in vivo to the raptors, integrating current environmental

exposure to PFASs in birds of prey and potential PFOS-mediated effects on the antiviral
immunity.

16



2. Materials and methods

The materials and methods used to address different objectives of the study are covered in
different sections. The first part corresponds to the field data and analysis of PFASs in goshawk
samples, or in vivo study (section 2.1), whereas other sections concern the first (section 2.2)

and second (section 2.3) in vitro experiments.

2.1. In vivo study
2.1.1. Study species

The northern goshawk (Accipiter gentilis), hereafter referred to as goshawk, is a large terrestrial
raptor that is widely distributed throughout the northern hemisphere (Kenward, 2010). It feeds
on a variety of prey items including medium-sized birds and mammals, such as pigeons,
corvids, thrushes, grouse, squirrels and rabbits (Widén, 1997). It is considered an opportunistic
predator, as it can adjust its feeding ecology to the availability of prey in their particular
environment (Marfiosa, 1994; Rutz et al., 2006). Accordingly, the diet of the goshawk varies
across populations. In Norway, they generally prey on woodland grouse (Tetraonidae spp.),
redwing (Turdus iliacus), fieldfare (Turdus pilaris), carrion crow (Corvus cornix), and small
mammals such as red squirrel (Sciurus vulgaris) and mountain hare (Lepus timidus) (Grennesby
and Nygard, 2000). This contrasts with their diet in Spain, where other medium-sized birds such
as the red-legged partridges (Alectoris rufa) or pigeons (Columba sp), and mammals like the
rabbit (Oryctolagus cuniculus) constitute the basis of their diet (Zuberogoitia and Martinez,
2015). The goshawk is a strongly size-dimorphic species, with small males and large females.
Additionally, in accordance with Bergmann’s rule, goshawk size increases with latitude: birds
from southern Europe are smaller than in northern Europe (Kenward, 2010). Adult females lay
on average 3.3 eggs (2-4), which are incubated for around 38 days by both adults, and chick
fledging occurs at about 6 weeks of age. Although goshawks are adapted to hunt in mature
forests, they may use open areas as well (Widén, 1997). Similarly, despite being typically
associated with woodland habitats, goshawks have recently colonized urban environments
across Europe (Rutz, 2006). In fact, some of the highest breeding densities in Norway are now
found in farmland and urban areas with dispersed woods (Grgnlien, 2004). Most goshawks are
resident in Europe, including Norwegian and Spanish study populations, with overlapping
wintering and breeding grounds (del Moral et al., 2012; Grgnlien, 2004). The estimated
population size was 1500-2000 breeding pairs in Norway (Gregnlien, 2004), and between 3500
and 6500 in Spain (Marti et al., 2003). In Trgndelag, the production of chicks is subject to

annual fluctuations and the population seems to have stabilized at low levels (Jacobsson and
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Sandvik, 2014). Norwegian populations have been declining since the 1950s and, in 1984,
goshawks were included on the Norwegian red list of threatened species (Kalas et al., 2010;
Widén, 1997). The same applies to populations in southern Spain, which have been recorded
as declining since the 1990s, particularly in agricultural areas (Martinez-Lopez et al., 2007).
The breeding density of goshawks in Murcia (southern Spain) was estimated as 15-20 pairs (1
pair/238 km?), remarkably lower than in some populations from NW Spain (1 pair/30 km?)
(Marti et al., 2003; Zuberogoitia and Martinez, 2015) and Norway, where goshawk breeding
densities ranged between 0.6 and 4.3 pairs per 100 km? (Selas et al., 2008).

Regarding pollutant exposure in goshawks, several studies have detected OHCs, metals and
other contaminants in their blood, feathers, internal organs and eggs (Dolan et al., 2017; Eulaers
etal., 2013; Gémez-Ramirez et al., 2017; Herzke et al., 2005; Kenntner et al., 2003; Mafiosa et
al., 2003; Martinez-Lopez et al., 2007; Sonne et al., 2010). This, together with their widespread
distribution and well-known feeding ecology, highlights the potential of goshawks as sentinels
for monitoring environmental pollutants. The use of goshawks in pollutant biomonitoring has
been less common than for other diurnal raptors, such as the common buzzard (Buteo buteo)
and the kestrel (Falco tinnunculus). However, it is important that monitoring programs cover
the existing diversity of raptors and account for species with different diets, habitats or
migration behaviours (Gomez-Ramirez et al., 2014). Although the levels of OHCs and other
pollutants seem too low to cause population-level effects in goshawks (Martinez-Lopez et al.,
2007; Rutz et al., 2006), contamination and other anthropogenic factors have been related with
past changes in its population trends (Bijlsma, 1991; Widén, 1997). Forestry and forest
management affect the availability of suitable nesting and hunting habitats, as well as prey
populations (e.g. forest grouse) (Selas et al., 2008). Persecution by humans, especially hunters
aiming to protect small game or provide captive birds for falconry, used to be a threat but has
diminished following legal protection of the species (Widén, 1997). In Spain, goshawks seem
particularly vulnerable to electrocution on power lines (Mafiosa, 2001). In addition to human
activities, ecological factors can affect goshawk populations too, such as nestling predation by
expanding eagle owl (Bubo bubo) populations in certain areas of Spain (Tella and Mafosa,
1993) or depleting grouse abundance by the red fox (Vulpes vulpes) in Norway (Selas, 1998).
In combination with these other factors, contamination could play an important role in the

health of goshawk populations.
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2.1.2. Study area

The sampling of goshawk nestlings was conducted in June 2016 at three different study regions:
northern Norway (Troms), central Norway (Trendelag) and southeastern Spain (Murcia)
(Figure 2.1). A total number of 107 nestlings were used in this study. 33 birds were sampled in
Troms (12 nests) during seven days (22/06-28/06), 53 birds were sampled in Tregndelag (20
nests) during ten days (18/06-28/06), and 21 birds were sampled in Murcia (7 nests) during four
days (01/06-14/06). Further details about the geographic location of the nesting sites are given
in Appendix A (Figures Al1-3). In Murcia, these were mostly situated near agricultural areas,
while Norwegian nests were located in more urbanized areas (Trgndelag) or areas with minimal
human development (Troms). Although the degree of human and agricultural encroachment
was fairly similar in all three study populations, Murcia is the leading Spanish producer and
exporter of fruits and vegetables. Troms is the least urbanized region, with around 15 hectares
of roads and buildings per 5 km nest radii, whereas Trgndelag nests were the most urbanized
ones (Dolan et al., 2017). In Murcia, nests were placed on coniferous trees, such as the Aleppo
pine (Pinus halepensis), while Norwegian nests were either built on coniferous trees, such as
the Norway spruce (Picea abies), or deciduous stands such as the birch (Betula spp.). The latter

especially applies to breeding sites in northern Norway (Grgnlien, 2004).
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2.1.3. Field sampling

The activity of breeding pairs was observed from the onset of courtship to the nestling period.
The fledging date was estimated in order to carry out the sampling prior to this date. Nestlings
were 3 to 5 weeks old when the sampling was conducted. At each nest we collected feathers
and blood from the nestlings. The chicks were lowered down from the nest in nylon bags, and
they were handled on the ground. Feathers were collected from all nestlings, while blood was
taken only from the oldest bird. The blood sample (2-5 mL) was taken from the brachial and/or
jugular vein using a heparinized needle, and body feathers (10-15) were pulled from the back.
Feathers were stored per individual in sealed plastic bags and later pooled per nest for analysis.
Blood could not be obtained from one of the nests in Troms owing to poor venous access in the
nestlings. A total of 38 blood and 39 feather samples were thus included in later analysis (Table
Al, Appendix). Morphometric measurements were additionally recorded following sampling,
including body weight, wing length, tarsus width, depth and length, bill length and height, and
tail feather length (Table A2, Appendix). The fieldwork was conducted with permission from
Mattilsynet in Norway and the General Directorate of Natural Heritage and Biodiversity from
the Autonomous Community of Murcia in Spain. An ice cooler was used to store samples
during fieldwork. Blood was centrifuged in the laboratory upon arrival at 6000 rpm (10 min) to
separate plasma (used in this study) and cells (not used in this study). Plasma and feather
samples were then aliquoted for various analyses and frozen at -20°C. Cold storage was applied
to nestling feathers too, as they may contain blood traces when pulled. A plasma volume of at

least 200-300 pL was reserved for PFASs analysis.

2.1.4. Determination of sex, age and body condition

Sex was determined based on tarsus width and body mass. These morphometric parameters are
correlated and distinctively larger in females (Kenward, 2010). Principal component analysis
(PCA) was used to distinguish males and females based on field morphometric data. PC1
clearly separated most individuals into males (negative scores) and females (positive scores) in
the three regions. In addition, molecular sexing was applied to a few individuals with
intermediate characteristics and whose gender could not be reliably determined using field data
(section 2.1.5). Nestling age was estimated in a sex-dependent manner based on wing length

(mm) measurements, as recommended in Kenward (2010) (Equations 2.1 & 2.2).

Agemate (days) = 0.125 x wing length (mm) + 3.60 (Equation 2.1)
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Ageremale (days) = 0.111 x wing length (mm) + 4.94 (Equation 2.2)

Nestling body condition was estimated by calculating the scaled mass index (SMI). This
approach represents a standardized method to control for variation in size across individuals
from a population and remove its effect on body condition estimates (Peig and Green, 20009,
2010). It has been suggested that SMI is a more accurate measure of body condition than
traditional methods, such as directly using residuals from a regression of body mass on a linear

measure of body size. The following equation was applied to calculate individual SMls:

SMling = Mi x (2) Bsma (Equation 2.3)

Where M; and Bi correspond to individual body mass and bill length measurements,
respectively, and Bo is the arithmetic mean of bill length in a given population. Bswa is the
scaling exponent that describes the relationship between body mass and body size. This constant
was previously calculated by plotting In(mass) against In(size), and dividing the corresponding
slope by the Pearson’s correlation coefficient (r) (Figure A4, Appendix). In this study, bill
length was selected as the measure of body size because it shows the strongest correlations with
body mass. The constant parameters (Bo and Bsma) were independently calculated for each of
the study regions. Because SMI was consistently higher in females, and in Norwegian nestlings
regardless of the sex, the following equation was applied to obtain a corrected sex- and

population-independent measure of body condition:

SMlc = SMling X (i?:f) X (”u;()ot;l) (Equation 2.4)

2.1.5. Molecular sexing

The sex of certain goshawk nestlings was molecularly determined at NTNU based on Griffiths
et al. (1998). Female birds are heterogametic (ZW) and carry both the CDH-1-Z and the CHD-
1-W genes, whereas male birds are homogametic (ZZ) and only carry the CDH-1-Z gene. Using
amplification through polymerase chain reaction (PCR), these genes can be targeted and then
separated via gel electrophoresis to reliably determine the sex of individual birds. Small bits of
frozen blood were transferred into 96% ethanol. The extraction of DNA was carried out using
a modified version of the Chelex extraction method described by Walsh et al. (1991). A solution
of 5% Chelex 100 resin was used to extract the DNA fraction required in PCR for amplification
of the target genes. The PCR reaction mix (10 pl) comprised the following reagents from Taq
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PCR Core Kit (Qiagen®, West Sussex, UK): Tag DNA polymerase (0.05 pl), PCR buffer 10x
CL (1 ), Q-solution (2 ul), dNTPs (0.4 ul 10 mM), MgCI (0.6 pl), the primers 2718 (1 pl 10
M) and 2550 (1 ul 10 uM) and 2 pl of the extracted DNA template. PCR was then performed
at GeneAMP® PCR System 9700 thermal cycler (PE Applied Biosystems, Life Technologies,
USA). The following program was run: initial denaturation step at 94°C followed by 35 cycles
0f 94°C (30 s), 46°C (45 s) and 70°C (45 s). The program ends with 70°C (10 min) and then the
temperature drops to 4°C. The procedure for gel electrophoresis started by preparing a 1%
agarose gel and stain it with 6 uL. GelRed when all agarose was dissolved. The liquid was then
poured into a gel cast. When the gel was completely set, it was put in a running chamber and
700 mL running buffer (686 mL water and 14 mL 50x TAE buffer) were added. The samples
were then loaded into the wells and PCR products were finally separated by electrophoresis at
70 V (45 min) (Figure A5, Appendix).

2.1.6. PFASs analysis

The analysis of PFASs consisted of two major steps: extraction of compounds from target
matrices and analytical quantification via UHPLC-MS/MS. The extraction of feathers was
performed at the Bird Ecotoxicology lab (NTNU) in March 2017, while plasma extraction and
guantification of PFASs in the extracts were conducted at the Norwegian Institute for Air
Research (NILU) in Tromsg. This study targeted a wide range of PFASs for analysis (n=24),
namely perfluorinated carboxylates with a chain length varying between four and fourteen
carbon atoms in addition to perfluorohexadecanoic acid (PFHxDA), perfluorooctadecanoic acid
(PFODcA), as well as perflorinated sulfonates with a chain length varying between four and
ten carbon atoms in addition to perfluorooctane sulfonamide (PFOSA), 4:2 fluorotelomer
sulfonate (4:2 FTS), 6:2 fluorotelomer sulfonate (6:2 FTS), 8:2 fluorotelomer sulfonate (8:2
FTS) and chlorinated polyfluorinated ether sulfonate (6:2 CI-PFAES also called F-53B).

Feather extraction

The extraction of PFASs from feathers was carried out using a modification of Powley et al.
(2005) as implemented by Jaspers et al. (2013). This procedure incorporates a washing step
before feather extraction. Feathers were pooled per nest to obtain sufficient amount for analysis
and overcome analytical constraints regarding the limit of quantification (LOQ). After pooling,
feathers were washed in Petri dishes with distilled water, covered with paper tissue and dried
overnight at room temperature. The use of water in feather washing targeted for PFAS analyses,
instead of organic solvents, has been previously recommended to remove dust without

removing PFASs (Jaspers et al., 2013; Jaspers et al., 2011). Tweezers were used to remove the
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calamus and soft tissues, and to separate the barbs during the washing step. The equipment was
rinsed with methanol before and between samples. Dried feathers were cut into small pieces
(<5 mm), weighted inside polypropylene (PP) tubes and further washed with 20 mL of hexane
for the removal of lipids from preen oil in an ultrasonic bath for 10 min. Following removal of
the hexane using glass Pasteur pipets, the feather homogenate was left to dry overnight in the
fume hood.

The next day, 70-340 mg (per nest) of dry sample was spiked with 20 pL of internal standard
(ISTD: 3C PFAS mix 100 ng/mL, Appendix B). Two mL of 200 mM NaOH in MeOH was
used to denature the feathers, by vortexing and soaking the homogenate for 60 min. MeOH (10
mL) was added and samples were extracted three times by sonicating for 10 min and vortexing
in between. Feathers were left soaking in the extraction medium overnight. Two hundred pL of
2M HCI in MeOH were added the next day to adjust the pH of each sample, followed by another
vortex-ultrasonic bath cycle and centrifugation at 2000 rpm for 5 min. The sedimentation of the
feather content allowed for collection and transfer of the extracts into 15 mL centrifuge tubes.
The supernatant was then concentrated to 2 mL under a N2 stream (RapidVap) on a heated
(40°C) and swirling plate. Approximately 1 mL of the concentrated extract was transferred to
an Eppendorf tube containing 25 mg ENVI-carb absorbent and 50 pl of glacial acetic acid, and
it was cleaned-up by vortexing and centrifugation at 10000 rpm for 10 min. Finally, exactly 0.5
mL of the supernatant was transferred to a glass autoinjector vial, and a recovery standard
(RSTD: 3,7-diMe-PFOA 100 ng/mL) was added before vortexing and storage in the fridge until
analysis via UHPLC-MS/MS.

Plasma extraction

The extraction of PFASs from plasma samples resembles feather extraction, but without the
preliminary washing step. A modified version of the Powley method (Powley et al., 2005) was
implemented as described by Herzke et al. (2009). Plasma samples were processed as follows:
A volume of 200 pL was spiked with 20 uL of ISTD (Table B1, Appendix) and mixed with 1
mL of MeOH for extraction in an ultrasonic bath three times for 10 min and with intermittent
vortexing. The samples were then centrifuged at 2000 rpm for 5 min, and the supernatant was
transferred for purification to Eppendorf tubes containing 25 mg ENVI-Carb absorbent and 50
pL of glacial acetic acid. Following vortexing and centrifugation of the extract at 20000 rpm
for 10 min, the supernatant was transferred to autoinjector vials. Finally, a RSTD solution was

added, the capped vials were vortexed and stored in a fridge until analysis.
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Quantification and quality assurance

The analysis of PFASs was performed at NILU using ultra-high performance liquid
chromatography triple quadrupole mass spectrometry (UHPLC-MS/MS). The internal standard
method, which takes into consideration the added **C-labeled ISTD (Table B1), was used for
quantification with linear regression of a seven point calibration point. One blank was run for
every ten samples (one batch) for quality control, and the three times factor of the corresponding
mean value was used as a method detection limit in the occasion of detects in the blanks within
the same batch. Similarly, standard reference material (SRM) with a known concentration of
PFAS was used every tenth sample to further validate the analysis of PFASs in plasma. In this
study, human serum provided by the National Institute of Standards and Technology (NIST)
was used as SRM. Unfortunately, no SRM is currently available for feathers, so none was
applied in the analysis of this matrix. The recoveries for the ISTD averaged (tstandard
deviation, SD) 116 % (+15) and 79 % (£14) in feathers and plasma, respectively (Table B2).
The limit of detection (LOD) was set to three times the signal to noise ratio for the analysed

matrix when no blank concentration was detected. LOQ was defined as three times the LOD.

2.1.7. Stable isotope analysis (SIA)

This approach to feeding ecology can be of interest in exposure assessment studies, because it
provides a tool to elucidate the link between diet and contaminant levels in avian tissues
(Haukas et al., 2007; Jardine et al., 2006). In this study, differences in diet between locations
may influence contaminant loads, as dietary accumulation is expected to be a relevant PFAS
exposure pathway in the nestlings. Using carbon and nitrogen stable isotopes (Sls), we
investigated the carbon sources in the diet and the trophic position in the food chain,
respectively. The ratio of stable carbon isotopes (5*3C) can be used to discriminate between
13C-depleted terrestrial and *3C-enriched marine ecosystems, or between terrestrial diets derived
from Cz and C4 plants (Kelly et al., 2008). The ratio of stable nitrogen isotopes (8*°N) is
typically used to estimate trophic level because the heavier °N isotope increases throughout
the food chain (Hobson and Welch, 1992). The difference in isotopic composition between a
consumer’s tissue and its diet is known as trophic enrichment and, in the case of 8*°N, it is due
to preferential use of light amine groups during deamination and transamination processes
(Macko et al., 1986). Altogether, the application of Sls as dietary tracers can provide a useful

ecological approach in ecotoxicological studies (Jardine et al., 2006).

In this study, body feathers (from several individuals pooled per nest) were analysed for Sls,

providing quantitative proxies for trophic ecology over the majority of the nestling stage. Since
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blood circulation is connected to growing feathers during this period, feathers archive the
changing blood biogeochemistry and hence the assumed dietary sources of PFAS exposure
(Eulaers et al., 2013; Jardine et al., 2006). The analysis of stable carbon (5*3C) and nitrogen
(6*°N) isotopes was carried out at the Laboratory of Oceanology at the University of Liége
(Belgium) using continuous flow - elemental analysis - isotope ratio mass spectrometry (CF-
EA-IRMS). A vario MICRO cube elemental analyser (Elementar Analysensysteme GmBH,
Germany) was coupled to an IsoPrimel00 mass spectrometer (Isoprime, United Kingdom).
Isotopic ratios were expressed using the international ¢ notation (Coplen, 2011). Sucrose
(IAEA-C6, 63C = —10.8 = 0.5 %o, mean + SD) and ammonium sulphate (IAEA-N2, 6*°N = +
20.3 £ 0.2 %o, mean = SD) were used as certified reference materials. Both of these reference
materials are calibrated against the international isotopic references, i.e. Vienna Pee Dee
Belemnite (VPBD) for carbon and Atmospheric Air for nitrogen. Standard deviations on multi-
batch replicate measurements of lab standards (fish tissues) analysed interspersed among the
samples (2 lab standards for 15 samples) were 0.1 and 0.3 %o for 5*3C and 6°N, respectively.
Glycine (Merck) was used as elemental standard, and elemental contents were expressed as

percentage of dry mass.

The trophic level of goshawk nestlings (per nest) was estimated based on 8*°N in the analysed
feathers. To our knowledge, a specific enrichment factor has not been determined for the food
chain of the studied species. A trophic enrichment factor (TEF) of AN =+ 3.4%, was therefore
assumed, as recommended by Jardine et al. (2006) when TEF is unknown in a given food chain.
In addition, primary consumers are often employed as baseline trophic level to minimize the
effect of temporal and spatial variation at the food web baseline (Borga et al., 2012). In this
study, the Willow Grouse (Lagopus lagopus, terrestrial food chain in northern Norway (Halley
et al., 2004), with average 8"*Nprimary consumer = + 0.98%0 was used for Norwegian nestlings,
whereas the Wood Pigeon (Columba palumbus, terrestrial food chain in SE Spain (Resano-
Mayor et al., 2014), with average 5°Nprimary consumer = + 5.52%0 was employed for Spanish
nestlings. The trophic level of a given predatory nestling was determined as described in Eulaers
et al. (2013):

815 Npest— (0.98 %o + 3.4%0)
3.4%o0

TLnestling = + 3 for Norwegian (Troms, Trgndelag) nestlings

85 Npest— (5.52 %o + 3.4%:0)
3.4%o0

TLnestling = + 3 for Spanish (Murcia) nestlings  (Equations 2.5 & 2.6)
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2.2. In vitro experiment 1: Plaque Assay

A plague assay was carried out to evaluate the influence of PFOS on the severity of gallid
herpesvirus-2 (GaHV-2) infection. This was relevant as it seems that environmental pollution
increases the susceptibility and mortality of various species upon viral infections as revealed in
a meta-analysis by Waugh and Jaspers (2018). The experimental part of this study was fully
conducted at NTNU laboratory facilities. The experiments, involving cell culture and use of
viruses, were carried out in a cell laboratory that complies with the regulations on the use of
our virus model (biosafety level 2). To date, the zoonotic potential of GaHV-2 is very limited
and potential infection of humans with this avian herpesvirus is very unlikely (Osterrieder et
al., 2006). Two major components of the present in vitro experiments were chicken embryo
fibroblasts (CEFs) (model system) and GaHV-2. Stocks of these were prepared before the start
of the experiments as explained in Appendix C, and the plague assay was performed as

described in Appendix D.

However, the final step of the plaque assay (plaque counting) could not be carried out due to
external contamination of the incubator and widespread lysis of CEFs. We noticed the presence
of contaminating fungi in the facility, both into the incubator and the water bath after 7 days of
infection. After washing off the crystal violet solution, which was used to stain the cell
monolayers, we observed no living cells in most experimental wells. Although CEFs in our
negative controls were alive after the staining, all the other cell treatments had died as indicated
by the lack of stain in the wells after washing it off. It therefore seems that combined exposure
to virus and/or pollutant with fungal contamination was too challenging for CEFs.
Unfortunately, we did not have the time and resources to repeat this experiment. More studies
are warranted to elucidate whether exposure to PFOS increases host cell susceptibility to
various pathogens (DeWitt et al., 2012), and to determine the specific viral titer required to
induce infection by GaHV-2 in CEF monolayers. Without results for the plaque assay we could
not determine the viral titer to optimize infection during the second experiment. Accordingly,

we decided to use the lowest possible dilution of the viral stock (102).

2.3. In vitro experiment 2: PFOS-mediated modulation of gene expression

The second experiment was set to address the modulatory effects of PFOS on the expression of
various genes associated with the early antiviral response. CEFs were chosen as a model system
to study the combined effects of PFOS exposure and virus (GaHV-2) infection or stimulation

with a synthetic RNA virus intermediate, namely poly (I:C). The following treatment groups
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(1-8) were selected to carry out this experiment on PFOS-mediated modulation of immune gene

expression:

1) Negative control

2) Exposure to PFOS (22.2 ppm)

3) Infection with GaHV-2 (without solvent)

4) Combination of both exposure to PFOS (22.2 ppm) and infection with GaHV-2
5) Infection with poly(l:C) (without solvent)

6) Combination of both exposure to PFOS (22.2 ppm) and infection with poly(l:C)

Two types of controls were included to account for potential pollutant solvent effects. These

would provide the response of cells to GaHV-2 and poly(l:C) in the presence of the solvent:

7) Infection with GaHV-2 (with solvent)
8) Stimulation with poly(l:C) (with solvent)

The treatment effects were studied at different time points (or harvests) (Figure 2.2). CEFs were
initially seeded in 96-well plates at a density of 5.24 x 10* cells/mL (100 pL/well). Eight
biological replicates were arranged per treatment and time point (A-H, Figure 2.3). Cells were
allowed to rest for 48h at 39°C with 5% CO> before exposure to the corresponding solution
(48h post-seed) by adding 80 pL to each well (Table D2: exposure, Appendix). The PFOS-
exposed cells, because the stock solution was 50 ppm PFOS, were ultimately exposed to a dose
of 22.2 ppm. The plates were then incubated for a 24-hour period before the infection or
stimulatory stage (72h post-seed). At this point, we used previously prepared stock solutions of
either GaHV-2 dilutions (10) (Appendix D) or poly(1:C) (2 pg/mL) to stimulate the cells, with
PBS (1% FCS) as negative control. The wells containing exposure solutions from the previous
step were emptied, and then 80 pL of the corresponding stock solution was added per well

(Table D2: stimulation, Appendix).

The culture CEFs and culture supernatants were harvested at 96h post-seed, every 6 hours for
a 24-hour period (Figure 2.2). Firstly, supernatants were removed from cell culture plates using
a multichannel pipette, and transferred to new 96-well plates. These were sealed and stored at
-80°C for protein analysis (not here). On the other hand, cell fractions (used here) were
harvested via trypsinization. This consisted in first washing the CEF monolayer twice with PBS
(100 pL) upon supernatant removal, adding trypsin (50 pL), and incubating at 39°C for 5
minutes to resuspend the cells. Finally, 50 pL of media were added to stop the trypsinization
reaction, and 100 pL of lysis reagent (Q1Azol®) were added to break down resuspended cells.
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The 96-well plates were covered with parafilm before storage at -80°C until further use (section
2.3.1).
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Figure 2.2. Timeline of pollutant exposure (PFOS) and viral stimulation (GaHV-2 or poly(l:C))
in this experiment. Harvesting timepoints are given as duration of the exposure period (hours
post-exposure) or duration of the viral treatment (hours post-stimulation).
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Figure 2.3. Example of 96-well experimental plates with three of the treatments, namely PFOS
only, GaHV-2 (1% DMSO) and PFOS/GaHV-2. Each treatment consisted of four harvesting
time points: 8h, 12h, 18h and 24h after the infection stage.
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2.3.1. RNA isolation
The relative levels of target immune gene mRNA (IL-4, IL-8, NF-xB and TNF-a) and miRNA

(miR-155) provide a snapshot of gene expression at the moment CEFs were harvested.
Modulation of gene expression is the endpoint of this experiment and it was evaluated using
cell harvests through the following procedure. First, the total RNA fraction was extracted using
the miRNeasy Kit (Cat. No. 217004, Qiagen®) and the standard operating procedure from the

manufacturer.

Replicates from the same treatment and time point were pooled into new tubes to obtain
sufficient amount of RNA for later analysis, resulting in eight treatments per time point (32
samples in total). Chloroform (140 pL) was initially added to the tubes and these were shaken
vigorously for 15 sec. Then the mixtures were incubated at room temperature for 2.5 min and
centrifuged for 15 min at 12000 g and 4°C. The supernatants (upper aqueous phase), containing
the RNA fraction of interest, were transferred to new collection tubes. Ethanol 100% was next
added (1.5x volumes) and mixed thoroughly by pipetting. RNeasy® Mini columns were loaded
with the mixture and centrifuged at 8000 g for 30 sec to discard the flow-through. Then, we
pipetted Buffer RWT (700 pl) onto the RNeasy Mini column, centrifuged and discarded the
flow-through again. We repeated the previous step twice using Buffer RPE (500 ul), but with
the second centrifugation step lasting 2 min. The extracted RNA fraction, including small
RNAs, remains in the porous membrane of the Mini columns until final elution with 30 pL of
RNase-free water. The tubes containing the eluted RNA extract were stored at -20°C overnight.

2.3.2. cDNA synthesis

The RNA extracts were converted into cDNA through reverse transcription (RT) for later
quantitative polymerase chain reaction (QPCR) analysis. Prior to this, the template RNA was
thawed on ice and the RNA concentration was estimated using a NanoDrop® ND-2000cUV-
visible Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). This
spectrophotometric approach to RNA quantity and quality relies on molecular properties that
influence light absorption at different wavelengths (Desjardins and Conklin, 2010). One uL of
template RNA was pipetted onto the end of the fiber optic cable of the instrument to obtain its
concentration in the samples. RNA concentrations ranged from 14.0 ng/uL to 96.3 ng/pL in the
present study. Estimation of total RNA concentration is an important step before cDNA
synthesis as we aim to convert a fixed amount of RNA (50 ng/puL) from each sample into cDNA.
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RT was then carried out using the miScript® 1l RT Kit (Cat. No. 218161, Qiagen®) and the
standard operating procedure described by the manufacturer. A RT master mix was prepared
based on the reagents and relationships presented in Table E.1 (Appendix). The volume of
RNase-free water was adjusted based on the concentration of each template RNA. Then the
corresponding volume of template RNA was added to each Eppendorf tube containing the
reaction mix. Tubes were incubated at 37°C for 60 min, and then at 95°C for 5 min to inactivate
the miScript RT mix. Finally, tubes were placed on ice and the resulting cDNA was diluted
(1000 pg/uL) by adding 80 pL of RNease-free water. cDNA was aliquoted into 4 new tubes (4
X 25 pL) and stored at -20°C until use in gPCR analysis.

2.3.3. Quantitative polymerase chain reaction (QPCR)

The expression of our target genes was evaluated through qPCR. This technique allows for
amplification and real-time monitoring of fluorescently labelled template cDNA. Threshold
cycle (Ct) values represent the number of amplification cycles needed to reach a fluorescent
signal that is significantly above the background noise. These values relate inversely to the
abundance of target genes in cDNA and can be used for relative quantification of gene
expression (Gibson et al., 1996). In this study, the registered Ct values were used in statistical
analysis (see 2.4.4). A SYBR® Green assay was conducted for this purpose, as recommended
by the manufacturer of LightCycler® 96 instrument (Roche Diagnostics, Manheim, Germany).
Firstly, cONA templates were thawed and a reaction mix for amplification of target cDNA
products was made. For the mRNA assays (IL-4, IL-8, NF-xB and TNF-a), the mix contained
SYBR green and specific forward (10 uM) and reverse (10 uM) primers (Sigma-Aldrich®). For
the miRNA assay (miR-155), we used the miScript SYBR green PCR Kit, containing SYBR
green, miScript Universal primer and specific miScript Primer assay (Qiagen®). Further details
about the preparation of these reaction mixes are given in Table E.2 (Appendix). In addition to
target genes, two housekeeping genes were incorporated in the gPCR analysis as potential
control genes for the immune gene mMRNA (28srRNA) and miR-155 (SNORD96A). These have
been determined as stable control genes across treatments in a previous study (Waugh et al.,
2018). Target and housekeeping gene cDNA was amplified using the primers shown in Table
E.3 (Appendix). The analysis of different genes was conducted in separate gPCR runs. For a
given gene, 14 L of the reaction mix was added per well into a 96-well plate. Then, 6 pl of the
corresponding template cDNA was transferred to each well. Two technical replicates were
included per sample. The plate was covered and centrifuged at 1500 rpm for 1 min to spin down
the mixture. Finally, amplification and collection of fluorescence data were carried out on a
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LightCycler® 96 instrument, and the running conditions were adjusted for each gene (Table
E.4, Appendix). Fluorescence was collected at the extension step. A melt curve analysis was

carried out to rule out the possibility of non-specific amplification of the target genes.

2.4 _Statistical analysis

Microsoft Excel was used for preliminary data handling and simple calculations. The Excel
package Solver Add-in was used for imputation of missing concentration data (see 2.4.1).
Concentration data plots were made through IBM SPSS Statistics 25 and R version 3.3.2 (R
Core Team, 2015). The assumption of normal distribution was tested using quantile-quantile
(Q-Q) plots and the Shapiro-Wilcoxon test (p<0.05) before further statistical analyses. Most
PFASs concentrations were not normally distributed, except for PFUnNDA in plasma and
PFTrDA in plasma and feathers. Simple correlations between non-normally distributed
variables were tested with the Spearman’s rank correlation coefficient (rho) setting statistical
significance at p=0.05. Correlograms were then plotted using the corrplot function in R (Taiyun
and Viliam, 2017). Log-transformation was applied before one-way ANOVA, in order to meet
the normality requirements of parametric statistical tests. Regarding gene expression results,
raw Ct data were obtained through the LightCycler® 96 software, running a relative
quantification analysis of the fluorescence data. Then, data analysis was performed in R using
Markov Chain Monte Carlo simulations in the package MCMC.qgpcr (Matz et al., 2013) (see
2.4.4) and the obtained estimates were plotted using SigmaPlot 13.0.

2.4.1. Handling concentration data below the LOQ

Only compounds detected above the LOQ in more than 50 % of the samples were included in
statistical analyses. There are various methods to deal with samples below the LOQ, such as
assigning random values between 0 and LOQ, or replacing by LOQ x QF, where QF
corresponds to the quantification frequency (Voorspoels et al., 2002). In this study, a data
imputation approach was implemented to obtain missing concentration data. This method
requires the use of the package Solver add-in from Microsoft Excel. Briefly, concentrations
below the LOQ were imputed by In-transforming the measured data and fitting these to a
cumulative normal distribution. The Solver add-in package uses the Generalized Reduced
Gradient algorithm (John, 1998). This approach has been used in other studies as it seems to
offer a better estimate of non-detectable concentrations relative to replacement methods
(Croghan and Egeghy, 2003; Gyllenhammar et al., 2018). Details regarding LODs, LOQs, and
QFs for all target compounds are shown in Appendix F. Pollutant concentrations are expressed

in ng/mL (plasma) and ng/g ww (feathers) throughout the study.
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2.4.2. Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed using SPSS Statistics 25 to explore the
dataset and investigate the preliminary relationships between a wide range of variables,
including PFAS compounds and biological, spatial, and ecological variables. PCA was made
with data from 37 individual nests. Two were not included due to missing stable isotope and
plasma pollutant data. Specifically, the contributing quantitative variables were standardized
and comprised all selected PFAS compounds in plasma and feathers, age, body condition,
trophic level and §'C. The corresponding loading and score plots are shown in the results
section, whereas further details (eigenvalues, scores) are given in Appendix G. Varimax
rotation method was implemented to maximize component’s independence. The Kaiser-Meyer-
Olkin (KMO) test and Bartlett’s test of sphericity were used to confirm sample adequacy and
suitability of data for reduction purposes, respectively. Component scores greater than three

times the SD of the mean were considered outliers and removed from analysis.

2.4.3. Linear regression analysis

Linear regression from SPSS Statistics 25 was conducted to further address the effect of
potential explanatory factors (biological, ecological, spatial) on the variation of PFAS
concentrations among goshawk nestlings. All the selected individual compounds were used as
dependent variables in separate models, to address the influence of certain predictor variables
on their burdens in the nestlings. More specifically, we assessed the contribution of age, trophic
level and dietary carbon source to the variation of pollutant concentrations in plasma of the
Norwegian subset of nestlings (n=30). Predictor variables were entered/removed from the
model in a backward stepwise manner at p=0.05. The AICc (Akaike Information Criterion
corrected for small sample sizes) was used for entry/removal of independent variables. The
most parsimonious model is presented along with alternative candidate models if AAIC < 2.
Provided R? values indicate how much variance a given model explains. Data was explored for

influential outliers, normality and homoscedasticity of residuals.

2.4.4. Analysis of qPCR results

Data analysis was performed in R using the package MCMC.qgpcr (Matz et al., 2013). Briefly,
this involves analysis of the complete set of qPCR measurements by fitting a Bayesian linear
mixed model with a Poisson distribution using a Markov Chain Monte Carlo (MCMC) chain.
A MCMC chain was run for 13000 iterations, and the first 3000 were discarded, to estimate the
change in target gene mRNA (or miRNA) in response to the fixed effects of treatment and time

point. Control genes were not implemented in this analysis. This package allows for
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simultaneous analysis of multiple genes. Firstly, raw Ct values were converted to molecule

counts using the following equation:
Count = E €1~ (Equation 2.7)

Where E corresponds to the efficiency of amplification and was set to 2 for all the genes; Ct;
(constant) represents the number of cycles required to detect a single target molecule and was
set to 37 as recommended by Matz et al. (2013); and Ct (response) is the experimental value
obtained after amplification of target genes (Matz et al., 2013). In this study, mRNA and
miRNA transcript levels were modelled in the following way. A two-way design model was
fitted using “treatment” and “timepoint” as fixed factors. The response variable of the model is
the natural logarithm of transcript counting rate. As various genes are included in the model,
“gene” accounts for different levels of expression between genes and constitutes the most basic
explanatory variable. Additional terms are added to the model to describe gene-specific effects
of experimental treatments (“gene:treatment”) and time (“gene:timepoint”), plus their
interaction “gene:timepoint:treatment”. The random effect of the technical replicate (“sample”)

is also introduced in the model (Equation 2.8).
In(rate) ~ gene + gene:treatment + gene:timepoint + gene:timepoint:treatment + sample
(Equation 2.8)

The results may slightly vary for each model fitting run due to the randomness in the MCMC
process. The function HPDsummary() is recommended to extract and plot results in a design
like this, with two fully crossed multilevel factors (Matz et al., 2013). This provided a summary
plot of inferred transcript logzabundances (model estimates), which were finally arranged by
gene using the function trellisByGene. Data for each gene were therefore shown on the same
panel, where the x-axis corresponds to the levels of one factor (“time point™), and the levels of
the second factor (“treatment”) are presented in different lines. These plots were modified using
SygmaPlot 13.0 to facilitate comparison between the different treatments of interest. Results
were eventually plotted as log2(abundance) with + SD of the estimate. Differences in expression

across treatments were depicted via Tukey-style post-hoc pairwise testing (p=0.05).

All target genes and treatments were incorporated into statistical analysis of gene expression.
Ct values and corresponding molecular counts were inspected prior to model fitting. miR-155
Ct values were unexpectedly high across treatments (35-43) and accordingly yielded very small
molecular counts (0-3). In addition, high variation between technical replicates was detected
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for miR-155 Ct values (Table E5, Appendix). The analysis of this particular target was repeated
using a new cDNA template but it led to similar results. The amplification curve, besides
indicating high Ct values for all treatments, did not show a sharp rise in the fluorescent signal
(Figure E1, Appendix). This contrasts with the qPCR analysis of the other target genes.
Altogether, this seems to indicate that the amplification was unsatisfactory, maybe owing to
levels of mR-155 in our samples being too low for quantification, and this gene could not be
included in the results.
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3. Results

3.1. In vivo study
3.1.1. Levels of PFASs in plasma

Mean concentrations and ranges of PFASs in plasma of goshawk nestlings from Troms,
Trendelag and Murcia are presented in wet weight ng/mL in Table 3.1. Individual
concentrations and additional information can be found in Appendix F. In this study, a total of
nine compounds were found above the LOQ in more than 50 % of the samples, namely total
perfluorooctane sulfonate (PFOS) (n=38/38), linPFOS (n=38/38), perfluorononanoic acid
(PFNA) (n=38/38), perfluoroundecanoic acid (PFUnDA) (n=38/38), perfluorodecanoic acid
(PFDA) (n=37/38), perfluorooctanoic acid (PFOA) (n=34/38), perfluorododecanoic acid
(PFDoDA) (n=32/38), perfluorotridecanoic acid (PFTrDA) (n=32/38) and perfluorohexane
sulfonate (PFHxS) (n=30/38). Of these, linPFOS, PFNA and PFUnNDA were the most frequent
overall as they were quantified in all individuals, whereas the remaining compounds were
present in 79-97 % of the samples (Table F1, Appendix). linPFOS had the highest mean
concentrations in Norwegian nestlings (6.4 ng/mL in Troms, 6.0 ng/mL in Trgndelag) followed
by PFUNDA (1.0 ng/mL in Troms, 1.1 ng/mL in Trgndelag). PFUNDA therefore had the highest
levels among the PFCASs in Norway. On the other hand, PFNA had the highest concentrations
in Spanish nestlings (2.8 ng/mL) followed by linPFOS (1.7 ng/mL) and PFUnNDA (1.5 ng/mL)
(Figure 3.1). PFHxS was the least frequent among the studied compounds overall: it was not
detected above the LOQ in any of the plasma samples from Murcia, although it was quantified
in all except one sample from Norway (n=30/31). A significant difference between populations
was found in the concentrations of PFHxS (Murcia<Trendelag=Troms); F235=14.1, p<0.001),
linPFOS (Murcia<Trgndelag=Troms); F2,35=5.5, p=0.008), PFNA (Murcia>Trgndelag=Troms;
F235=13.1, p<0.001) and PFDA (Trgndelag=Troms<Murcia); F2.35=10.4, p<0.001) (Table 3.1).
This suggested a different pattern of exposure between these populations, which was further
investigated. Within each population, no differences between males and females were depicted
(p>0.05).

The composition profile of PFASs in plasma (Figure 3.1) differed between Norwegian and
Spanish populations, with remarkably lower contribution of Y PFSAs to the overall burden in
Murcia (20.6%) relative to Troms (63.2%) and Trgndelag (53.9%), and higher percentage of
> PFCAs (79.4%, 36.8% and 46.1%, respectively). The profile of the two Norwegian
populations is nearly identical, as suggested by the fairly similar contribution of each colour
band to the total burden of PFASs (Figure 3.1). linPFOS was the most prominent PFAS in
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plasma samples from Troms (51.7%) and Trgndelag (44.3%), whereas PFNA predominated in
samples from Murcia (25.8%). The mean contribution of other PFCAs, such as PFOA,
PFUNnDA, PFDA and PFDoDA, was also higher in nestlings from Murcia.

Table 3.1. PFAS compounds in goshawk plasma samples from Troms, Trendelag and Murcia.
Arithmetic mean, median and range of plasma concentrations (ng/mL) are shown. Significant
differences in the mean concentrations between locations (one-way ANOVA) are marked with
different letters®®.

Troms (n=11) Trendelag (n=20) Murcia (n=7)
Mean ‘ Median ‘ Range Mean ‘ Median ‘ Range Mean ‘ Median ‘ Range
PFHxS! 0.442 0.47 <0.15-0.94 0.472 0.24 0.17-2.13 0.09° 0.09 <0.15

linPFOS! 6.372 4.14 1.57-12.88 5.962 4.29 0.64-21.65 1.71° 2.02 0.45-3.02
brPFOS! 0.96 0.57 <0.30-2.56 0.80 0.47 <0.30-3.14 0.33 0.25 <0.30-0.81
Y PFSAs 7.762 4.92 1.87-16.38 7.232 5.11 0.93-25.64 | 2.13° 2.36 0.58-3.88

PFOA? 0.44 0.29 <0.15-1.05 0.48 0.42 <0.15-1.62 0.93 0.81 0.34-1.92
PFNA? 0.752 0.66 0.33-1.26 1.052 0.98 0.38-2.27 2.77° 2.28 0.94-6.49
PFDA? 0.462 0.35 0.16-0.89 0.562 0.51 0.17-1.28 1.33° 1.09 0.58-2.17

PFUNDA? 1.00 0.73 0.39-1.89 1.10 1.09 0.46-1.75 1.46 1.37 0.62-2.78
PFDoDA? 0.50 0.48 <0.23-1.95 0.76 0.72 <0.23-1.99 0.93 0.84 0.41-1.36
PFTrDA? 0.75 0.63 <0.30-1.24 0.82 0.79 0.41-1.39 0.78 0.87 0.35-1.31
Y PFCAs 3.912 2.78 1.66-6.57 4.772 4.80 1.80-9.87 8.20° 7.17 3.62-16.01
Y PFASs 11.67 7.70 3.53-22.95 12.00 10.57 2.73-31.36 | 10.32 9.08 4.38-19.89
PFSA, 2PFCA

Despite the differing exposure pattern between Norwegian and Spanish nestlings, no significant
differences in mean XPFASs were found between Troms (11.7 ng/mL), Trendelag (12.0 ng/mL)
and Murcia (10.3 ng/mL). The highest concentration of XPFASs (nine compounds) was
measured in a male nestling from Trendelag (31.4 ng/mL), while the lowest burden was found
in another male from the same region (2.7 ng/mL). Among the PFCAs, odd-numbered chain
length compounds (PFNA, PFUNDA and PFTrDA) were detected at almost 2-fold higher
concentrations than even-numbered PFCAs (PFOA, PFDA, PFDoDA) (F=19.5, p<0.001). This
can be depicted from Figure 3.1 as well, with odd-numbered PFCAs such as PFUNDA generally
yielding wider bands relative to even-numbered PFCAs like PFDA, especially in Norwegian

nestlings.
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Figure 3.1. Concentration profiles in plasma (ng/mL ww) of selected PFASs in northern
goshawk (Accipiter gentilis) nestlings from northern Norway (Troms) (n=11), central Norway
(Trendelag) (n=20) and southern Spain (Murcia) (n=7).

3.1.2. Levels of PFASSs in feathers

The occurrence, mean concentrations and ranges of studied PFASs in goshawk feathers are
presented in wet weight ng/g in Appendix F. Individual concentrations (pooled per nest) are
shown too (Table F4, Appendix). A total of 13 compounds were detected in at least one feather
sample above the LOQ, including PFTrDA (n=33/39), linPFOS (n=31/39), PFUNDA
(n=27/39), PFDoDA (n=19/39), PFTeDA (n=17/39), PFHxS (n=17/39), PFNA (n=9/39),
PFHpS (n=4/39), PFDA (n=3/39), PFOA (n=2/39), PFHXDA (n=2/39), PFOSA (n=2/39) and
8:2 FTS (n=2/39). Thus, only three of these compounds (PFTrDA, linPFOS, PFUnDA) were
quantified in more than 50% of the samples and included into further statistical analysis (Table
3.2), with the long-chain PFTrDA as the most frequent overall, and in Trgndelag (n=21/21)
and Murcia (n=8/8) compared to Troms (n=6/11). The prevalence of PFAS compounds in
feathers is therefore much lower than in plasma. linPFOS had the highest mean concentration
(2.9 ng/g ww) and highest individual nest concentration (9.4 ng/g ww) of all investigated PFASs
in feathers. Among the least prevalent compounds, PFOSA, PFHpS and PFOA only occurred

above LOQ in Norwegian birds, whereas PFDA could only be quantified in Spanish nestlings.

The occurence of PFOS isomers in feathers was more limited than in plasma and brPFOS was
not detected in any sample. In turn, certain compounds were quantified in feathers but not in
plasma, such as the long-chain PFHXDA and the intermediates PFOSA and 8:2 FTS. Although
less frequent, linPFOS had the highest mean concentrations in feathers from Troms (2.0 ng/g)

and Trgndelag (2.9 ng/g) as well, relative to PFUnDA (0.9 and 0.8 ng/g, respectively) and
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Table 3.2. PFAS compounds in feather samples from Troms (n=12), Trendelag (n=20) and
Murcia (n=7). Arithmetic mean, median and range of feather concentrations (ng/g ww) are
shown. Significant differences in the mean concentrations between locations (one-way
ANOVA) are marked with different letters®P.

Troms (n=12) Trgndelag (n=20) Murcia (n=7)
Mean l Median l Range Mean l Median ‘ Range Mean | Median ‘ Range
linPFOS 2.00 1.21 <0.15-6.7 | 292 214 <0.15-9.38 | 1.19 0.99 <0.15-2.1
PFUNDA | 0.87 0.59 <0.54-1.82 | 0.79 084  <054-1.48 | 1.25 1.08 0.57-2.48
PFTrDA | 0.782 0.68 <0.56-1.42 | 2.48° 2.36 1.71-404 | 111 1.212 0.59-1.64
YPFASs | 3812 3.18 1.25-9.60 | 6.19° 5.82 2.68-12.50 | 3.54a 3.23 1.83-5.62

PFTrDA (0.8 and 2.4 ng/g, respectively). This pattern was not observed in Murcia, where the
carboxylates PFUnNDA (1.2 ng/g) and PFTrDA (1.1 ng/g) had similar contributions compared
to linPFOS (1.2 ng/g). The highest burden of XPFASs in feathers was observed in a female
chick from Trgndelag (12.5 ng/g), while the lowest concentration was detected in a male from
the same region (2.7 ng/g). When comparing locations, significant differences were depicted
for PFTrDA  (Murcia=Troms<Trgndelag);  F236=52.8, p<0.001) and XPFASs
(Murcia=Troms<Trgndelag; F236=6.9, p=0.003) (Table 3.2). Therefore, goshawk nestlings
from Trendelag had higher levels of £PFASs (3 compounds) in feathers, and this associated
with higher mean burdens of linPFOS and PFTrDA in this region, as shown in Figure 3.2. The
relationships between individual PFASs in plasma and feathers are fully described and

illustrated in Appendix H.
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3.1.3. Relationships with biological variables

Mean nestling age differed between regions (Murcia< Troms=Trgndelag) (F2,35=5.8, p=0.006)
(Figure A6, Appendix), and relationships with PFAS levels in plasma were thus addressed on
a region-dependent basis. Although positive associations with age were found when
considering all samples together (n=38), namely for PFHxS (rh0=0.32, p=0.049) and brPFOS
(rho=0.31, p=0.054), they disappeared when using the Norwegian subset of nestlings only
(p>0.05). Similarly, the relationships with mass were explored on a sex- and region-dependent
basis, owing to sexual dimorphism and latitudinal differences in size. Significant positive
associations were only found between mass and plasma PFNA for Norwegian females
(rho=0.70, p=0.024). In addition, trends were observed for PFHXS (rho=0.55, p=0.10) and
PFDoDA (rho=0.58, p=0.079). A positive trend was established for mass and PFNA in
Norwegian males (rho=0.37, p=0.098). In the case of Spanish birds, low sample size of females
(n=2) and males (n=5) rendered it difficult to address meaningful associations between age or
mass with individual PFASs, and these could therefore not be assessed. Finally, correlative
analyses showed no significant relationships between body condition and individual plasma

PFASs (p>0.05), although the signs of the relationship were always positive.

3.1.4. Relationships with diet (SIA)

The mean isotopic values (%o = SD) per nest (pooled feathers) were -20.8 (£ 0.59) (Murcia), -
23.2 (+ 0.48) (Trendelag) and -23.2 %o ( 0.65) (Troms) for 8'3C, and 7.67 (+ 1.18) (Murcia),
7.34 (+ 1.41) (Trendelag) and 6.04 %o ( 2.02) (Troms) for 8*®N (Figure 3.3). No overall
significant relationship was established between 8°C and 8'°N (p=0.36), but a positive
association was depicted in Troms (rh0=0.69, p=0.019). Raw isotopic data are presented in
Appendix I. The dietary carbon source of Norwegian nestlings differed from that of Spanish,
where 83Crro=0'3Crro<6'Cmur (Kruskal-Wallis H,=16.1, p=0.001) (Table 11, Appendix).
No significant relationships were established between §'C and individual PFAS levels in
Norwegian nestlings. However, within Troms, 53C was positively correlated with linPFOS
(rh0=0.92, p<0.001), PFDA (rho=0.84, p=0.002), PFUNDA (rho=0.84, p=0.003), PFNA
(rho=0.82, p=0.004), PFDoDA (rh0o=0.81, p=0.005), PFOA (rho=0.81, p=0.005) and brPFOS
(rho=0.78, p=0.008) in plasma. For §'°N, significant differences between populations were
depicted as well, with §**NTro<6'*Nmur=0'°NTrp> (H=6.9, p=0.032) (Table 11, Appendix).
Nonetheless, raw 5'°N data have limited utility in this study and, to check for variation in

trophic level across the three regions, 5°N data were baseline-corrected (as described in section
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2.1.6). Differences in mean trophic level were observed between locations (H2=19.3, p<0.001),
with Norwegian populations feeding at relative higher positions than Spanish nestlings (jrc-

TRD=3.9, UTL-TRO=3.5, UTL-MUR=2.6) (Figure 11, Appendix).

@ Trendelag
A Troms
E Murcia
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Figure 3.3. Raw §'3C and 8N (%o) in body feathers (pooled per nest) of goshawk nestlings
from northern Norway (Troms) (n=11), central Norway (Trgndelag) (n=20) and southern Spain
(Murcia) (n=7). The circles represent the segregation of Norwegian (grey) and Spanish (orange)
nests by their carbon source (8*°C).

Positive relationships between trophic level and individual PFAS concentrations were
established, especially for PFSAs and the long-chain carboxylate PFTrDA in both plasma and
feathers. Only positive associations with trophic level were found, with the following
compounds showing significant relationships: linPFOS (rho=0.74, p<0.001) (Figure 3.4),
PFHXS (rho=0.72, p<0.001), brPFOS (rho=0.69, p<0.001) and PFTrDA (rho=0.43, p=0.008)
in plasma, and linPFOS (rho=0.48, p=0.002) and PFTrDA (rho=0.52, p=0.001) in feathers
(Figure 12 A-D, Appendix). The ZPFASs in plasma and feathers were positively correlated to
trophic level as well (rho=0.52, p=0.001, rho=0.51, p=0.001, respectively). In addition, all the
individual compounds, including PFCAs and PFSAs, were also positively correlated with
trophic position when considering the Norwegian subset of birds only, as well as XPFASSs in
plasma and feathers (0.41<rh0>0.78, p<0.05).
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Figure 3.4. Relationship between trophic level and concentration of linPFOS in plasma
goshawk nestlings from northern Norway (Troms) (n=12), central Norway (Trgndelag) (n=20)
and southern Spain (Murcia) (n=7). A positive correlation was established based on Spearman’s
rank correlation (rho=0.72).

3.1.5. Evaluating the contribution of biological, spatial and ecological variation
Principal component analysis (PCA)

Principal component analysis (PCA) was used as a preliminary step prior to further statistical
analysis, to visualize patterns between PFASSs, biological, spatial, and ecological variables. A
two-component solution was retained based on eigenvalues from the scree plot (Table G2,
Appendix). Thus, two components (PC1 and PC2) were extracted and used to address the
relationships between PFASs (plasma and feathers) and potential explanatory factors (age, body
condition, 8!3C, trophic level). PC1 and PC2 explained 66% of the total variation (PC1: 39%,
PC2: 27%). The loading plot shows the relationships between the selected variables (Figure
3.5). The first component (PC1) included a clear grouping of most individual PFCAs
(0.63<loading score<0.97), except PFTrDA in feathers. On the other hand, individual PFSAs
were grouped into the second component (PC2) (0.71<loading score<0.91) (Table G3,

Appendix). Among the potential explanatory variables, §*3C and trophic level were relatively
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well projected in the first (0.63) and second (0.83) dimensions, respectively. Body condition

and age were however less well projected in any of the selected dimensions (loading score<0.6),

and not significantly associated with each other.
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Figure 3.5. Loading plot corresponding to the Principal Component Analysis (PCA) of
contaminants and selected biological, ecological and spatial variables. Dimension 1 (PC1)
explained 39% of the total variation, whereas Dimension 2 (PC2) accounted for 27%.
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Figure 3.6. Score plot corresponding to the Principal Component Analysis (PCA) of
contaminants and selected biological, ecological and spatial variables. Individuals (nests) are

scattered in a two-dimensional space (PC1, PC2) and coloured after population.
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The score plot (Figure 3.6) was used to represent all individuals, coloured after population, in
a two-dimensional space according to their loadings. Spanish birds have on average higher PC1
scores (to the right) relative to Norwegian nestlings (to the left) (H=9.1, p=0.011). On the other
hand, Norwegian birds have higher PC2 scores (higher up) (H=18.0, p<0.001). Furthermore, a
broader range of PC2 scores was observed among Norwegian nestlings.

The relationships between individual PFASs, which can be inferred from the loading plot, were
further explored using the nine congeners in plasma, and only positive correlations were
established (Figure 3.7). Several significant associations were found, with pairwise correlations
for brPFQOS, PFOA, PFNA, PFDA, PFUNDA, PFDoDA, and PFTrDA with rho between 0.33
and 0.91. The strongest correlations were observed for the following pairs: PFOA-PFDA
(p<0.001), linPFOS-brPFOS (p<0.001), PFDA-PFDoDA (p<0.001), PFOA-PFDoDA
(p<0.001), PEFNA-PFDA (p<0.001) and PFDA-PFUNDA (p<0.001). The associations between
PFSAs and PFCAs were weak or absent. PFHXS was only correlated to linPFOS and brPFOS.
These results are in line with the PCA loading plot and further suggest the need to account for

the different PFASSs in further statistical analyses.
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Figure 3.7. Non-parametric Spearman rank correlations between individual PFAS compounds
in plasma (n=38) (corrplot package in R). The correlation matrix was combined with the p-
values from a significance test. Positive correlations are shown in blue circles, with colour
intensity and circle size being proportional to the Spearman’s rank correlation coefficients
(rho). Correlations with p>0.05 are considered as insignificant and left blank in the plot.
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Linear regression analysis

PCA was used as a preliminary step before linear regression analysis. More specifically, it
helped to confirm variables of interest. Based on this, and in order to account for the apparently
different sources of PFSAs and PFCAs, all selected individual compounds were taken as
dependent variables in separate models. In addition, age, trophic level and dietary carbon source
were selected as potential predictor variables, as we suspected based on their loadings that
differences in age and diet could contribute to explain the variation in PFAS levels across
nestlings in a given population. Therefore, the contribution of selected predictor variables to
the variation of PFAS levels in plasma was further assessed in this section. Only Norwegian
birds were included and pooled together for this analysis (n=30). A multiple linear regression
was calculated to predict plasma PFAS concentrations based on the age, trophic level and §3C

of goshawk nestlings.

Trophic level was the sole predictor for PFAS variation in all most parsimonious models (Table
3.3). The estimates of this predictor variable exclusively exhibited positive slopes (0.23 < <
0.51, p<0.05). Regarding plausible alternative candidate models (AAIC < 2), only three
individual PFAS compounds, namely PFOA, PFTrDA and brPFOS, included age as a non-
significant predictor in addition to trophic level (Table G5, Appendix). The contribution of age
was positive for PFOA (p=0.24) and brPFOS (p=0.41), and negative for PFTrDA (p=0.29)
levels in plasma. 8'3C was not included as a predictor of variation in any of the most
parsimonious or alternative candidate models. Significant regression models were obtained for
all individual PFAS compounds. PFHXS results did however not meet the assumptions of linear
models and this compound was excluded from the table, in contrast to all other investigated
PFASs (log-transformed). The strongest influence of trophic level was reported for PFOA and
the two PFOS isomers, with regression coefficients ranging between 0.43 (p<0.001) and 0.51
(p<0.001), and the lowest for PFTrDA ($=0.23, p<0.001) (Table 3.3). The best fit models, with
only trophic level as predictor, explained between 34% and 57% of the total variance in the
levels of individual PFASs (0.34 < R? < 0.57).
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Table 3.3. Model selection including the best fit models that predict variation in plasma
concentrations of individual PFAS compounds (ng/mL) in relation to age (days), trophic level
(TL) and dietary carbon source (§:3C) in Norwegian goshawk nestlings (n=30). Model selection

was performed according to AlCc.

log(PFOA) B SE t p-val log(PFNA) B SE t p-val
intercept -2.00 037 -541 0.001 intercept -1.00 0.25 -4.01 <0.001
TL 043 010 419 0.003 TL 025 0.07 376 0.001
F(1,28)=29.02 (p<0.001) R?=0.51 AlCc=-2.64 F(1,28)=14.12 (p=0.001) R?=0.34 AlCc=-13.74
log(PFDA) B SE t p-val log(PFUNDA) B SE t p-val
intercept -1.70 022 -7.64 <0.001 intercept -0.99 0.22 -448 <0.001
TL 036 006 6.14 <0.001 TL 0.26 0.06 4.43  <0.001
F(1,28)=37.72 (p<0.001) R?=0.57 AlCc=-20.67 F(1,28)=19.62 (p<0.001) R?=0.41 AlCc=-20.86
log(PFDoDA) B SE t p-val log(PFTrDA) B SE t p-val
intercept -1.69 031 -539 <0.001 intercept -1.00 0.21 -4.87 <0.001
TL 0.38 0.083 459 <0.001 TL 023 0.05 422 <0.001
F(1,28)=21.02 (p<0.001) R?=0.43 AlCc=-0.15 F(1,28)=17.84 (p<0.001) R?=0.39 AlICc=-25.5
log(linPFOS) B SE t p-val log(brPFOS) B SE t p-val
intercept -1.16  0.39 -3.02 0.005 intercept -2.17 049 -4.48 <0.001
TL 048 010 471 <0.001 TL 051 013 397 <0.001

F(1,28)=22.16 (p<0.001) R?=0.44 AlCc=12.25

F(1,28)=15.78 (p<0.001) R?=0.36 AlCc=26.10

3.2. In vitro experiment: PFOS-mediated modulation of gene expression

The results presented are referred to as changes in the relative mRNA expression (transcript
logzabundance) of four immune genes, namely NF-xB, TNF-qa, IL-8 and IL-4, representing a
relevant transcription factor in immune signalling, a classical cytokine marker of inflammation,
a major pro-inflammatory chemokine and an anti-inflammatory cytokine, respectively. miR-
155 expression was not included in the results due to analytical limitations for quantification
(see 2.4.4). The indicated harvests (or time points) correspond to either the duration of the
exposure to the pollutant (30, 36, 42, 48 hours post-exposure) or the duration of the poly(l:C)
treatment and infection with GaHV-2 (6, 12, 18 and 24h post-stimulation) (see Figure 2.2).
Different genes are presented in different plots (line colours), where treatments of interest

(symbol colours) are compared.

3.2.1. PFOS-mediated effect on baseline immune gene expression

The potential effect of PFOS on the baseline expression of these genes (without viral
stimulation) was firstly adressed. This was studied through pairwise comparisons of the
negative control and PFOS-exposed cells at the different post-exposure time points. Following
exposure to PFOS, the baseline expression of the cytokines IL-4 and IL-8 and the transcription

factor NF-xB in general showed a decrease (Figure E2, Appendix). Such differences in relative
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gene expression were particularly remarkable at 42h and 48h post-exposure. Specifically, the
expression of IL-4 in PFOS-exposed CEFs was significantly lower relative to the control at 48h
(p=0.004), with a trend at the previous time point as well (p=0.086) (Figure 3.8A). In a similar
manner, baseline expression of 1L-8 was lower in PFOS- exposed cells than in control cells,
with lower mean values from 36h and a significant difference at 48h (p=0.021) (Figure 3.8B).
Lastly, this pattern also applied to the transcription factor NF-kB, with lower baseline
expression in PFOS-exposed cells over time (36h: p<0.001, 42h: p=0.007, 48h: p<0.001)

relative to the control (Figure 3.8C).
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Figure 3.8. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) treated with PFOS (white symbol) versus the negative control (black
symbol). The x-axis denotes duration of the post-exposure period and the y-axis the model
estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model estimates are presented along
with the SD in whiskers. Different letters denote a significant pairwise difference between the
illustrated treatments. Reactions were performed in two technical replicates.
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For TNF-a, mean expression in PFOS-exposed CEFs was similar or lower than in control cells,
but no significant deregulation could be inferred in this case (Figure 3.8D). Overall, these
findings indicate that PFOS deregulates the baseline expression of target immune genes,
including two of the cytokines (IL-8 and IL-4) and the transcription factor NF-xB. This pattern
Is strongest for NF-kB at 48h, where PFOS induces a 5-fold decrease in gene expression relative

to the control.

3.2.2. Gallid herpesvirus 2 (GaHV-2)
Response to viral stimulation

Potential changes in immune gene expression in response to GaHV-2 infection (without PFOS)
were addressed in this section. This was investigated by comparing relative expression in
control versus virally stimulated cells (Figures 3.9 A-D). Target gene expression following
infection with GaHV-2 did not differ from the negative control for any of the investigated genes
and time points (p>0.05). In the figures, this can be depicted from the proximity of the treatment
estimates and overlapping error bars, which would indicate no differences between the
treatments at 6, 12, 18 or 24h post-infection with GaHV-2. Solvent effects were ruled out by
comparing gene expression in GaHV-2 against GaHV-2 (1% DMSO) —infected cells (Figure
E3, Appendix).

A B
7,0 9
8 4
@ 60 —_
o )
5 g
g § 7
% c
2 50 3
o L
N N 6 A
2 g
4,0 4
5 4
] . —a— Negative control (IL-8)
®— Negative control (IL-4
o Nogally i (IL-4) —& GaHV-2 (IL-8)
4 T T T T
3,0 T T T T T T T : : :
6 12 18 24 6 12 18 24

Time post-infection (h) Time post-infection (h)

47



16,0 1

14,0 4

10 |

log2(abundance)
[o°)
o
log2(abundance)

4— Negative control (NF-kB) | —a— Negative control (TNF-a)
9— GaHV-2 (NF-kB) —a— GaHV-2 (TNF-a)

6 T T T T T T T T T T 13,0 T T T T T T T T T T
6 12 18 24 6 12 18 24
Time post-infection (h) Time post-infection (h)

Figure 3.9. log>(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) infected with gallid herpesvirus-2 (GaHV-2) (green symbol) versus the
negative control (black symbol).The x-axis denotes duration of the post-infection period and
the y-axis the model estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model
estimates are presented along with the SD in whiskers. Different letters denote a significant
pairwise difference between the illustrated treatments. Reactions were performed in two
technical replicates.

Response to PFOS exposure and viral stimulation

The expression in response to combined exposure and infection (PFOS/GaHV-2) was assessed
in relation to the negative control and PFOS-exposed cells. No significant differences relative
to the control were found for any of the investigated genes and time points (p>0.05). This can
be depicted by looking at the latest post-infection time point (24h), which suggests a significant
increase in expression relative to that in cells solely exposed to PFOS, for IL-4 (p<0.001), IL-
8 (p=0.013) and NF-xB (p=0.002) (Figure 3.10 A-D). At 18h post-infection, there was a trend
towards a higher expression of IL-8 in PFOS/GaHV-2 cells than in PFOS-exposed cells
(p=0.077). For NF-xB, where expression decreased in response to PFOS only, mean expression
was also higher but no trends could be established. For TNF-a, expression levels after 12h were
higher in PFOS/GaHV-2 relative to PFOS-exposed cells (p=0.031). The expression of NF-xB
after 6h was however higher in the PFOS/GaHV-2 group relative to control (p=0.042) and
PFOS-exposed cells (p=0.036). In addition, both GaHV-2 only and PFOS/GaHV-2 yielded
similar immune gene expression levels compared to the negative control (Figure ES5,

Appendix).
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Figure 3.10. log2(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) treated with PFOS (white symbol), treated with PFOS and infected with
gallid herpesvirus-2 (GaHV-2) (yellow symbol) versus the negative control (black symbol).The
x-axis denotes duration of the post-stimulation period and the y-axis the model estimate for IL-
4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model estimates are presented along with the SD
in whiskers. Different letters denote a significant pairwise difference between the illustrated

treatments. Reactions were performed in two technical replicates.

3.2.3. RNA virus analogue poly(l:C)
Response to viral stimulation

Potential gene expression changes in response to poly(l:C) stimulation (without PFOS) were
addressed in this section. IL-8 expression upon poly(l:C) stimulation decreased after 18h
(p<0.001) and 24h (p<0.001) relative to the control (Figure 3.11B). Similarly, NF-xB
expression was down-regulated at 18h (p<0.001) and 24h (p<0.001) post-stimulation (Figure
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3.11C). The mean expression levels of TNF-a were nonetheless lower from the beginning, with
significant differelces at 6h (p<0.001), 12h (p=0.002), 18h (p<0.001) and 24h (p<0.001)
(Figure 3.11D). IL-4 expression after 24h was significantly decreased relative to the control as
well (p=0.017) (Figure 3.11A). The strongest down-regulation of gene expression occurred
after 24h and for the pro-inflammatory genes IL-8 (13-fold), NF-kB (5-fold) TNF-a (33-fold).
Solvent effects were studied and ruled out as well by comparing gene expression in poly(l:C)
against poly (I:C) (1% DMSO) —stimulated cells (Figure E4, Appendix).
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Figure 3.11. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) stimulated with the synthetic RNA virus poly(l:C) (green symbol) versus
the negative control (black symbol).The x-axis denotes duration of the post-stimulation period
and the y-axis the model estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model
estimates are presented along with the SD in whiskers. Different letters denote a significant
pairwise difference between the illustrated treatments. Reactions were performed in two
technical replicates.
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Response to PFOS exposure and viral stimulation

Gene expression in response to combined exposure and viral stimulation (PFOS/poly(l:C))
WAS assessed in relation to that in control and PFOS-exposed cells. It was found that upon
combined exposure to PFOS and poly(1:C), gene expression was similar (IL-4, NF-kB) or lower
(IL-8, TNF-a) to that following single PFOS exposure (Figure 12 A-D). More specifically, the
expression of 1L-4 was lower than in the negative control at 24h (p=0.019), but it remains at
similar levels relative to PFOS-exposed cells (Figure 3.12A). A similar pattern applies to NF-
kB, with lower expression relative to the negative control at 18h (p=0.017) and 24h (p<0.001)
(Figure 3.12C).
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Figure 3.12. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) treated with PFOS (white symbol), treated with PFOS and stimulated with
the synthetic RNA virus poly(l:C) (yellow symbol) versus the negative control (black
symbol).The x-axis denotes duration of the post-stimulation period and the y-axis the model
estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model estimates are presented along
with the SD in whiskers. Different letters denote a significant pairwise difference between the
illustrated treatments. Reactions were performed in two technical replicates.
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For IL-8 and TNF-q, transcript levels at 24h were significantly lower in PFOS/poly(l:C) —
treated cells than in the other two treatments (p<0.001) (Figure 3.12B & 3.12D). However,
poly(1:C) only and PFOS/poly(l:C) treatments similarly yielded similar expression levels, and

lower compared to the negative control (Figure E6, Appendix).
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4. Discussion

This study aimed to investigate the levels of PFASs in wild goshawk nestlings and to evaluate
the combined effects of one of the most prominent PFAS and virus infection, in a time-
dependent manner, on innate immune signalling pathways. The results of the in vivo study are
discussed before the results of in vitro expression of immunologically relevant genes. In the last

section, the possible relevance of these findings to raptors is further discussed.

4.1. In vivo study
4.1.1. Levels of PFASs in goshawk plasma

Reports of PFASs in the terrestrial environment have been more limited than in the marine
ecosystem (Butt et al., 2010), but there has been increasing interest over recent years. The
plasma concentrations of total and individual PFASs reported in the study populations (Figure
3.1) were slightly lower than in goshawks from Troms area in 2008 (21 ng/mL — 10
compounds), much lower than in 2009 (151 ng/mL — 10 compounds), and slightly lower than
in 2010 (25 ng/mL — 10 compounds) (Sonne et al., 2012) and 2015 (19 ng/mL — 8 compounds)
(Gomez-Ramirez et al., 2017). The PFAS plasma profile in Norwegian populations of the
current study was however comparable to Gomez-Ramirez et al. (2017), with linPFOS as the
dominant compound (10.9 + 8.1 ng/mL) followed by PFUnDA (1.7 + 0.7 ng/mL) and PFNA
(1.5 = 1.4 ng/mL), although our nestlings had 1.7 (Troms) — 5.9 (Murcia) times lower PFOS
levels. It was suggested that the relatively low levels of PFASs in Norwegian raptors result from
combined long-range transport and bioaccumulation in local food webs, and high
environmental persistence (Gomez-Ramirez et al., 2017)

Higher concentrations of total PFASs were detected in white-tailed eagles from northern
Norway (45.4 + 14.8 ng/mL) compared to goshawks, and this variation was attributed to
differences in dietary habits between the two species (Gémez-Ramirez et al., 2017). In a similar
study, PFOS clearly dominated the plasma profile of PFASs in white-tailed eagles from Steigen
(23.1 ng/mL ww) and Smgla (17.8 ng/mL ww). This compound was followed by PFUNDA (3.7
and 3.4 ng/mL ww) > PFNA >PFDA > PFOA > PFHpS (Flo et al., 2016). The lower prevalence
of PFOA among the PFCAs in wildlife, like in this study, is in agreement with its predominance
in abiotic environmental matrices (Butt et al., 2010). Regarding PFOS isomers, linPFOS was
much more abundant than brPFOS in this study. This is in agreement with preferential
elimination of branched isomers through the food chain, with subsequent enrichment of the
linear isomer in predators (Butt et al., 2010). Powley et al. (2008) reported levels of brPFOS
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comprising 50% of the total PFOS burden in Arctic cod (Arctogadus glacialis) but only 5% in
seals from the same food web in the Canadian Arctic (Powley et al., 2008). Therefore, the utility
of PFAS isomers in source identification may be confounded by isomer discrimination during

trophic transfer.

Among PFCAs, the higher proportion of longer and odd-numbered compounds has been related
to the increased rate of elimination with decreasing carbon chain length, and higher
bioaccumulation factors with increasing chain length up to PFTeDA (Lau et al., 2007; Martin
et al., 2003). The tissue-specific accumulation of PFCAs and PFSAs appears to be associated
with protein factors that are chain length dependent (Gebbink and Letcher, 2012). In addition,
the depuration half-life of PFOA in white leghorn chicken is relatively short (5 days) compared
to PFOS (125 days), which have the same chain length (Yoo et al., 2009). This may explain the
higher prevalence of long-chain PFCAs and PFOS, and the non-detection (e.g. PFBS or PFBA)
or lower concentrations (e.g. PFOA) of shorter-chain compounds in the current study. It could
also be that the levels of certain compounds (4C-7C) in the environment are still low compared
to longer-chain counterparts. Similarly, the emerging PFOS alternative F-53B was not detected
in any goshawk sample. However, other studies have already reported increasing levels of the
shorter-chain homologues (PFBA) in water and air, likely associated with conversion from
longer chain perfluoroalkyl products (Mdller et al., 2010; Pignotti et al., 2017; Weinberg et al.,
2011), as well as bioaccumulation of F-53B in Chinese crucian carp (Carassius carassius) (Shi
etal., 2015)

Altogether, it seems that plasma concentrations of PFASs in goshawks are similar or lower than
previously reported in terrestrial and marine raptors. The composition profile does not differ
much, with PFOS being the dominant compound overall followed by long-chain carboxylates
(particularly odd-numbered). The current levels of PFASs in raptors rarely exceed toxicity
reference values, which is estimated as 1.7 pg/mL for PFOS based on dietary intake in fish-
eating raptors (Newsted et al., 2005), but bald eagle (Haliaeetus leucocephalus) nestlings have
recently been found to be exposed to concentrations above that threshold (Route et al., 2014).
In this study, none of the individuals approached the reference value, since highest levels of
PFOS were 23.5 and 19.9 ng/mL in two nestlings from Trgndelag. These were also below the
experimental lowest observed effect level (LOAEL) for any immune parameter in mice (91.5
ng/mL) (Peden-Adams et al., 2008) and chickens (154 ng/g serum) (Peden-Adams et al., 2009).
Our findings would indicate that the investigated nestlings are not exposed to toxic levels of
PFASs. However, slightly higher levels of ) PFASs in kittiwake plasma (19.2 + 5.25 ng/g ww)
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associated positively with total thyroxin (TT4) and may relate to disruption of thyroid
homeostasis (Ngst et al., 2012). In addition, the potential cocktail long-term effect of complex
mixtures of PFASs and other pollutants in wild birds should not be overlooked. Toxicity is only
well understood for a limited selection of PFASs (DeWitt, 2016), and the great number of
compounds that coexist in animal tissues complicates risk assessment (Gémez-Ramirez et al.,
2017).

4.1.2. Levels of PFASs in goshawk feathers

To our knowledge, this is the first study to report PFASs in both plasma and feathers of
goshawks, and only a few others have looked at these compounds in feathers of birds of prey.
The prevalence and concentrations of PFASs in adult feathers of eagle owls were remarkably
higher than in the present study, with median levels of £PFAS (16 compounds) ranging from
17.5 ng/g ww in northern Norway to 41.6 ng/g ww in southern Norway (Dahlberg et al., 2017).
Although at higher concentrations, the dominant compounds in feathers coincided with the ones
in this study, namely linPFOS, PFTrDA and PFUnDA. The higher burdens in adult raptor
feathers may underline the influence of external contamination on the feathers, which is
probably higher in adults, since it is affected by moult strategy and preening behaviour (Espin
et al., 2016). Nestling body feathers are minimally exposed to external contamination, whereas
adult feathers of large raptors moult over 2 or more years and external contamination through
atmospheric deposition and preen oil can occur over a more extended period (Eulaers et al.,
2011Db). In line with this, lower levels of PFASs than in adult terrestrial raptors were to be

expected in our nestlings.

The overall predominance of linPFOS in feather samples as well, in terms of frequency of
quantification and mean concentrations, is in agreement with its high prevalence and levels in
biota and other tissues (Butt et al., 2010). Jaspers et al. (2013) investigated the levels of PFASs
in tail feathers and soft tissues of barn owls (Tyto alba) near a point source of PFASs. PFOS
was the most prevalent and abundant compound, with median concentrations ranging from 15.8
ng/g ww in feathers to 431 ng/g ww in adipose tissue. The median concentration of PFOS in
feathers was therefore 7 (Trendelag) to 16 (Murcia) times lower in this study. Eurasian
sparrowhawks (Accipiter nisus) from the Antwerp region (Belgium), highly impacted by
background levels of PFAS contamination, had even higher mean levels of PFASs in feathers
(PFOS: 100 ng/g ww) (Meyer et al., 2009). Similarly, PFOS was the predominant compound
in Accipiter sp. feathers from the Tibetan Plateau (4.67 ng/g ww) followed by the short-chain
compounds PFBS (1.91 ng/g) and PFBA (1.39 ng/g). while the long-chain PFCAs were rarely
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detected (Li et al., 2017b). This switch in the PFAS profile towards shorter-chain compounds
has not been observed in the current study. In white-tailed eagles from Norway, linPFOS had
the highest concentrations in feathers (5.2 + 2.6 ng/g ww), while PFUnDA (1.01 £ 0.36) and
PFTrDA (1.1 + 0.4) dominated the PFCA profiles (Gomez-Ramirez et al., 2017). This
resembles the pattern of Norwegian goshawk nestlings in this study, as these were the most
frequent compounds in feathers, although at generally lower mean concentrations (Figure 3.2).
The only exception was PFTrDA in goshawk feathers from Trgndelag, with a mean
concentration more than two times higher (2.48 ng/g ww) compared to the white-tailed eagles.
Nonetheless, the levels of > PFASs were 2-4 times lower than those found in white-tailed eagle
nestlings (12.3 ng/g ww) (Gomez-Ramirez et al., 2017) and adults (12.5 ng/g ww) (Herzke et

al., 2011) from Norway and Greenland.

In this study, the PFAAs precursors PFOSA and 8:2 FTS could be quantified in two feather
samples from Trgndelag. Interestingly, the two nests with PFOSA burdens were located in the
same area (Stjgrdal) near the airport. In addition, one of these nests had the highest
concentrations of linPFOS in plasma (21.6 ng/mL) and feathers (9.4 ng/g ww). This may
indicate a local past or current source of PFAS contamination. The major source of PFAS
contamination around airports is their historical use in aqueous film forming foams (AFFFs)
during fire-fighting trainings and accidents (Awad et al., 2011). PFOS-containing AFFFs have
a long shelf life (>20 years) and may still be used in accidental fires around the world (Posner,
2013). In contrast to feathers, PFOSA was not detected in any plasma sample. Lgseth et al,
submitted, Herzke et al. (2011) and Gomez-Ramirez et al. (2017) also detected PFOSA in
feathers but not in plasma, although at higher frequencies (46-100 %) than this study. Higher
frequency and concentrations of PFOSA in feathers than in plasma are suggestive that feathers
may act as a passive air- and dust sampler, reflecting external contamination rather than internal
burdens. An alternative explanation is that feathers constitute routes of excretion of PFOSA
(Herzke et al., 2011), or that it is not detected in plasma owing to its stronger affinity to whole
blood (K&rrman et al., 2006). This could apply to PFHpS as well, which was quantified in four
feather samples from Norway but not in plasma. A different washing method may contribute to
elucidate the origin of compounds detected in feathers but not in plasma (Gomez-Ramirez et
al., 2017) and also to explain the overall higher levels of PFASs in feathers from Trgndelag.
The influence of external contamination in this region might be higher due to proximity to
urbanization and relatively older nestlings, which would result in longer exposure time to higher

levels of air-borne pollutants. Regarding PFOA in feathers, Jaspers et al. (2013) suggested that
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high levels may reflect external contamination from the air in the surroundings of point sources,
but in this study, its prevalence and concentrations were much lower in feathers than in plasma.
However, we cannot rule out the utility of feathers as passive air samplers of PFOA in the

vicinity of point sources.

The significant associations between the investigated PFAS compounds in plasma and feathers
(Figure H1, Appendix)) indicate that goshawk nestling feathers likely reflect internal
concentrations. This is essential to use feathers as a biomonitoring matrix (Eulaers et al., 2011a).
Previous studies addressing the utility of feathers in PFAS biomonitoring have mostly focused
on the associations between concentrations in feathers and protein-rich internal organs like liver
and muscle (Jaspers et al., 2013; Meyer et al., 2009). The relationships reported here are not as
strong as in Eulaers et al. (2011a) for legacy POPs in plasma and feathers from white-tailed
eagles (p< 0.05; 0.78 < r < 0.99). This may indicate a limited suitability of feathers as non-
invasive biomarker of PFAS exposure. Also, only three compounds could be investigated for
relationships between feathers and blood (Figure H2), owing to the lower prevalence of PFASs
in feathers (n=3) compared to plasma (n=9). This could be a downside for the use of feathers
in PFAS monitoring, as they may not reflect all compounds detected in internal compartments.
However, the fact that we used pooled (per nest) instead of individual feathers might have
weakened the actual associations between the two matrices. Further investigation is required
before feathers can be used in the monitoring of these compounds as a replacement to more
invasive techniques (Gomez-Ramirez et al., 2017), and to better understand the stability and
binding affinities of PFASs in feathers (Garcia-Ferndndez et al., 2013). It has recently been
suggested that feathers might not be a reliable PFAS biomonitoring matrix and that plasma

should be prioritized (Leseth et al, submitted).

4.1.3. Comparison of goshawk populations

The prevalence and concentrations of PFASs in plasma of goshawk nestlings differed
significantly between the populations of study. The composition profile was remarkably
different between Spanish and Norwegian nestlings, in contrast to the highly comparable
pattern between birds from Trgndelag and Troms. The fact that Spanish nestlings were
significantly different to Norwegian in terms of age and trophic level (Figures A6 and I1,
Appendix) complicated the assessment of predictors of PFAS variation. This could already be
depicted from the PCA (Figures 3.5 & 3.6), where Spanish goshawks were consistently younger
and feeding lower in the food chain. The possible influence of such biological and ecological

variables is discussed in the next section (see 4.1.4). Generally, the levels of PFSAs in plasma
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were higher in Norwegian birds while PFCAs predominated in Spanish nestlings. In line with
this, PFOS represented a minor fraction of the total burden in Murcia, and so was true for PFNA
in Trgndelag and Troms (Figure 3.1). We hypothesize that such differences in concentrations
and profiles are partially explained by the contribution of differing sources of PFAS
contamination. This is supported by a study on Audouin’s gulls (Larus audouinii) from NE
Spain, where PFNA in egg yolk (<LOD - 7.8 ng/g ww) was also the dominant PFCA (Vicente
etal., 2015), like in plasma of Spanish goshawks from this study. However, PFOS was the most
prominent compound overall in that study and in shearwaters (Calonectris spp.) from Murcia
(Escoruela et al., 2018), which might indicate that PFCA contamination outweighs PFSAS in

terrestrial but not in marine environments.

PFCASs have been primarily used as fluoropolymer processing aids and in numerous industrial
and consumer applications (Kissa, 2001). In this study, PFNA concentrations were 3- to 4-fold
higher in Spanish than in Norwegian goshawks. This compound has typically been used, in its
ammonium salt form (APFN), for producing fluoropolymer dispersions like polyvinylidene
fluoride (PVDF) (Prevedouros et al., 2006). PFNA is not an intended component of PVDF and
derived uses, where this compound is only present at trace levels (Prevedouros et al., 2006).
Nonetheless, it was estimated that 60% of the PFNA utilized in the manufacture of PVDF was
emitted to the environment, making up a worldwide total of 400 to 1400 tonnes between 1974
and 2004. A commercial APFN was found to contain significant proportions of longer PFCA
homologues like PFUNDA and PFTrDA as well (Prevedouros et al., 2006). To the knowledge
of the author, fluoropolymer manufacturing sites have never been established in Scandinavia,
whereas there are active production sites in Western European countries such as France or Italy
(Ring et al., 2002). Major global producers committed to reduce and work towards the
elimination of PFOA, higher homologues and precursors under the PFOA Stewardship Program
(USEPA, 2006). These companies have recently met the USEPA program goals (USEPA,
2015), but past and current emissions by these and other manufacturers may account for the
higher levels of PFCAs in the Spanish environment (Kannan, 2011). The use of ski waxes in
Norway, which is connected to FTOH and related PFCA contamination (Chropeniova et al.,
2016; Nilsson et al., 2010), does not seem to constitute an important local source of PFCA

contamination into the Norwegian food webs of study.

Higher levels of long-chain and odd numbered PFCAs (e.g. PFTrDA) relative to their adjacent
even chain counterparts (e.g. PFDoDA) indicate a contribution of atmospheric inputs via

precursors (Braune and Letcher, 2012; Verreault et al., 2007). In line with this, we found a more
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pronounced difference between odd and even numbered compounds (odd>even) in Norwegian
nestlings. In addition, the contribution of atmospheric transport to overall long-range transport
(LRT) is higher in PFCAs with longer-chain length, due to increasing air-water partition
coefficients (Kaw) with chain length (Armitage et al., 2009). Accordingly, the higher ratios
between longer- and shorter-chain compounds (e.g. PFTrDA/PFNA) found in Norwegian
compared to Spanish nestlings could indicate LRT from direct sources of PFCAs as well.
Altogether this can indicate that Norwegian populations are exposed to lower levels of PFCAS
via atmospheric LRT of precursors and metabolites, in contrast with less distant sources of

PFCA contamination in Spain.

The levels of PFSAs in plasma, on the other hand, are 3 to 4-fold higher in the two Norwegian
populations. Although this might be more connected to ecological predictors like the diet (see
4.1.4), differing contribution of local sources could partially explain the observed differences
between Norway and Spain as well. Estimates indicate that POSF-derived consumer products
account for the historical release of 450-2700 tonnes PFOS into the environment (Paul et al.,
2009). Among these, waterproof clothing, stain repellent treated carpets or AFFFs greatly
contribute to the indirect emission of POSF derivatives into to the environment (Paul et al.,
2009). The extent to which differences between consumer products in Norway and Spain can
impact our findings is difficult to evaluate. However, it is likely that there is a differential use
of consumer products between the countries, including outdoor clothing, which could contain
and release PFSAs to the local environment. The estimated historical (1970 — 2002) global
release of PFOS from textiles to the environment ranged from 120 to 600 tonnes (Paul et al.,
2009), while the use of fluorinated substances as impregnating agents in general was between
13 and 34 tonnes in Denmark (Poulsen et al., 2005).

Although PFOS and related substances have been banned in Norway since 2007 (Seow, 2013),
releases from existing stocks and high environmental persistence associated with past emissions
could still impact the local environment. In addition, PFHXS, which shares common exposure
sources with PFOS, was found at low levels but in all Norwegian nestlings and in none of the
Spanish in this study. Increasing levels of PFHXS have been attributed to its use as surfactant
substitute for PFOS and in textile protective coatings, for example (Zhang et al., 2017). The
contribution of the metal plating industry, which uses PFSAs as mist suppressants, seems
negligible in the Nordic countries, with less than 90 kg used every year (Posner, 2013).
Altogether, the higher levels of PFSAs in plasma of Norwegian goshawks should be discussed

in relation to biological/ecological factors and are not easily linkable with local pollution
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sources, but they may relate to a differential historical use of POSF-derived consumer products
in Norway (Posner, 2013). Despite the difficulties of PFAS source identification, which is
beyond the scope of this study, these findings further underline the potential of predatory

nestlings as sentinels for biomonitoring regional pollution as well.

4.1.4. Influence of the ecological and biological variables

The comparison between the populations should be discussed in relation to other potential
predictors of variation which may actually contribute to explain the observed differences in
plasma levels of PFASs among goshawk nestlings. The potential importance of age, trophic

level and dietary carbon source is discussed here.

The importance of age

Age was one of the variables of interest in this study, as we hypothesized that dietary intake of
PFASs would overcome the growth dilution of maternally transferred loads over time. The PCA
suggested that age was more positively related to PFSAs and inversely related to PFCAs,
although the loading of age into the extracted PCs was rather limited (Figure 3.5). The former
was further supported by positive associations between age, PFHxXS and brPFOS. Altogether,
this could indicate a higher influence of dietary intake for PFSAs and maternally transferred
loads (growth dilution) for PFCAs. The PFCA profile in blood of herring gulls (Larus
argentatus) resembled the yolk pattern, indicating the potential of PFCAs for maternal transfer
(Gebbink and Letcher, 2012). However, the highest concentrations of both PFSAs and PFCAS
among the analysed matrices were in yolk (258 ng/g ww and 88 ng/g ww), which would
highlight the potential for in ovo transfer of a wide range of PFAAs, including both PFCAs and
PFSAs.

Nonetheless, according to our preliminary PCA and correlation results, we could not rule out
the possibility that in the studied chicks 1) bioaccumulation of PFOS over time compensates
the growth dilution of maternally transferred loads, and 2) the in ovo transfer of PFCAs has a
higher influence than dietary intake. Interestingly, the former was suggested by Bustnes et al.
(2013b) in predatory bird nestlings, where PFOS concentrations increased from 1 to 3 weeks
after hatching and were notably higher (2.5-fold) than predicted from growth dilution.
Similarly, the dietary uptake of PFOS outweighed elimination rates and explained its
bioaccumulation over time , in yellow-legged gulls (Larus michahellis) and Audouin’s gulls

(Larus audouinii) (Bertolero et al., 2015).
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In this study, however, the overall trend for positive relationships between age and PFSAs and
negative between age and PFCAs might arise from a confounding effect of age: because
Spanish nestlings were consistently younger than Norwegian, and they had lower burdens of
PFSAs and higher levels of PFCAs, the overall relationships might not reflect the actual effect
of age. The same would apply to the relationships between trophic level and individual PFASs,
since lower trophic positions were reported in Spanish birds (Figure 3.4). This is why we
decided to address the impact of age and trophic level only across Norwegian nestlings in linear
regression analysis, to better understand if these were actually relevant intraspecific predictors
of variation. Age was not selected as a predictor in any of the most parsimonious models. A
combination of trophic level and age was only included in three alternative candidate models,
and suggested a possible influence of age on PFAS burdens. In line with the previously
discussed overall effect, age was positively related to the levels of brPFOS, and negatively
associated with PFTrDA, indicating that dietary intake may predominate over growth dilution
in PFSAs relative to PFCAs. The levels of PFOA in plasma, nevertheless, positively related to
age. The influence of maternal transfer on PFOA levels seems lower than that on longer-chain
PFCAs like PFTrDA (Holmstrom and Berger, 2008). PFOA was only detected in one out of ten
clutches of Audouin’s gulls (Vicente et al., 2015) and exhibited the lowest detection frequencies
and concentrations among the PFCAs osprey and common kestrel eggs (Eriksson et al., 2016).
This would result in low levels of PFOA from maternal transfer and PFOA being mostly
incorporated through dietary intake. It is therefore possible that the levels of these compounds
are influenced by a combination of trophic level and nestling age, but only trophic level was a
significant predictor of PFASs overall.

The lack of a clear and significant trend regarding PFAS variation over time may reflect that
dietary intake by feeding chicks compensates growth dilution, resulting in fairly stable levels
of PFASs over time. Alternatively, we cannot rule out that the relatively narrow range of age
in the studied Norwegian nestlings (27-35 days) may have weakened the associations. Sampling
the same bird twice at the early and late nestling period, like in Bustnes et al. (2013b), is
recommended to specifically address the influence of growth dilution and dietary intake on

PFAS levels in nestlings.
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The importance of trophic level

The influence of trophic level was addressed using food web 3'°N baseline correction. This
approach employed available isotopic data from relevant primary consumers in the Spanish and
Norwegian goshawk food chains (Halley et al., 2004; Resano-Mayor et al., 2014) to estimate
their relative position in the food web. Ideally, a study of prey items would have been included
to obtain our own baseline values. Therefore, the reported trophic levels only represent an
approximation to trophic ecology, but underline the importance of baseline correction when
aiming to compare different food webs. This approach resulted in Spanish nestlings feeding at
significantly lower trophic levels (Figure 11, Appendix). The diet of goshawks from Murcia
comprises mostly pigeons, as implemented in the baseline correction, and to a lower extent
other medium-size birds like Eurasian jay (Garrulus glandarius), blackbird (Turdus merula) or
song thrush (Turdus philomelos), mammals like rabbit (Oryctolagus cuniculus) and red squirrel
(Sciurus wvulgaris), and reptiles like ocellated lizard (Timon lepidus) (pers. comm. J.E.
Martinez). A switch in the diet from rabbits to small birds resulted in increased accumulation
of organochlorines in Spanish goshawks (Mafosa et al., 2003). Rabbits can represent a
prominent low-trophic-level prey item for goshawks in Spain (15-23% of total) (Mafiosa, 1994;
Padial et al., 1998; Pelufo et al., 1990; Verdejo, 1994). This may partially account for a lower
exposure to certain PFASs, with known biomagnification potential (Butt et al., 2010), in
goshawk nestlings from Murcia (e.g. PFOS). It has also been suggested that a higher
contribution of small birds in the diet enhances the accumulation of POPs in birds of prey
(Jaspers et al., 2006), and this could apply to certain PFASs as well (Jaspers et al., 2013). Annual
variation in PFAS exposure in goshawks has been reported (Sonne et al., 2012), which might

be explained by such dietary shifts.

In this study, trophic level was the main predictor of individual PFAS exposure within the
Norwegian populations. It significantly contributed to explain the variation of all selected
compounds, including both PFSAs and PFCAs. The log-transformed concentrations of the
individual compounds (e.g. logPFOA) increased between 0.24 and 0.51 per trophic level (Table
3.3). For example, the predicted PFOA burden in Norwegian nestlings (log-transformed) was
equal to -2.00 + 0.43 (trophic level). This indicates that not only PFSAs, but also PFCAs can
biomagnify across the goshawk food chain. The fact that overall relationships (including
Spanish nestlings) between trophic level and individual PFCAs were generally not significant
further suggests that differences in baseline PFCA contamination between these regions might

blur biomagnification processes. In fact, positive overall relationships were only found for the
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PFSAs, except for a weak association with PFTrDA (Figure 12, Appendix). Higher baseline
levels of PFCA contamination in Murcia may have obscured the positive relationship between
individual PFCAs and trophic level. This is also suggested by significant and positive
associations when only considering the Norwegian subset of birds. It is therefore likely that
PFCAs, especially the long-chain, also have the ability to biomagnify across the studied food
chains (Butt et al., 2010).

The reported intraspecific increase in PFAS levels with trophic level contrasts with Bustnes et
al. (2013b) who did not find any relationship between trophic position and PFOS concentrations
in goshawks and white-tailed eagles. Similarly, no correlations were found between egg PFOS
concentration and trophic levels in black guillemot and glaucous gulls (Haukas et al., 2007).
The associations between 8*°N and PFASs in feathers of white-tailed eagles were positive but
non-significant (Gomez-Ramirez et al., 2017). This may relate to broader ranges of trophic level
in the current study, which would be necessary to reflect biomagnification processes within a
given species. The positive relationships between trophic level (based on feather analysis) and
levels of PFASs in plasma also underline the utility of feathers as dietary tracers in
ecotoxicology (Jardine et al., 2006). While stable isotopes in blood provides recent information
about the diet, growing feathers integrate dietary information over a longer period of time
(Pearson et al., 2003). In this sense, recent ingestion of highly polluted prey items could weaken
the associations between feather-based trophic level and PFASs in plasma, but this does not

seem to be the case in this study.
The importance of the dietary carbon source (5*3C)

The dietary carbon source (§**C) was not included in any of the most parsimonious models as
well, neither in alternative candidate models. In Eulaers et al. (2013), similarly, 5!C did not
contribute to explain the levels of POPs in goshawk nestlings from Troms. However, in that
study, regional nest location influenced the burden of certain pollutants, such as PCB-153,
which was at higher levels in coastal relative to inland nests. Interestingly, in this study, the
positive association between 3*°C and individual PFASs in Troms may suggest that within this
population there is an effect of the carbon source. Positive relationships between contaminants
and 8'3C indicate marine sources, whereas negative ones are linked with freshwater or terrestrial
intake (Boutton, 1991). This might therefore indicate an influence of marine-derived diets on
PFAS exposure in goshawks from Troms in this study. The higher levels of PFASs found in a

marine predator, namely the white-tailed eagle relative to the goshawk in Troms, associated
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with higher §**C values as well (Gomez-Ramirez et al., 2017). Fish-eating animals generally
accumulate higher burdens of PFASs (Lau et al., 2007), and lower concentrations have been
found in terrestrial relative to aquatic species (Borg and Hakansson, 2012). Because goshawks
can feed on marine prey like waders and gulls (Cramp and Simmons, 1980), particularly in
Troms (pers. comm. K.O Jacobsen), the positive association between §*C and §°N in that
region could be attributed to a higher frequency of such higher trophic level and marine prey in
the goshawk diet (Tornberg et al., 2009). The breeding range of the goshawk in Troms is mostly
dominated by coastal and fjord habitats (Figure A2), and the broadest trophic (5'°N) and habitat
(813C) ranges were found in there. Altogether, this would have resulted in a higher exposure of
goshawks partially feeding on marine-derived diets and could explain the positive association
between &3C and PFASs in this region. This contrasts with similar studies where intraspecific
variation of PFOS (Bustnes et al., 2013b) and POPs (Eulaers et al., 2013) in goshawks from the

study region was not explained by the dietary carbon origin.

Lastly, Spanish and Norwegian nests were clearly distinguished by their §*3C in goshawk
feathers (higher in Murcia). This could be easily depicted from the PCA (Figures 3.5 & 3.6),
where nestlings from Murcia were placed on the right bottom side of the plot owing to their
higher 813C values, as well as younger age, higher levels of PFCAs and lower trophic position.
Regarding 83C, it is well established that different sites yield different stable carbon isotopic
profiles if their food webs are driven by primary productivity with different signatures (Szép et
al., 2009). Terrestrial diets derived from C4 plants are comparatively enriched in 2°C (Kelly et
al., 2008), ultimately yielding higher 83C values in food web predators like the goshawk. The
abundance of C4 plants in Europe increases with mean daily temperature and there are more
species in SW Europe (39-115) than in NW Europe (0-18) (Pyankov et al., 2010). Therefore, a
difference in the isotopic baseline of primary producers likely explains the observed difference
in 813C between Spanish and Norwegian nestlings. The §*3C values in Norwegian nestlings are
in the range previously established for this species in Troms area (—24.7%o to —22.7%o) (GOmez-

Ramirez et al., 2017), while values in Spanish birds were comparatively enriched.

Taken together, differences in trophic level accounted for the most part of PFAS variation
within a goshawk population. This further underlines the biomagnifying potential of PFASS,
including PFOS and all studied PFCAs. The contribution of differing baseline PFAS
contamination between Norway and Spain probably plays a role as well, since it is unlikely that
ecological (diet) and biological (age) predictors account for the generally remarkably higher
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levels of most PFCAs in Murcia. We can however not rule out that the lower burden of PFOS
in goshawks from Murcia is more connected to their lower position in the food web.

4.2. In vitro study

To investigate the importance of the most dominant PFAS in the Norwegian goshawks, i.e.
PFQOS, in affecting the immune response, we performed in vitro studies using bird cell lines as
a model system, as practically no information is currently available on immunomodulatory
properties of PFASs in birds (Peden-Adams et al., 2009; Sletten et al., 2016; Smits and Nain,
2013)

4.2.1. PFOS downregulates baseline immune gene expression

In this study we report a PFOS-mediated decrease in the expression of three immune genes in
chicken embryo fibroblasts (CEFs), namely the cytokines IL-4, IL-8 and the transcription factor
NF-kB. Therefore, it seems that the constitutive expression of NF-xB, IL-8 and IL-4 was
negatively modulated following exposure to PFOS, in the absence of viral stimulation.
Expression changes range between 3.0- (IL-8) and 4.7-fold (NF-xB) decreases at 48h post-
exposure (Figure 3.8). Fold change differences higher than two-fold were considered as
biologically relevant in a study on the innate immune response to GaHV-2 (Katneni, 2015).
PFOS also attenuated the immune status of exposed mice, with a downregulation of constitutive
hepatic levels of various cytokines, such as TNF-a, IL-4 and IFN-y. There is scarce information
about PFOS-mediated effects on innate immune signalling, and current knowledge is mostly

based on traditional laboratory mammalian models (DeWitt et al., 2012).

It has been suggested that the biological effects of PFASs are often mediated by the nuclear
receptor PPARa, which can be activated by PFASs like PFOS and PFOA. For example,
negative regulation of NF-kB upon PPARa activation by various ligands modulates the
expression of cytokines that are relevant in antibody production in B cells (DeWitt et al.,
2009b). This is further supported by studies showing that natural PPARa ligands, such as
dietary fatty acids and endogenous prostaglandins, tend to decrease the circulating levels of
pro-inflammatory cytokines (e.g. TNF-a) (Jiang et al., 1998). It is typically conceived that
PPARa activators downregulate NF-xB and subsequent activation of inflammatory cytokines
(DeWitt et al., 2009b). In line with this, it has been suggested that PPARa ligands are anti-
inflammatory and PFAS exposure modulates the balance between pro-inflammatory and anti-
inflammatory capacities in macrophages (DeWitt et al., 2009b). In addition, the effect of PFOS
on pro-inflammatory cytokine release was demonstrated to be pre-transcriptional (MRNA
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expression) in monocytes (Corsini et al., 2011). Differential expression of hepatic genes upon
PFOA and PFOS exposures has been reported in chicken, which underlines the importance of
separately evaluating the toxicities of PFOS and PFOA (Yeung et al., 2007). PFOA is a more
potent activator of PPARa in murine models (Takacs and Abbott, 2006), and it has been
suggested that the immunotoxicity of PFOS is only partially dependent on PPARa activation
(Qazi et al., 2010). PFOS can downregulate gene expression through other pathways, including
inhibition of I-xB degradation (upstream effect) and inhibition of p65 phosphorylation
(downstream effect), which are necessary for optimal NF-xB dependent gene transcription
(Corsini et al., 2014). It is therefore likely that, in this study, PFOS can interfere with target
gene expression in chicken fibroblasts via binding the nuclear receptor PPARa or these other

mechanisms.

In line with this, the expression of the pro-inflammatory mediators NF-kB and 1L-8 was lower
in PFOS-exposed cells in this study, while TNF-a expression was lower across all the
investigated time points but non-significant (Figure 3.8). Because macrophages are the largest
producers of TNF-a (Beutler and Cerami, 1989), PFASs may affect the basal production of this
cytokine by these cells (Qazi et al., 2010) to a larger extent than in fibroblasts as observed in
this study. Regarding IL-4, a Th2 anti-inflammatory cytokine, previous studies have reported
increased expression following exposure to PFOS. For example, the ex vivo production of IL-
4 by splenocytes increased in a dose-dependent manner after PFOS exposure in mice (Dong et
al., 2011). Interestingly, it has also been observed that serum IL-4 and PFAAS levels were
higher in asthmatic male humans (Zhu et al., 2016). It therefore seems that PFOS exposure may
modulate the balance between type | (Thl) and type Il cytokines, and this switch in cytokine
balance towards humoral immunity (Th2-like state) could constitute a risk factor for disease
development (Zhu et al., 2016). The suppression of the cellular response in favour of the
humoral response may diminish the antiviral activity of the innate immune system (Biron,
1999). It is unclear why we detected a decrease in IL-4 expression upon PFOS exposure as well,
but a previous study on murine hepatic macrophages also found an attenuation in the levels of
IL-4 upon PFOS exposure (Qazi et al., 2010), and the production of this anti-inflammatory
cytokine was attenuated in human leukocytes exposed to PFOA and PFOS (Corsini et al., 2011).

Although PFAS immunotoxicity, at least in laboratory rodents, is associated with ligand
activation of PPARa (Peraza et al., 2005), interspecific differences in receptor specificity,
activity and related ligand binding may account for different susceptibilities to PFAS toxicity

(Corsini et al., 2011). This highlights the need to continue to investigate PFOS-mediated
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immune effects in birds, as previous research is mostly based on mammalian models.
Altogether, the apparently anti-inflammatory role of PFASs would contrast with the effect of
other pollutants like phthalates, which can increase pro-inflammatory gene expression, such as
TNF-o and IL-8 in macrophages (Nishioka et al., 2012). However, further studies have been
recommended to fully understand the role of PPARa ligands like PFOS on inflammatory
responses (DeWitt et al., 2009Db).

In this study, the transcription factor NF-xB and the cytokines IL-8 and IL-4 were
downregulated following exposure of CEFs to PFOS, which is in agreement with the general
ability of PFASSs to attenuate cytokine production in mammalian immune cells (Corsini et al.,
2011; Corsini et al., 2012). To the knowledge of the author, few studies have looked at PFOS-
mediated effects on gene expression using avian models (Yeung et al., 2007), and this is the
first to assess changes in immune gene expression. These findings would indicate that PFOS
could affect cytokine release in birds similarly to mammals. The potential adverse effects of
PFOS to the cells (or host) linked with the observed effects remain unclear. It has previously
been suggested that attenuated immune gene expression (TNF-a, IFN-y and IL-4) in
macrophages and NK cells following PFOS exposure likely exerts a negative influence on the
functionality of these cells (Qazi et al., 2010). Because PPARa ligands may reprogram
macrophages into the anti-inflammatory M2-phenotype in rodents, this may ultimately impair
the generation of cytotoxic T cells and cause to immunosuppression to certain diseases (DeWitt
et al., 2009b). In addition, as PPARs are implicated in the regulation of other physiological
processes besides inflammation, the same ligand-activated pathways may deregulate lipid
homeostasis, adipogenesis or reproduction as well (Peraza et al., 2005). A study of cell viability,
alongside with the exposure experiment, is recommended for further experiments to rule out
the possibility that differences in the amount of living cells between treatments account for
changes in expression levels, although this is unlikely as concentrations below cytotoxic
thresholds (100 ppm in human HepG2 cells) (Florentin et al., 2011) were used.

4.2.2. Immune gene expression upon viral stimulation

GaHV-2 infection
In this section, the response of CEFs at the gene expression level to GaHV-2 infection was
addressed. The production of cytokines and their roles during infection with GaHV-2 have been
relatively well established in the chicken (Abdul-Careem et al., 2007). However, in the current
study, stimulation of CEFs with GaHV-2 did not yield detectable changes in immune gene
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expression between 6h and 24h post-infection for any of the investigated genes (Figure 3.9).
This was unexpected based on previous research using CEFs as a suitable model to study
responses to GaHV-2 infection. It is known that herpesviruses trigger immune signalling
cascades when binding to PRRs, including TLRs, retinoic acid-inducible gene I (RIG-I) like
receptors, and cytosolic DNA sensors (Ma and He, 2014). These initiate a complex program
that leads to the activation of transcription factors like NF-xB (Ma and He, 2014). The evoked
innate immune response typically involves the secretion of type | IFNs and pro-inflammatory
cytokines, as well as the activation of innate immune cells such as macrophages and NK cells
(Ma and He, 2014; Parvizi et al., 2010).

The expression of various cytokines increased after in vivo infection of chicken with GaHV-2,
including IFN-y, IL-1, IL-2, IL-8 and IL-18 genes (Jarosinski et al., 2006; Xing and Schat,
2000). In chicken embryos vaccinated with GaHV-2, IFN-y was similarly up-regulated in the
spleen at 24h post-infection, whereas there were no differences to the control at 48h and 72h
(Katneni, 2015). In addition, it has been reported that genes implicated in GaHV-2 induced
inflammatory responses are consistently upregulated at 24h post-infection in CEFs (Morgan et
al., 2001), and that the antiviral effects in infected CEFs are linked to the early synthesis of
inflammatory cytokines (Zou et al., 2017). This would underline that the cytokine response to
GaHV-2 in fibroblasts may take place soon after infection, and this was one of the reasons to

account for relatively early post-infection time points in this study.

In relation to this, a possible explanation for the lack of differences between GaHV-2 infected
and control cells is that changes in inflammatory gene expression in response to experimental
infection are peaking later than measured in this study. This would be in line with other studies
on CEFs that reported responses to GaHV-2 after 24h post-infection. This is the case of a
microarray study on CEFs where gene expression differed between GaHV-2 infected and non-
infected cells at 56h, with several inflammatory genes up-regulated by 8-fold (Li et al., 2017a).
In addition, Morgan et al. (2001) found that genes related to inflammation, cell growth and
differentiation, and antigen presentation were induced at two and four days after infection of
CEFs with GaHV-2 (Morgan et al., 2001). Therefore, a mismatch between the harvesting time
points and the peak response may partially account for the lack of detectable differences

between control and GaHV-2 infected cells in this study.

An efficient response by cell types implicated in the early recognition of GaHV-2 seems crucial
to fight off infection (Zou et al., 2017). The production of pro-inflammatory cytokines in
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response to GaHV-2 has been linked with increased synthesis of NO by iNOS, a critical innate
response in macrophages that inhibits viral replication (Xing and Schat, 2000). IL-8 is one of
the pro-inflammatory factors whose production up-regulates the expression of iNOS, (Sunyer
et al., 1996), and it is produced by several cell types, including fibroblasts like in this study,
macrophages or T cells (Sun et al., 2005). In fact, increased expression of this pro-inflammatory
cytokine has been observed in chicken lung tissue upon infection with GaHV-2 using aerosols,
suggesting an association between TLR3 signalling and IL-8 induction with host resistance
(Abdul-Careem et al., 2009; Li et al., 2017a). It has been hypothesized that IL-18, via TNF-a
production, mediates the up-regulation of IL-8 in human mononuclear cells and fibroblasts
(Puren et al., 1998; Sun et al., 2005). Altogether, the pro-inflammatory response to GaHV-2
has been associated with upregulation of cytokines at an early post-infection stage (cytolytic

phase) and increased host resistance (Li et al., 2017a).

Regarding the lack of differences for IL-4, previous studies suggest that the cytokine balance
in response to GaHV-2 in splenic T cells is inclined towards a Th1 cytokine response (Parvizi
et al., 2010). Accordingly, it was observed by Thai et al. (2007) that miR-155 knockout cells
produced more IL-4 and were more prone to differentiate into Th2 cells. The expression of this
cytokine may therefore be negatively regulated by upregulation of miR-155 during early
GaHV-2 infection under normal conditions. This has been demonstrated by Rodriguez et al.
(2007) since it was found that the transcription factor c-MAF, which is a potent activator of the
IL-4 promoter, constitutes a target for miR-155. In line with this, we expected to report a
downregulation of IL-4 concomitant with an increase in miR-155 expression after infection.
The fact that miR-155 might not be upregulated to a significant extent in this experiment could
therefore account for the lack of IL-4 downregulation. Furthermore, Ghiasi et al. (1999)
suggested that the IL-4 (Th2)-related responses to herpes simplex virus (HSV-1) are detrimental
because they suppress cytotoxic T-lymphocytes (Th1 response) (Ghiasi et al., 1999). This might
be relevant in this study, since the PFOS-mediated downregulation of IL-4 could modulate the
adaptive immunity of birds due to the described role of IL-4 in the differentiation of T cells.
This effect could however not be corroborated in infected cells as the present study did not find

a significant regulation of IL-4 compared to the control.
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Poly(l:C) stimulation

As for GaHV-2, in this study it was expected that pro-inflammatory genes would be upregulated
upon poly(I:C) binding to TLR3 and initiation of innate immune signalling pathways. It has
previously been reported in mice macrophages that NF-xB was activated upon poly(l:C)
stimulation and the production of associated pro-inflammatory cytokines (e.g. TNF-a)
increased in a dose-dependent manner (Alexopoulou et al., 2001). Despite most studies are
based on traditional models, poly(l:C) stimulation in chickens induces a rapid up-regulation of
pro-inflammatory cytokines (e.g. IFN-B) through TLR3 similar to that observed in mammals
(Karpala et al., 2008). The involvement of TLR3 in antiviral responses has been demonstrated
for poly(1:C) (Alexopoulou et al., 2001) and suggested for GaHV-2 as well (Parvizi et al., 2010;
Zouetal., 2017). It was established in macrophages that poly(l:C) induces the activation of NF-
kB through TLR3 signalling using the MyD88-independent pathway (Akira and Sato, 2003).

In this study, an inflammatory response was not detected in CEFs treated with poly(l:C), as
none of the target genes were upregulated at the investigated time points (Figure 3.11). This
contrasts with Haunshi and Cheng (2014), where IL-8 was significantly induced after 8h in
CEFs treated with poly(l:C), and the same applied to TNF-o after 6h in murine macrophages
treated with poly(I:C) (O'Connell et al., 2007). It has been suggested that another inflammatory
transcription factor besides NF-kB, namely AP-1, plays a major role in the antiviral response
mediated by miR-155. In fact, the action of TLR3 (virus-activated) has been shown to be
mediated via AP-1 (JNK pathway) in macrophages (Lindsay, 2008; O'Connell et al., 2007), and
it was suggested that the induction of miR-155 in response to poly(l:C) relies on this pathway
(O'Connell et al., 2007; Wang et al., 2010). It is therefore possible that both NF-xB and the INK
pathways are involved in the upregulation of miR-155 (O'Connell et al., 2007). In any case, the
inducible miR-155 seems to positively feedback the activation of NF-xB and coordinate the
rapid up-regulation of several cytokines (Wang et al., 2010; Waugh et al., 2018). This should
either way result in the upregulation of the studied inflammatory genes upon stimulation with
poly(l:C) in this study, especially at the early post-infection stages (6h and 12h). It remains
unclear why we did not observe that. A possible explanation would be that the inflammatory
response to poly(l:C) peaked before 6h instead, and by then the regulation of inflammatory
genes was already comparable to the control. In a study that used the same concentration of
poly(l:C) (2 pug/ml) in murine macrophages, miR-155 was the only upregulated miRNA and
became detectable already 2h after infection, although it remained elevated to 8h (O'Connell et
al., 2007). It is therefore suspected that there might have been an earlier induction of miR-155
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and related inflammatory genes in this experiment, but we could not confirm this. This would
be important for the immunity of the host, as increased expression of miR-155 in human
macrophages was detected after stimulation with poly(l:C) and linked with anti-HIV-1 effects
(Swaminathan et al., 2012). It is known that miRNA-155 is involved in a feed-forward loop
that positively feedback to its transcription factor NF-xB, amplifying the inflammatory
signalling (Mehta and Baltimore, 2016; O'Connell et al., 2007). Therefore for the associated
NF-kB, because it is likely that its activation by poly(l:C) triggered signalling occurs at the
post-transcriptional level (Alexopoulou et al., 2001), no remarkable differences in its
expression would necessarily be expected. In this study NF-xB expression in poly(l:C)
stimulated CEFs did not differ from the control at 6h and 12h, but it lowered down after 18h
and 24h, and the same applied to the associated pro-inflammatory chemokine IL-8. It is known
that the inflammatory response driven by NF-«xB and associated cytokines like TNF-a can be
amplified and extended as TNF-a itself can activate NF-xB (Wallach et al., 1999).

Because a prolonged activation of NF-kB may lead to the detrimental effects of inflammation,
various feedback mechanisms provide a negative regulatory loop to balance the activity of NF-
kB (Liu et al., 2012). This could further suggest that CEFs react to poly(l:C) in this study, but
the inflammatory response was triggered earlier than we started to measure, and by 18h the
expression machinery was adaptively shut down. This would result in the lower expression
levels detected for NF-xB, IL-8 and TNF-a at 18h and 24h post-stimulation (Figure 3.11). The
downregulation is therefore especially consistent across pro-inflammatory genes and at late
post-stimulation harvests. TNF-a expression was lower than the control from 6h in this study,
although it reached the lowest levels at 18h and 24h post-stimulation as well. These results
further underline the importance of evaluating changes in gene expression in a time dependent
manner, as the inflammatory response seems to differ from early (i.e. 6h) to later (i.e. 24h) post-
infection stages. Lastly, in this study the expression of the anti-inflammatory cytokine 1L-4 was
negatively regulated after 18h and 24h as well. A study using chicken macrophages
demonstrated a downregulation of this Th2 cytokine within 24h after infection with influenza
A virus HIN2 (Xing et al., 2008). The interference of poly(l:C) with the expression of IL-4 in
CEFs after 18h in this study could have a negative impact on the adaptive responses of the host,
as concluded by Xing et al. (2008) given the role of IL-4 in the activation of humoral immunity.
This suggests that manipulation of IL-4 expression by viruses, and potentially by pollutants,

could impact immunity and disease outcomes.
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Taken together, results concerning the response of CEFs to viral stimulation were unexpected
for both GaHV-2 and poly(l:C). It had been hypothesized that the (early) expression of pro-
inflammatory genes would increase upon infection with GaHV-2 or stimulation with poly(I:C),
and this could not be confirmed in the present study. In accordance to the results discussed in
the next section, it is possible that the initially triggered immune response to GaHV-2 was below
our detection methods, not that it did not occur. Alternative explanations could be infection
with a too low viral titer of GaHV-2, or changes in immune gene expression occurring (or
peaking) before (poly(l:C)) or after (GaHV-2) the selected harvesting time points. The former
was unfortunately not optimized prior to the start of this experiment due to the problem with
the plaque assay. Overall, the fact that the selected viral models did not yield detectable
increases in immune gene expression complicated the study of immunomodulation by PFOS.
In short, if GaHV-infection did not trigger a detectable upregulation of target genes at first
instance (i.e. normal response), then it remains difficult to address how PFQOS alters it (i.e.
immunomodulatory effects) (see 4.2.4).

4.2.3. GaHV-2 infection compensates the effect of PFOS

Interestingly, in this study there was not a difference in expression between control and
PFOS/GaHV-2 treated cells for any of the investigated time points. This contrasts with the
above mentioned downregulation of IL-8, NF-xB and IL-4 in PFOS exposed cells (see 4.2.1).
It therefore seems that overall the combination of PFOS and GaHV-2 paradoxically upregulated
expression back to the baseline condition (Figure 3.10). The induction of these genes when
GaHV-2 and PFOS are together, relative to PFOS only, would suggest that the virus is actually
triggering a response that we could not detect in Figure 3.9. In other words, it is likely that
GaHV-2 started to activate cells through pathogen recognition receptors, but the response to

only viral stimulation was below our detection methods at the investigated time points.

It remains unclear why combined exposure and infection compensated the toxic effect exerted
by PFOS alone on immune gene expression, namely for IL-8, NF-xB and IL-4 after 24h post-
infection (Figure 3.10). A protective effect of viruses on pollutant toxicity has previously been
recorded in birds by Friend and Trainer (1972). In that study, mortality in mallard ducklings
infected with duck hepatitis virus (DHV) and exposed to pesticides, namely DDT and dieldrin,
was lower than in birds exposed to the pesticides only. It was hypothesized that this
compensatory effect could relate to viral stimulation of pollutant metabolism into less toxic or
more readily excreted metabolites, as pesticide residues were 3-4 times greater in the pesticide

alone group. This finding is not easily extrapolated to this study, where host susceptibility is
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not the endpoint and different viruses and pollutants are used. Therefore, although we cannot
refer to a “protective” effect in this study, the compensatory effect of GaHV-2 infection is of
interest for discussion. Kato et al. (1963) was the first study to report an increased microsomal
metabolism of hexobarbital 12h post-infection of mice with murine hepatitis virus. The viral
influence on xenobiotic metabolism becomes most apparent in subclinical infections where
viral replication is dissociated from cell necrosis (Buynitzky et al., 1978). In line with this, it
could be speculated that infection with GaHV-2 affects the metabolism of foreign compounds
like PFOS. However, although fibroblasts can participate in the biotransformation of certain
environmental pollutants like benzo(a)pyrene (Don et al., 1989), it is unlikely that they can
metabolize PFOS due to its well-known stability and bioaccumulation potential (Olsen et al.,
2007; Stahl et al., 2011). Furthermore, chicken vaccination against MDV resulted in decreased
hepatic activities of CYP450-dependent microsomal enzymes, which are often implicated in
the metabolism of xenobiotics (Sakar et al., 2004). It is thefefore unlikely that the lack of
significant regulation compared to the control for PFOS/GaHV-2 in this study derives from a

virus-mediated decrease in the concentration of PFOS in the system.

An alternative explanation could be that PFOS exposure increases CEF susceptibility and the
subsequent amount of infected cells in the experimental well. It has been suggested that the
presence of environmental toxicants in the body can increase the number of infected cells in the
system (Dubey et al., 2011). PFOS is known to alter cell membrane properties and increase its
permeability (Hu et al., 2003), and this could increase the amount of infected cells in the
treatment. Therefore, an alternative hypothesis would be that in the presence of PFOS there are
more infected cells, which induce gene expression above our detection methods and back to
baseline expression levels. In addition, the upregulation of IL-4 in PFOS/GaHV-2 (Figure 3.10
A) could be explained by the synergistic production of damage associated molecular patterns
in response to PFOS and GaHV-2. PFOS is known to exert cell damage at sublethal
concentrations and, in combination with infectious signals, this could induce IL-4 as survival
factor owing to its antiapoptotic properties (Conticello et al., 2004). Badry et al. (2018)
suggested a similar mechanism for TNF-a in CEFs exposed to poly(l:C) and PCBs, where non-
specific cell damage signals likely triggered an upregulation of TNF-a. To the knowledge of
the author, no previous study has reported a protective effect of viruses on PFAS-mediated
effects, but this is the first to study combined PFOS/viral effects in birds. Considering that the
above reported “protective” role of DHV on pesticide effects was also seen in birds (Friend and

Trainer, 1970), the interaction between PFOS and infectious agents warrants further
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investigation, as it remains unclear why GaHV-2 infection compensated the effect of PFOS on

Immune gene expression.

4.2.4. Inmunomodulation of the viral response by PFOS

Generally, no modulatory effects by PFOS on the response to GaHV-2 could be depicted in this
study, as both treatments (GaHV-2 only and PFOS/GaHV-2) yielded similar immune gene
expression levels compared to the negative control (Figure E5, Appendix). On the other hand,
the downregulation of target genes after PFOS/poly(l:C) treatment relative to the control
(Figure 3.12) needs to be discussed in relation to the normal response to poly(l:C) only (Figure
E6, Appendix): this indicates that the response to PFOS/poly(l:C) was very similar to poly(l:C)
only. It therefore seems that the immune response of CEFs to poly(l:C) was similarly not
modulated by PFOS exposure. PFOS and other PFASs have been reported to alter inflammatory
responses in experimental models, including production of cytokines and other regulatory
proteins (DeWitt et al., 2009b). For example, PFOS can inhibit LPS-induced cytokine
production in human leukocytes (Corsini et al., 2011). Specifically, pollutant exposure
decreased the release of IL-4 and TNF-a in activated human monocytes and T lymphocytes,
respectively, while IL-8 release was unaffected. This mechanism seems to occur independently
of PPARa activation, by inhibiting the degradation of I-xB degradation, a regulatory protein
that complexes with and inhibits NF-«B in the cytoplasm (Corsini et al., 2011). Similarly, PFOS
down-regulated the TNF-a levels in isolated splenocytes of orally exposed mice following
stimulation with LPS (Mollenhauer et al., 2011), while ex vivo exposure of mice macrophages
to PFOS enhanced the inflammatory response (e.g. TNF-a) to LPS (Qazi et al., 2010). On the
other hand, there is mounting experimental animal data demonstrating PPARa dependence of
certain immune effects (DeWitt et al., 2009a). For example it has been reported that
phosphorylation of p65, which is necessary for optimal gene transcription linked with NF-«xB
(Schmitz et al., 2001), is a relevant target for PFOA-induced PPARa activation and may
account for defective cytokine production (Corsini et al., 2011). Overall, these studies suggest
that PFASs affect NF-kB activation and generally suppress cytokine secretion by immune cells,
and that PFOA and PFOS may have different mechanisms of action (Corsini et al., 2012). An
unaltered expression of pro-inflammatory cytokines is essential for the antiviral defence, such
as IFN-a to enhance activity of crucial innate immune cells like NK cells upon GaHV-2
infection (Ding and Lam, 1986), which are the main effectors of the first line of defence against

GaHV-2, targeting virus-infected cells for apoptosis (Haq et al., 2013)
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However, as described above, in this study the expression of target genes following combined
exposure to PFOS and either GaHV-2 or poly(l:C) remained similar to that observed after sole
viral stimulation. The only exception was the expression of NF-kB in PFOS/GaHV-2 at 6h
post-infection, which was upregulated compared to the negative control and only poly(l:C).
This could indicate that danger signals generated at a sublethal PFOS concentration by the
damaged tissue increase NF-kB expression after 6h. Therefore, sensing GaHV-2 via PRRs
(Parvizi et al., 2010) might not be sufficient to upregulate NF-«xB signalling in fibroblasts under
our experimental conditions. In the case of poly(l:C), the late downregulation of immune gene
expression was similarly observed in CEFs exposed to poly(l:C) and PFOS in combination,
indicating that the presence of PFOS did not alter the response to poly(l:C) (Figure ES6,
Appendix). This contrasts with Waugh et al. (2018), where NF-xB expression after 24h was
downregulated in CEFs treated with PCBs/poly(l:C) relative to the individual treatments.

Therefore, with these results it cannot be confirmed that increased susceptibility to viral
infection in organisms exposed to PFOS link to deregulation of activated innate signalling
pathways. This can however not be ruled out either due to the limitations of our study and the
observed deregulation of constitutive levels of certain pro-inflammatory mediators (e.g. I1L-8)
in PFOS-exposed CEFs (see 4.1.1). The ability of this and other environmental factors to
interfere with miRNA immune signalling is just beginning to be studied (Guida et al., 2013;
Waugh et al., 2018) and , to the knowledge of the author, no study has yet focused on PFOS-
driven alteration of miR-155 expression upon viral infection. This could be an important
mechanism for immunomodulation and requires further investigation (Sonkoly and Pivarcsi,
2011), to better understand how PFOS may interfere with innate immune system signalling

pathways.

4.3. Linking the in vitro and the in vivo: the relevance of our effects to raptors

Innate immune signalling pathways are tightly regulated and any disruption may lead to chronic
inflammation, increased host susceptibility and cancer. PFASs are associated with a range of
adverse immune effects in traditional animal models, including impairment of the innate
immune system and antiviral activities (DeWitt et al., 2012). The possible existence of different
mechanisms of action in complex PFAS mixtures (Corsini et al., 2011) further complicates the
assessment of PFAS immunotoxicity. Nonetheless, as specifically reported in our in vivo study,
PFOS generally occurs at the highest concentration among PFASs in wildlife and it is often
chosen as a model in exposure experiments (DeWitt et al., 2012). It is however unclear how

most pollutants interfere with cellular processes that ultimately affect the outcome of viral

75



infections (Desforges et al., 2018). There is a very limited knowledge on PFOS-mediated
immune effects in birds, and this is the first study to address changes in immune gene expression
in response to PFOS using a bird cell line. The reported results on attenuated gene expression
following PFOS exposure are consistent with previous studies that found altered cytokine

release in in vivo mammalian models exposed to PFOS (Corsini et al., 2014).

Contaminants have been overlooked as potential causative factors in infectious disease
outcomes and severity (Presley et al., 2010), and it is important to keep in mind that effects on
Immune gene expression can potentially scale-up to the organismal and population levels
(Heilmann, 2012). CEFs are suitable models for GaHV-2 infections (Haunshi and Cheng,
2014), and this system could partially mimic responses to other dsDNA herpesviruses in wild
birds. FHV-1, SHV-1 and AHV-1 are known infectious agents in raptors that can cause
respiratory distress, histologic lesions and acute death (Jones, 2006). Consumption of infected
pigeons constitute a major route of virus transmission and increased the risk of fatal herpesviral
infection in birds of prey (Aini et al., 1993; Pinkerton et al., 2008). In addition, stimulation of
cells with the synthetic virus model poly(l:C) may simulate infection with RNA viruses in birds
of prey. For example, the West Nile virus (WNV) is one of the major infectious diseases in
raptors (Pello and Olsen, 2013) and the emergence of this RNA virus in birds of prey from
Austria showed a 66% seroprevalence (Wodak et al., 2011).

However, our results should be interpreted with caution and the relevancy of these findings to
birds of prey should be discussed in relation to various aspects. Firstly, the PFOS concentration
used in this exposure experiment (22.2 ppm) is one order of magnitude higher than reported in
liver and plasma of highly polluted birds of prey (1740 ng/g and 2220 ng/mL in bald eagle)
(Kannan et al., 2005) and three orders of magnitude higher than found in goshawk plasma in
this study. However, levels of liver PFOS of up to 11359 ng/g have been measured in
insectivorous birds from a PFOS-contaminated hotspot, and it was suspected that raptors from
that area may reach even higher levels (Meyer et al., 2009). Therefore, the experimental
exposure might be environmentally relevant only for highly polluted sites. A more realistic
exposome could have provided insight into effects on immune processes at the molecular level
under more environmentally relevant profiles and doses (Desforges et al., 2017). In this study,
it was initially aimed to carry out an additional experiment using PFAS extracts from the
goshawks, but this did not happen due to time constraints. Secondly, because there might be
interspecific differences in the susceptibility to toxicants, as suggested for the chicken, which

appears more sensitive than other wild bird species to organochlorines (Brunstrom, 1988). Also,
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because immune effects in vivo do not always translate into in vivo impairments (Lankveld et
al., 2010), and effects on immune parameters do not necessarily link to increased host
susceptibility (Koutsos and Klasing, 2008; Smits and Nain, 2013)

Taken together, this study indicates that PFOS could potentially interfere with innate immune
signalling pathways in birds (Figure E2, Appendix). However, further investigation on virus-
activated signalling is warranted, at the in vitro and in vivo levels, before any conclusions can
be drawn about PFOS-mediated modulation of immune responses and disease outcomes in
birds of prey. To study effects of pollutants on immunity and disease resistance in organisms,
it has previously been recommended to focus on innate functions (e.g. inflammatory processes),
like in this study, since they can impact resistance and are most likely to be traded off with other

relevant physiological processes (Martin et al., 2010).
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5. Conclusions

This study indicates that goshawk nestlings from southern Spain, central and northern Norway
are exposed to a wide range of PFASs, but at relatively low concentration in plasma and
feathers. Differences between locations were established, with PFSAs dominating PFAS
profiles in plasma from Norwegian nestlings, and PFCAs being the dominant class in Spanish
birds. This could indicate the influence of PFCA contamination sources near Murcia, where
PFNA was the most prominent PFAS compound and its levels were remarkably higher than in
Norway. In addition, differences in trophic level accounted for the most part of PFAS variation
within a population. This further underlines the biomagnifying potential of PFASs, including
PFOS and all studied PFCAs. Bioaccumulation through dietary uptake could not be confirmed,
as nestling age was not a significant predictor in best fit models, but trends might indicate the
need of broader age ranges to address the dietary intake and/or growth dilution of PFASs over

the nestling period.

The immune effects of PFOS, the most prominent PFAS in goshawk nestlings from this study
and wildlife in general, were studied using an avian in vitro model. Exposure to PFOS
deregulated the baseline expression of four immune genes, namely NF-xB, IL-8, TNF-o and
IL-4 from 36 hours post-exposure, and this effect was ameliorated by additional infection of
CEFs with GaHV-2. Although we have not investigated immune gene expression in the
goshawks, these results suggest that PFOS might be capable of deregulating innate immune
system signalling pathways in birds as well. This is of interest because disruption of these
pathways may link with immunosuppression and enhanced susceptibility of wild bird
populations, which could ultimately contribute to the expansion, emergence and or resurgence
of viral diseases. However, these results need to be interpreted with care because the
experimental dose of PFOS is generally not relevant for bird exposure, and the effect of PFOS

on virus activated pathways could not be demonstrated here.
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Appendix A

Map 1: Trgndelag

Figure Al. Goshawk nesting sites in Trgndelag (n=20), central Norway. Nestlings from these
nests were sampled Dbetween 18/06/2016 and 28/06/2016. Modified from
https://www.geoplaner.com.



Map 2: Troms

Figure A2. Goshawk nesting sites in Troms (n=12), northern Norway. Nestlings from these
nests were sampled between 22/06/2016 and 28/06/2016. Modified from
https://www.geoplaner.com.



Map 3: Murcia
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Figure A3. Goshawk nesting sites in Murcia (n=7), southeastern Spain. Nestlings from these
nests were sampled between 01/06/2016 and 14/06/2016. Modified from
https://www.geoplaner.com.



Table Al. Overview of the number of blood and feather samples (N) per sex and location.

Troms (n=11) Tregndelag (n=20) Murcia (n=7)
N N (males) N (females) N N (males) N (females) N N (males) N (females)
Blood 11 9 2 20 12 8 7 5 2
Feathers 12 a a 20 a a 7 2 a

2Feathers were pooled per nest and thus do not correspond to a specific sex.

Table A2. Morphometrics, age and sex of goshawk nestlings from Troms, Trgndelag and
Murcia. Only relevant measurements for this study were included in the table.

ID Region Sex Age (days) Mass (g) Winglength (cm) Bill length (mm)
NG.16.TOS - 1 Troms M 27 780 19 194
NG.16.TOS - 2 Troms M 26 740 18 19
NG.16.TOS - 3 Troms M 29 785 20.7 19.4
NG.16.TOS - 4 Troms F 30 1050 22.2 22
NG.16.TOS -5 Troms M 33 850 23.2 20.8
NG.16.TOS - 6 Troms M 29 550 20 14
NG.16.TOS - 8 Troms M 30 810 21.4 20.5
NG.16.TOS -9 Troms F 32 1030 24.2 18.8
NG.16.TOS - 10 Troms M 34 880 24 20.2
NG.16.TOS - 11 Troms M 33 740 235 19.8
NG.16.TOS - 12 Troms M 34 680 245 20.1
NG.16.TRD-1  Trgndelag F 29 1050 22 22.3
NG.16.TRD-2  Trgndelag M 34 715 24.3 195
NG.16. TRD-3  Trendelag M 35 775 25 20.1
NG.16.TRD-4  Trgndelag M 27 775 18.5 19.3
NG.16.TRD-5  Trgndelag M 30 775 21.1 19.8
NG.16. TRD-6  Trondelag M 31 830 22.1 20.1
NG.16.TRD-7  Trondelag F 30 1175 22.8 23.1
NG.16. TRD-8  Trgndelag F 33 1225 25.1 215
NG.16.TRD-9  Trgndelag F 31 1200 23.1 22.8
NG.16. TRD - 10 Trendelag F 27 1060 20.2 21.7
NG.16.TRD-11 Tregndelag M 31 850 21.8 20.2
NG.16.TRD - 12 Trgndelag M 29 815 20.6 20
NG.16.TRD - 13  Trgndelag M 32 855 22.6 20
NG.16.TRD - 14  Trendelag M 34 825 24.3 191
NG.16.TRD - 15 Trgndelag M 28 730 19.7 20.3
NG.16.TRD - 16 Trgndelag F 33 1175 25.3 23.9
NG.16.TRD - 17 Trgndelag F 34 1250 26 22.7
NG.16.TRD - 18 Trgndelag F 27 1100 20.2 22.2
NG.16.TRD-19 Trgndelag M 32 890 22.5 20.1
NG.16.TRD-20 Trgndelag M 34 785 24.4 20.2
NG.16.MUR - 1 Murcia F 27 825 20 21
NG.16.MUR - 2 Murcia F 26 875 18.8 20
NG.16.MUR -3 Murcia F 27 850 19.6 20.5
NG.16.MUR - 4 Murcia F 28 760 21 21
NG.16.MUR -5 Murcia F 27 920 20 20
NG.16.MUR -7 Murcia F 24 775 17.4 19.4
NG.16.MUR - 8 Murcia M 29 585 20.1 19




- EE . E

a
M=alLb . /
J
o0 o0
72 InM=Ina+bgInL
M o’e ° M
0. *
’.
S, In M
“°_$' < bsma =bors /T
&s“
L InL

Figure A4. Stepwise method to calculate the scaled mass index (SMI), as explained in Peig
and Green (2009) which was used as a body condition index in this study after correction for
sex- and region-dependent differences.
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Figure A5. Gel electrophoresis as last step in the molecular sexing of goshawk nestlings that
presented intermediate characteristics between males and females and could not be reliably
sexed based on morphometric data. CHD-1-Z and CHD-1-W were extracted from blood and
amplified prior to electrophoresis. Lower and higher fluorescent bands correspond to females
and males, respectively.
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Figure A6. Box and whisker plot of nestling age (days) within Murcia, Troms and Trgndelag.
Horizontal lines represent median values. Boxes represent 25th — 75th percentiles, whiskers
correspond to 95% confidence intervals and outliers are shown as dots.



Appendix B

Table B1. Internal standard (ISTD) mix (**C PFAS mix) for plasma and feather samples
provided by NILU and used during extraction and clean-up prior to target PFAS quantification.

Compound

Abbreviation

Concentration (ng/mL)

Perfluorobutanoic acid
Perfluoropentanoic acid
Perfluorohexanoic acid
Perfluoroheptanoic acid
Perfluorooctanoic acid
Perfluorononanoic acid
Perfluorodecanoic acid
Perfluoroundecanoic acid
Perfluorododecanoic acid

Perfluorotetradecanoic acid

Perfluorobutane sulfonate

Perfluorohexane sulfonate

Perfluorooctane sulfonate
Perfluorooctane sulfonamide

6:2 Fluorotelomer sulfonate
8:2 Fluorotelomer sulfonate

PFBA
PFPA
PFHXA
PFHpA
PFOA
PFNA
PFDA
PFUNDA
PFDODA
PFTeDA
PFBS
PFHXS
PFOS
PFOSA
6:2 FTS
8:2FTS

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Table B2. Mean recoveries (%) of the internal standard from the ISTD mix in plasma and

feathers.
PFBA | PFPA | PFHXA | PFHpA | PFOA | PFNA | PFDA | PFUNDA | PFDoDA
Feather 112 110 135 122 119 123 138
recovery
(%)
Plasma 75 87 86 93 89 83 85 75 63
recovery
(%)
PFTeDA | PFHxS PFOS PFOSA | 6:2 FTS
Feather 96 97 95 127
recovery
(%)
Plasma 36 87 84 75 81
recovery
(%)

\



Appendix C

C1. Preparation of cell cultures and viral stocks

Chicken embryo fibroblasts (CEFs)

Chicken embryo fibroblasts (ATCC® CRL-12203TM, Gallus gallus embryo) were purchased
from a commercial supplier (LGC Standards GmbH, Germany). The base growth medium for
chicken embryo fibroblasts (CEFs) is ATCC-formulated Dulbecco’s Modified Eagle’s Medium
(Sigma, Cat. No. 30-2002). Complete growth medium (DMEM 10% FCS) was obtained by
adding 10% fetal calf serum (FCS), 50 mg/mL Gentamycin, 100 units/mL Penicillin and 100
pg/mL Streptomycin. Preparation of the CEF stock consisted in subculturing cells that had been
cryopreserved in liquid nitrogen. Handling of frozen cells was initiated by thawing the original
CEF-containing vial through gentle agitation in a 39°C water bath for 2 min. Following
decontamination by spraying the vial with 70% ethanol, the content was transferred to a
centrifuge tube containing 9 mL DMEM (10% FCS) and spun at 150 g for 5 min. The
supernatant, which contained unwanted freezing medium, was discarded and the cell pellet was
resuspended with 2 mL of pre-warmed DMEM (10% FCS). The resuspended cells were placed
into a pre-warmed culture flask (T75 flask) with 9 mL of media and incubated at 39°C with 5%
CO (first passage). The growing cells were inspected daily. They progressively attached to the
flask surface, changed their shape, and increased in number and confluency.

After four days of incubation, they were 90% confluent and ready to subculture into new T75
flasks for the first time. The subculturing or splitting procedure started with the removal of old
media and rinsing of the cell layer with pre-warmed PBS to eliminate any traces of serum.
Serum contains natural trypsin inhibitors (e.g. serpins) that may impair the following step and
must therefore be removed in advance. 1 mL of TrypsinEDTA was then added to cover the
entire cell monolayer with the solution. This leads to the detachment of CEFs upon incubation
at 39°C for 5 min, which was confirmed under an inverted microscope prior to splitting. 8 mL
of DMEM (10% FCS) was added to the flask, and cells were aspirated by gentle pipetting. The
cell suspension was eventually added in 3 ml aliquots to three pre-warmed T75 flasks and
incubated (second passage). This procedure was repeated twice more (fourth passage). CEFs
were only split after reaching a minimum confluency of 70%, which generally took them around
48h per passage. CEFs from the fourth passage were later used in the experiments. The passage
number should be high enough to provide enough cells for the planned experiments, but
excessive passages may introduce unwanted genetic variation and should therefore be avoided
(pers. comm. C.A Waugh). Immediately after subculturing, CEFs were cryopreserved until
experimental use. For this purpose, we prepared freezing media (containing 5% dimethyl
sulfoxide) and kept it cold in the fridge. The cells were then trypsinized and resuspended in
DMEM (10% FCS) as previously described. The cell suspension was centrifuged, the
supernatant was discarded and the cell pellet was resuspended in 1 mL of cold cryopreservation
media. The CEFs were then transferred to 1.5 mL cryovials, which were quickly placed in an
isopropanol chamber. The chamber with the cryovials was kept at -80°C overnight, and the
cryovials were eventually stored in liquid nitrogen. Before the experimental use of CEFs, they
were resuscitated in order to get them into the dividing state.
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Gallid herpesvirus-2 (GaHV-2)

The gallid herpesvirus-2 (GaHV-2) model used in this study (ATCC® VR-2175™) was
purchased from a commercial supplier (LGC Standards GmbH, Germany). GaHV-2 is a cell-
associated virus and is commercially available in infected CEF seeds. The infected cell seed
was stored in liquid nitrogen upon arrival. Viruses were propagated on cultured CEFs. The
preparation of the virus stock consisted in inoculating CEFs with the infectious agents to
facilitate their replication. For this purpose, we initially seeded and cultured non-infected CEFs
in T75 flasks until they reached at least 80% confluency. The culture media was changed once
before infection, as it would stay with the infected CEFs for 4-7 additional days following
infection. The infected cell seed was thawed and added to 10 mL of pre-warmed DMEM (10%
FCS). Two flasks were kept as negative uninfected controls. The flasks were incubated for 7
days at 39°C with 5% CO2, and we daily checked for microscopically visible signs of virus
replication. Infected cells typically undergo structural alterations, known as cytopathic effect,
that result in the formation of lytic plaques. This phenomenon was observed 6 after infection,
and we then proceeded to cryopreserve the virus stock the next day. The viruses were harvested
via trypsinization and centrifugation of the cell pellet. Cells were then resuspended in 1 mL of
fresh DMEM with 10% FCS and 10% DMSO, and transferred to cryovials. The virus-
containing cryovials were kept at -80°C inside the isopropanol chamber overnight, and stored
in liquid nitrogen later on.

Appendix D
D1. Plaque assay of GaHV-2 on CEF monolayers

Preparation of stock solutions for exposure and infection

Prior to the exposure stage, a stock PFOS solution was prepared from its potassium salt, also
known as heptadecafluorooctanesulfonic acid potassium (Cat. No 7782, Sigma Aldrich, St
Louis, USA). PFOS potassium salt contains branched and linear PFOS isomers, and 70% of the
total is linear. The salt (50 mg) was initially diluted in a solvent, namely 100% DMSO (10 ml)
to reach a concentration of 5000 ppm PFOS in 100% DMSO. The stock PFOS solution (50 ppm
of PFOS in 1% DMSO) was then obtained by diluting 0.5 mL of the previous solution into 49.5
mL of DMEM (10% FCS). In addition, a stock solution of 1% DMSO in media (without PFOS)
was prepared for use in treatment as solvent control. The handling of the PFOS salt was carried
out with protective masks in the fume hood in order to minimize unnecessary exposure to the
pollutant.

In addition, serial ten-fold dilutions of the virus inoculum were prepared for infection. 1.8 mL
of PBS (1% FBS) were added to a 6-well plate. Then, 0.2 mL of the virus inoculum were
transferred to the first well (107 dilution) and mixed well. After, we transferred 0.2 mL from
the first well to the second and mixed again (1072 dilution). This process was repeated through
the next wells until the 107 dilution in the fifth well. An additional well was left with no virus
(negative control). Pipette tips were changed between dilutions to avoid contamination. This
stock plate was then used to inoculate CEFs with the different viral dilutions in the infection
stage.

The experiment

The plague assay constitutes a widely used approach to quantify the number of infectious
particles in a virus preparation. Through this experiment, we wanted to address PFOS-mediated
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changes in viral replication on infected CEF monolayers. When individual infected cells
undergo cell lysis, in the presence of gel-forming substances such as agar, infectious particles
expand to neighbouring cells in a concentric manner and create a zone of visible cell destruction
known as plaque. The amount of plaques in the system can be easily counted and positively
relates to the quantity of infectious particles (Dulbecco and Vogt, 1954). In this study, we
infected CEF monolayers with GaHV-2 under different experimental conditions to assess
changes in viral replication. Three major treatment groups were selected:

1) Exposure to PFOS (16.7 ppm)
2) Infection with GaHV-2 (without solvent)
3) Combination of both exposure to PFOS (16.7 ppm) and infection with GaHV-2

In addition, two types of controls were included. The first (4) was to confirm that the solvent
itself (1% DMSO) did not interfere with the infection process and formation of plaques. The
second (5) was used to make sure that we did not introduce any external factor affecting the
CEF monolayer (e.g. viral contamination) (Table D1).

4) Infection with GaHV-2 (with solvent).
5) Negative control.

Table D1. Overview of the different experimental treatments (1-5) and solutions used at both
the exposure and infection stages. PFOS (50 ppm) was diluted in the well-containing growth
media to the final PFOS dose used in this experiment (16.67 ppm).

Treatment Exposure Infection
(48h post-seed) (72h post-seed)
PFOS

1) Exposure to PFOS PBS (1% FCS)

(50 ppm in 1% DMSO)
2) Infection with GaHV-2 (without solvent) Complete media GaHV-2 dilutions

PFOS

(50 ppm in 1% DMSO) GaHV-2 dilutions

3) Exposure to PFOS / Infection with GaHV-2
4) Infection with GaHV-2 (with solvent) 1% DMSO GaHV-2 dilutions

5) Negative control Complete media PBS (1% FCS)

CEFs were seeded in 6-well plates at a density of 0.3 x 10° cells/mL (2 mL). The counting of
cells to attain such density was carried out on a counting chamber (hemocytometer). These cells
were allowed to colonize the wells and rest for two days at 39°C with 5% CO; before the
exposure stage (48h post-seed) (Table D1: Exposure). The preparation of exposure and
infection solutions is described in the previous section. One mL of the exposure solution was
added to the corresponding well, which already contained 2 mL of complete media from the
seeding stage. Therefore, the final concentration of PFOS available in the system was 16.67
ppm. The cells were exposed for one day, before the infection stage (72h post-seed). This
consisted in inoculating CEFs with 0.8 mL of either GaHV-2 serial dilutions or PBS (1% FCS)
as the negative control (Table D1: Infection) The purpose of serial dilutions (from 107! to 10°)
was to reach a countable range of plaques in at least one of the dilutions, as shown in Figure
D1 for one of the treatments (GaHV-2 only).
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Figure D1. Example of 6-well experimental plates for one of the treatments, namely GaHV-2
only. Each dilution was analysed in duplicates per plate, and each plate was repeated twice (4
wells per treatment and dilution). In addition, four wells contained only media (negative).

The plates were then incubated at 39°C for 1 hour, and rocked manually every 15 minutes to
spread the viral contents over the well surface. A mix of agar and DMEM 10% FCS (1:1) was
then used to overlay the wells with the solution (3 mL), which rapidly cools down, hardens and
creates an agar overlay within 30 min at room temperature. The plates were swirled to distribute
the agar overlay evenly on the wells before solidification. The plates with the virus dilutions
(or PBS) and the agar overlay were incubated at 39°C for 7 days. The final step of the plaque
assay is plaque visualization and counting. It involves fixation (formaldehyde) and staining
(crystal violet) of the cells prior to counting of plaques under the inverted microscope.
Therefore, seven days after infection, we added the formaldehyde solution for 1 h to fixate the
cells. The solution and the agar plugs were discarded before staining with crystal violet for 15
min. Plaque counting, which could not be carried out in this study, takes place after washing
off the crystal violet stain with water (section 2.2). The best virus dilution factor for counting
is that whose wells contain between 100 and 300 plaques (Cooper, 1962). Based on simple
plaque counting and corresponding dilution factors, the viral titer in plaque forming units per
mL (pfu/mL) can be determined:

Number of plaques
DxV

Virus titer (pfu/ml) =

Where D is the dilution factor ranging from 0.1 (10™) to 0.00001 (107), and V is the volume of
diluted virus added (0.8 mL).



D2. PFOS-mediated modulation of gene expression

Table D2. Overview of the experimental treatments (1-8) and the corresponding solutions used
at both the exposure and infection stages. PFOS (50 ppm) was diluted in the well-containing

growth media to the final PFOS dose used in this experiment (22.2 ppm)

Treatments

Exposure to PFOS

Viral stimulation

1)
2)
3)
4)
5)
6)
7)

8)

Negative control

Exposure to PFOS

Infection with GaHV-2 (without solvent)
Exposure to PFOS / Infection with GaHV-2
Stimulation with poly(l:C) (with solvent)
Exposure to PFOS / Stimulation with poly(l:C)
Infection with GaHV-2 (with solvent)

Stimulation with poly(I:C) (with solvent)

Complete media

PFOS (50 ppm in 1% DMSO)
Complete media

PFOS (50 ppm in 1% DMSO)
Complete media

PFOS (50 ppm in 1% DMSO)
1% DMSO

1% DMSO

PBS (1% FCS)
PBS (1% FCS)
GaHV-2 dilution
GaHV-2 dilution
Poly(l:C)
Poly(l:C)
GaHV-2 dilution

Poly(l:C)
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Appendix E

Table E.1. Master mix prepared for all samples (reaction tubes) in order to perform the reverse
transcription of extracted RNA into cDNA using the Qiagen miScript® Il RT Kit.

Component

RNase-free water
Template RNA
Total volume

5x miScript HiSpec Buffer
10x miScript Nucleics Mix
miScript Reverse Transcriptase Mix

Volume
4 ul

2 ul

2 ul
Variable
Variable
20 pl

Table E.2. Master mix used for gPCR analysis of mRNA and miRNA expression

MRNA assay mMiRNA assay
Component Volume Component Volume
SYBR green 0 SYBR green 10 ul
Forward primer (10 uM) 2u miScript Universal primer 2 ul
Reverse primer (10 uM) 2ul miScript Primer assay 2l
cDNA sample 6 ul cDNA sample 6 pl
Total volume 20 pl Total volume 20 pl

Table E.3. Primers used for gPCR analysis of target and control genes. The specific sequences
corresponding to miR-155 and SNORD96A primer assay are not provided by the manufacturer.
Primers were obtained from Sigma-Aldrich® (IL-4, IL-8, NF-kB. TNF-a and 28sRNA) and
Qiagen® (miR-155 and SNORD96A).

Gene Sense (5’ -3°) Antisense 5°-3°) Reference

IL-4 GAGAGGTTTCCTGCGTCAAG TGGTGGAAGAAGGTACGTAGG (Annamalai and Selvaraj, 2012)
IL-8 CTGGCCCTCCTCCTGGTT GCAGCTCATTCCCCATCTTTAC (Ghareeb et al., 2013)

NF-xB SCAACTATGTTGGACCTECAA - ACCCACCAAGCTGTGAGCAT (Ghareeb et al., 2013)

TNF-a CCCCTACCCTGTCCCACAA TGAGTACTGCGGAGGGTTCAT (Ghareeb et al., 2013)
miR-155 Primer assay ID: MSC0003997 (Hu et al., 2016)

28sRNA GGTATGGGCCCGACGCT CCGATGCCGACGCTCAT (Neerukonda et al., 2016)
SNORD96A Primer assay ID: MS00033733 (Burns et al., 2014)

Table E.4. gPCR running conditions (temperature program) for target and control genes.

miR-155 — SNORD96

IL-4 - IL-8 — NF-xB

TNF-0 — 28srRNA

Activation step
Denaturation step
Annealing step
Extension step
Cycle number

900 sec at 95°C
15 sec at 94°C
30 sec at 55°C
30 sec at 70°C
50

900 sec at 95°C
15 sec at 94°C
30 sec at 52°C
45 sec at 68°C
50

900 sec at 95°C
15 sec at 94°C
30 sec at 55°C
45 sec at 68°C
50
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Table E5. Raw gPCR data presented as threshold cycle (Ct) values for the different

treatments and timepoints (harvests), including target and housekeeping genes. Reactions

were performed in two technical replicates (consecutive rows).

Treatment Harvest  1L-4 IL-8 TNF-a NF-xB 28srRNA miR-155 SNORD96
PFOS 1 31.71 31.78 22.49 29.70 22.81 38.31 34.11
PFOS 1 31.94 31.78 22.50 29.02 22.64 38.91 33.83
PFOS 2 33.65 32.64 24.29 30.01 24.09 37.27 34.53
PFOS 2 33.14 33.20 24.54 30.55 24.24 38.10 34.67
PFOS 3 33.27 32.15 21.71 29.72 23.68 38.10 33.47
PFOS 3 33.22 31.71 21.98 29.90 23.30 37.43 33.33
PFOS 4 33.51 32.23 23.72 29.76 23.74 38.46 34.10
PFOS 4 32.97 32.82 23.47 30.45 23.69 41.35 34.27
GaHV-2 (DMSO) 1 32.48 30.97 22.59 28.66 21.38 37.39 32.85
GaHV-2 (DMSO) 1 31.85 30.89 22.44 28.06 21.34 35.96 32.19
GaHV-2 (DMSO) 2 33.39 33.02 24.40 29.88 22.53 37.81 33.52
GaHV-2 (DMSO) 2 33.30 31.95 23.54 29.70 22.44 36.61 33.82
GaHV-2 (DMSO) 3 32.03 30.53 22.80 27.40 20.22 35.43 31.77
GaHV-2 (DMSO) 3 31.69 30.48 22.13 28.41 20.28 35.58 31.60
GaHV-2 (DMSO) 4 32.53 30.94 2217 28.89 20.43 36.36 32.20
GaHV-2 (DMSO) 4 32.29 30.98 23.25 28.87 20.55 36.96 32.54
PFOS/GaHV-2 1 31.74 31.20 22.03 27.89 21.35 36.27 32.61
PFOS/GaHV-2 1 3141 31.52 22,57 28.05 21.38 35.82 31.86
PFOS/GaHV-2 2 32.37 31.62 22.79 28.86 22.31 38.51 32.62
PFOS/GaHV-2 2 32.75 31.70 22.98 29.58 22.40 38.44 32.59
PFOS/GaHV-2 3 32.59 30.60 22.44 29.47 21.99 37.34 32,51
PFOS/GaHV-2 3 32.73 30.80 2217 28.59 21.69 36.79 32.36
PFOS/GaHV-2 4 31.04 30.59 22.03 27.86 20.07 36.63 31.69
PFOS/GaHV-2 4 30.99 31.15 23.26 28.36 20.21 35.78 31.74
Negative 1 32.74 31.76 22.25 29.03 22.77 40.30 33.92
Negative 1 32.39 32.58 22.01 29.53 22.75 37.68 33.33
Negative 2 32.41 31.74 23.02 28.48 22.01 38.38 32.41
Negative 2 32.64 31.95 24.03 27.84 22.23 37.10 32.44
Negative 3 32.10 30.85 21.60 28.47 22.14 36.56 32.56
Negative 3 32.09 31.13 21.75 27.54 21.96 37.56 32.50
Negative 4 31.32 31.09 22.11 27.97 20.63 36.78 32.01
Negative 4 31.16 30.88 24.06 27.76 20.66 37.38 32.21
GaHV-2 1 32.95 31.52 22.83 28.81 22.08 36.74 33.10
GaHV-2 1 32.81 31.90 23.01 28.27 21.95 36.70 32.89
GaHV-2 2 32.01 31.42 23.06 27.75 21.30 36.50 32.36
GaHV-2 2 32.39 31.21 24.07 28.57 21.86 37.34 32.47
GaHV-2 3 32.28 31.43 22.72 28.81 21.34 37.60 32.50
GaHV-2 3 32.15 30.91 22.09 28.69 21.46 35.86 32.07
GaHV-2 4 32.55 31.45 23.27 29.18 21.16 38.34 32.49
GaHV-2 4 31.22 31.61 22.74 28.80 21.34 37.03 32.81
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Treatment Harvest  IL-4 IL-8 TNF-a NF-kB 28srRNA miR-155 SNORD96
Poly(l:C) (DMSO) 1 33.09 27.11 30.64 28.46 18.38 41.63 3451
Poly(l:C) (DMSO) 1 32.52 27.16 30.64 28.02 18.13 39.46 34.35
Poly(1:C) (DMSO) 2 32.48 32.33 24.88 29.17 21.38 37.81 34.54
Poly(1:C) (DMSO) 2 33.24  32.79 26.40 29.30 21.56 38.69 35.10
Poly(1:C) (DMSO) 3 32.95 34.30 27.75 29.80 18.65 37.35 36.72
Poly(l:C) (DMSO) 3 32.04  33.77 27.48 29.59 18.59 36.80 36.48
Poly(l:C) (DMSO) 4 33.75 35.86 30.57 30.64 21.42 38.52 37.23
Poly(l:C) (DMSO) 4 33.67 35.47 29.46 31.75 21.69 38.85 40.73
PFOS/poly(l:C) 1 31.55 32.37 27.65 28.20 NA 37.14 34.34
PFOS/poly(l:C) 1 31.18 31.32 27.17 27.62 NA 36.98 34.14
PFOS/poly(l:C) 2 32.33 32.21 24.04 28.70 19.11 36.99 34.86
PFOS/poly(l:C) 2 32.22 NA 25.57 29.04 19.19 36.82 35.27
PFOS/poly(l:C) 3 32.91 33.44 28.64 29.60 NA 38.79 35.34
PFOS/poly(l:C) 3 32.48 33.27 28.24 29.43 NA 38.52 36.52
PFOS/poly(l:C) 4 32.55 36.19 29.30 30.28 20.35 37.77 37.39
PFOS/poly(l:C) 4 32.93 34.64 29.33 30.98 20.54 38.94 37.20
Poly(l:C) 1 32.11 32.68 27.15 29.03 NA 36.95 35.14
Poly(I:C) 1 31.66 32.05 27.90 28.42 NA 36.10 34.72
Poly(I:C) 2 31.87 32.31 25.28 29.17 18.31 36.86 34.55
Poly(I:C) 2 32.32 32.48 26.12 28.73 18.39 36.86 3451
Poly(l:C) 3 33.33 34.88 29.37 30.77 NA 38.19 35.92
Poly(l:C) 3 33.26 34.17 29.01 29.98 NA 38.05 37.02
Poly(l:C) 4 32.70 33.96 28.14 29.82 19.48 36.39 36.91
Poly(I:C) 4 32.83 35.26 28.20 30.37 19.50 37.80 38.02
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Figure E1. MicroRNA-155 (miR-155) gPCR amplification curve for all treatments included in
the experiment, showing very high Ct values (35-43) and a weak rise in the fluorescent signal
compared to other target genes.
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Table E6. Results of the analysis of gPCR results using Bayesian MCMC methods in
MCMC.gPCR R package. The table includes model point estimates (mean) of transcript
abundances (log-abundances), standard deviation from the estimate and confidence interval
(CI), used to compare treatments across the investigated time points (harvest). These data
correspond to the typical summary plot (trellis plot) of a two-way design.

Treatment Gene Harvest  Mean SD CI (upper) CI (lower)
GaHV-2 (DMSO0) IL-4 1 4.83 0.45 4.05 5.55
GaHV-2 (DMSO0) IL-4 2 3.56 0.53 2.67 4.42
GaHV-2 (DMSO) IL-4 3 5.11 0.47 4.34 5.87
GaHV-2 (DMSO) IL-4 4 4.55 0.48 3.76 5.35
GaHV IL-4 1 4.08 0.49 3.27 4.88
GaHV IL-4 2 5.75 0.85 4.28 7.07
GaHV IL-4 3 4.23 0.81 291 5.56
GaHV IL-4 4 5.15 0.48 4.35 5.96
Negative IL-4 1 4.39 0.48 3.57 5.19
Negative IL-4 2 5.46 0.85 4.02 6.87
Negative IL-4 3 4.33 0.82 2.98 5.73
Negative IL-4 4 5.77 0.46 5 6.51
PFOS/GaHV-2 IL-4 1 541 0.47 4.62 6.19
PFOS/GaHV-3 IL-4 2 5.4 0.85 3.98 6.81
PFOS/GaHV-4 IL-4 3 3.73 0.83 2.35 5.14
PFOS/GaHV-5 IL-4 4 5.95 0.45 5.18 6.64
PFOS IL-4 1 5.13 0.46 4.37 591
PFOS IL-4 2 4.58 0.91 3.07 6.11
PFOS IL-4 3 3.12 0.85 1.77 4.54
PFOS IL-4 4 3.72 0.5 2.9 457
PFOS/poly(l:C) IL-4 1 5.65 0.45 4.91 6.4
PFOS/poly(I:C) IL-4 2 5.68 0.84 4.29 7.04
PFOS/poly(l:C) IL-4 3 3.72 0.83 2.39 5.06
PFOS/poly(l:C) IL-4 4 4.25 0.47 3.48 5.03
Poly(l:C) (DMSO) IL-4 1 4.17 0.5 3.32 4.99
Poly(l:C) (DMSO) IL-4 2 5.16 0.83 3.82 6.58
Poly(l:C) (DMSO) IL-4 3 3.93 0.82 2.59 5.26
Poly(1:C) (DMSO) IL-4 4 3.27 0.56 2.35 4.15
Poly(l:C) IL-4 1 5.09 0.47 4.33 5.87
Poly(l:C) IL-4 2 5.88 0.84 453 7.26
Poly(l:C) IL-4 3 3.09 0.84 1.67 4.45
Poly(l:C) IL-4 4 4.2 0.49 3.44 5.02
GaHV-2 (DMSO) IL-8 1 6.05 0.45 5.3 6.78
GaHV-2 (DMSO) IL-8 2 453 0.5 3.67 5.36
GaHV-2 (DMSO) IL-8 3 6.51 0.45 5.79 7.27
GaHV-2 (DMSO) IL-8 4 6.04 0.47 5.27 6.81
GaHV IL-8 1 5.29 0.48 4.54 6.07
GaHV IL-8 2 7.19 0.86 5.73 8.62
GaHV IL-8 3 5.37 0.81 4.05 6.68
GaHV IL-8 4 5.46 0.46 4.7 6.21
Negative IL-8 1 4.83 05 4.04 5.64
Negative IL-8 2 6.63 0.85 5.23 8.03
Negative IL-8 3 55 0.83 4.11 6.84
Negative IL-8 4 6.03 0.47 5.23 6.79
PFOS/GaHV-2 IL-8 1 5.64 0.49 4.84 6.46
PFOS/GaHV-3 IL-8 2 6.84 0.85 55 8.24
PFOS/GaHV-4 IL-8 3 5.82 0.82 45 7.12
PFOS/GaHV-5 IL-8 4 6.1 0.46 5.32 6.85
PFOS IL-8 1 5.18 0.48 4.37 5.94
PFOS IL-8 2 5.59 0.87 4.24 7.02
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Treatment Gene Harvest Mean SD Cl (upper)  CI (lower)
PFOS IL-8 3 4.59 0.82 3.28 5.97
PFOS IL-8 4 4.43 0.49 3.67 5.25
PFOS/poly(l:C) IL-8 1 5.18 0.48 4.38 5.97
PFOS/poly(l:C) IL-8 2 6.34 0.99 4.7 7.9
PFOS/poly(l:C) IL-8 3 31 0.85 1.67 4.48
PFOS/poly(l:C) IL-8 4 1.64 0.72 0.41 2.82
Poly(l:C) (DMSO) IL-8 1 9.87 0.42 9.19 10.56
Poly(1:C) (DMSO) IL-8 2 5.9 0.86 4.43 7.28
Poly(l:C) (DMSO) IL-8 3 2.33 0.9 0.82 3.8
Poly(I:C) (DMSO) IL-8 4 1.08 0.81 -0.37 2.27
Poly(I:C) IL-8 1 4.63 0.48 3.82 5.4
Poly(I:C) IL-8 2 6.1 0.84 4.71 75
Poly(I:C) IL-8 3 1.85 0.88 0.38 3.33
Poly(l:C) IL-8 4 2.32 0.62 1.25 3.37
GaHV-2 (DMSO) NF-xB 1 8.63 0.45 7.88 9.38
GaHV-2 (DMSO) NF-xB 2 7.19 0.47 6.42 7.95
GaHV-2 (DMSO) NF-xB 3 9.07 0.46 8.29 9.84
GaHV-2 (DMSO) NF-xB 4 8.11 0.44 7.39 8.84
GaHV NF-«xB 1 8.45 0.45 7.75 9.2
GaHV NF-«xB 2 9.76 0.78 8.49 11
GaHV NF-xB 3 7.28 0.79 6.07 8.6
GaHV NF-xB 4 8.01 0.45 7.23 8.7
Negative NF-xB 1 7.72 0.44 7.03 8.44
Negative NF-xB 2 9.74 0.74 8.5 10.96
Negative NF-xB 3 8.04 0.77 6.8 9.31
Negative NF-«xB 4 9.13 0.48 8.36 9.92
PFOS/GaHV-2 NF-xB 1 9.01 0.45 8.26 9.76
PFOS/GaHV-3 NF-xB 2 8.7 0.78 7.42 9.99
PFOS/GaHV-4 NF-xB 3 7.02 0.78 5.81 8.31
PFOS/GaHV-5 NF-xB 4 8.91 0.45 8.18 9.64
PFOS NF-«xB 1 7.65 0.46 6.9 8.47
PFOS NF-xB 2 7.62 0.77 6.37 8.9
PFOS NF-«xB 3 6.25 0.78 4.96 7.55
PFOS NF-«xB 4 6.89 0.46 6.14 7.64
PFOS/poly(l:C) NF-«xB 1 9.09 0.45 8.39 9.85
PFOS/poly(1:C) NF-xB 2 9.04 0.75 7.89 10.29
PFOS/poly(1:C) NF-xB 3 6.52 0.78 5.24 7.8
PFOS/poly(1:C) NF-xB 4 6.38 0.47 5.63 7.16
Poly(I:C) (DMSO)  NF-kB 1 8.78 0.46 8.04 9.5
Poly(I:C) (DMSO)  NF-kB 2 8.69 0.79 7.42 10.03
Poly(I:C) (DMSO)  NF-kB 3 6.35 0.79 5.12 7.7
Poly(l:C) (DMSO) NF-xB 4 5.79 0.49 4.98 6.63
Poly(1:C) NF-«B 1 8.25 0.45 7.46 9.02
Poly(I:C) NF-xB 2 8.98 0.77 7.69 10.24
Poly(l:C) NF-«xB 3 5.66 0.79 4.44 6.98
Poly(1:C) NF-«B 4 6.89 0.45 6.11 7.59
GaHV-2 (DMSO) TNF-a 1 14.51 0.51 13.68 15.36
GaHV-2 (DMSO) TNF-a 2 13.01 0.51 12.16 13.82
GaHV-2 (DMSO) TNF-a 3 14.55 0.51 13.75 15.39
GaHV-2 (DMS0) TNF-a 4 14.29 0.51 13.47 15.11
GaHV TNF-a 1 14.06 0.51 13.23 14.89
GaHV TNF-a 2 14.72 0.87 13.32 16.16
GaHV TNF-a 3 14.36 0.9 12.87 15.8
GaHV TNF-o 4 14 0.51 13.18 14.84
Negative TNF-a 1 14.85 0.52 14.02 15.72
Negative TNF-a 2 14.75 0.86 13.31 16.2
Negative TNF-a 3 15.05 0.9 135 16.53
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Treatment Gene Harvest Mean SD Cl (upper)  ClI (lower)
Negative TNF-a 4 13.92 0.53 13.05 14.75
PFOS/GaHV-2 TNF-a 1 14.71 0.51 13.85 15.53
PFOS/GaHV-3 TNF-a 2 15.39 0.87 13.99 16.8
PFOS/GaHV-4 TNF-a 3 14.44 0.9 12.93 15.85
PFOS/GaHV-5 TNF-a 4 14.34 0.52 135 15.17
PFOS TNF-a 1 14.52 0.52 13.7 1541
PFOS TNF-a 2 13.84 0.86 12.44 15.19
PFOS TNF-a 3 14.89 0.88 13.45 16.32
PFOS TNF-a 4 134 0.52 12.57 14.21
PFOS/poly(1:C) TNF-a 1 9.61 0.52 8.77 10.47
PFOS/poly(1:C) TNF-a 2 13.49 0.86 11.98 14.99
PFOS/poly(1:C) TNF-a 3 8.3 0.92 6.8 9.76
PFOS/poly(1:C) TNF-a 4 7.7 0.53 6.79 8.51
Poly(l:C) (DMSO)  TNF-a 1 6.32 0.53 5.41 7.17
Poly(l:C) (DMSO)  TNF-a 2 12.63 0.87 11.27 14.06
Poly(I:C) (DMSO)  TNF-a 3 9.13 0.9 7.62 10.56
Poly(l:C) (DMSO) TNF-a 4 6.99 0.53 6.12 7.84
Poly(I:C) TNF-o 1 9.48 0.52 8.66 10.34
Poly(l:C) TNF-a 2 12.57 0.84 11.14 13.92
Poly(l:C) TNF-o 3 7.57 0.91 6.07 9.06
Poly(l:C) TNF-o 4 8.84 0.52 7.99 9.67

PFOS-mediated effect on baseline immune gene expression

log,(abundance)

®— Negative control (IL-4)
O— PFOS (IL-4)
—a— Negative control (IL-8)
—0O— PFOS (IL-8)

©— PFOS (NF-kB)

—5— PFOS (TNF-a)

4— Negative control (NF-kB)

—a— Negative control (TNF-a)

T T T T T T T T T

30 36 42
Time post-exposure (h)

T

48

Figure E2. Overview of differences in
logz(abundance) of gene transcripts
(mRNA expression) in chicken
embryo fibroblasts (CEFs) treated
with PFOS (white symbol) versus the
negative control (black symbol).The
x-axis denotes duration of the post-
exposure period and the y-axis the
model estimate for IL-4 (green), IL-8
(red), NF-xB (orange) and TNF-a
(blue). Model estimates are presented
along with its SD in whiskers.
Different letters denote a significant
pairwise difference between the
illustrated treatments. Reactions were
performed in two technical replicates.
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Solvent effects

GaHV-2 infection

The response to GaHV-2 (without solvent) was compared with the response to GaHV-2 (with
solvent). At 12h post-infection, the inferred mean abundances of immune gene transcripts (IL-
4, IL-8, NF-kB, TNF-a) were lower in the 1% DMSO- exposed group, although this trend was
only significant for IL-8 (p=0.031) and NF-kB (p=0.021). This however seems to constitute an
artefact since CEFs exposed to PFOS only did not experience a time-specific decrease in
expression at 12h. A solvent effect was therefore not attributed to the DMSO that was used to
dissolve the PFOS salt.
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Figure E3. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) infected with GaHV-2 (green symbol) versus infected with GaHV-2 (1%
DMSO) (light green symbol).The x-axis denotes duration of the post-infection period and the
y-axis the model estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model estimates
are presented along with the SD in whiskers. Different letters denote a significant pairwise
difference between the illustrated treatments. Reactions were performed in two technical
replicates.
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Poly(l:C) stimulation

The lack of a solvent effect was similarly confirmed using the response to poly(l:C) (without
solvent) and to poly (I:C) (with solvent). This yielded similar mean expression levels for the
two treatments over time (p<0.05), with two exceptions at 6h post-stimulation. For IL-8, there
was a significant up-regulation of gene expression in response to 1% DMSO (p<0.001). The
transcript levels of this gene after exposure to poly(l:C) (without solvent) were however similar
to poly(l:C) (with PFOS), indicating that the unexpectedly higher expression in response to
poly (I:C) (with solvent) may just be an artefact. For TNF-a, there was a significant down-
regulation of gene expression in response to 1% DMSO (p<0.001). This difference disappeared
when comparing poly(l:C) (without solvent) to poly (I:C) (with PFOS), as in the previous case,
and this was therefore not considered a relevant solvent effect either.
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Figure E4. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) infected with the synthetic RNA virus poly(l:C) (green symbol) versus
infected with poly(l:C) (1% DMSO) (light green symbol).The x-axis denotes duration of the
post-stimulation period and the y-axis the model estimate for IL-4 (A), IL-8 (B), NF-xB (C)
and TNF-a (D). Model estimates are presented along with the SD in whiskers. Different letters
denote a significant pairwise difference between the illustrated treatments. Reactions were
performed in two technical replicates.
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Immunomodulatory effects by PFOS

GaHV-2 infection

Although there was not a significant change in immune gene expression associated with GaHV-
2 infection for the studied genes (Figure 3.9), the potential modulation of this response by PFOS
was addressed (Figure E5 A-D). No significant differences in target gene expression were found
between cells exposed to GaHV-2 and cells exposed to a combination of PFOS and GaHV-2.
In other words, gene expression did not change following infection neither after combined
exposure to PFOS and the infectious agent. The only exception is the higher expression of NF-
kB in PFOS/GaHV-2 exposed relative to control cells at 6h post-infection (p=0.042). Thus,
overall no immunomodulatory effects of PFOS on GaHV-2 response could be established for
the investigated genes and time points.
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Figure E5. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) infected with gallid herpesvirus-2 (GaHV-2) (green symbol), treated with
PFOS and infected GaHV-2 (yellow symbol) versus the negative control (black symbol).The
x-axis denotes duration of the post-infection period and the y-axis the model estimate for IL-4
(A), IL-8 (B), NF-kB (C) and TNF-a (D). Model estimates are presented along with the SD in
whiskers. Different letters denote a significant pairwise difference between the illustrated
treatments. Reactions were performed in two technical replicates.
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Poly(l:C) stimulation

The observed response to poly (I:C) was not modulated by previous exposure to PFOS. In line
with this, no significant differences between expression of immune genes in cells exposed to
poly (I:C) and PFOS/poly (I:C) (Figure E6 A-D). In broad terms, gene expression did not
change following combined exposure to PFOS and the viral analogue, with transcript levels
remaining similar to those seen after stimulation with poly (I:C) alone.
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Figure EG6. logz(abundance) of gene transcripts (MRNA expression) in chicken embryo
fibroblasts (CEFs) infected with polyinosinic:polycytidylic acid (poly(l:C)) (green symbol),
treated with PFOS and stimulated with poly(l:C) (yellow symbol) versus the negative control
(black symbol).The x-axis denotes duration of the post-stimulation period and the y-axis the
model estimate for IL-4 (A), IL-8 (B), NF-xB (C) and TNF-a (D). Model estimates are
presented along with the SD in whiskers. Different letters denote a significant pairwise
difference between the illustrated treatments. Reactions were performed in two technical
replicates.
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Appendix F

Table F1. Limit of detection (LOD), limit of quantification (LOQ), samples (n) above the LOD
and LOQ, quantification frequency (QF), mean and range of concentrations (ng/mL) in plasma
of goshawk nestlings from Trgndelag, Troms and Murcia (n=38). LOQ was defined as three
times the LOD. Mean concentrations are based on samples above the LOQ, and may slightly
differ from those used in statistical analysis.

Compound LOD n>LOD LOQ n>LOQ QF Mean Range
PFBA 0.05 0 0.15 0 0 - <0.05
PFPA 0.10 0 0.30 0 0 - <0.10
PFHxA 0.10 0 0.30 0 0 - <0.10
PFHpA 0.05 3 0.15 0 0 - <0.05
PFOA 0.05 38 0.15 34 89 0.60 <0.15-1.92
PFNA 0.075 38 0.225 38 100 1.28 0.33-6.49
PFDA 0.05 38 0.15 37 97 0.68 <0.15-2.17
PFUNDA 0.075 38 0.225 38 100 1.14 0.39-2.78
PFDoDA 0.075 38 0.225 32 84 0.81 <0.225-1.99
PFTrDA 0.10 37 0.30 32 84 0.87 <0.10-1.39
PFTeDA 0.10 19 0.30 8 21 0.50 <0.10-1.43
PFHXDA 0.15 0 0.45 0 0 - <0.15
PFODcA 0.15 0 0.45 0 0 - <0.15
PFBS 0.05 0 0.15 0 0 - <0.05
PFPS 0.05 0 0.15 0 0 - <0.05
PFHxS 0.05 33 0.15 30 79 0.47 <0.10-2.13
PFHpS 0.075 6 0.225 2 5 0.32 <0.075-0.41
linPFOS 0.10 38 0.30 38 100 5.30 0.45-21.65
brPFOS -2 -2 -2 -2 -2 0.76 <0.10-3.14
PFOSA 0.10 0 0.30 0 0 - <0.10
PFNS 0.10 0 0.30 0 0 - <0.10
PFDS 0.10 0 0.30 0 0 - <0.10
8:2 FTS 0.10 0 0.30 0 0 - <0.10
6:2 FTS 0.10 0 0.30 0 0 - <0.10
4:2 FTS 0.10 0 0.30 0 0 - <0.10
6:2 CI-PFAES | 0.20 0 0.60 0 0 - <0.10

30D and LOQ are not available because brPFOS concentrations were estimated from the difference
between totalPFOS and linPFOS.
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Table F2. Limit of detection (LOD), limit of quantification (LOQ), samples (n) above the LOD
and LOQ, quantification frequency (QF), mean and range of concentrations (ng/g ww) in
feathers of goshawk nestlings from Trgndelag, Troms and Murcia (pooled per nest) (n=39).
LOQ was defined as three times the LOD. Mean concentrations are based on samples above
the LOQ, and may slightly differ from those used in statistical analysis.

Compound LOD | n>LOD | LOQ | n>LOQ | QF | Mean | Range
PFBA 0.27 0 0.58 0 0 - <0.27
PFPA 0.27 0 0.58 0 0 - <0.27
PFHxA 0.19 0 0.58 0 0 - <0.19
PFHpA 0.27 0 0.80 0 0 - <0.27
PFOA 0.21 12 0.63 2 5 0.74 <0.21-0.83
PENA 0.26 29 0.78 9 23 1.11 <0.26 - 1.68
PFDA 0.26 16 0.79 3 8 0.99 <0.26 -1.12
PFUNDA 0.18 33 0.54 27 69 1.11 <0.18 - 2.47
PFDoDA 0.15 25 0.53 19 49 1.07 <0.15-2.62
PFTrDA 0.19 38 0.56 33 85 1.92 <0.19-4.04
PFTeDA 0.20 32 0.60 17 44 1.31 <0.20-5.26
PFHxDA 0.20 2 0.60 2 5 1.28 <0.20-1.51
PFODcA 0.20 0 0.60 0 0 - <0.20
PFBS 0.10 0 0.30 0 0 - <0.10
PFPS 0.10 0 0.30 0 0 - <0.10
PFHXxS 0.39 17 1.18 17 44 2.53 <0.39-5.34
PFHpS 0.13 10 0.380 4 10 0.80 <0.13-1.05
linPFOS 0.05 31 0.15 31 79 2.81 <0.05-9.38
brPFOS 0.05 0 0.15 0 0 - <0.05
PFOSA 0.20 7 0.60 2 5 0.67 <0.20-0.70
PFNS 0.05 0 0.15 0 0 - <0.05
PFDS 0.10 0 0.30 0 0 - <0.10
8:2FTS 0.10 5 0.30 2 5 - <0.10
6:2 FTS 6.04 0 18.12 0 0 - <6.04
4:2 FTS 0.10 0 0.30 0 0 - <0.10
6:2 CI-PFAES | 0.05 0 0.15 0 0 - <0.05
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Table F3. Individual concentrations of PFAS compounds in plasma (ng/mL) of goshawk
nestlings from Troms (TOS), Trendelag (TRD) and Murcia (MUR). The blood was taken from
the oldest nestling of each nest.

1D PFBA PFPA  PFHXA PFHpA PFOA PFNA PFDA PFUnDA  PFDoDA
NG.16.TOS-1 <0.05 <0.05 <0.10 <0.05 0.231 0531 0.211 0.632 0.299
NG.16.TOS - 2 <0.05 <0.05 <0.10 <0.05 0.532 1.26 0.711 1.88 0.591
NG.16.TOS - 3 <0.05 <0.05 <0.10 <0.05 0.135 0.362 0.166 0.387 0.197
NG.16.TOS - 4 <0.05 <0.05 <0.10 <0.05 0.186 0.584 0.243 0.560 0.160
NG.16.TOS -5 <0.05 <0.05 <0.10 <0.05 0879 0901 0.721 1.46 0.951
NG.16.TOS - 6 <0.05 <0.05 <0.10 <0.05 0.597 1.13 0.663 1.16 0.949
NG.16.TOS -7 <0.05 <0.05 <0.10 <0.05 0517 0.884 0.656 1.55 0.654
NG.16.TOS - 8 <0.05 <0.05 <0.10 <0.05 1.05 1.13 0.888 1.85 0.699
NG.16.TOS -9 <0.05 <0.05 <0.10 <0.05 0.153 0330 0.078 0.408 0.124
NG.16.TOS - 10 <0.05 <0.05 <0.10 <0.05 0.267 0.658 0.351 0.733 0.475
NG.16.TOS - 12 <0.05 <0.05 <0.10 <0.05 0.289 0506 0.255 0.435 0.112
NG.16.TRD - 1 <0.05 <0.05 <0.10 <0.05 0.071 0.380 0.269 0.474 0.288
NG.16.TRD - 2 <0.05 0,080 <0.10 0.080 1.62 2.27 1.28 1.75 1.99
NG.16.TRD -3 <0.05 0,059 <0.10 0.059 0.463 1.08 0.390 1.04 0.593
NG.16.TRD - 4 <0.05 0,076 <0.10 0.076 0.254 0456  0.345 1.10 0.683
NG.16.TRD -5 <0.05 <0.05 <0.10 <0.05 0.134 0807 0.330 0.962 0.294
NG.16.TRD - 6 <0.05 <0.05 <0.10 <0.05 0.127 0401 0.173 0.464 0.146
NG.16.TRD - 7 <0.05 <0.05 <0.10 <0.05 0.525 1.48 0.625 1.08 0.510
NG.16.TRD - 8 <0.05 <0.05 <0.10 <0.05 0.416 1.38 0.512 1.54 0.799
NG.16.TRD -9 <0.05 <0.05 <0.10 <0.05 0.330 1.22 0.431 1.36 0.747
NG.16.TRD - 10 <0.05 <0.05 <0.10 <0.05 0.243 0.631 0.432 0.818 0.358
NG.16.TRD - 11 <0.05 <0.05 <0.10 <0.05 0.263 1.32 0.521 1.06 0.524
NG.16.TRD - 12 <0.05 <0.05 <0.10 <0.05 0.673 1.17 0.873 1.32 1.53
NG.16.TRD - 13 <0.05 <0.05 <0.10 <0.05 0.886 1.37 0.645 0.998 0.940
NG.16.TRD - 14 <0.05 <0.05 <0.10 <0.05 0.355 0.825 0.504 1.12 0.872
NG.16.TRD - 15 <0.05 <0.05 <0.10 <0.05 0.268 1.025 0.486 1.04 0.298
NG.16.TRD - 16 <0.05 <0.05 <0.10 <0.05 0.444 0938 0.749 1.21 0.944
NG.16.TRD - 17 <0.05 <0.05 <0.10 <0.05 0.780 0.891 0.671 1.14 0.901
NG.16.TRD - 18 <0.05 <0.05 <0.10 <0.05 0.594 0.872  0.699 1.34 1.70
NG.16.TRD - 19 <0.05 <0.05 <0.10 <0.05 0.717 1640 0.833 1.50 0.750
NG.16.TRD - 20 <0.05 <0.05 <0.10 <0.05 0423 0911 0.356 0.682 0.219
NG.16.MUR - 1 <0.05 <0.05 <0.10 <0.05 1.25 3.91 2.03 2.16 1.18
NG.16.MUR - 2 <0.05 <0.05 <0.10 <0.05 0.754 2.04 1.01 1.14 0.840
NG.16.MUR -3 <0.05 <0.05 <0.10 <0.05 1.07 241 1.73 1.43 1.36
NG.16.MUR - 4 <0.05 <0.05 <0.10 <0.05 0.810 2.28 1.09 1.37 0.747
NG.16.MUR - 5 <0.05 <0.05 <0.10 <0.05 0.340 1.34 0.579 0.702 0.407
NG.16.MUR - 7 <0.05 <0.05 <0.10 <0.05 1.92 6.49 2.17 2.78 1.34
NG.16.MUR - 8 <0.05 <0.05 <0.10 <0.05 0365 0944 0.712 0.619 0.632

XXIV



1D PFTrDA  PFTeDA  PFHXDA  PFODcA  PFBS PFPS  PFHxXS PFHpS
NG.16.TOS -1 0.631 0.081 <0.15 <0.15 <0.05 0.448 0.448 3.11
NG.16.TOS - 2 1.24 0.194 <0.15 <0.15 <0.05 0.466 0.466 9.73
NG.16.TOS - 3 0.517 <0.10 <0.15 <0.15 <0.05 0.114 0.114 2.42
NG.16.TOS - 4 0.269 <0.10 <0.15 <0.15 <0.05 0.231 0.231 1.79
NG.16.TOS - 5 1.13 0.312 <0.15 <0.15 <0.05 0.540 0.540 8.58
NG.16.TOS - 6 1.22 0.321 <0.15 <0.15 <0.05 0.587 0.587 11.2
NG.16.TOS -7 1.07 0.151 <0.15 <0.15 <0.05 0.440 0.440 11.9
NG.16.TOS - 8 0.956 0.169 <0.15 <0.15 <0.05 0.944 0.944 12.9
NG.16.TOS -9 <0.10 <0.10 <0.15 <0.15 <0.05 0.165 0.165 1.57
NG.16.TOS - 10 0.148 <0.11 <0.15 <0.15 <0.05 0.214 0.214 4.14
NG.16.TOS - 12 0.220 <0.10 <0.15 <0.15 <0.05 0.687 0.687 2.67
NG.16.TRD -1 0.554 <0.10 <0.15 <0.15 <0.05 0.167 0.167 1.17
NG.16.TRD - 2 0.957 1.43 <0.15 <0.15 <0.05 1.59 1.59 16.8
NG.16.TRD - 3 0.776 0.132 <0.15 <0.15 <0.05 0.208 0.208 1.90
NG.16.TRD - 4 0.497 <0.10 <0.15 <0.15 <0.05 0.321 0.321 2.46
NG.16.TRD -5 0.799 <0.10 <0.15 <0.15 <0.05 0.240 0.240 3.27
NG.16.TRD - 6 0.264 <0.10 <0.15 <0.15 <0.05 0.190 0.190 0.64
NG.16.TRD - 7 1.186 0.393 <0.15 <0.15 <0.05 0321 0.321 4.15
NG.16.TRD - 8 0.847 <0.10 <0.15 <0.15 <0.05 0.480 0.480 4.43
NG.16.TRD -9 1.39 0.225 <0.15 <0.15 <0.05 0.190 0.190 6.81
NG.16.TRD - 10 0.662 <0.10 <0.15 <0.15 <0.05 0.245 0.245 3.76
NG.16.TRD - 11 0.544 <0.10 <0.15 <0.15 <0.05 0.251 0.251 5.54
NG.16.TRD - 12 1.32 0.339 <0.15 <0.15 <0.05 0.680 0.680 9.13
NG.16.TRD - 13 0.934 0.164 <0.15 <0.15 <0.05 0.545 0.545 8.73
NG.16.TRD - 14 0.766 0.174 <0.15 <0.15 <0.05 0.182 0.182 1.96
NG.16.TRD - 15 0.673 0.121 <0.15 <0.15 <0.05 0.166 0.166 3.69
NG.16.TRD - 16 0.862 0.214 <0.15 <0.15 <0.05 0.597 0.597 6.33
NG.16.TRD - 17 0.963 0.276 <0.15 <0.15 <0.05 2.13 2.13 21.6
NG.16.TRD - 18 1.01 0.335 <0.15 <0.15 <0.05 0.354 0.354 7.54
NG.16.TRD - 19 0.733 0.150 <0.15 <0.15 <0.05 0.246 0.246 7.42
NG.16.TRD - 20 0.507 <0.10 <0.15 <0.15 <0.05 0.210 0.210 1.95
NG.16.MUR - 1 0.978 0.375 <0.15 <0.15 <0.05 0.035 0.035 2.02
NG.16.MUR - 2 0.563 <0.10 <0.15 <0.15 <0.05 <0.05 <0.05 2.36
NG.16.MUR -3 0.964 0.464 <0.15 <0.15 <0.05 <0.05 <0.05 2.22
NG.16.MUR - 4 0.870 <0.10 <0.15 <0.15 <0.05 <0.05 <0.05 1.03
NG.16.MUR -5 0.287 <0.10 <0.15 <0.15 <0.05 0.116 0.116 0.45
NG.16.MUR - 7 131 <0.10 <0.15 <0.15 <0.05 0.056 0.056 3.02
NG.16.MUR - 8 0.352 <0.10 <0.15 <0.15 <0.05 <0.05 <0.05 0.871
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1D linPFOS | brPFOS  PFOSA PFNS PFDS 8:2FTS 6:2FTS 4:2FTS F-53B
NG.16.TOS -1 3.11 0.14 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 2 9.73 1.54 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 3 2.42 0.30 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 4 1.79 0.28 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 5 8.58 1.59 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 6 11.2 1.56 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS -7 11.9 1.55 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 8 12.9 2.56 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS -9 1.57 0.14 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 10 4.14 0.57 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TOS - 12 2.67 0.29 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD -1 1.17 0.06 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 2 16.8 3.14 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 3 1.90 0.35 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 4 2.46 0.31 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD -5 3.27 0.35 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 6 0.64 0.09 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 7 4.15 0.34 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 8 4.43 0.51 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD -9 6.81 1.09 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 10 3.76 0.47 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 11 5.54 1.04 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 12 9.13 1.34 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 13 8.73 1.56 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 14 1.96 0.43 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 15 3.69 0.43 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 16 6.33 0.47 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 17 21.6 1.87 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 18 7.54 0.60 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 19 7.42 1.06 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.TRD - 20 1.95 0.41 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR - 1 2.02 0.25 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR - 2 2.36 0.25 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR -3 2.22 0.54 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR - 4 1.03 0.15 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR -5 0.45 0.07 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR - 7 3.02 0.81 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
NG.16.MUR - 8 0.871 0.24 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.20
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Table F4. Concentrations of PFAS compounds in feathers (ng/g ww) of goshawk nestlings
(pooled per nest) from Troms (TOS), Trgndelag (TRD) and Murcia (MUR).

1D PFBA PFPA PFHXA PFHpA PFOA PFNA PFDA PFUnDA  PFDoDA
NG.16.TOS-1 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 0.49 <0.14
NG.16.TOS - 2 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 0.27 1.25 0.21
NG.16.TOS - 3 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 <0.18 <0.14
NG.16.TOS - 4 <0.27 <0.27 <0.19 <0.27 <0.21 0.37 0.42 0.62 <0.14
NG.16.TOS -5 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 <0.18 <0.14
NG.16.TOS - 6 <0.27 <0.27 <0.19 <0.27 0.21 0.62 <0.26 1.37 1.08
NG.16.TOS - 7 <0.27 <0.27 <0.19 <0.27 <0.21 0.68 <0.26 1.65 0.73
NG.16.TOS - 8 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 <0.18 <0.14
NG.16.TOS -9 <0.27 <0.27 <0.19 <0.27 <021 <0.26 <0.26 <0.18 <0.14
NG.16.TOS - 10 <0.27 <0.27 <0.19 <0.27 <0.21 0.54 <0.26 1.82 <0.14
NG.16.TOS - 12 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 <0.18 <0.14
NG.16.TRD - 1 <0.27 <0.27 <0.19 <0.27 0.43 1.13 <0.26 1.05 <0.14
NG.16.TRD - 2 <0.27 <0.27 <0.19 <0.27 <021 <0.26 <0.26 0.52 <0.14
NG.16.TRD -3 <0.27 <0.27 <0.19 <0.27 <0.21 0.28 0.58 0.90 1.97
NG.16.TRD - 4 <0.27 <0.27 <0.19 <0.27 <0.21 0.34 <0.26 0.50 <0.14
NG.16.TRD - 5 <0.27 <0.27 <0.19 <0.27 <0.21 0.57 0.35 0.54 0.41
NG.16.TRD - 6 <0.27 <0.27 <0.19 <0.27 <0.21 0.41 <0.26 0.82 0.43
NG.16.TRD - 7 <0.27 <0.27 <0.19 <0.27 <0.21 <0.26 <0.26 0.54 <0.14
NG.16.TRD -8 <0.27 <0.27 <0.19 <0.27 <0.21 1.19 <0.26 0.56 1.09
NG.16.TRD -9 <0.27 <0.27 <0.19 <0.27 <0.21 0.30 <0.26 0.97 0.53
NG.16.TRD - 10 <0.27 <0.27 <0.19 <0.27 <0.21 0.79 <0.26 0.61 0.76
NG.16.TRD - 11 <0.27 <0.27 <0.19 <0.27 0.83 0.54 <0.26 0.72 0.56
NG.16.TRD - 12 <0.27 <0.27 <0.19 <0.27 0.24 0.53 <0.26 1.05 <0.14
NG.16.TRD - 13 <0.27 <0.27 <0.19 <0.27 <0.21 0.45 0.33 1.13 0.96
NG.16.TRD - 14 <0.27 <0.27 <0.19 <0.27 <0.21 0.47 0.29 0.86 0.61
NG.16.TRD - 15 <0.27 <0.27 <0.19 <0.27 0.64 0.36 <0.26 0.86 0.23
NG.16.TRD - 16 <0.27 <0.27 <0.19 <0.27 <0.21 0.84 0.38 0.76 0.59
NG.16.TRD - 17 <0.27 <0.27 <0.19 <0.27 <0.21 0.66 0.46 1.01 1.63
NG.16.TRD - 18 <0.27 <0.27 <0.19 <0.27 0.27 0.38 0.51 1.15 1.59
NG.16.TRD - 19 <0.27 <0.27 <0.19 <0.27 0.49 1.68 0.52 1.48 2.62
NG.16.TRD - 20 <0.27 <0.27 <0.19 <0.27 <0.21 0.58 0.26 0.91 0.61
NG.16.MUR - 1 <0.27 <0.27 <0.19 <0.27 <0.21 0.82 <0.26 <0.18 <0.14
NG.16.MUR - 2 <0.27 <0.27 <0.19 <0.27 0.46 1.18 1.04 2.04 1.15
NG.16.MUR - 3 <0.27 <0.27 <0.19 <0.27 0.28 0.62 0.73 1.08 0.70
NG.16.MUR - 4 <0.27 <0.27 <0.19 <0.27 0.38 <0.26 0.82 1.24 1.40
NG.16.MUR - 5 <0.27 <0.27 <0.19 <0.27 <0.21 1.00 <0.26 0.88 0.31
NG.16.MUR -7 <0.27 <0.27 <0.19 <0.27 0.24 0.35 0.30 0.57 0.28
NG.16.MUR - 8 <0.27 <0.27 <0.19 <0.27 0.52 1.34 1.12 2.47 1.22
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1D PFTrDA  PFTeDA PFHXDA  PFODcA PFBS PFPS  PFHxS PFHpS
NG.16.TOS - 1 0.45 0.47 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS - 2 1.42 0.36 <0.20 <0.20 <0.10 <0.10 2.72 <0.13
NG.16.TOS - 3 0.33 <0.20 <0.20 <0.20 <0.10 <0.10 1.18 <0.13
NG.16.TOS - 4 0.27 <0.20 <0.20 <0.20 <0.10 <0.10 3.79 0.78

NG.16.TOS -5 0.98 0.41 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS - 6 1.11 <0.20 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS - 7 1.26 0.79 <0.20 <0.20 <0.10 <0.10 1.77 <0.13
NG.16.TOS - 8 <0.19 <0.20 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS -9 0.26 0.23 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS - 10 0.50 0.36 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TOS - 12 0.57 0.31 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TRD - 1 0.70 0.45 <0.20 <0.20 <0.10 <0.10 <0.39 1.05

NG.16.TRD - 2 1.90 0.81 <0.20 <0.20 <0.10 <0.10 1.70 0.21

NG.16.TRD -3 4.04 5.26 1.06 1.06 <0.10 <0.10 3.97 <0.13
NG.16.TRD - 4 2.07 0.63 <0.20 <0.20 <0.10 <0.10 3.22 <0.13
NG.16.TRD - 5 3.00 0.84 <0.20 <0.20 <0.10 <0.10 1.76 <0.13
NG.16.TRD - 6 1.84 0.47 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TRD - 7 2.16 0.34 <0.20 <0.20 <0.10 <0.10 2.48 0.28

NG.16.TRD - 8 3.50 1.08 <0.20 <0.20 <0.10 <0.10 <0.39 0.20

NG.16.TRD -9 3.21 0.81 <0.20 <0.20 <0.10 <0.10 5.34 0.25

NG.16.TRD - 10 341 0.78 <0.20 <0.20 <0.10 <0.10 2.01 <0.13
NG.16.TRD - 11 1.80 0.40 <0.20 <0.20 <0.10 <0.10 1.85 <0.13
NG.16.TRD - 12 2.42 0.69 <0.20 <0.20 <0.10 <0.10 2.52 0.52

NG.16.TRD - 13 2.59 1.23 <0.20 <0.20 <0.10 <0.10 2.33 0.24

NG.16.TRD - 14 2.85 1.39 <0.20 <0.20 <0.10 <0.10 2.97 <0.13
NG.16.TRD - 15 241 0.28 <0.20 <0.20 <0.10 <0.10 1.74 <0.13
NG.16.TRD - 16 2.00 0.66 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.TRD - 17 2.32 1.70 <0.20 <0.20 <0.10 <0.10 <0.39 0.85

NG.16.TRD - 18 1.97 1.59 <0.20 <0.20 <0.10 <0.10 <0.39 0.26

NG.16.TRD - 19 2.61 2.09 151 151 <0.10 <0.10 <0.39 <0.13
NG.16.TRD - 20 1.74 0.55 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR - 1 1.71 <0.20 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR - 2 1.64 1.01 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR - 3 1.25 0.54 <0.20 <0.20 <0.10 <0.10 1.67 <0.13
NG.16.MUR - 4 1.32 0.97 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR - 5 1.21 <0.20 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR -7 0.67 0.22 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
NG.16.MUR - 8 1.08 <0.20 <0.20 <0.20 <0.10 <0.10 <0.39 <0.13
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1D linPFOS  brPFOS  PFOSA PFNS PFDS 8:2FTS 6:2FTS 4:2FTS F-53B
NG.16.TOS - 1 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 2 2.33 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 3 1.40 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 4 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS -5 1.67 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 6 2.23 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 7 6.69 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 8 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS -9 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 10 0.84 <0.05 0.36 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TOS - 12 1.01 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 1 6.24 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 2 1.14 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD -3 5.47 <0.05 0.43 <0.05 <0.10 0.63 <6.04 0.63 <0.05
NG.16.TRD - 4 1.48 <0.05 0.33 <0.05 <0.10 0.20 <6.04 0.20 <0.05
NG.16.TRD - 5 1.36 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 6 0.90 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 7 <0.05 <0.05 <0.20 <0.05 <0.10 0.24 <6.04 0.24 <0.05
NG.16.TRD - 8 2.46 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD -9 1.27 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 10 2.17 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 11 2.12 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 12 3.14 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 13 5.13 <0.05 0.38 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 14 4.63 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 15 1.22 <0.05 0.47 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 16 1.63 <0.05 <0.20 <0.05 <0.10 0.17 <6.04 0.17 <0.05
NG.16.TRD - 17 3.57 <0.05 0.65 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 18 9.38 <0.05 0.70 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.TRD - 19 6.31 <0.05 <0.20 <0.05 <0.10 0.59 <6.04 0.59 <0.05
NG.16.TRD - 20 414 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 1 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 2 1.93 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 3 0.90 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 4 1.07 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 5 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR -7 <0.05 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
NG.16.MUR - 8 0.99 <0.05 <0.20 <0.05 <0.10 <0.10 <6.04 <0.10 <0.05
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Appendix G

Table G1. Measures of sampling adequacy to examine factorability. The Kaiser-Meyer-Olkin
(KMO) index should be > 0.6 and Bartlett’s sphericity test should be significant.

KMO index and Bartlett’s sphericity test
Meyer-Olkin Measure of Sampling Adequacy .696
Bartlett’s sphericity test Aprox. Chi-square 592.762

df 120
Sig. .000

Table G2. Eigenvalues associated with the PCA. The matrix had 16 dimensions (only 10 shown
here). The first two explained together 66% of the total variance and were used for
interpretation.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10

Variance 6.16 431 1.37 1.11 0.68 0.59 0.55 0.34 0.24 0.20
% of var 38.52 26.94 8.56 6.94 4.25 3.71 3.44 2.13 151 1.22
Cumul. % 38.52 65.46 74.02 80.96 85.21 88.91 92.35 94.48 95.99 97.22

Eigenvalue

Component number (PC)
Figure G1. Scree plot showing the decreasing variance explained by each factor (principal

component) in factor analysis. A big gap exists betwee the second and third eigenvalues. It was
used to decide on the optimal number of factors to consider in the PCA.
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Table G3. Rotated component matrix (loadings) containing estimates of the correlations
between the selected quantitative variables and the extracted components. Moderate-to-strong
correlations between PC1 and trophic level, PFHXS (p), linPFOS (p), brPFOS (p) and linPFOS
(f). Moderate-to-strong correlations between PC1 and PFOA (p), PFNA (p), PFUNDA (p),
PFDoDA (p), PFTrDA (p), PFUNDA (f) and &*3C.

PC1 PC2
PFHXS (p) .075 .852
linPFOS (p) 241 909
brPFOS (p) .352 .804
PFOA (p) .908 215
PFNA (p) 919 -.217
PFDA (p) 963 -.075
PFUNDA (p) .906 190
PFDoDA (p) 752 431
PFTrDA (p) 626 453
linPFOS (f) ,126 714
PFUNDA (f) ,764 -,017
PFTrDA (f) ,090 ,517
Age -.303 502
Trophic level -142 834
Body condition 167 123
d13C 634 -.546

Table G4. PCA individual scores (vector) corresponding to investigated nests (ID), according
to their loadings in a two-dimensional space delimited by PC1 and PC2. NG.16.TOS — 7 and
NG.16.TOS — 11 are left blank owing to missing stable isotope and pollutant data, respectively.

ID Region PCl1 PC2 ID Region PC1 PC2
NG.16.TOS - 1 Troms |-0.85 -0.62 NG.16.TRD -9 Trendelag | -0.09 0.67
NG.16.TOS - 2 Troms 0.47 0.55 NG.16.TRD-10  Tregndelag | -0.63 -0.18
NG.16.TOS - 3 Troms |-1.19 -0.62 NG.16. TRD-11  Tregndelag | -0.30  0.17
NG.16.TOS - 4 Troms |-1.03 -0.63 NG.16. TRD-12  Trondelag | 053  1.23
NG.16.TOS - 5 Troms 0.23 044 NG.16. TRD-13  Trondelag | 0.09  1.08
NG.16.TOS - 6 Troms 0.36 0.77 NG.16. TRD-14  Trondelag | -0.32 -0.04
NG.16.TOS - 7 Troms - - NG.16.TRD -15  Tregndelag | -0.50 -0.29
NG.16.TOS - 8 Troms 053 1.17 NG.16.TRD-16  Trendelag | -0.19 0.73
NG.16.TOS - 9 Troms |-1.30 -0.50 NG.16.TRD -17  Trendelag | 0.02  2.85
NG.16.TOS-10  Troms |-0.55 -0.37 NG.16.TRD-18  Trgndelag | 0.53  0.86
NG.16.TOS-11  Troms - - NG.16.TRD-19  Tregndelag | 0.27  0.39
NG.16.TOS-12  Troms |-0.88 -0.27 NG.16.TRD-20  Tregndelag | -1.00 0.01
NG.16.TRD-1 Tregndelag | -1.03 -0.59 NG.16.MUR -1 Murcia 239 -1.25
NG.16.TRD-2 Trgndelag | 1.26 2.61 NG.16.MUR - 2 Murcia 0.74 -1.26
NG.16.TRD -3 Tregndelag | -0.54 -0.08 NG.16.MUR - 3 Murcia 141 -0.83
NG.16.TRD -4 Tregndelag | -0.51 -0.33 NG.16.MUR - 4 Murcia 082 -1.20
NG.16.TRD -5 Tregndelag | -0.54 -0.45 NG.16.MUR -5 Murcia -0.13 -1.64
NG.16.TRD -6 Trgndelag | -1.19 -0.50 NG.16.MUR - 7 Murcia 358 -141
NG.16.TRD -7 Tregndelag | -0.19 0.43 NG.16.MUR - 8 Murcia -0.34 -1.08
NG.16.TRD-8 Tregndelag | 0.09 0.20
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Table G5. Alternative candidate models predicting variation in plasma levels of individual
PFASs (ng/mL) in relation to nestling age, trophic level and dietary carbon source of Norwegian
goshawk nestlings (n=30). Alternative models are shown if their AAIC<2 (relative to the most

parsimonious).

log(PFOA) B SE t p-val
intercept -2.58 0.54 -4.79 <0.001
TL 0.41 0.10 5.17 <0.001
Age 0.02 0.02 1.22 0.24

F(1,28)=15.50 (p<0.001) R?=0.53 AAIC = 1.10

log(brPFOS) B SE t p-val
intercept -2.78 0.88 -3.16 0.04
TL 0.49 0.13 3.77 0.001
Age 0.02 0.03 0.83 0.41

F(1,28)=8.15 (p=0.002) R?=0.38 AAIC = 1.92

log(PFTrDA) B SE t p-val
intercept -0.665 0.37 -1.80 0.083
TL 0.24 0.06 4.36 <0.001
Age 0.01 0.01 -1.09 0.29

F(1,28)=9.57 (p=0.001) R2=0.42 AAIC =1.10
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Appendix H
Relationships between PFASs in plasma and feathers

The linear relationships between individual PFAS compounds in the two target matrices were
explored to assess the suitability of feathers in PFAS biomonitoring. linPFOS, PFUnNDA and
PFTrDA were included in this analysis, as they were detected above the LOQ in more than 50%
of the samples in both plasma and feathers. Significant positive associations were reported
between all individual PFAS in plasma and feathers, as well as for Y PFASs (Figure 3.1.7):
linPFOS (P) — 1inPFOS (F) (p=0.64, p<0.001), PFUnDA (P) — PFUNDA (F) (p=0.61, p<0.001),
PFTIDA (P) — PFTIDA (F) (p=0.36, p=0.028) and YPFASs (P) - YPFASs (F) (p=0.62,
p<0.001). Additionally, the two individuals with the highest burdens of PFASs in plasma (31.36
ng/mL and 30.99 ng/mL) belonged to the nests with highest feather burdens (10.41 ng/g ww
and 12.50 ng/g ww).

linPFOS (P) @ @
PFUNDA (P) @

PFTrDA (P)

SPFASs (P) @

-1 -08-06-04-02 0 02 04 06 08 1

Figure H1. Non-parametric Spearman rank correlations between individual PFAS compounds
in plasma (P) and feathers (F) (n=38). To facilitate interpretation, the correlation matrix was
combined with the p-values from a significance test. Positive correlations are shown in blue
circles, with colour intensity and circle size being proportional to the Spearman’s rank
correlation coefficients (rho). Correlations with p>0.05 are considered as insignificant and left
blank in the plot.
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Figure H2. Correlation plots of concentrations in feathers (ng/g ww) and plasma (ng/mL) from
goshawk nestlings from Murcia, Troms and Trendelag. Plasma concentrations represent
individual burdens whereas feathers were pooled per nest.
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Table 11. Mean, median and ranges for stable isotope data from goshawk nestling feathers
(pooled per nest), separated by breeding region. Trophic level (TL) was baseline-corrected
using raw 615N individual values. table isotope data

Troms (n=11) Trgndelag (n=20) Murcia (n=7)
Mean Median Range Mean Median Range Mean Median Range
C:N 3.12 3.12 3.07,3.14 3.14 3.14 3.11,3.18 3.16 3.17 3.13,3.19
3C -23.17¢  -23.28 -23.92,-21-50 | -23.182  -23.25 -23.94,-22.12 | -20.84°  -20.58 -21.67,-20.11
3N 6.04 5.14 4.27,10.77 7.34 7.27 5.11, 10.64 7.67 7.69 5.74,9.27
TL 3.492 3.22 2.97-4.88 3.68° 3.85 3.21,4.84 2.63° 2.64 2.06 —3.10

Table 12. Individual stable isotope data for goshawk (nestling feathers (pooled per nest).
Trophic level (TL) was baseline-corrected using raw 815N individual values.

ID C:N o13C 015N TL
NG.16.TOS -1 3.11 -23.49 4.88 3.15
NG.16.TOS - 2 3.08 -23.19 6.83 3.72
NG.16.TOS - 3 3.07 -23.59 4.72 3.10
NG.16.TOS - 4 3.11 -23.55 4.28 2.97
NG.16.TOS -5 3.12 -23.24 6.63 3.66
NG.16.TOS - 6 3.13 -22.83 8.15 411
NG.16.TOS - 8 3.13 -21.50 10.77 4.88
NG.16.TOS -9 3.13 -23.92 5.14 3.22
NG.16.TOS - 10 3.12 -22.81 6.42 3.60
NG.16.TOS - 11 3.14 -23.28 4.27 2.97
NG.16.TOS - 12 3.14 -23.54 4.33 2.99
NG.16.TRD - 1 3.13 -22.46 6.39 3.59
NG.16.TRD - 2 3.15 -23.27 8.59 4.24
NG.16.TRD - 3 3.16 -22.84 6.10 3.51
NG.16.TRD - 4 3.11 -22.90 5.81 3.42
NG.16.TRD - 5 3.18 -22.70 5.11 3.21
NG.16.TRD - 6 3.17 -23.33 5.50 3.33
NG.16.TRD - 7 3.15 -23.44 8.70 4.27
NG.16.TRD - 8 3.15 -22.12 6.88 3.74
NG.16.TRD -9 3.13 -23.60 7.47 3.91
NG.16.TRD - 10 3.12 -23.22 7.71 3.98
NG.16.TRD - 11 3.14 -23.26 6.24 3.55
NG.16.TRD - 12 3.12 -23.61 8.44 4.19
NG.16.TRD - 13 3.14 -23.54 7.61 3.95
NG.16.TRD - 14 3.13 -23.09 5.77 3.41
NG.16.TRD - 15 3.18 -23.25 7.07 3.79
NG.16.TRD - 16 3.12 -23.82 8.23 4.13
NG.16.TRD - 17 3.14 -23.76 9.07 4.38
NG.16.TRD - 18 3.17 -22.55 10.64 4.84
NG.16.TRD - 19 3.11 -22.92 6.97 3.76
NG.16.TRD - 20 3.14 -23.94 8.44 4.19
NG.16.MUR - 1 3.17 -20.11 7.25 2.51
NG.16.MUR - 2 3.17 -20.57 7.69 2.64
NG.16.MUR - 3 3.16 -21.66 9.27 3.10
NG.16.MUR - 4 3.13 -20.58 8.67 2.93
NG.16.MUR -5 3.18 -20.56 5.74 2.06
NG.16.MUR -7 3.15 -20.76 6.90 241
NG.16.MUR - 8 3.19 -21.67 8.18 2.78
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Figure I1. Box and whisker plot of estimated trophic level of goshawk nestlings from Murcia,
Troms and Trgndelag. Horizontal lines represent median values. Boxes represent 25th — 75th
percentiles, whiskers correspond to 95% confidence intervals and outliers are shown as dots.
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