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A B S T R A C T   

In the comments reported by A. Manceau [1], relating to our recent paper on mercury (Hg) species-specific 
isotopic characterization in giant petrel tissues [2] two critical questions were raised. Firstly, according to A. 
Manceau, our method of extraction and isolation of nanoparticles was not able to efficiently isolate mercury 
selenide nanoparticles (HgSe NPs) and therefore the δ202Hg values measured are not species-specific, but rather 
δ202Hg of mixtures of complexes such as MeHgCys, Hg(Sec)4, and HgSe. Secondly, he suggests that our main 
findings showing that no isotopic fractionation is induced during the HgSe NPs biomineralization step from the 
precursor-demethylated species is erroneous because it contradicts the conclusion of two recent articles by A. 
Manceau and co-workers [3,4]. In this reply we defend our scientific findings and respectively respond to the 
questions and comments raised by A. Manceau.   

1. Discussion 

Firstly, we address the comment questioning the purity of the iso-
lated HgSe NPs fraction. Manceau is suggesting that this fraction is a 
mixture of MeHgCys, Hg(Sec)4 and HgSe, therefore leading to a non- 
species-specific HgSe NPs isotopic characterization. We would like to 
point out that the NPs isolation approach, as detailed in the manuscript, 
is based on the published research by Bolea-Fernández and co-workers 
for Hg isotopic characterization of tiemannite in pilot whale tissues 
(Bolea-Fernandez et al., 2019; Gajdosechova et al., 2016). We have done 
slight modifications to their method including a heating step at 85 ◦C for 
2 h with formic acid to remove any organic molecules. Even if a small 
amount of Hg could be found in the solid residual resulting fraction, it is 
also a product of Hg (bio)demethylation. In addition, as detailed in our 
article, the cut-off filter with isolated HgSe NPs fraction was abundantly 

washed with MQ-water until complete elimination of total soluble Hg 
was achieved and verified by CV-AFS measurements. Therefore, by 
using such sample treatment, the absence of the concomitant Hg species 
mentioned by Manceau is guaranteed and it is unlikely it will modify the 
interpretation of the obtained data. Manceau supports his criticism 
regarding HgSe NPs purity, probably based on those values where the 
δ202Hg bulk is equivalent to species-specific δ202Hg of isolated HgSe NPs. 
However, in more than 50% of the samples the absolute shift δ202Hg 
(Bulk - HgSe NPs) is larger than 0.20‰, all having been treated with the 
same procedure and demonstrating that labile-Hg was removed from 
that fraction. 

The second comment addressed by Manceau questions our main 
hypothesis that HgSe NPs biomineralization from the precursor- 
demethylated species does not induce Hg isotopic fractionation due to 
its conflict with two research investigations conducted by himself and 
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his co-workers (Manceau et al., 2021a, 2021b). In this regard, we would 
like to state that our premise is solidly based on high precision mea-
surements of the Hg isotopic composition in the tissues of 11 giant pe-
trels (40 tissues in total, with HgSe NPs extracted from 37 tissues, all 
except three blood samples). In contrast, the two recent publications by 
Manceau and co-workers (Manceau et al., 2021a, 2021b), based their 
hypothesis on a mathematical calculation approach which has not yet 
been experimentally validated by measurements of species-specific Hg 
isotopic composition. 

In each tissue, the bulk Hg isotopic composition results from the 
contribution of different Hg species as outlined in Eq. (1): 

δ202Hgbulk =
∑

i=Hg species
fi × δ202Hgi(‰) (1)  

where δ202Hgbulk represents the isotopic composition of total mercury in 
the tissue, fi is the fraction of i-species in the corresponding tissue, and 
δ202Hgi represents the species-specific isotopic composition of Hg in i- 
species. The resolution of this equation requires the knowledge of a 
series of data that have been over simplified in the aforementioned 
mathematical works (Manceau et al., 2021a, 2021b) with the following 
assumptions: i) the isotopic composition of each Hg species is only 
species-dependent, and it does not vary between individuals or between 
tissues; ii) Hg species in tissues are exclusively limited to three different 
forms, viz.: MeHgCys, Hg(Sec)4 and HgSe. Regarding the invariance of 
Hg isotopic composition, to the best of our knowledge there is no 
research to date that supports the theory that there is a specific δ202Hg 
value that is solely dependent on the nature of the species. So far, in 
cases where different Hg species have been extracted, no unique and 
constant δ202Hg value has been obtained for all tissues or in all in-
dividuals studied. This has not been experimentally proven neither for 
MeHg (Manceau et al., 2021a; Masbou et al., 2013; Poulin et al., 2021; 
Perrot et al., 2016) or HgSe NPs (Queipo-Abad et al., 2021; 
Bolea-Fernandez et al., 2019) in different living organisms. A study 
developed by our group (IPREM CNRS Pau) and co-workers is the only 
one to jointly report Hg isotopic compositions for MeHg and inorganic 
mercury (iHg) (Perrot et al., 2016) in aquatic mammal tissues. These 
values reflect a large variability between individuals and tissues for the 
species-specific δ202Hg values in beluga whales (δ202HgMeHg variation of 
~3.5‰) and seals (δ202HgMeHg variation of ~1.7‰). This aspect of the 

mathematical approach has also been recently questioned by Wieder-
hold and Jiskra (Wiederhold and Jiskra, 2022), which makes it clear that 
this assumption remains questionable for the seabird tissues. So far the 
number of studies dealing with Hg species-specific isotopic composition 
is limited mainly due to the great challenge associated with the 
extraction/isolation of the different Hg species while preserving the 
original isotopic pattern (Queipo-Abad et al., 2021; Bolea-Fernandez 
et al., 2019; Masbou et al., 2013; Poulin et al., 2021; Perrot et al., 
2016; Rodríguez-González et al., 2009). The Hg species-specific 
approach in animal tissues has been mainly applied on the isotopic 
characterization of MeHg (Manceau et al., 2021a; Masbou et al., 2013; 
Poulin et al., 2021; Perrot et al., 2016). Meanwhile Bolea-Fernández and 
co-workers together with our article (Queipo-Abad et al., 2021; 
Bolea-Fernandez et al., 2019) reported the unique Hg species-specific 
isotopic composition relative to HgSe NPs. The obtained Hg 
species-specific isotopic data has been key to obtain information on 
metabolic processes (Queipo-Abad et al., 2021; Bolea-Fernandez et al., 
2019; Masbou et al., 2013; Poulin et al., 2021; Perrot et al., 2016). 

The comments of Manceau about the δ202Hg in HgSe NPs values 
experimentally determined in our article comes from the differences 
with the values estimated by a mathematical approach considering 
exclusively three species of Hg (MeHgCys, Hg(Sec)4 and HgSe). How-
ever, the analysis of the water-soluble fraction from the different seabird 
tissues by size exclusion chromatography (SEC)-ICP-MS presented in 
Figure 4 of our recent article (Queipo-Abad et al., 2021), evidenced that 
Hg binds several (unknown) biomolecules that probably play key roles 
on MeHg demethylation. The unambiguous characterization of Hg 
binding biomolecules/proteins represents an important analytical 
challenge, which explains the limited number of publications reporting 
Hg-metabolites (Krupp et al., 2008; Krupp et al., 2009; Trümpler et al., 
2014; Pedrero Zayas et al., 2014; Pedrero et al., 2012; Garcia-Calleja 
et al., 2021; Mangal et al., 2019; Strohmidel et al., 2018). The crucial 
role of speciation in understanding metabolic processes is undoubtedly 
an additional dimension to Hg isotopic characterisation. Thus, we 
consider that a mathematical approach which simplifies the number of 
Hg species and the possibly large variability of δ202Hg in different tissues 
and individuals, cannot be used in a general way to estimate Hg isotopic 
values to improve our understanding of the pathways and fate of Hg in 
biota. 

Table 1 
Estimation of the δ202Hgbulk based on the species-specific δ202Hg of the three main species according to HR-XANES measurements. The measured δ202Hgbulk value for 
comparison has been calculated as an average of the two published values for these tissues. The δ202HgHgSe (1:4) has been approximated to the δ202HgHgSe experi-
mentally measured in the corresponding tissues.    

δ202Hgbulk 

(‰)( 
Manceau 
et al., 2021a) 

δ202Hgbulk 

(‰) 

Mean 
δ202Hgbulk 

(‰) 

δ202HgMeHg 

(‰)(Manceau 
et al., 2021a) 

δ202HgHgSe 

¼ δ202HgHgSe 

(1:4) (‰)( 
Queipo-Abad 
et al., 2021) 

f MeHg 
(%)( 
Manceau 
et al., 
2021c) 

f HgSe 
(1:4) (%)( 
Manceau 
et al., 
2021c) 

f HgSe (%) 
(Manceau 
et al., 
2021c) 

δ202Hgbulk 

estimated 

(‰) 

Individual 
1 

Kidneys 0.15 ± 0.02 
0.11( 
Queipo-Abad 
et al., 2021) 

0.15 ± 0.03 2.70 ± 0.03 -0.08 
0.07 
± 0.03 

0.32 
± 0.09 

0.61 
± 0.08 0.11 

Muscle -0.76 ± 0.03 
-0.48( 
Queipo-Abad 
et al., 2021) 

-0.76 
± 0.20 

2.78 ± 0.03 -0.70 – 
0.67 
± 0.08 

0.33 
± 0.08 

-0.70 

Individual 
2 

Liver 0.04 ± 0.04 
-0.08( 
Queipo-Abad 
et al., 2021) 

0.04 ± 0.08 1.87 ± 0.03 -0.05 – 
0.09 
± 0.06 

0.91 
± 0.06 -0.05 

Muscle -0.57 ± 0.02 
-0.51( 
Queipo-Abad 
et al., 2021) 

-0.54 
± 0.04 

2.07 ± 0.03 -0.55 
0.07 
± 0.03 

0.60 
± 0.09 

0.33 
± 0.09 

-0.37 

Individual 
3 Muscle -0.73 ± 0.06 – 

-0.73 
± 0.06 0.90 ± 0.04 – – 

0.40 
± 0.08 

0.60 
± 0.08 – 

Individual 
4 

Brain 0.50 ± 0.04 
0.10(Poulin 
et al., 2021) 

0.30 ± 0.28 2.58 ± 0.04 -0.32 
0.13 
± 0.05 

0.16 
± 0.10 

0.71 
± 0.08 

0.06 

δ202Hg bulk estimated = fMeHg x δ202HgMeHg + fHgSe δ202HgHgSe + fHgSe (1:4) δ202HgHgSe 1:4 (‰). 
Individual 1: P2 (Manceau et al., 2021c)=P3 (Queipo-Abad et al., 2021) ; Individual 2: P3 (Manceau et al., 2021c)=P4 (Queipo-Abad et al., 2021); Individual 3: P5 
(Manceau et al., 2021c)=P8 (Queipo-Abad et al., 2021); Individual 4: P8 (Manceau et al., 2021c)=PGA03 (Queipo-Abad et al., 2021; Renedo et al., 2021) 
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Moreover, we would also like to highlight this statement by Man-
ceau: “that the 202Hg isotope is actually fractionated during the Hg(Sec)4 → 
HgSe reaction, and therefore that this isotope can be used to trace the Hg 
metabolic pathways between tissues in a single individual and in different 
animals”. This argument is independent of whether there is isotopic 
fractionation at that stage, and even transcends this study, as δ202Hg 
(MDF) has already been used in several works to trace metabolic path-
ways in living organisms (Bolea-Fernandez et al., 2019; Perrot et al., 
2016; Feng et al., 2015; Li et al., 2020; Meng et al., 2020; Masbou et al., 
2018; Le Croizier et al., 2020; Renedo et al., 2021). Even the fact that 
there is no isotopic fractionation of Hg at this stage characterizes the 
(metabolic) process, therefore, this statement for us means a trivializa-
tion of the scientific results of this research. 

Additionally, our hypothesis related to the absence of isotopic frac-
tionation during the biomineralization step from the precursor (deme-
thylated) species, can be supported by the combination of δ202Hg values 
measured in giant petrels and estimated with Eq. (1). The δ202Hg 
species-specific experimental data (Table 1) reported (Queipo-Abad 
et al., 2021; Manceau et al., 2021a; Renedo et al., 2021; Manceau et al., 
2021c) for MeHg (δ202HgMeHg) and for HgSe NPs (δ202HgHgSe) were 
combined by applying Eq. (2) (adapted from Eq. (1)) in the estimation of 
δ202Hgbulk as follows: 

δ202Hgbulkestimated = f (MeHg)xδ202HgMeHg + f
(
HgSe

)
xδ202HgHgSe 

+ f
(
HgSe(1 : 4)

)
xδ202HgHgSe1:4(‰) (2)  

where δ202Hgbulk represents the estimation of isotopic composition of 
total mercury in the tissue and f is the fraction of the three main species 
(MeHg, precursor HgSe (1:4), and HgSe NPs) determined by HR-XANES 
(Manceau et al., 2021c). The δ202HgHgSe (1:4) will be considered equiv-
alent to δ202HgHgSe, in line with our observation in the preceding article. 
The obtained δ202Hg bulk estimated reported in Table 1 and the measured 
values (average between δ202Hg bulk measurements in different sections 
of the tissues) (Queipo-Abad et al., 2021; Manceau et al., 2021a) show a 
good agreement when assuming the lack of Hg isotopic fractionation in 
the biomineralization and approximating the δ202HgHgSe (1:4) to the 
δ202HgHgSe. 

In summary, the complexity of Hg pathways in biota calls for a 
combination of complementary analytical techniques to contribute to 
their elucidation. The analytical approaches addressed on this discus-
sion (species-specific isolation, liquid chromatography separation, HR- 
XANES identification and high precision isotopic analyses) demon-
strates the potential of such synergy to go further on the understanding 
of Hg processes in biota. 
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