Journal of Hazardous Materials 485 (2025) 136499

Contents lists available at ScienceDirect

Journal of Hazardous Materials

ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat

HAZARDOUS
MATERIALS

Mercury speciation and stable isotopes in emperor penguins: First evidence
for biochemical demethylation of methylmercury to mercury-dithiolate and
mercury-tetraselenolate complexes

a,b,*

Alain Manceau , Paco Bustamante “, Etienne Richy “, Yves Cherel ¢, Sarah E. Janssen °,
Pieter Glatzel?, Brett A. Poulin’

@ European Synchrotron Radiation Facility (ESRF), 38000 Grenoble, France

Y ENS de Lyon, CNRS, Laboratoire de Chimie, 69342 Lyon, France

¢ Littoral Environnement et Sociétés (LIENSs), CNRS-La Rochelle Université, 17000 La Rochelle, France

d Centre d’Etudes Biologiques de Chizé (CEBC), CNRS-La Rochelle Université, 79360 Villiers-en-Bois, France
€ US. Geological Survey, Upper Midwest Water Science Center, Madison, WI 53562, USA

f Department of Environmental Toxicology, University of California Davis, Davis, CA 95616, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

e HERFD-XANES spectra, and Hg and N
stable isotopes were measured in em-
peror penguins.

o This is the first evidence for two deme-
thylation pathways: MeHg — Hg(Sec),

|
d MeH Hg(SR)2. MeHgCysY
and Meflg — Hg(SK)2 . MDF (5202Hg) oCy
e Hg(Sec), and Hg(SR), have distinct o V@
species-specific ~ §?°?Hg(Sec),  and u < Y 0.3+0.2%0
52°2Hg(SR), values. s Ho(SR), -
o Calculation of the effective Se:Hg molar E' . \
ratio shows absence of Se deficiency. X -—\(_1 B6+0.2 %0
e Egg albumen contains 100 % MeHg and e - 3
the yolk contains 32 % MeHg and 68 % Hg(Sec),

Hg(Sec),. -2.0+0.1 %o —&
| | | |
12.28 12.30 12.32 Energy (keV)

ARTICLE INFO ABSTRACT

Keywords: Apex marine predators, such as toothed whales and large petrels and albatrosses, ingest mercury (Hg) primarily
Mercury in the form of methylmercury (MeHg) via prey consumption, which they detoxify as tiemannite (HgSe). How-
HERFD'?ANFS . ever, it remains unclear how lower trophic level marine predators, termed mesopredators, with elevated Hg
?g;?f;oramonamn concentrations detoxify MeHg and what chemical species are formed. To address this need, we used high energy-
Bird & resolution X-ray absorption near edge structure spectroscopy paired with nitrogen (N) and Hg stable isotopes to

identify the chemical forms of Hg, Hg sources, and species-specific §2°?Hg isotopic values in emperor penguin, a

mesopredator feeding primarily on Antarctic silverfish. The penguin liver contains variable proportions of MeHg
and two main inorganic Hg complexes (IHg), Hg-dithiolate (Hg(SR)2) and Hg-tetraselenolate (Hg(Sec)4), each
characterized by specific isotopic values (5202MeHg = 0.3 £ 0.2 %o, 82°2Hg(SR)2 = —1.6 £ 0.2 %o, 8202Hg(Sec)4
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= —2.0 £ 0.1 %o). Using 5'°N as a tracer of food source, we show that Hg(SR); is likely not obtained through
dietary intake, but rather is present as a biochemical demethylation product. Furthermore, on average, female
penguins transferred Hg to the egg strictly as MeHg in the egg albumen but as mixtures of MeHg and IHg in the
membrane (89 % and 11 %, respectively) and yolk (32 % MeHg and 68 % Hg(Sec)). Despite IHg species in eggs,
MeHg is still the main species quantitatively transferred by the mother to the chick because of the dispropor-
tionate mass of the MeHg-rich albumen compared to the yolk. This work highlights the transformation of MeHg
to Hg(SR)2 during demethylation for the first time in multicellular organisms, but further work is needed to
understand the formation of Hg(SR). in the presence of relatively abundant Se biomolecules in lower trophic

level predator species.

1. Introduction

Mercury (Hg) released to the atmosphere by human activity can
impact fauna in remote regions of Antarctica and has been persistent
interest for the research community since the late 1980s [1-7]. Early
studies focused on Hg concentration in seabirds and marine mammals
[8-10]. Norheim (1987) [1] observed a positive correlation between Hg
and selenium (Se) in birds, including penguins, which was suggested to
decrease Hg toxicity, a hypothesis that has since been widely confirmed
[11-25]. Starting in 2015, the field of research on Hg contamination in
Antarctica and the Southern Ocean has been broadened with the use of
mass independent fractionation (MIF, A'%°Hg, A2°°Hg, A2°'Hg) and
mass dependent fractionation (MDF, 52°Hg) of Hg stable isotopes
[26-33].

Hg undergoes MIF through photochemical reduction of Hg(II) to Hg
(0) and photodemethylation of organic methylmercury (MeHg) to
inorganic mercury (IHg) [34-37]. In the context of marine research, MIF
has been used to trace the vertical and lateral movement of animals in
the oceans [26,38-40]. A199Hg values decrease when light diminishes in
the water column due to less photochemical demethylation, which
provides insight into the foraging depth, foraging latitude (due to sea ice
extent), and trophic source of marine biota [39,41-45]. Using A199Hg as
an ecological tracer, Jung et al. [33] observed in 2024 that emperor
penguins (Aptenodytes forsteri, EP) from Coulman Island and Cape
Washington in the Ross Sea forage at deeper depth (> 200 m) than
Adélie penguins (Pygoscelis adeliae, AP) from Cape Hallett. EP feed pri-
marily on Antarctic silverfish (Pleuragramma antarcticum) and second-
arily on squid (Psychroteuthis glacialis), which dominate the prey
biomass at depths exceeding 200 m (mesopelagic zone), whereas AP
feed primarily on euphausiids (Antarctic krill Euphausia superba and
crystal krill E. crystallorophias) in subsurface waters (photic epipelagic
zone) [46-48]. Analysis of stomach contents showed that 89-95 % of the
EP prey are silverfish at Cape Washington [46]. Thus, EP feed at a higher
trophic level than AP, which is reflected in the elevated total Hg con-
centrations in liver, kidney, heart and skeletal muscle that are, on
average, four times higher than those measured in AP (1.3 versus 0.3
ug/g dry weight, respectively) [33]. This variation in trophic level was
also independently confirmed using nitrogen isotopic composition
(*>N/'*N, §'°N), an indicator of trophic position in the food web
structure and for foraging ecology [49-52]. The blood of EP at Adélie
Land were found to be enriched in 8'°N (12.0 = 0.4 %o) compared to AP
(7.9 £ 0.1 %0) [47]. The difference was explained by the distinct dietary
pathways of the two penguins, as difference in §!°N value of 4.1 %o was
similar to the difference in '°N value between Antarctic silverfish (5'°N
=10.6 £ 0.3 %o) and Antarctic and ice krill (615N =554+0.4and 6.8 +
0.7 %o, respectively). While the combination of A*’Hg and 5!°N can
provide key information regarding dietary habits [28], it is more diffi-
cult to decipher internal Hg processes.

In contrast to MIF, MDF of Hg can be used to trace metabolic pro-
cesses, such as methylation and demethylation reactions within and
between tissues of seabirds and marine mammals [31,53-56]. Due to
kinetic isotope effects, the product of the reaction is enriched in the
lighter 1°®Hg isotope relative to heavier 2°?Hg, and therefore has a lower
202Hg to 19®Hg ratio (52°2Hg). Jung et al. [33] observed a significant

linear relationship between the percentage of MeHg (%MeHg) and
5292Hg across the tissues of EP and AP. Furthermore, there was a hier-
archy in the extent of demethylation among the liver, kidney and skel-
etal muscle based on Hg concentrations: liver ([Hg] = 2.1 + 0.6 pg/g,
5292Hg = 0.07 %o, %MeHg = 69 + 8) > kidneys ([Hg] = 1.1 + 0.2 ug/g,
§202Hg = 0.27 %o, %MeHg = 75 + 11) > skeletal muscle ([Hg] = 0.8 +
0.2 ng/g, 52°2Hg = 0.78 %o, %MeHg = 87 + 12). While these mea-
surements provide insight to the Hg demethylation process, Hg stable
isotope measurements alone do not resolve the inorganic Hg species
byproducts.

The research on Hg contamination in the Southern Ocean has been
extended further in 2021 with the application of high energy-resolution
fluorescence detected (HERFD) X-ray absorption near-edge structure
(XANES) spectroscopy to examine the coordination structure of Hg in
giant petrels (both Macronectes giganteus and M. halli) from the Ker-
guelen Islands and Adélie Land and in south polar skua (Stercorarius
maccormicki) from Cape Hallett [55,57]. In giant petrels, it was shown
that MeHg is detoxified to chemically inert Hg selenide (HgSe) following
the stepwise demethylation reaction methylmercury cysteine (MeHg-
Cys) — tetraselenolate (Hg(Sec)s) — HgSe [57]. The tetraselenolate
complex Hg(Sec)4 is thought to be bound predominantly to selenopro-
tein P (SelP) [58], a protein produced mainly in the liver and secreted
into the systemic circulation to transport Se to extra-hepatic tissues [20,
59,60].

Formation of the intermediate Hg(Sec)4 complex in the detoxifica-
tion of MeHg has unwelcome implications. It depletes the pool of
bioavailable Se needed for selenoenzyme synthesis and activity, because
four Se atoms are required to demethylate just one MeHg. The Hg(Sec)4
complex also needs to be considered in the calculation of the Se:Hg
molar ratio commonly used as a metric estimate of the toxicological risk
associated with Hg exposure. It is largely accepted that a Se:Hg ratio
below 1:1 is hazardous and that organisms are more protected against
Hg toxicity when the ratio rises above 1 [19]. The paradigm behind this
threshold is the higher bonding affinity of Hg to Se than sulfur (S),
commonly observed during the detoxification of MeHg to the chemically
inert HgSe in high trophic level cetaceans and seabirds [11,12,57,
61-69]. Another piece of supporting evidence for the high selenophi-
licity of Hg is the rapid exchange of thiolate ligands for selenolate li-
gands in aqueous medium [70-73]. However, if Hg(Sec)4 is the only
Hg-Se coordination structure, then the threshold value of 1 is reached
when Se:Hg = 4. Omitting Hg(Sec)s, which cannot effectively be
assessed using chemical analyses, in the Se:Hg calculation leads to an
underestimate of the toxicity of Hg and an overestimation of the amount
of Se that is bioavailable. Keeping the practicable threshold of 1, while
accounting for Hg(Sec)y, is possible by replacing the chemical molar
concentration of Se ([Selchem) in the calculation of the Se:Hg ratio by its
effective molar concentration ([Se]es) defined as follows [57].

[Selchem:[Hg] = [Selesr:[Hgl x (f(HgSe) + 4 x f(Hg(Sec)s)) (€8]

where concentrations are expressed in molarity and f(HgSe) and f(Hg
(Sec)4 are the fractions of each Hg complex. Se is in excess when [Se]esf:
[Hg] > 1 and deficient when [Seles:[Hg] < 1. The concentration of
bioavailable Se is.

[Selpio = (1 - [Hg]:[se]eff) x [Selchem 2
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where [Hg]:[Seles is the fraction of Se bound to Hg. Thus, besides
allowing quantitative determination of the Hg chemical forms, HERFD-
XANES also allows for the evaluation of Hg-induced Se deficiency.

Combining HERFD-XANES and isotope analyses has demonstrated
that species-specific values can be assessed for 52°?MeHg, 52°2Hg(Sec)4
and 52°?HgSe in giant petrels and revealed that Hg(Sec)4 was depleted in
202Hg (6202Hg(Sec)4 = —1.37 £ 0.06 %o) relative to MeHg (6202MeHg =
2.69 + 0.04 %o), and HgSe was enriched in 2°Hg (52°?HgSe = 0.18 +
0.02 %o) relative to Hg(Sec)4 [31]. Furthermore, Jung et al. [33] used the
giant petrel results to infer that MeHg was demethylated as Hg(Sec)4 in
penguins. However, this relevant interpretation is not unequivocal.
Although MeHg, Hg(Sec)4, and HgSe were the only Hg forms identified
in the liver, kidney, brain and muscle tissues of giant petrels (the blood
had some Hg(SR),), Hg-dithiolate (Hg(SR)2) was co-present with Hg
(Sec)4 in the kidney and muscle tissues of Clark’s grebe (Aechmophorus
clarkii), a waterbird from California [55]. Furthermore, the measured
5292Hg values correlated linearly with the sum of the two IHg forms.
There was no indication that 52°2Hg(Sec)4 differed from 62°2Hg(SR)2,
making the two structural forms impossible to distinguish using stable
Hg isotopes. Because EP is a mesopredator, akin to the Clark’s grebe, we
propose Hg(SR) coexists with Hg(Sec)4 within the organism. If Hg(SR)2
is present, then one should be able to infer if it is a demethylation
product, since EP feed primarily on fish and secondarily on squid, which
both are known to contain almost exclusively MeHg [74-77]. AP is not
an ideal choice to address this question since Antarctic krill, their main
prey, has a large proportion of IHg (> ~75 %) [78-80]. This dietary
form, likely Hg(SR)2, would not be distinguished from the demethyla-
tion form(s) of Hg in AP.

The present study was undertaken to (1) extend our understanding of
MeHg detoxification from previously studied high trophic level preda-
tors to relatively understudied mesopredators using EP as a study or-
ganism, (2) evaluate to what extent tissue Hg burdens and chemical
forms deplete bioavailable Se, and (3) use complementary isotope and
Hg coordination structure data to assess how detoxification reactions
influence maternal transfer of Hg. The presentation of the results is
organized as follows. First, Hg and Se concentrations in body tissues
(liver and muscle) of EP males and females and in EP eggs (membrane,
albumen and yolk) are presented, providing baseline information for
further Hg speciation and isotopic analysis. Second, HERFD-XANES is
used to identify the demethylated forms of Hg and to calculate the
concentration of bioavailable Se from the effective Se:Hg molar ratio.
Third, the species-specific 62°2Hg(Sec)4 and SZOZHg(SR)Z values are
determined from coupled HERFD-XANES and Hg isotope measurement.
Lastly, the Hg complexes transferred to chick embryos in egg membrane,
albumen, and yolk are determined indirectly from the Hg isotope values
(6202Hg, 62°2Hg(Sec)4, 6202Hg(SR)2), as the Hg concentration in eggs is
too low to permit direct HERFD-XANES identification.

2. Materials and methods
2.1. Sample collection

Soft tissues (liver and muscle) and eggs (membrane, albumen, yolk)
of EP were collected at Adélie Land (66°40’S, 140°00’E) from 18 EP and
18 eggs. Thirteen specimens were healthy adult females that died
naturally in the colony following an evagination of the genital tract
during egg-laying in May (EP are winter breeders, unlike AP). The five
other individuals (two females and three males) were also found dead in
the colony, but later in the breeding cycle, between June and September.
Given the small number of individuals found dead each year, sampling
took place between 2008 and 2014. The individuals were dissected on
site and pectoral muscle and liver were frozen and stored at —20 °C until
analysis. The sampled eggs were freshly abandoned eggs that were
collected in May 2010, 2011, and 2014. The eggs were transported to
France whole, and the membrane, albumen and yolk were separated in
the laboratory and freeze-dried.
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2.2. Hg and Se analyses

Total Hg (THg) of the soft tissues and egg components was analyzed
by atomic absorption spectrophotometry with an Advanced Mercury
Analyzer (AMA-254 Altec®) on dry powder [81]. A split of the samples
was microwave digested with 4 mL of Suprapur® nitric and chloric acid
(Merck) in 3:1 ratio, and Se analyzed by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS II Series Thermo Fisher Scientific®). Qual-
ity assurance and quality control (QA/QC) were assessed by procedural
blanks and analysis of certified reference materials. Recoveries were
99.6 + 0.9 % (n = 15) for Hg (TORT-2, National Research Council
Canada [NRCC] and 108 + 3 % (n = 4) for Se (DOLT-4, NRCC).
Chemical analysis of MeHg was performed on soft tissues and egg
components using a nitric acid (4.5 M) extraction followed by analysis
using chemical ethylation, gas chromatography separation, and cold
vapor atomic fluorescence detection [82]. Analyses had acceptable
certified reference material recoveries (91.3 + 5.7 %, n = 7, Interna-
tional Atomic Energy Agency [IAEA] 407) and replicate measurements
(< 3 % variability between triplicates, n = 5).

2.3. N isotopic measurement

Liver and muscle samples were freeze-dried and powdered. Sub-
samples were weighed with a microbalance, packed in tin containers,
and N isotope ratios were subsequently determined by a continuous flow
mass spectrometer (Delta V Advantage with a Conflo IV interface,
Thermo Scientific) coupled to an elemental analyzer (Flash 2000,
Thermo Scientific). Stable isotope concentrations were expressed in
conventional notation (68X = [Rsample / Rstandard) — 11 X 1000) where X is
15N and R is the corresponding 15NN ratio. Retandard iS atmospheric Ny
(air). Replicate measurements of internal laboratory standards (acet-
anilide and peptone) indicate a measurement error < 0.15 %o.

2.4. Hg isotopic measurement

Tissues were analyzed for Hg stable isotopes at the U.S. Geological
Survey Mercury Research Laboratory. Briefly, dried tissues were diges-
ted in concentrated nitric acid for eight hours at 90 °C. After the initial
digestion, a 10 % (v/v) addition of bromine monochloride was added
and the digest solution was heated for an additional two hours to ensure
degradation of organic matter. Sample digestions were diluted to an acid
content of < 10 % and a concentration of 0.50-0.75 ng mL™! prior to
analysis of Hg stable isotopes using a multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS, Thermo Scientific, Neptune
Plus). Analysis and introduction parameters for the MC-ICP-MS are
outlined elsewhere [83]. Samples were analyzed using standard-sample
bracketing with National Institute of Standards and Technology (NIST)
3133 and reported in standard delta notation [84]. Secondary standard
(NIST RM 8610, “UM-Almadén”) and certified reference materials (IAEA
407 and DOLT-3, NRCC) were run alongside samples and produced
comparable Hg isotope results to literature values (Table S1) [31,55,85,
86].

2.5. HERFD-XANES measurement and analysis

Hg Ls-edge XANES spectra were measured at the European Syn-
chrotron Radiation Facility (ESRF) on the ID26 beamline [87] in high
energy resolution fluorescence detection mode (HERFD) [88-90]. The
intensity of the Hg Lal line was measured by means of the Si(555)
reflection of five crystals of 10 cm diameter spherically bent to a radius
of 0.5 m [91]. The photon energy was calibrated by assigning the
maximum of the near-edge structure of the MeHg-cysteine complex to
12279.8 eV for consistency with our previous studies. Spectra were
collected at a temperature of 10-15 K and a scan time of 5 s to reduce
exposure, and repeated at different pristine positions on the sample to
increase the signal-to-noise ratio. Multiple X-ray absorption scans were
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averaged with PyMCA [92].

Data reduction and analysis were carried out as previously described
[57,58], using the suite of Labview computer programs from 10.3.2 at
the Advanced Light Source (Berkeley, USA). The nature and molar
proportions of the Hg complexes were obtained using principal
component analysis (PCA), target transformation (TT) of our previously
published library of reference spectra, and linear combination fitting
(LCF) of the multi-component HERFD-XANES spectra to reference
spectra positively identified by TT [85,93,94]. The database includes the
main coordination structures of Hg discussed in the literature (MeHg-
Cys, Hg(Cys)2, MeHgSec, Hg(Sec),, Hg(Sec)4) [95-98]. The quality of a
Hg reference tested by TT was evaluated by computing its SPOIL value
[99]. Values < 1.5 were considered excellent, 1.6-3.0 good, 3.1-4.5 fair,
and > 4.5 poor. The quality of the LCF was estimated using the
normalized sum-squared difference between the experimental and fit
spectra expressed as NSS = 2[(Yexp'yﬁt)2]/2(ygxp). The precision of
estimation of a fit component was estimated to be equal to the variation
of its value when the fit residual (NSS) was increased by 20 %. The
difference between %MeHg determined by chemical analysis (see
methods above) and spectroscopy is within precision of the two inde-
pendent methods (Fig. S1). Consistency between %MeHg determined by
the two independent methods served as internal consistency check for
the reliability of the complexation analysis by HERFD-XANES. All liver
data and MeHg, Hg(SR)2, and Hg(Sec)s spectra are provided in the
Supporting Information (Table S2).

3. Results and discussion
3.1. Bioaccumulation of Hg, MeHg, and Se in liver, muscle and eggs

THg concentrations in tissues (n = 18) and eggs (n = 18) range from
1.1 to 5.1 ug/g in liver (<[Hg]> = 2.3 £+ 1.1 pg/g; avg =+ stdev), 0.4 to
0.8 ng/g in muscle (<[Hg]> = 0.6 + 0.1 ug/g), 0.2 to 0.7 ug/g in the egg
albumen (<[Hg]> = 0.4 + 0.1 ug/g), 0.06 to 0.14 ug/g in the yolk
(<[Hg]> = 0.09 £ 0.02 ug/g), and 0.03 to 0.11 pg/g in the membrane
(<[Hg]> =0.08 + 0.02 pg/g) (Fig. 1, Table S3). Selenium concentra-
tions in the tissues and eggs range from 6.0 to 33.6 pg/g in liver (<[Se]>
=13.8 £ 8.1 ug/g), from 3.5 to 9.9 pg/g in muscle (<[Se]>=4.8 £ 1.7
ug/g), from 5.5 to 8.8 ug/g in egg membrane (<[Se]>=7.3 + 1.0 ug/g),
from 5.7 to 8.4 ug/g in egg albumen (<[Se]> = 7.0 + 0.8 ug/g), and
from 1.8 to 3.3 ug/g in egg yolk (<[Sel> = 2.4 + 0.4 ug/g). Molar ratios
between Se and Hg decrease in the following order: membrane (<Se:
Hg> = 258 + 66) > yolk (<Se:Hg> = 72 + 18) > albumen (<Se:Hg> =
43 + 10) > muscle (<Se:Hg> = 21 + 6) > liver (<Se:Hg> =17 + 11)
(Fig. 1a). The molar ratio of Se:Hg is always above 1 in the liver with a
minimum value of 6.1 in the liver of EP06, which has the highest THg
concentration (5.1 pug/g). This individual also has the second lowest
MeHg level (16 % MeHg by chemical analysis), suggesting some pro-
portion of the IHg is a demethylation product. This hypothesis is further
supported by the overall decrease in %MeHg with greater THg con-
centration in the albumen (100 + 0 %), muscle (89 + 4 %), and liver (30
+ 10 %, Fig. 1b).

The THg concentrations of adult EP from Adélie Land are within the
range of literature values most commonly reported for chicks [2-4,27,
28,33,100-107], and reviewed recently by Gimeno et al.[7] For
example, EP chicks from the Ross Sea studied by Jung et al.[33] have
[Hg] = 2.1 + 0.6 pg/g in liver and [Hg] = 0.8 & 0.2 ug/g in the muscle
tissue, which is comparable to the values measured in the adult EP from
this study ([Hg] = 2.3 + 1.1 pg/g and [Hg] = 0.6 + 0.1 ug/g, respec-
tively). Our results appear contradictory with the bioaccumulation of
Hg, which often increases as a function of age and higher trophic posi-
tion [108-111]. The similarities in Hg concentrations between chicks
and adults potentially relates to the high variability of the environ-
mental Hg concentrations in the Southern Ocean with notably elevated
concentrations in the Ross Sea due to volcanic activity and the likely
release of Hg sulfide in this area [80,112,113]. A recent study using AP
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Fig. 1. Se:Hg atomic ratio (a) and fraction of MeHg from chemical analysis (b)
as a function of total Hg in liver and muscles tissues, and in egg components.

as bioindicators of the circumantarctic Hg contamination confirmed that
predators from the Ross Sea are more exposed to Hg than in other lo-
cations.[114].

The albumen has four times more THg than the yolk (Table S3) and
weighs about twice as much when calculating the total mass of the egg.
Furthermore, based on chemical measurements the albumen contains
mostly MeHg (104 + 2 %) whereas MeHg in the yolk only accounts for
32 + 4 % of the total Hg. Thus, the amount and chemical form of Hg
transferred to the chick greatly differs between the two egg components,
as observed in other birds [115-117], with MeHg being the main Hg
form transferred by the mother to the chick embryos [118,119]. The lack
of IHg in the egg albumen can be explained by the complexation of
MeHg to the thiol groups of ovalbumin, which was observed to contain
more than 97 % THg in laying hens [115]. However, previous studies
showed that transfer of MeHg during egg production is quantitatively
minor compared to depuration into feathers during molt [5,117,120].

3.2. Coordination structure of the IHg species

Six liver tissues, out of the 18 total (Table S3), were measured by
HERFD-XANES (EP04-L, EP06-L, EP10-L, EP12-L, EP15-L, EP18-L,
Table S4). Data analysis showed that the six spectra are not mixtures of
just two main Hg forms, a methylated (MeHg) and an inorganic (IHg)
form, which is typically assumed when using chemical speciation
methods as well as Hg isotope analyses [33]. This is illustrated in Fig. 2a
for the HERFD-XANES spectra of EP04-L, EP06-L and EP18-L, which
show that there is no isosbestic point where the three curves meet. One
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Fig. 2. (a) Hg Lz-edge HERFD-XANES spectra of three liver tissues illustrating
the variability in Hg speciation. (b) HERFD-XANES reference spectra used to fit
liver data. (c) Comparison of the EP18-L and Hg(SR), spectra.

organic (MeHg, SPOIL = 0.9) and two inorganic (Hg(Sec)4, SPOIL = 1.2;
and Hg(SR)y, SPOIL = 1.6) coordination structures were identified by
PCA and TT (Fig. 2b and S2a-c). However, the spectral reconstruction of
HgSe by TT was poor (Fig. S2d). MeHgSec and Hg(Sec), are minor (<
~10 %) complexes, if present in the tissue. The six tissues contain
different molar fractions of two or three of the positively identified
MeHg, Hg(Sec)4 and Hg(SR), complexes, except EP18-L which has only
Hg(SR)2 (Fig. 2¢, Table S4). In EP04-L for example, Hg is 46 + 10 %
MeHg and 54 + 9 % Hg(SR)2, whereas EP06-L contains 59 + 15 % Hg
(SR)2 and 40 + 15 % Hg(Sec)4. Linear combination fits of EP04-L and
EP06-L with one Hg component are compared in Figs. 3 and 4 to the fits
with two components. This modeling exercise illustrates the sensitivity
of HERFD-XANES spectra to elucidate Hg coordination structures, spe-
cifically the ability to resolve the Hg(SR), and Hg(Sec)4 complexes.
The presence of the single Hg(SR)2 form in EP18-L, which contains
over 3.0 ug Hg/g, provides strong evidence that this complex is a
biochemical demethylation product. The hypothesis that EP18-L could
be an outlier and fed mainly on krill at shallower diving depth is ruled
out by the A'®°Hg and 5'°N values. EP18-L has a A!?’Hg value of 1.22
+ 0.04 %o, which aligns with the average liver value for all EPs (1.25
+ 0.11, n = 14, Table S5) confirming similar foraging habits between
individuals in this study. Similarly, the liver 515N value (11.9 %0) does
not differ from the average value measured on the six EP analyzed by
HERFD-XANES (12.3 4 0.7 %0). The same observation holds for the
muscle tissue (6'°N = 9.4 %o versus 9.9 & 0.6 %o, Table S4). Further-
more, if EP18-L was feeding on krill, we would expect a lower trophic
level given the differences in trophic position between silverfish
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Fig. 3. Fit of the HERFD-XANES spectrum for EP04-L with MeHg (a) and Hg
(SR), (b) reference spectra (NSS = 5.5 x 104 NSS = 4.5 x 104, respectively),
and with the two reference spectra (NSS = 1.1 x 104 ().

(6"°N = 10.6 + 0.3 %o) and Antarctic and ice krill (§'°N = 5.5 + 0.4 and
6.8 £ 0.7 %o, respectively) [47].

The fraction of Hg(Sec)4 in the six livers ranges between 0 % to a
maximum of 40 % in EP06-L, which also has the highest THg concen-
tration (5.1 pg/g, Table S3). Calculation of the chemical and effective
Se:THg ratios (Eq. 1) shows that EP06-L has [Se]chem:[Hg] = 8.4 and
[Selesr:[Hg] = 5.2. The correction to the [Selchem:[Hg] molar ratio to
account for the bonding of the Hg atoms to four selenolate ligands is
38 %. The concentration of bioavailable Se is 9.9 ug/g (0.12 mM) for a
total of 10.7 ug/g (Eq. 2), thus clearly sufficient to meet the physio-
logical requirement of the body. Selenium is essential for male fertility in
mammals [60]. SelP deficiency, in particular, alters the supply of Se to
testis, leading to the production of abnormal spermatozoa [121]. No
effect of Hg contamination on reproduction has been observed in pen-
guins [6], consistent with the high level of bioavailable Se measured
here.

3.3. Hg isotopic compositions

The A'°Hg value of the paired liver and muscle tissues averages to
1.28 + 0.13 %o (1.05 %o < A?°Hg < 1.64 %, Fig. S3, Table S5) and little
variation is observed as a function of %MeHg, similar to EP from the
Ross Sea (1.28 + 0.05 %o, 1.21 %o < A%’Hg < 1.33 %0) [33]. This value
is lower than previously measured in marine fish [38,40], and is
consistent with the consumption of mesopelagic prey due to the diving
habits of EP, which can reach up to 500 m [122]. A A199Hg value of
1.28 %o was reported for mesopelagic fish living at a median depth of
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Fig. 4. Fit of the HERFD-XANES spectrum for EP06-L with Hg(SR), (a) and Hg
(Sec)4 (b) reference spectra (NSS = 5.9 x 10'4, NSS = 3.5 x 10'4, respectively),
and with the two reference spectra (NSS = 1.3 x 104 (o).

590 m within deep sea trenches and align with EP values in this study
[42]. Thus, using A'®’Hg as a bathymetric indicator of diving depth
suggests that EP at Adélie Land forage at > 200 m and feed dominantly
of Antarctic silverfish, as indicated by their stomach content and 5!°N
analysis [47].

The 5%°2Hg values exhibit large variability across livers (—0.36 to
—1.81 %) and a large inter-tissue difference with muscles (0.40 to
0.89 %0). The 52°Hg values are linearly correlated with %MeHg
(Fig. 5a), with muscle samples containing nearly exclusively MeHg and
liver samples varying in the %MeHg from 15-47 %. A linear-fit of
5202Hg against %MeHg yields y = —1.98 + 2.69x (R? = 0.93). The first
order correlation suggests that only one IHg coordination structure re-
sults from the demethylation of MeHg. This linear fit indicates that the
IHg form during demethylation has a §2°?Hg value of —1.98 + 0.10 %o,
which is on the order of previous §2°2Hg(Sec)4 measurements in giant
petrels (—1.37 + 0.06 %o) [31] and in long-finned pilot whales (—1.56
and —1.33 %o) [54]. The 2.7 %o difference in 62°2Hg between MeHg and
IHg, which is the product-reactant isotope enrichment factor (ep,,), is
similar to the previously reported 3.0 %o value in seals [123], 2.6 to
3.0 %o in long-finned pilot whales [53,54], and 2.2 %o in waterbirds
[55]. The difference is much greater in giant petrels (4.1 £ 0.1 %o) for
reasons discussed previously [31].

The 52°2Hg - %MeHg correlation shown in Fig. 5a has also been
observed previously in EP chicks [33]. However, it is noted that differ-
ences exist between the extent of demethylation and 2°?Hg fractionation
observed in adults from this study and previous studies of EP chicks
[33], despite similar Hg burdens. In chicks, the minimum %MeHg was
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60 % and the minimum 52°2Hg was —0.27 % in comparison to 15 % and
—1.63 %0 (EP18-L) and 16 % and —1.81 %o, (EP06-L) for adult EP,
respectively. The reason may be either the higher demethylation ability
of aged animals or that demethylation products accumulate over the
lifetime of the animal, previously noted in the literature [53,61].
Therefore, demethylation pathways may be more apparent in adults
compared to chicks.

The egg components have two distinct groups of 52°Hg values, one
of 0.70 + 0.13 %o and 0.80 + 0.05 %o for the albumen and membrane,
and another of —1.29 + 0.16 %o for the yolk (Fig. 5b). Using the %MeHg
data of the egg components and 52°2Hg values, the isotopic variation can
be described again by the simple mixing of two distinct end-member Hg
coordination structures, similar to what was observed in liver and
muscle tissues. The regression line (y = —2.07 + 2.79x, R? = 0.91) is
statistically similar to that for the paired liver and muscle tissues
(y = —1.98 + 2.69x, R? = 0.93). Thus, isotopic and chemical analysis
both show that Hg is transferred as MeHg in the albumen and membrane
and dominantly as IHg in the yolk. We show below that the nature of the
IHg form can be inferred from the calculation of the species-specific
5292Hg values.

a | .
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Fig. 5. Relationship between the §2°Hg value of total mercury (i.e., species-
averaged) and the fraction of MeHg determined by chemical analysis (a) in
liver and muscle tissues, and (b) in egg components. Linear fit of plot (a)
y=-1.98(10) + 2.68(18)x (R* = 0.93, p < 10®), (b) y = —2.07(16) + 2.79
(18)x (R? = 0.91, p < 10).
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3.4. Species-specific 52°2Hg values

While the Hg isotope values indicate MeHg demethylation results in
the formation of Hg(Sec)s;, the HERFD-XANES spectra indicate the
presence of Hg(SR)s. To account for this discrepancy, we calculated the
species-specific 52°2Hg values for the two IHg forms (Hg(Sec)s and Hg
(SR)2) and MeHg. The 6202Hg value measured on a liver tissue () is the
weighted sum of the SZOZSpi value of each chemical form (i) in it [31].

§2°%Hg; = 3" f(Spr x 62°%Sp; &)

The species-specific 52°2MeHg, §2°Hg(SR),, and 52°2Hg(Sec)s
values can be obtained in principle by inverting Eq. 3 for the six liver
tissues using linear algebra [31,54]. The optimal solution of the six
equations considering three unknowns is 52°2MeHg = 0.10 + 0.25 %o,
5202IHg; = —1.87 + 0.50 %o, and 52°%IHg, = —1.61 + 0.13 %o. The in-
verse problem is ill-posed, however, when three §2°2Hg values are
optimized since the relationship between 52°?Hg and f(MeHg) is linear
(Fig. 5a). Solving the linear system with two unknows yields 52°2MeHg
=0.24 + 0.10 %o and 52°%IHg = —1.73 + 0.04 %o. The 52°?IHg value is
logically in between §2°2IHg; and §2°%IHg,. Although this solution is
mathematically more robust, it does not account for the experimental
values of EP06-L (—1.81 & 0.04 %) and EP18-L (—1.63 =& 0.05 %),
because they are outside the average value and standard deviation for
livers (52°2IHg = —1.73 + 0.04 %o). Thus, the —1.73 = 0.04 %o value is
likely a weighted average of two distinct §2°?Hg(Sec)4 and §2°?Hg(SR),
values. The two §2°2IHg values are difficult to distinguish by mathe-
matical inversion since they are aligned with 52°2MeHg on the 5202Hg
versus %MeHg graph (Fig. 5a).

Rather than solving the system of linear equations, a third approach
was used that leverages the experimental 52°?Hg value of EP18-L for
6202Hg(SR)2 (—1.63 + 0.05 %0), since only Hg(SR), is detected by
HERFD-XANES in this tissue (Fig. 2c, Table S4). As for 6202Hg(8ec)4, its
value can be obtained from the y = —1.98 + 0.10 %o intercept of the
linear fit of the 62°2Hg versus %MeHg data (Fig. 5a). The average
5292MeHg value obtained by this approach is 0.26 + 0.21 %o and is
within the uncertainty range of the values obtained by the two mathe-
matical inversions (0.10 £ 0.25 %o and 0.24 + 0.10 %o).

The agreement of species-specific 32°?Hg values calculated from the
three procedures can be verified a posteriori by recalculating the
experimental species-averaged 52°2Hg; values using the established
5202Sp; values and f(Spy); determined by HERFD-XANES. Fig. 6 shows
excellent agreement between 6202Hgl)calc and SZ(JZHgL(,A,qJ for the three
procedures described previously (R? = 0.98-0.99). However, the three
regression lines differ in their slopes. The three-variable and two-
variable inversion schemes have slopes of 0.79 + 0.06 and 0.90
+ 0.05, respectively, whereas the third scheme gives a slope near unity
(1.01 £ 0.06). Therefore, we selected to use the third scheme for the
final species-specific values of §2°2MeHg = 0.26 4 0.21 %o, 52°2Hg(SR)
= —1.63 + 0.20 %o, and 52°2Hg(Sec); = —1.98 + 0.10 %o, which are
rounded to §2°2MeHg = 0.3 + 0.2 %o, 52°?Hg(SR)2 = —1.6 & 0.2 %o, and
5202Hg(Sec), = —2.0 =+ 0.1 %o. Note the standard deviation of §2°>MeHg
and SZOZHg(SR)z is twice that of 6202Hg(Sec)4. The higher variability of
5292MeHg and 52°2Hg(SR), may reflect the large range of thiolate bio-
molecules capable of forming linear MeHgCys and CysHgCys complexes
in the cell. The number of biomolecules likely to form a Hg(Sec)4
complex is more restricted. Today, there are only two candidate species,
SelP [58] and selenoneine [124]. SelP contains multiple Sec residues, a
tetrahedral binding site, and was shown to be co-eluted with Hg in
double affinity chromatography [58]. Density functional theory calcu-
lations showed that selenoneine also can form a tetrahedral complex
with Hg despite containing only one Sec residue (Fig. S3 in ref. [58]), but
its co-elution with Hg remains undocumented.

The form of IHg in the yolk, which is unknown, can be inferred from
the average %MeHg value (32 %), the three species-specific 52°2IHg
values determined from liver and muscle measurements, and the
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6202ngx value (—1.29 + 0.16 %o, all species) (Table S3). Solving Eq. 3
gives 5205cha1c of —1.02 %o when using 6202MeHg (0.26 %o) and 6202Hg
(SR)3 (—1.63 %0) values, and a 8202chalc of —1.26 %0 when using
8202MeHg and GzozHg(Sec)4 (—1.98 %o) values. Therefore, we propose
the IHg form in the yolk is Hg(Sec)s. The agreement between the
calculated (—1.26 %o) and the experimental (—1.29 %o) values provides
confidence in the robustness of the cross-analysis of the independent
isotopic and spectroscopic data by mathematical inversion [31,54].
Inability of an embryo to synthesize selenoproteins leads to its death
[125] and maternal-fetal Se supply is ensured partly by the transfer of
SelP in the epithelial cells of the visceral yolk sac through pinocytosis at
the beginning of incubation [126]. This mechanisms may be how Hg
(Sec)4 ended up, at least partly, in chick yolk. After several hours to few
days of development of the fertilized egg, this mechanism ceases [126]
and is replaced by the biosynthesis of SelP by the yolk cell nucleus [127].

4. Conclusion

The results presented herein shed light on the inorganic forms of Hg
in a mesopredator seabird feeding at lower trophic level or foraging in
less contaminated ecosystem than most large flying seabirds and wa-
terbirds. Two main differences with our previous Hg demethylation
studies using HERFD-XANES on giant petrels [57] and the Clark’s grebe
[58] are the lack of HgSe and the large amounts of Hg(SR), mixed with
Hg(Sec)4 in EP. Production of HgSe seems to be linked to the total Hg
concentration, and therefore to the trophic level and foraging habitat of
the animal. In giant petrels, which are apex predators and marine
scavengers, the liver contained between 90-100 % (HgSe) (n = 5) and
had Hg concentrations ranging from 170 to 1499 ug/g. The Clark’s
grebe, which was from a contaminated site in the United States and
showed a liver Hg concentration of 43 ug/g, had predominantly Hg
(Sec)4 (86 %) in its liver and minor nanoparticulate Hgy(Se,Sec)y/HgSe
(n = 1). In contrast, this study demonstrated that EP livers had total Hg
content <5 pug/g and 0-40 % of the IHg present was Hg(Sec)s and
42-100 % was Hg(SR), (n = 5). This work indicates that IHg coordi-
nation structure stemming from MeHg demethylation can vary
dramatically across avian species.

While Hg(Sec)s is clearly a demethylation product [57,58], the
origin of Hg(SR) is not well understood. At present, only bacteria and
archaea can demethylate MeHg biotically to Hg(SR), [128]. Demethy-
lation by intestinal microorganisms, such as those isolated from yel-
lowfin tuna [129], is unlikely because bacteria have significantly lower
product—reactant isotopic enrichment factor (emg(sry2/meng = —0.4
+ 0.2 %o0) [130] than that observed here (—1.9 + 0.2 %o). Similarly, a
dietary source for Hg(SR) can be refuted on the basis of the A'°°Hg and
5'°N isotopic values and analysis of stomach contents, which show that
EP prey primarily on fish in Adélie Land. Therefore, Hg(SR), is most
likely a byproduct of the intracellular demethylation of MeHg. In mer--
mediated bacterial demethylation, MeHg is converted to CH4 and
inorganic Hg(II) by the organomercurial lyase MerB and this enzyme
binds MeHg to two Cys residues, weakening and cleaving the Hg-C bond
with subsequent formation of CH4 [131,132]. The resulting Hg complex
is Hg(SR)2. A similar biochemical mechanism for MeHg degradation
may exist in multicellular organisms, but this remains unknown. Further
research is needed to understand why thiol ligands are not exchanged
for Se ligands, as on model compounds [70-73], to form Hg(Sec),, as
there is no Se deficiency in the liver.

Environmental implication

In the global environment, and the Antarctic in particular, MeHg is a
toxic species that organisms have to deal with. The dogma is that it is
selenium which reduces MeHg toxicity by demethylation. In another
polar bird from the same area, the Antarctic skua, Hg has a significant
negative effect on reproduction and demography [133], which seems to
be linked to low levels of selenium in this species [134]. The new
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Fig. 6. Calculated versus measured species-averaged values of §2°?Hg
(6202ch31c versus 62°2ngxp, respectively). (a) 62°2chalc calculated with
5292MeHg = 0.10 %o, 5°°?IHg; = —1.87 %o, and 5?°’IHg, = —1.61 %o obtained
by solving Eq. 3 with three unknows. (b) 82°?Hg.,. calculated with §***MeHg
= 0.24 %o and 52°2IHg = —1.73 %o obtained by solving Eq. 3 with two unknows.
(c) 8%°2Hg , calculated with §2°2MeHg = 0.26 %o, 52°?Hg(SR); = —1.63 %o,
and §2°2Hg(Sec)s = —1.98 %o.

detoxification pathway using sulfur could enable predators to demeth-
ylate MeHg even when selenium supply is low.
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