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a b s t r a c t

Mercury isotope ratios in fish tissues have been used to infer sources and biogeochemical processes of
mercury in aquatic ecosystems. More experimental studies are however needed to understand the in-
ternal dynamics of mercury isotopes and to further assess the feasibility of using fish mercury isotope
ratios as a monitoring tool. We exposed Olive flounder (Paralichthys olivaceus) to food pellets spiked with
varying concentrations (400, 1600 ng/g) of methylmercury (MeHg) and inorganic mercury (IHg) for 10
weeks. Total mercury (THg), MeHg concentrations, and mercury isotope ratios (d202Hg, D199Hg, D200Hg)
were measured in the muscle, liver, kidney, and intestine of fish. Fish fed mercury unamended food
pellets and MeHg amended food pellets showed absence of internal d202Hg and D199Hg fractionation in
all tissue type. For fish fed IHg food pellets, the d202Hg and D199Hg values of intestine equilibrated to
those of the IHg food pellets. Kidney, muscle, and liver exhibited varying degrees of isotopic mixing
toward the IHg food pellets, consistent with the degree of IHg bioaccumulation. Liver showed additional
positive d202Hg shifts (~0.63‰) from the binary mixing line between the unamended food pellets and
IHg food pellets, which we attribute to redistribution or biliary excretion of liver IHg with a lower d202Hg
to other tissues. Significant d202Hg fractionation in the liver and incomplete isotopic equilibration in the
muscle indicate that these tissues may not be suitable for source monitoring at sites heavily polluted by
IHg. Instead, fish intestine appears to be a more suitable proxy for identifying IHg sources. The results
from our study are essential for determining the appropriate fish tissues for monitoring environmental
sources of IHg and MeHg.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Speciation and concentration analyses of mercury in fish tissues
have been used to monitor the extent of pollution and ecosystem
fate of mercury in aquatic environments (e.g., Eagle-Smith et al.,
2015). Anthropogenic activities release mercury dominantly in
al Science and Engineering,
ongam-Ro, Nam Gu, Pohang,

).
the form of inorganic mercury (IHg; Streets et al., 2019). Microbial
methylation of IHg in the water column and surface sediments can
lead to the production of a toxic form of mercury known as
methylmercury (MeHg; Blum et al., 2013; Eckley et al., 2006;
Gilmour et al., 1992). MeHg, upon uptake by fish, is rapidly assim-
ilated and distributed to various tissues by crossing cellular mem-
branes (Leaner and Mason, 2004; Rabenstein and Evans, 1978).
MeHg has a long internal half-life (~2 yrs) in the muscle owing to
the strong binding affinity with sulfur-containing ligands
(McCloskey et al., 1998; Oliveira Ribeiro et al., 1999). IHg, by
contrast, is excreted rapidly from biological tissues and elevated
IHg levels in fish have been reported primarily at mercury
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contaminated sites (Cizdziel et al., 2003; Donovan et al., 2016).
Elevated liver to muscle total mercury (THg) ratios (>1) have been
observed at sites contaminated bymetallic mercury given the rapid
response of liver to environmental IHg exposure (Evans et al., 1993;
Rua-Ibarz et al., 2019).

Previous studies have also used fish mercury concentration and
speciation to investigate the internal processes of mercury and
have shown conflicting conclusions. For instance,Wang et al. (2017)
exposed marine fish to dietary MeHg and observed a 2-fold in-
crease in thewhole-body IHg concentration. The authors attributed
this to the demethylation of dietary MeHg in the intestine of fish. In
contrast, Wang et al. (2013) observed simultaneous reductions in
fish liver MeHg and THg concentrations and increases in muscle
MeHg and THg concentrations and suggested that this reflects
mercury redistribution from liver to muscle rather than internal
demethylation. The evidence of IHg methylation, based on the
measurable conversion of IHg labeled stable isotopes (198IHg) into
198MeHg, has also been reported in the intestines of fish (Rudd
et al., 1980; Wang et al., 2013).

The measurement of natural abundances of mercury isotopes
has been used to assess sources and processes governing the
environmental and biological fate of mercury (e.g., Blum et al.,
2014; Kwon et al., 2020). While many environmentally relevant
processes including methylation, demethylation (Kritee et al.,
2009; Rodríguez-Gonz�alez et al., 2009), and thiol-ligand ex-
change (Wiederhold et al., 2010) result in mass-dependent frac-
tionation (MDF; reported as d202Hg), significant mass-independent
fractionation of odd-mass number isotopes (MIFodd; reported as
D199Hg) have been observed primarily during photochemical
reduction and degradation of IHg and MeHg, respectively
(Bergquist and Blum, 2007; Zheng and Hintelmann, 2009). Signif-
icant MIF of even-mass number isotopes (MIFeven; reported as
D200Hg) is thought to occur via photochemical oxidation of Hg0 in
the atmosphere (Chen et al., 2012; G. Sun et al., 2016) and few
environmental samples of precipitation, seawater, plankton, and
fish have reported significantly positive D200Hg values (e.g., Blum
and Johnson, 2017).

Thus far, fish mercury isotope ratios have been used extensively
to identify environmental sources and biogeochemical processes of
mercury in diverse aquatic ecosystems (e.g., Blum et al., 2013;
Cransveld et al., 2017; Lepak et al., 2018; Kwon et al., 2014; Sherman
and Blum, 2013). Recent studies have also illustrated the potential
of using mercury isotope ratios in fish and mammalian tissues to
investigate the internal processes governing the body burden and
the distribution of speciated mercury (Bolea-Fernandez et al., 2019;
Feng et al., 2015; Kwon et al., 2012, 2013; 2016; Li et al., 2020;
Masbou et al., 2018; Perrot et al., 2016, 2019; Rua-Ibarz et al., 2019;
Xu and Wang, 2015). In the case of fish, Kwon et al. (2012) first
conducted feeding experiments and showed absence of MDF and
MIFodd during MeHg trophic transfer to the muscle tissues of fish.
The following experimental studies measured mercury isotope
ratios in multiple fish tissues and observed significant internal MDF
in some fish, which was attributed to either internal demethylation
in the intestine or redistribution of mercury from the liver (Feng
et al., 2015; Kwon et al., 2013). Recent field observations reported
higher d202Hg values in the muscle compared to liver, which were
explained by internal demethylation in the liver followed by the
distribution MeHg with a higher d202Hg to the muscle (Perrot et al.,
2019; Rua-Ibarz et al., 2019). More controlled experimental studies
are needed to understand precisely the internal processes leading
to mercury isotope distribution and fractionation in and across fish
tissues and to better use fishmercury isotope ratios as a monitoring
tool.

We conducted controlled feeding experiments by exposing
2

Paralichthys olivaceus (Olive flounder) to food pellets spiked with
either IHg or MeHg to understand tissue-specific variation in
mercury isotope ratios at different exposure scenarios. Olive
flounder is a highly abundant and commercially valuable species in
many East Asian countries including South Korea, China, and Japan
(Choi et al., 2011). They are found at a wide range of depths
(10e200 m) and environments spanning from coastal to open
ocean. Olive flounder is characterized as an opportunistic bottom
feeder by feeding on various prey items including small fish,
crustaceans, mollusks, and fish eggs (Choi et al., 2011). The results
from our study are essential for determining the appropriate tissues
of Olive flounder and other species of marine fish for monitoring
environmental sources of IHg and MeHg.

2. Materials & methods

2.1. Fish feeding experiment

Olive flounder weighing approximately 10 g were obtained from
a commercial fish farm located at Taean province, South Korea in
the spring of 2016. The fish were transported and acclimatized at
the Aquafeed Research Center, National Institute of Fisheries Sci-
ence, South Korea for one month. During the period of acclimati-
zation, the fish were fed food pellets composed mainly of anchovy
and pompano (70% dry weight), which were caught at the west
coast of Chile and Peru. Anchovy and pompano were freeze-dried,
homogenized, pelleted with the addition of a celluloseebased
premix and distilled water (30% v/v), and evaporated to dryness
in an oven (60 �C) for 2 h. All fish were raised in indoor PVC tanks
(300 L capacity) with no natural sunlight. The PVC tanks were
maintained by a flow-through system to continuously circulate
new water and to remove suspended residues (i.e., feces and un-
consumed food pellets). All tanks were maintained at a constant
temperature of 24.5 ± 2.7 �C and salinity of 33 ± 1%.

Prior to the experiment, Olive flounder weighing approximately
21.1 ± 0.4 g were randomly distributed into five different treat-
ments with 3 replicate tanks for each treatment. The treatment in
which the fish were continued to be fed with mercury unamended
food pellets are referred to as control. Fish fedwith food pellets that
were manipulated to two different MeHg and IHg concentrations
are referred to as MeHg_high (1600 ng/g), MeHg_low (400 ng/g),
IHg_high (1600 ng/g), and IHg_low (400 ng/g). The mercury
amended food pellets were prepared by soaking them in either
synthetic MeHg (CH3ClHg, Sigma-Aldrich) or synthetic IHg (HgCl2,
Sigma-Aldrich) solution for 2 d followed by evaporation in an oven
for 2 h. All food pellets were kept at �20 �C prior to use.

Fish were fed twice a day with their respective food pellets for
10 weeks. After the feeding experiment, all fish achieved similar
body weight (124 ± 7 g) regardless of the treatment. We did not
observe any fish mortality during or after the experiment. Three
individuals were randomly selected per treatment and from
different tanks and euthanized by tricaine methanesulphonate
(MS-222, 200 mg/g). Fish were dissected for muscle, liver, kidney,
and intestine at the Environmental Health Assessment Laboratory,
Division of Environmental Science and Engineering, Pohang Uni-
versity of Science and Technology (POSTECH), South Korea. The
liver and kidney tissues of an individual fish had small sample mass
and did not contain enough mercury for the analyses, so samples
were pooled from the tissues of three individuals from each
treatment. Among those dissected for liver and kidney, we chose
one to three individual fish and dissected them for muscle and
intestine tissues. The muscle and intestine tissues were kept as
individual fish. The dissection was performed using stainless steel
scalpels and scissors, which were cleaned with distilled water and
alcohol between samples to avoid contamination. The intestine
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samples were washed thoroughly with distilled water to remove
undigested food pellets. Either pooled or individual fish tissue as
well as food pellets were placed in an acid-washed glass vial and
frozen at�20 �C. The fish tissues and food pellets were freeze-dried
and homogenized with mortar and pestle.

2.2. Mercury concentration analyses

The complete sample size and the results of the individual or
replicate analyses of THg and MeHg concentration and mercury
isotope ratios are shown in Table S1. Each individual muscle and
intestine samples was subsampled appropriately for THg andMeHg
concentration and mercury isotope ratios. Both THg and MeHg
concentrations were measured at the Environmental Health
Assessment Laboratory, POSTECH. The THg concentrations were
determined by atomic absorption spectroscopy (AAS) using a Nip-
pon Instruments MA-3000 Hg analyzer. The THg of some individual
muscle and intestine samples and all pooled kidney, liver, and food
pellet samples were measured twice and their relative standard
deviation was within 12% (Table S1). Standard reference material
ERM CE 464 (tuna fish) was measured between samples for quality
control and quality assurance. The recoveries of THg in ERM CE 464
were between 91 and 102% (n ¼ 7).

For MeHg, the homogenized samples were digested in a 5 mL
potassium hydroxide and methanol mixture (1:4, v/v) for 6 h at
70 �C. The digested samples were measured using a cold vapor
atomic fluorescent spectrometry (CV-AFS; Brooks Rand Model III
Hg detector) coupled with a gas column (GC). The method used to
measure MeHg concentration is described in Hammerschmidt and
Fitzgerald (2006). Standard reference material ERM CE 464 (n ¼ 8)
and TORT-3 (lobster; n ¼ 1) were measured between samples and
the recoveries of MeHg were between 82 and 98% and 92%,
respectively. The proportion of MeHg is reported as % MeHg (MeHg
concentration/THg concentration � 100%).

2.3. Mercury isotope analyses

Mercury isotope ratios were measured at the State Key Labo-
ratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, China. Approximately 0.2e0.4 g of
freeze-dried samples were digested in a 5 mL aqua regia followed
by the addition of 0.2 mL bromine chloride for 12 h at 95 �C. After
digestion, 0.5 mL of hydroxylamine hydrochloride solution was
added to degrade the residual bromine chloride. The samples were
then diluted to THg concentration of 0.5 ng/mL and acidity of 20%
and were measured using a Neptune Plus multi-collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS) following a
previous method (Yin et al., 2016). Sample mercury was introduced
to the instrument by continuously reducing Hg2þwith 3% SnCl2 and
separating Hg0 using a glass-liquid phase separator. Instrumental
mass bias was corrected using the NIST SRM 997 Tl standard
Table 1
Average THg concentrations (ng/g) and average % MeHg values of the food pellets and the
of liver and kidney tissues are from pooled samples (3 individuals). The average THg con

Control MeHg_low MeH

THg % MeHg THg % MeHg THg

Food pellet 49 85 404 60 1555
Liver 35 106 503 85 2675
Intestine 88 75 915 83 3612
Kidney 70 97 975 78 3261
Muscle 106 75a 1257 100 4431

a,b,c,d,e The average %MeHg values are based on two separate THg andMeHgmeasuremen
measurements and one MeHg measurement from the same sample. Refer to Table S1 fo
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(diluted to 50 ng/mL Tl in 3% HNO3 solution). The samples were
bracketed with NIST SRM 3133 and by matching the THg concen-
tration and the acid matrix. MDF is reported as d202Hg (in units of
‰) referenced to NIST SRM 3133 (Blum and Bergquist, 2007):

d202Hg¼nh�
202Hg=198Hg

�
sample

.�
202Hg=198Hg

�
NIST3133

i
� 1

o
� 1000

(1)

MIF represents the difference between the measured dxxxHg
value and the value predicted based on MDF and the d202Hg value.
MIF is reported as D199Hg, D200Hg, and D201Hg (in units of ‰) and
calculated using the following equations (Blum and Bergquist,
2007):

D199Hg¼ d199Hg�
�
d202Hg�0:2520

�
(2)

D200Hg¼ d200Hg�
�
d202Hg�0:5024

�
(3)

D201Hg¼ d201Hg�
�
d202Hg�0:7520

�
(4)

Analytical uncertainty at 2SD is estimated based on either
replicate analyses of the standard solution NIST SRM 3177 (also
known as the commercial version of UM-Almad�en secondary
standard solution; n ¼ 16) or replicate analyses of standard refer-
ence material ERM CE 464 (n ¼ 10). We used ERM CE 464 to report
the analytical uncertainty since it had the larger uncertainty. ERM
CE 464 had mean values (±2SD) of d202Hg ¼ 0.70 ± 0.14‰,
D201Hg ¼ 1.96 ± 0.10‰, D200Hg ¼ 0.08 ± 0.08‰, and
D199Hg ¼ 2.37 ± 0.14‰, which are similar to those reported in
previous studies (Blum et al., 2013; Gehrke et al., 2011; Kwon et al.,
2012, 2013; 2014, 2015; Li et al., 2014; Sherman and Blum, 2013).
NIST SRM 3177 hadmean values (±2SD) of d202Hg¼�0.53 ± 0.12‰,
D201Hg ¼ �0.05 ± 0.08‰, D200Hg ¼ �0.01 ± 0.10‰, and
D199Hg ¼ �0.02 ± 0.10‰. We compiled mercury isotope ratios of
NIST SRM 3177 from prior studies (Chen et al., 2012; Cransveld
et al., 2017; Kwon et al., 2015; Laffont et al., 2011; Lepak et al.,
2018; Li et al., 2014; Masbou et al., 2018; Yin et al., 2016) and
observed consistent average values (d202Hg ¼ �0.54 ± 0.11‰,
D201Hg ¼ �0.06 ± 0.07‰, D200Hg ¼ 0.01 ± 0.06‰, and
D199Hg ¼ �0.02 ± 0.07‰, n ¼ 280).

3. Results & discussion

3.1. Mercury concentrations in fish and food pellets

The average THg concentration of the food pellets unamended
with mercury (control) and those spiked with varying concentra-
tions of IHg (IHg_low, IHg_high) and MeHg (MeHg_low,
tissues of Olive flounder from different treatments. The average THg concentrations
centrations of intestine and muscle tissues are from individual samples.

g_high IHg_low IHg_high

% MeHg THg % MeHg THg % MeHg

95 435 20 1471 6
89 153 41 247 41

b 82 740d 19 5152e 7
95 98 70 266 63

c 99 93 59 145 38

ts. The average %MeHg values of the remaining samples are based on one or two THg
r more detail.
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MeHg_high) are summarized in Table 1. The mercury unamended
food pellets showed low THg concencentrations, similar to the
natural diets of Olive flounder and those reported in commercial
food pellets composed of marine fish by-product (Feng et al., 2015;
Kwon et al., 2012). The food pellets spiked with IHg and MeHg
confirmed that all treatments were prepared in the expected con-
centrations. The % MeHg (THg present as MeHg) of the MeHg_low
food pellets (~60%) suggests that they have failed to equilibrate
properly to synthetic MeHg and/or has undergone MeHg degra-
dation, which we discuss further in the sections below.

The tissues of fish from the control treatment fed food pellets
unamended with mercury showed relatively low THg concentra-
tions (range; 34e132 ng/g) and % MeHg values, similar to the
control food pellets (range; 72e106%; Table 1). After 10 weeks of
dietary exposure, the fish from the MeHg_low and MeHg_high
treatments showed 10- to 14-fold and 41- to 76-fold higher THg
concentrations, respectively, and small changes in % MeHg
compared to control (Table 1). In contrast, the tissues of fish from
the IHg_low and IHg_high treatments (except for intestine) showed
relatively small increases in THg concentrationsd1- to 4-fold and
2- to 7-fold higher THg concentrations compared to control,
respectivelydand reductions in %MeHg (Table 1). Particularly large
increases in THg concentrations (8- to 59-fold higher) and large
reductions in % MeHg were observed in the intestine. This suggests
that, while dietary MeHg is efficiently assimilated and bio-
accumulated into fish, a large proportion of dietary IHg accumu-
lated in the intestine is excreted rather than being bioaccumulated
into fish tissues.

The liver to muscle THg ratio of fish (liver THg concentration/
muscle THg concentration) has been used to quantify the degree of
IHg exposure and previous studies documented a ratio >1 at sites
impacted by anthropogenic activities (Cizdziel et al., 2003; Rua-
Ibarz et al., 2019). The average liver to muscle THg ratios of the
control and MeHg treatments were 0.4 (control), 0.4 (MeHg_low),
and 0.6 (MeHg_high). The average liver to muscle THg ratios in the
IHg treatments were 1.6 (IHg_low) and 1.7 (IHg_high). Our results
are consistent with previous studies, which suggested that fish liver
responds rapidly to IHg exposure and it can serve as a bioindicator
for IHg pollution (Evans et al., 1993).
Fig. 1. d202Hg and D199Hg of the fish tissues from A) the control (black), MeHg_low (yellow),
IHg_high treatments (dark blue). Individual data point of liver and kidney represents a sa
represents a sample from one individual fish. The food pellets are shown in cross symbo
MeHg_high food pellets. Grey dashed line in panel B represents a binary mixing between th
shifts of the muscle and kidney from the control toward the IHg food pellets. Analytical un
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3.2. Isotopic compositions of the control treatment

The mercury unamended food pellets and fish from the control
treatment showed highly positive mercury isotope ratios (d202Hg,
D199Hg, D200Hg) relative to the MeHg and IHg treatments (Fig. 1A).
We also observed significant variations in d202Hg and D199Hg
among the tissues, in which the kidney and liver composed of
higher % MeHg (97e106%) displayed higher d202Hg and D199Hg
compared to the food pellets, muscle, and intestine with lower %
MeHg (72e85%). Natural environmental samples of sediment and
fish have shown higher d202Hg and D199Hg in MeHg compared to
IHg (Entwisle et al., 2018; Epov et al., 2008; Janssen et al., 2015). By
plotting % MeHg against d202Hg and D199Hg of the fish tissues, we
estimate that the MeHg fractions in the fish tissues explain 76% and
87% of the d202Hg and D199Hg variation, respectively (all p < 0.05;
Figure S1). While our result relies on a small sample size, our
observation is consistent with previous studies that have attributed
the variation in mercury isotope ratios to the differences in MeHg
fractions across fish tissues (Kwon et al., 2012, 2013).

While many experimental and field studies have confirmed the
absence of MIFodd during internal processes (Feng et al., 2015;
Kwon et al., 2012, 2013; Li et al., 2020; Masbou et al., 2018; Perrot
et al., 2016, 2019; Rua-Ibarz et al., 2019), the potential MDF in fish
still remains a question. Feng et al. (2015) fed fish with food pellets
unamended with mercury (~80% MeHg, 60 ng THg/g) and observed
a consistent D199Hg and a much lower d202Hg in the feces (mostly
IHg) compared to the estimated d202Hg of IHg in the food pellets.
The authors attributed this to MDF possibly via internal demethy-
lation, which produces a lower d202Hg in the excreted IHg. While
the bioaccumulation of the residual MeHg with a higher d202Hg
would expect to increase d202Hg in the fish tissues, the authors
observed similar d202Hg between the fish and the food pellets (Feng
et al., 2015). This suggests that the potential MDF caused by internal
processes including demethylation may be diluted by the isotopic
composition of dietary MeHg given that MeHg is efficiently
assimilated and distributed to various tissues of fish. Furthermore,
the tissue-specific variation in mercury isotope ratios resulted
primiarly by the varying MeHg fraction and upon exposure to low
THg concentration (~49 ng/g) and elevated % MeHg diet (~85%;
similar to natural diet) in our control fish suggest that the isotopic
composition of dietary MeHg source is well retained in the fish
and MeHg_high treatments (red), and B) the control (black), IHg_low (bright blue), and
mple pooled from three individual fish. Individual data point of muscle and intestine
ls. Grey dashed line in panel A represents a binary mixing between the control and
e control liver and IHg_high food pellets. Grey arrows in panel B represent the isotopic
certainty is shown as 2SD.
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tissues.
The highly positive d202Hg and D199Hg observed in the control

food pellets composed mainly of natural anchovy and pompano
(see Methods and materials section) and the tissues of control fish
are within the ranges of natural marine fish (d202Hg ¼ �2.09 to
1.84‰, D199Hg ¼ 0.03 to e5.50‰; reviewed in Kwon et al., 2020).
Previous studies have collectively suggested that the positive
d202Hg and particularly the positive D199Hg in marine fish reflect
MeHg that has undergone photochemical degradation prior to
bioaccumulation into fish (e.g., Blum et al., 2013; Kwon et al., 2014).
The fact that the elevated d202Hg and D199Hg are shown in both the
food pellets and the control fish suggests that the mercury isotope
ratios of the control food pellets, reflecting MeHg that has under-
gone photochemical degradation and bioaccumulation into an-
chovy and pompano from their natural habitat, are transferred to
the tissues of the control fish via trophic transfer during the feeding
experiment.

In regards to mercury sources subject to methylation and bio-
accumulation, recent studies have began to utilize D200Hg values in
fish to verify the degree and the form of atmospheric mercury input
(litterfall-versus precipitation-derived mercury) to aquatic envi-
ronments (e.g., Lepak et al., 2018; Woerndle et al., 2018). Interest-
ingly, the D200Hg of the control food pellets and the fish tissues
(0.23e0.74‰; Table S1) were the highest values ever recorded from
fish (up to 0.19‰; reviewed in Kwon et al., 2020) and were com-
parable with precipitation (up to 1.30‰; reviewed in Cai and Chen,
2015). Given that precipitation is themajor source of mercury to the
open ocean (Blum et al., 2013; Mason and Fitzgerald, 1994),
seawater samples collected from the Arctic coast and various U.S.
sampling campaigns (exact locations unknown) have shown
D200Hg up to 0.53‰ (Strok et al., 2014, 2015). The process(es)
resulting in such elevated D200Hg in our control treatment is
difficult to explain given the lowaverage annual precipitation in the
region where the anchoy and pompano were caught (west coast of
Chile and Peru; Tapley and Waylen, 1990). At the moment, we
speculate that anchovy, a filter feeder in the surface water column
(Leong and O’Connell, 1969), may be more prone to direct uptake
and bioaccumulation of precipitation-derived mercury from the
seawater.
3.3. Isotopic compositions of the MeHg treatment

The food pellets spiked with varying MeHg concentrations dis-
played much lower d202Hg and D199Hg relative to the mercury
unamended food pellets (Fig. 1A). Synthetic mercury derived or
used during industrial processes have been characterized by near-
zero D199Hg and negative d202Hg (Laffont et al., 2011; R. Sun et al.,
2016). Previous fish feeding experiments have also observed
near-zero D199Hg and negative d202Hg in food pellets spiked with
synthetic MeHg (Feng et al., 2015; Kwon et al., 2012). When
compared to the MeHg_high food pellets, the MeHg_low food
pellets showed intermediate D199Hg between the control and
MeHg_high food pellets (Fig. 1A). There was also ~0.47‰ shifts
(greater than the analytical uncertainty; 2SD) in d202Hg from the
binary mixing line between the control and MeHg_high food pel-
lets (Fig. 1A), which is described by the equation

xxxHgMeHg_low¼ xxxHgMeHg_high fMeHg_high þ xxxHgcontrol fcontrol
(5)

where xxxHg represents either d202Hg or D199Hg, and f represents
the fraction of THg concentration in either control or MeHg_high
food pellets. The low % MeHg (~60%; Table 1) and the intermediate
D199Hg observed in the MeHg_low food pellets suggest that these
5

food pellets have not equilibrated completely to synthetic MeHg.
The positive d202Hg shifts are consistent with microbial demethy-
lation, resulting in a higher d202Hg in the remaining MeHg
compared to the product IHg (Kritee et al., 2009). We speculate that
there was microbial MeHg degradation in the MeHg_low food
pellets possibly after the feeding experiment and during storage
prior to the analyses of the food pellets. It is possible that microbial
MeHg degradation has also occurred in the MeHg_high food pel-
lets. Assuming that the degradation rate was the same between the
two food pellets, the fraction of MeHg degraded in the MeHg_high
food pellet would be smaller due to the larger MeHg mass in the
MeHg_high food pellet compared to the MeHg_low food pellet.
Thus, the small MDF resulted from microbial degradation may
explain the absence of significant d202Hg shift in the MeHg_high
food pellets.

After 10 weeks, all fish tissues from the MeHg_high treatment
equilibrated to the isotopic compositions of their respective food
pellets (Fig. 1A), suggesting that MeHg is efficiently assimilated and
distributed to various tissues of fish (Leaner and Mason, 2004;
Rabenstein and Evans, 1978). The fish tissues from the MeHg_low
treatment also equilibrated to the isotopic compositions of the
MeHg_high food pellets rather than the MeHg_low food pellets.
Among the muscle tissues, we observed statistically no significant
difference between the MeHg_low and MeHg_high treatments
(Kruskal-Wallis test; p ¼ 0.83 for both d202Hg and D199Hg), sug-
gesting that they have both equilibrated to synthethic MeHg. A
noticeable difference was observed in the mercury isotope ratios
between the two replicate analyses of pooled kindey samples
(Fig. 1A, Table S1). This is likely caused by the difficulty of sample
homogenization for samples with high oil content. The d202Hg and
D199Hg of the replicate analyses were however on the binary
mixing line, suggesting that the kidney tissues have bio-
accumulated experimentally spiked synthetic MeHg.

The equilibration of the isotopic compositions of the MeHg_low
fish tissues to the MeHg_high food pellets appears to reflect the
preferential trophic transfer and bioaccumulation of synthethic
MeHg with lower d202Hg and D199Hg to the fish tissues and
excretion of IHg from the food pellets with higher d202Hg and
D199Hg. The major difference between the MeHg_high (~95%
MeHg) and MeHg_low food pellets (~60% MeHg) was the % MeHg
value. In a previous fish feeding experiment, the muscle tissues of
yellow perch, when fed food pellets spiked with high MeHg con-
centrations, equilibrated to the isotopic compositions of their
respective food pellets within two months, consistent with our
MeHg_high treatments (Kwon et al., 2012). In the same study, the
muscle tissues of yellow perch fed food pellets composed of ~70%
MeHg and ~30% IHg showed measurable isotopic discrepancies
between the fish and the food pellets, similar to our MeHg_low
treatments. The authors suggested that this reflects the preferential
trophic transfer of MeHg isotopic composition and the food pellets
display mixtures of IHg and MeHg isotopic compositions. Given
that the fish tissues from the MeHg_low treatment had similarly
elevated % MeHg compared to the MeHg_high treatment, the tro-
phic transfer of synthetic MeHg explains the isotopic deviation
between the food and the fish. We also note that, while the po-
tential MDF in fish cannot be disregarded, the overhwhelming of
the fish tissues with the isotopic composition of a high MeHg diet
would obscure any signs of MDF in fish.

3.4. Isotopic compositions in the IHg treatment

The food pellets spiked with varying IHg concentrations dis-
playedmuch lower d202Hg and D199Hg compared to the control diet
(Fig. 1B), consistent with synthetic mercury derived or used during
industrial processes (Laffont et al., 2011; R. Sun et al., 2016). The
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IHg_low and IHg_high food pellets showed similar mercury isotope
ratios and low % MeHg (6e20%), suggesting that they have both
equilibrated to synthetic IHg. After 10 week, there was a complete
equilibration of mercury isotopic compositions of the intestine to
the isotopic compositions of the IHg_low and IHg_high food pellets
(Fig. 1B). The remaining tissues of the muscle, kidney, and liver
exhibited varying shifts in d202Hg and D199Hg toward the IHg food
pellets (Fig. 1B), consistent with the varying changes in % MeHg
(Table 1). By plotting % MeHg against d202Hg and D199Hg of the fish
tissues, we estimate that the variability in MeHg fractions is
responsible for 70e92% of the tissue-specific variation in mercury
isotope ratios (Fig. 2). In the liver tissues, we also observed addi-
tional ~0.63‰ shifts in d202Hg (greater than the analytical uncer-
tainty; 2SD) from the binary mixing line between the control liver
and the IHg_high food pellets (Fig. 1B), which is described by the
equation

xxxHgIhg liver ¼ xxxHgIHg_high food pellet fIHg_high food pellet

þ xxxHgcontrol liver fcontrol liver
(6)

where xxxHg represents either d202Hg or D199Hg, and f represents
the fraction of THg concentration in either the IHg_high food pel-
lets or control liver.

Our results are consistent with pharmacokinetics studies of fish,
which demonstrated the preferential binding of IHg to the intestine
and slower increases in IHg in the muscle and other visceral organs
when exposed to an IHg diet (Boudou et al., 1985; Feng et al., 2015;
Pentreath, 1976a, 1976b). Histopathological studies have shown
widespread binding of IHg across the epithelial surface and intes-
tinal villi and MeHg was bound to small and more specific regions
of the epithelial surface (Oliveira Ribeiro et al., 2002). Muscle and
kidney are known to be the final storage and excretion organs for
mercury (Berndt et al., 1985; Leaner andMason, 2004), respectively,
which explain the small increases in THg concentrations, small
reductions in % MeHg, and small isotopic shifts toward the IHg food
pellets observed in the muscle and kidney tissues. The muscle tis-
sues from the IHg_high treatment exhibited varying isotopic shifts
towards the IHg food pellets, which is well explained by their %
MeHg such that the individual muscle with a higher IHg proportion
shifted further towards the IHg food pellets. Liver is thought to
respond rapidly to IHg exposure (Evans et al., 1993) and as evi-
denced by the elevated liver to muscle THg ratios (>1). The large
increases in THg concentrations, large reductions in % MeHg, and
Fig. 2. A) d202Hg and B) D199Hg against % MeHg of the tissues in the IHg_low (bright blue) a
intestine (square), kidney (triangle), and muscle (circle). Individual data point of liver and
muscle and intestine represents a sample from one individual fish. The kidney from the IH
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moderate isotopic shifts toward the IHg food pellets further
confirm that liver is an effective indicator for assessing the degree
and changes in IHg exposure from the environment.

In regards to identifying IHg sources using the fish liver, the
positive d202Hg shifts from the binarymixing line suggest that there
is a presence of complex internal process leading to a significant
MDF and this internal process may obscure the isotopic composi-
tion of IHg sources. Our observation is consistent with the past
experimental studies, which exposed fish with either IHg-spiked
food pellets or natural diets containing IHg (Feng et al., 2015;
Kwon et al., 2013). In particular, Feng et al. (2015) observed positive
and negative d202Hg shifts in the liver and brain of fish, respectively,
and suggested that the preferential redistribution of IHg with a
lighter d202Hg from the liver to brain is responsible for the observed
d202Hg shifts. In contrast, a recent field study documented signifi-
cantly higher d202Hg (but not D199Hg) in the muscle compared to
the liver of fish collected from sites contaminated by metallic
mercury (mostly IHg) in Norweign fjords (Rua-Ibarz et al., 2019).
The authors attributed this to internal demethylation in the liver
followed by the distribution MeHg with a higher d202Hg to the
muscle.

We propose that the positive d202Hg shift in the fish liver is
caused by the preferential redistribution of IHg with a lower d202Hg
rather than internal demethylation. Our fish fed IHg food pellets
were exposed to only small amounts of MeHg over the course of the
experiment. We presume that internal demethylation of this small
amounts of MeHg is unlikely to impart such measurable MDF. Even
if there was internal demethylation, the isotopic composition of the
IHg food pellets would overhwhelm the potential MDF given the
rapid response of liver to IHg exposure. Previous studies have also
documented internal demethylation in the intestines of fish (Wang
et al., 2017a; Wang and Wang, 2017) but not in the liver (Wang
et al., 2013).

The evidence of IHg redistribution from the liver has been
documented by many previous studies. In vivo and in vitro experi-
ments reported significant reductions in liver IHg concentrations
coupled with large increases in bile IHg concentrations (Ballatori
and Clarkson, 1984, 1985; Ballatori, 1991). These studies also
found that glutathione, due to its high abundance in the liver and
strong binding affinity toward IHg, is the major mediator for IHg
secretion into bile. IHg bound to thiol-ligands have been charac-
terized by a lower d202Hg compared to unbound IHg in solution
(Wiederhold et al., 2010). It is possible that the binding of a lighter
d202Hg with glutathione followed by secretion into bile may result
nd IHg_high (dark blue) treatments. Each symbol represents tissues of liver (diamond),
kidney represents a sample pooled from three individual fish. Individual data point of
g_high treatment is missing due to the small sample mass.
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in a higher d202Hg in the liver. While the IHg-glutathione complex
is known to drain back into the intestine via bile, this is unlikely to
shift the d202Hg of intestine given that the intestine is overwhelmed
by the isotopic composition of the dietary IHg. The absence of
negative d202Hg shifts in the muscle and kidney also corresponds
with the preferential excretion of IHg and small observed changes
in THg concentrations and % MeHg in these tissues. Additionally, Li
et al. (2020) documented a positive d202Hg shift in the liver of adult
pilot whale only when the liver accumulated high levels of IHg. The
authors concluded that the preferential redistribution of a labile
IHg to other tissues explains the observed positive d202Hg shift. We
therefore postulate that the mechanism of hepatic IHg metabolism
is perhaps similar between marine fish and mammals when
exposed to high dietary IHg sources.

4. Conclusions

In summary, we observed absence of significant MDF andMIFodd
in the tissues of fish when fed food pellets composed mainly of
MeHg (control and MeHg treatements). This suggests that the po-
tential MDF occurring in fish may be diluted by the isotopic
composition of the dietary MeHg, which is efficiently assimilated
and integrated into various fish tissues. Even under environmen-
tally relevant THg and MeHe exposure (control fish), the tissue-
specific variation in mercury isotope ratios resulted primiarly by
the varying MeHg fraction suggests that we can confidently use
mercury isotope ratios in fish tissues to trace sources and biogeo-
chemical processes of mercury in natural ecosystems.

This study provides insights into how a variety of fish tissues
respond under different mercury species and under three different
mercury pollution scenarios (IHg vs MeHg vs natural). Aquatic
ecosystems that are characterized as contaminated typically have
elevated IHg concentrations and limited MeHg production capa-
bilities in aquatic matrices (Colombo et al., 2013; Zhao et al., 2016).
At these sites, mercury concentration in fish liver has been used as a
bioindicator for the extent of IHg pollution. We found that, while
the liver tissues of fish fed IHg amended food pellets show mod-
erate increases in THg concentrations, the positive d202Hg shifts
indicate that fish liver is not a conservative tracer for IHg sources.
The incomplete isotopic equilibration in themuscle and kidney also
makes them difficult to be used for IHg source tracing. Instead, the
intestines of fish accumulate substantial amounts of dietary IHg
and undergo complete equilibration to the isotopic composition of
the dietary IHg. We therefore suggest that among all tissues
examined in this study, fish intestine is the most suitable proxy for
identifying sources of IHg at polluted sites. These results are
essential for determining the appropriate tissues of Olive flounder
and other species of marine fish for monitoring environmental
sources of IHg andMeHg. Based on this study and latest research on
mercury metabolism in fish and marine mammals (e.g., Li et al.,
2020; Feng et al., 2015), we encourage more research to evaluate
the influence of environmental factors (i.e., selenium levels)
affecting internal demethylation and to enhance the interpretation
of the tissue-specific variation in mercury isotope ratios in nature.
Expanding the tissue type and sample size, which allows detailed
statistical analyses, would also improve the understanding of subtle
differences in tissue-specific variation in mercury isotope ratios.
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