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ABSTRACT: In vivo methylation and demethylation pro-
cesses were simultaneously investigated in freshwater tilapia
after dietary exposure to mercury (198Hg(II) and methyl200Hg).
During one month dietary exposure followed by two month
depuration, both MeHg and THg increased continuously in
muscle tissues but decreased in liver during depuration,
indicating the inter-organ transportation of MeHg from liver
toward muscle. Direct evidence of in vivo net methylation
process in freshwater tilapia was observed. Specifically, 0.67−
1.60% of the ingested Hg198(II) was converted into Me198Hg
and deposited in fish muscle at the end of depuration. The
methylation potential in terms of methylated fraction was
elevated at higher temperature and decreased at higher dosage.
However, no direct evidence of MeHg demethylation was observed. In contrast to some previous reports of dose-dependent
demethylation, the percentage of MeHg in the liver decreased significantly with increasing THg concentrations, likely due to the
faster inter-organ MeHg transportation from liver toward muscle. Our study demonstrates the important role of organ- and
species-specific biodynamics in understanding mercury transformation and speciation in fish. The observed in vivo methylation
process in tilapia was slow, suggesting that the high %MeHg in fish should be mainly derived from MeHg ingestion instead of in
vivo transformation.

■ INTRODUCTION

Mercury (Hg) is a global metal contaminant widely reported in
various ecosystems and wildlife.1,2 In aquatic environments, the
majority of Hg in natural water is present in inorganic form
(Hg[II]), while organic mercury (MeHg) contributes less than
5% of the total Hg.3 In aquatic organisms, however, MeHg is
the dominant form, e.g., 80−99% of mercury is detected in fish
as MeHg.4,5 Such intriguing findings might largely be due to the
varied biodynamics of MeHg and Hg(II), in that MeHg is more
bioavailable than Hg(II) and can be biomagnified through
trophic transfer.6,7 Biodynamic modeling results further
demonstrate that MeHg dominates the overall mercury
ingestion in fish even though MeHg contributes only a small
fraction of total Hg in water.7 Since the Hg bioaccumulation
process is chemical species-specific, 8 any in vivo species
transformation (via methylation and demethylation) would
directly affect the final biological fate and speciation of Hg in
fish, and thus in vivo methylation might contribute to the high
proportion of MeHg in fish. Nevertheless, this process has
seldom been investigated and still remains unclear.
Methylation and demethylation in sediment and water

column have been reported in a variety of aquatic systems
and are considered as two important processes regulating the
Hg cycling in aquatic environments. It was widely reported that
in situ methylation process could occur in sediments and

surface water mainly via microbial activities (e.g., sulfur-
reducing bacteria),9−12 while mercury demethylation could
occur through physical (photodemethylation13), chemical
(selenoamino acid aided14), and biological processes (bacterial
mediated9). In contrast, whether in vivo methylation occurs in
animals is still a matter of controversy. Pennacchioni et al.15

found no obvious elevation of MeHg in rainbow trout after
long-term exposure to high level of HgCl2, while Rudd et al.16

found that intestinal contents of freshwater fish could convert
203Hg(II) into CH3

203Hg+, and such an in vivo methylation
process might be driven by the microbial activities in the
gut.17,18 The reverse process, namely, demethylation of MeHg,
is suggested to occur in the liver of mammals19,20 and water
birds21−23 and in the brain of human and monkey.24,25 It has
been suggested that selenium might be involved in the
demethylation process, probably via the formation of bis-
(methylmercuric) selenide and finally decomposed into
inorganic HgSe(s).26,27 Besides, several studies have shown
that %MeHg decreases as the total amount of mercury (THg)
in liver increases, which further suggests that there might be a
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threshold value of THg concentration in liver above which
demethylation occurs.21,22 However, in these earlier studies,
there was no abundant evidence of the presence of newly
formed MeHg or Hg(II), and the potential influence of inter-
organ transportation was not considered.
Enriched stable mercury isotopes have long been widely used

to trace in situ Hg transformation studies in sediment and water
column28−30 and has shown its power in evaluating the
contribution of different exposure pathways to the overall Hg
accumulation in wild-living fish.31 To our knowledge, this
technique has never been applied for studying the in vivo
transformation because the concurrent biodynamic process of
Hg (such as accumulation, inter-organ transportation, and
elimination) in biota makes this entire process rather
complicated. In this study, we hypothesize that mercury
transformation might be detectable in some specific organs
such as muscle and liver. First, MeHg tends to be concentrated
in the edible muscle of fish7 and has been recognized as the
dominated mercury form in fish muscle.32 We assumed that the
newly formed MeHg would be finally stored in muscle and,
therefore, can be used to estimate the in vivo methylation
potential. Second, liver is commonly recognized as an
important site of xenobiotic detoxification in wildlife; therefore,
it may play a critical role in governing Hg inter-organ
transportation. Some recent studies suggested liver as a
potential demethylation site,21,22 but no direct evidence has
been observed.
We explored the methylation/demethylation potential in

freshwater tilapia (Oreochromis niloticus) during a one-month
feeding period by labeling the food pellets with mercury stable
isotopes 198Hg[II] and Me200Hg. The fish were then depurated
for two months, and the Hg biodynamics (accumulation and
transportation) and speciation in fish muscle and liver were
investigated. For the first time, we quantified the in vivo Hg
transformation potential by considering the influence of organ-
specific accumulation and transportation process. Two factors
that might affect the transformation process were further
investigated: (1) water temperature, which is related to the
metabolism of fish and probably the microbial activity in fish
intestinal content (a potential methylation site 12), and (2)
dose effect, to examine whether in vivo Hg transformation is a
dose-dependent process, as suggested in the demethylation
process.21,22

■ MATERIALS AND METHODS
Experimental Design and Sample Collection. We

investigated the possibility of in vivo mercury transformation
process (methylation and demethylation) occurring in fish
body and the potential effects of fish metabolism (by
controlling the water temperature) and mercury body burden
(by adjusting the dietborne mercury dose). Five treatments
were set up: 1) control treatment (CT), where fish were fed
with clean food (1.05 ng g−1 MeHg and 3.9 ng g−1 THg) at 25
°C; 2) low concentration treatment (LC), where fish were fed
with low-dose mercury contaminated food (0.56 μg g−1 MeHg
and 1.1 μg g−1 THg) at 25 °C; 3) high concentration treatment
(HC), where fish were fed with high-dose mercury
contaminated food (12.2 μg g−1 MeHg and 25.4 μg g−1

THg) at 25 °C; 4) low temperature treatment (LT), where
fish were fed with moderate-dose mercury contaminated food
(1.9 μg g−1 MeHg and 4.0 μg g−1 THg) at 20 °C; and 5) high
temperature treatment (HT), where fish were fed with
moderate-dose mercury contaminated food at 30 °C.

The whole experiment was conducted under well controlled
laboratory conditions. Tilapia (Oreochromis niloticus, 20−30 g
wet weight, 2−3 months old) were collected from a local fish
pond in Yuen Long, Hong Kong. For each treatment, around
30 individuals of similar sizes were first acclimatized at the
corresponding water temperature for one month, in a 120 L
ecologically balanced tank (by adding ceramic rings and
aquarium beneficial bacteria) with continuous circulation and
aeration of dechlorinated tap water. Heating rods and water-
cooling machines were used to constantly adjust the water
temperature at the required level. The experiments lasted for
three months, including a one-month exposure period, followed
by a two-month depuration period. During the entire period,
the fish were fed with mercury-labeled (during exposure) or
clean (during depuration) commercial food pellets at a fixed
ingestion rate (0.015 g g−1 d−1, based on fish wet weight and
food dry weight). To avoid the potential recycling of food
released and fish egested mercury, the water medium was half
renewed every other day, and the feces of fish was removed
every day. At different time points (15, 30, 45, 61, and 90 d), all
individuals in each treatment were weighed to determine their
growth rates, and five of them were randomly selected for
dissection and were stored at −80 °C. The liver and fish muscle
of the sampled individuals were freeze-dried and ground to a
fine powder for further measurements. All data were thus based
on dry weights.
The fish food pellets were labeled with mercury stable

isotopes 198Hg(II) and Me200Hg. The isotopes 198HgO (purity
>99%) and 200HgO (purity >95%) were obtained from Trace
Sciences International. 198Hg(II) was prepared by dissolving
198HgO in trace-metal purified reagent-grade HCl, and
Me200Hg was synthesized from 200HgO using methylcobalamin
following the Rouleau and Block33 method and stored in 0.005
M Na2CO3 solution. To label the food pellets, 60 g of mercury-
free pellets were added in 1 L polypropene beakers and then
thoroughly mixed by plastic sticks for 10 min in a fume hood
after adding 20 mL of 1:1 mixed (dosage based) mercury
isotope solutions (198Hg[II]/ 200 MeHg) containing different
amounts of each isotope (30 μg for LC treatment, 120 μg for
LT and HT treatments, and 600 μg for HC treatment). The
food pellets were naturally dried for 48 h in the fume hood and
stored at 4 °C before use. Besides, to minimize the potential
mercury species transformation on food pellets, the food pellets
were prepared every week.

Sample Analysis. In order to investigate the overall
biological fate of mercury ingested in fish during the long-
term exposure and depuration periods, the total mercury
(THg) and methylmercury (MeHg) concentrations in fish
muscle and liver were determined in the laboratory of Hong
Kong University of Science and Technology. For THg
determination, approximately 0.1 g of dried samples was
digested by freshly mixed analytical grade HNO3/H2SO4 (3:1,
v/v) at 95 °C for 3 h. A suitable volume of the digested sample
was taken for further processing, including BrCl oxidation and
NH2OH•HCl reduction. The THg concentrations were
analyzed using the single gold trap amalgamation technique
by CVAFS (QuickTrace M-8000, USA), with continuous
flowing SnCl2 reduction system. The method detection limit
(MDL) was 0.18 ng L−1. MeHg in fish muscle and liver were
extracted by digesting 0.03−0.05 g of homogenized tissues with
25% KOH in methanol at 65 °C for 3 h. MeHg concentrations
in those samples were measured using an automated analytical
system (MERX, Brooks Rand), following the United States
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Environmental Protection Agency (USEPA) Method 1630.34

The extraction solution was buffered with sodium acetate at pH
4.9 and ethylated by sodium tetraethylborate (NaBEt4) in a 40
mL Teflon line borate glass vial. Sample vials were filled with
Milli-Q water and were capped and shaken to ensure the
absence of air before analysis. The analytical accuracy of THg
and MeHg determination was checked by concurrent digestion
and analysis of certified reference material IAEA-142 (mussel
homogenate), with a recovery of 95−102% for THg and 91−
98% for MeHg.
The Hg isotopes (T198Hg, T200Hg, Me198Hg, and Me200Hg)

of the liver and muscle samples were determined in the State
Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, China. Generally,
the sample pretreatment followed the USEPA methods 1630
for MeHg34 and 1631 for THg.35 For THg isotopic analysis,
after overnight BrCl oxidation and subsequent NH2OH

•HCl
reduction treatments, a subsample of the digested solution was
spiked into the bubbler (containing 50 mL Milli-Q water and
0.06 mL SnCl2 solution) of a preconcentration system which
was connected to soda-lime and gold trap. After a 20 min
reaction, all BrCl-oxidizable mercury forms were converted to
Hg0 and were further collected onto the gold trap by purging
the solution with mercury-free N2 (200−300 mL/min) for 30
min. Subsequently, the gold trap was connected to Inductively
Coupled Plasma Mass Spectrometer (ICP-MS, Agilent 7700x,
Japan) and further determined after thermal desorption (400−
500 °C). For MeHg isotopic analysis, the digested samples
were first reacted in the preconcentration system (containing
70 mL Milli-Q water, 200 μLHAc-NaAc buffer and 100 μL
NaBEt4) for 15 min, and then the converted methylethyl
mercury was collected onto a Tenax-TA trap (Alltech Inc.)
after 15 min of purging. Trapped mercury species were
thermally desorbed and separated using a GC glass column
packed with 15% OV-3 Chrom W-AW (DMCS, 80/100 mesh)
by heating to 80 °C, performed on a GC-ICP-MS system after
thermal desorption (80−120 °C). Mercury standard solution

was added in every six samples to correct the potential drift of
mechanical response. Quality control for the isotopic mercury
determination in samples was conducted using duplicates,
method blanks, matrix spikes, and concurrent digestion and
analysis of certified reference material IAEA-142 (mussel
homogenate). The precision of isotopic ratio measurement
was calculated by six consecutive determinations of MeHg (150
pg), resulting in a relative standard deviation (RSD) of 0.57%.
Instrumental bias was removed by correcting the ion intensity
ratio of enriched 198Hg(II) and Me200Hg samples (blank
corrected) from the bias measured with natural abundance of
Hg.28 The detection limit for methylation and demethylation
measurement were calculated from a modified method reported
in a previous study36 and is given in the Supporting
Information (SI-1 and SI-2).

Quantification of in Vivo Methylation Potential. It was
difficult to directly quantify the in vivo mercury methylation
rate in fish, mainly because (1) the accumulation, elimination,
and inter-organ transportation of mercury occur simultaneously
with a potential methylation process,7 and the newly formed
MeHg followed a similar biodynamic process and was relocated
in different organs; and (2) the exact methylation site in fish is
still unknown. Since fish muscle is recognized as the final target
organ for MeHg in fish, we considered muscle as the best site to
estimate the methylation potential. We used methylated
fraction (Fm, %), determined as the fraction of newly deposited
MeHg derived from total ingested Hg(II), to evaluate the
methylation potential of fish

= × ×F C C t/(IR )m MeHg f (1)

where the Fm is the methylated fraction (%) from total ingested
Hg(II), CMeHg is the newly formed Me198Hg (ng g−1), IR
represents the fish daily ingestion rate (g g−1 d−1), Cf is the
198Hg(II) concentration in ingested food (ng g−1), and t is the
dietary exposure time (d). In this study, the dietary ingestion of
inorganic mercury (IR × Cf × t) was controlled by feeding the
fish with mixed stable isotope (198Hg[II] and Me200Hg) labeled

Figure 1. Bioaccumulation patterns of MeHg and THg in muscle and liver of tilapia during the entire experimental period (90 days). Data are mean
± standard deviations (n = 5). LC: low-dose mercury contaminated food +25 °C; HC: high-dose mercury contaminated food +25 °C; LT:
moderate-dose mercury contaminated food +20 °C; HT: moderate-dose mercury contaminated food +30 °C.
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food pellet. CMeHg refers to the newly formed Me198Hg at the
end of depuration, and Cf represents the sum of original
198Hg(II) and spiked 198Hg(II) in the food. The impact of
potential methylation from original Hg(II) was negligible, since
the original Hg concentration was low in the fish (Hg[II]<5 ng
g−1) as compared to the accumulation from spiked 198Hg (II)
(0.5−13 μg g−1).

■ RESULTS AND DISCUSSION
Mercury in Liver and Muscle. The mercury accumulation

in fish was organ- and chemical species-specific during the
three-month experimental period. Generally, MeHg and THg
concentrations in fish liver increased during the 30-d exposure
period and decreased in the following 60-d depuration period.
In contrast, both the THg and MeHg concentrations in fish
muscle increased continuously during the entire period (Figure
1), except for the control treatment in which its concentration
remained constant at a low level (10.9−28.2 ng g−1 of THg,
data not shown). At the end of the experiment, THg in fish of
the HC treatment reached a very high level, i.e., 8.51 μg g−1 in
fish muscle and 5.09 μg g−1 in fish liver, as compared to 287 ng
g−1 in muscle and 205 ng g−1 in liver in the LC treatment. The
MeHg and THg accumulation patterns in HT and LT
treatments were similar. During the entire experimental period,
no negative impact on the fish physiology (e.g., respiration) or
behavior (e.g., feeding and swimming activities) was observed
after Hg exposure, even in the HC treatment. The ingestion
rate was well-maintained at a constant level (0.015 g g−1 d−1),
as the provided foods were adjusted every other day based on
the body weight of fish and were all consumed every day. We
observed that the growth rates of fish were temperature- and
size-dependent, i.e., higher at lower temperature (20 °C, LT
treatment, Figure 2), and decreased as fish aged (in all
treatments, Figure 2), which may be related to the varied
metabolic rates under different temperatures and life stages.37

At the end of the experiment, MeHg was the major form of
mercury in both liver (>80%) and muscle (>90%) in all
treatments (Table 1), although only 48−51% of mercury in the
ingested food pellet was presented as MeHg (Table 2),
indicating that MeHg dominated mercury bioaccumulation in
fish tissues. Similarly, in our previous 30-d accumulation
experiment,8 the final concentration of MeHg in the whole fish
body was 6.1−18.9 times higher than that of Hg(II) after

feeding with radiolabeled food containing similar Hg(II) and
MeHg levels in fish diet. This species-specific accumulation can
be well explained by a biodynamic model, which considers both
the metal uptake (from dissolved phase and dietary
assimilation) and elimination processes. Another previous
study7 reported that the assimilation efficiency of MeHg
(>90%) was much higher than Hg(II) (<30%) in tilapia after a
pulse feeding, and more than 90% of ingested MeHg remained
in the fish body after 30 days of depuration, while only around
10% of Hg(II) remained in the fish body. Such high
assimilation efficiency and low elimination of MeHg resulted
in high bioaccumulation in the fish body. Because the
biodynamic process was Hg species-dependent, any newly
formed MeHg may follow the same rule of transportation and
distribution as the initially ingested MeHg in the fish body.

In Vivo Methylation Process. We observed detectable
methylation in all mercury exposed treatments, i.e., newly
formed Me198Hg derived from ingested 198Hg(II) was found in
both the fish liver and muscle. The isotopic ratio of Me198Hg/
Me200Hg in fish liver and muscle generally increased with time
during the entire experimental period (Figure 3). At the end of
depuration, the Me198Hg/Me200Hg isotopic ratio increased by
1.2−2.0 times compared to that on day 15. In contrast, the
Me198Hg/Me200Hg in the control treatment was constant
(42.1−43.7%), comparable to the natural 198Hg/200Hg ratio
(0.433), indicating no significant ingestion of additional Hg
tracers. Although the impurity of added Me200Hg tracer (purity
>95%, containing 8.2‰ of Me198Hg) would result in
concurrent accumulation of Me198Hg, such accompanied
ingestion of Me198Hg could not explain the increase of the
Me198Hg/Me200Hg isotopic ratio since the ingested Me198Hg
would follow the same biodynamic process as Me200Hg.
Therefore, the increased Me198Hg/Me200Hg isotopic ratio
suggested the formation of Me198Hg derived from the ingested
198Hg(II). The detection limit of monitoring 198Hg(II)
methylation after dual tracers addition (198Hg[II] and
Me200Hg) using GC-ICP-MS were further quantified (calcu-
lation shown in SI-1), by considering the impurity of added
Me200Hg tracer and original MeHg in fish. The detection limit
of newly formed Me198Hg depended on the precision of isotope
ratio measurements and the background concentration of
Me198Hg (sum of original Me198Hg and accumulated Me198Hg
tracer derived from the impurity of ingested Me200Hg tracer).
In the present study, an increase of 1.4 × 10−4−2.3 × 10−4

(corresponding to 0.07−1.14 ng g−1 for varied treatments) of
the total background MeHg in fish muscle could be precisely
detected (SI-1).
In fact, the Me198Hg concentrations in fish liver and muscle

measured by GC-ICP-MS were 2−5 times higher than the
background Me198Hg concentration in fish muscle, due to the
methylation process. We further calculated the newly formed
Me198Hg in fish liver and muscle by excluding the background
Me198Hg concentration (sum of the concurrent accumulated
Me200Hg from spiked tracer and the original Me200Hg in fish).
As shown in Figure 4, the newly formed Me198Hg was detected
in both liver and muscle in all 198Hg(II) exposed treatments.
The biodynamics of newly formed Me198Hg showed a similar
tendency, i.e., it increased continuously with time in the muscle
but decreased during the depuration period in liver. As
expected, more Me198Hg was formed when fish ingested a
larger amount of 198Hg(II), reaching as high as 55.8 ng g−1 for
HC compared to 2.9 ng g−1 for LC at the end of depuration.
Under the same feeding condition, the newly formed Me198Hg

Figure 2. Average growth rate (g g−1 d−1) of tilapia during the entire
experimental period (90 days). Data are mean ± standard deviations
(n = 5). CT: control, clean food +25 °C. Other acronyms are the same
as in Figure 1.
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concentration in fish muscle and liver was higher at 30 °C
(3.4−15.1 ng g−1) than at 20 °C (1.3−6.3 ng g−1) during the
entire experimental period, indicating higher in vivo methyl-
ation potential under warmer conditions. We then further
calculated the methylated fraction (Fm) in the fish muscle

(MeHg pool for fish) derived from ingested 198Hg(II) based on
eq 1, to evaluate the in vivo methylation potential (Table 2).
After one month dietary exposure and two month depuration,
the methylated fraction was generally low for all exposed
treatments (<2%). Under our experimental conditions, the

Table 1. Mercury Isotopic Ratio (T198Hg/T200Hg and Me198Hg/Me200Hg), Mercury Speciation (% MeHg) in Muscle and Liver
of Tilapia (O. niloticus), and Mercury Concentration Ratio (Cmuscle/Cliver) on Day 15 (First Time Point after Exposure) and Day
90 (End of Depuration)a

%MeHg Cmuscle/Cliver T198Hg/T200Hg Me198Hg/Me200Hg

treatment muscle liver MeHg THg muscle liver muscle liver

CT day 15 93.4 85.7 2.46 2.32 0.423 0.434 0.421 0.426
day 90 92.1 82.9 2.73 2.59 0.432 0.427 0.429 0.437

LC day 15 98.5 97.8 0.14 0.14 0.024 0.065 0.0088 0.022
day 90 102.9 92.1 1.52 1.40 0.020 0.131 0.018 0.041

HC day 15 101.2 90.3 0.88 0.88 0.022 0.112 0.0084 0.021
day 90 94.7 84.1 1.86 1.67 0.026 0.191 0.012 0.029

LT day 15 93.2 94.2 0.32 0.32 0.021 0.063 0.010 0.019
day 90 98.9 87.6 1.59 1.39 0.022 0.140 0.012 0.032

HT day 15 93.9 93.1 0.46 0.53 0.027 0.057 0.012 0.026
day 90 92.6 88.2 1.36 1.40 0.025 0.139 0.020 0.047

aCT: control, clean food +25 °C; LC: low-dose mercury contaminated food +25 °C; HC: high-dose mercury contaminated food +25 °C; LT:
moderate-dose mercury contaminated food +20 °C; HT: moderate-dose mercury contaminated food +30 °C.

Table 2. Calculation of Methylated Fraction in Tilapia after One-Month Exposure to 198Hg(II) and Me200Hg Labeled Food
Followed by Two-Month Depuration, Based on Newly Formed Me198Hg and Initial Ingested 198Hg(II) in Fish Muscle (Cf × IR
× t)a

Cf (ng g−1)

treatment MeHg THg %MeHg Me198Hg (ng g−1) Fm (%)

CT 1.05 ± 0.32 3.9 ± 0.8 27.1 NA NA
LC 564 ± 18.2 1097 ± 112 51.4 2.9 ± 0.5 1.23
HC 12175 ± 1736 25384 ± 3154 48.0 55.8 ± 14.9 0.94
LT 1935 ± 174 4025 ± 19.1 48.1 6.3 ± 1.0 0.67
HT 1935 ± 174 4025 ± 19.1 48.1 15.1 ± 2.1 1.60

aAcronyms are the same as in Table 1.

Figure 3. Mercury isotopic ratio (T198Hg/T200Hg and Me198Hg/Me200Hg) determined in muscle and liver of tilapia during the entire experimental
period. Data and acronyms are the same as in Figure 1.
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methylated fraction in tilapia was higher at high temperature
(Fm = 1.60%) than at low temperature (Fm = 0.67%),
suggesting the important role of temperature in regulating in
vivo methylation. Interestingly, it appeared that the methylation
potential was lower for the HC treatment (Fm = 0.94%) than
the LC treatment (Fm = 1.23%). It might be possible that the in
vivo demethylation process (as discussed below) was promoted
when fish had a high MeHg body burden, resulting in lower net
methylation rate.
There were only a few early studies considering the in vivo

methylation process in higher levels of organisms (such as fish,
mammals), and those results are generally contradictory.
Pennacchioni et al.15 found no obvious elevation of MeHg in
rainbow trout (including liver, muscle, kidney, and intestine)
after 94 days of exposure to high levels of waterborne (2 μg
L−1) or dietary (0.6 μg g−1 d−1) HgCl2. In contrast, Rudd et
al.16 observed that the intestinal contents of six freshwater fish
species could convert 203Hg(II) into CH3

203Hg+ and there were
large interspecies and intraspecies variations. Rudd et al.16

suggested that the methylation process in fish was most likely
driven by bacterial activity in the intestinal contents. Thus, in
the Pennacchioni et al.15 study, methylation might have been
inhibited by the addition of large quantities of bacterial
antibiotics.
Based on the above considerations, bacterial antibiotics were

not added in the fish culturing tanks in our study. Nevertheless,
in situ methylation of 198Hg(II) due to fish elimination might
occur in the water column and was then accumulated in fish via
dissolved uptake. We tried to evaluate the contribution of in
situ methylation to the overall newly Me198Hg accumulation in
tilapia, based on the Hg(II) elimination rate constant (0.039
d−1), MeHg dissolved uptake rate constant (0.333L g−1 d−1) in
tilapia,7 methylation rate in water column (6% d−1),38 and
bioavailability of Me198Hg to tilapia as controlled by dissolved
organic matter.39 For the HC treatment, which was supposed
to have the highest in situ methylation potential among all
treatments, the maximal concentration of daily in situ formed
Me198Hg would be less than 10 ng L−1, and the predicted

dissolved uptake rate of Me198Hg in tilapia would be lower than
0.1 ng g−1 d−1 considering the bioavailable speciation. As a
result, the estimated in situ methylation would contribute only
less than 10% of the overall newly formed Me198Hg in tilapia.
Such contribution would be even lower when considering the
adsorption process of Hg and the concurrent demethylation
process. In the present study, the calculated 0.67−1.60% of
ingested 198Hg(II) was converted to Me198Hg and accumulated
in fish muscle after one month continuous dietary exposure and
two month depuration, which was comparable to the results
reported by Rudd et al. (0.05‰−4‰ d−1).16

Besides, the organ-specific accumulation patterns of newly
formed198 MeHg suggested fish muscle as the final storage site
for MeHg and liver as an important transfer site. Therefore, in
vivo methylation might have already occurred in the organ
initially exposed to Hg (fish intestine), before whole-body
transportation, and intestinal bacteria might play a critical role
in governing methylation process.16 Such a proposed
mechanism can explain the higher methylation potential
under warmer conditions observed in the current study. Since
fish are poikilotherm, and their body temperature is essentially
the same as the surrounding environment, microbial activity in
their intestine might accelerate at higher temperatures, thus
promoting the methylation process. In fact, it has been reported
that temperature can significantly influence the bacteria-
mediated in situ methylation in freshwater sediments and the
water column.40,41 Based on these observations, we suggest a
possible in vivo methylation process in fish: methylation occurs
in fish intestine (via bacteria activity) derived from Hg(II), and
the newly formed MeHg first reaches the liver and other
internal organs and is finally deposited in fish muscle.
Nevertheless, such low methylation could not contribute
significantly to the overall MeHg accumulation in fish,
indicating that the high %MeHg observed in biota should be
mainly from direct MeHg ingestion. Although the %MeHg in
natural water was very low (<5%), MeHg could be highly
accumulated in aquatic biota due to its high bioavailability (i.e.,
easy to be accumulated from water and food but difficult to be
eliminated7).

Inter-organ Transportation of Mercury. An inter-organ
transportation from liver to muscle was observed in the present
study. First, the calculated Cmuscle/Cliver of MeHg generally
increased with time for all treatments, directly demonstrating
the inter-organ transportation of MeHg from liver to muscle
(Table 1). Second, the newly formed Me198Hg concentration
decreased during depuration in liver but increased continuously
in muscle (Figure 4), indicating transportation of Me198Hg
from liver toward muscle. Third, the T198Hg/T200Hg isotopic
ratio significantly increased in all mercury exposed treatments
during the entire experimental period in fish liver but not in
muscle (Figure 3). The increasing isotopic ratio found in fish
liver might have resulted from increasing T198Hg or decreasing
T200Hg. On one hand, since most of the ingested 198Hg(II)
should be eliminated (>90%) after two months of depuration,7

only a small portion of the remaining 198Hg(II) might be
methylated and subsequently transported to fish muscle. As a
result, the T198Hg (mainly 198Hg[II]) in fish liver increased
during the first few days of exposure, reached a constant level,8

and then decreased in the following depuration period through
the inter-organ transportation. Therefore, accumulation of
198Hg(II) can only contribute to the increase of T198Hg/T200Hg
during exposure but not during depuration. If elevated T198Hg
was to be seen in the liver, it would be the newly formed

Figure 4. Newly formed Me198Hg in muscle and liver of tilapia,
excluding the concurrent accumulation from ingested food. Data and
acronyms are the same as in Figure 1.
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Me198Hg. On the other hand, the sharp decrease of MeHg
(>96% was presented as Me200Hg) in liver (Figure 1) during
the depuration could well explain the decrease of T198Hg/
T200Hg isotopic ratio, again supporting the inter-organ
transportation. In fact, the inter-organ transportation was also
revealed in our previous biokinetic study using a radiotracer
technique, i.e., around 80% of ingested MeHg was relocated to
fish muscle after 30 days of depuration,7 suggesting that the fish
muscle was the final target organ for MeHg. The inter-organ
transportation of MeHg might be explained by its high mobility
(binding with sulfhydryl ligands42). Glutathione has been
reported to be associated with MeHg transportation (via a
biliary transport system43) and redistribution in other organs
including the muscle.44 In addition, Leaner and Mason45

experimentally showed that blood can efficiently transfer MeHg
to various fish tissues after dietborne exposure.
Inter-organ Transportation As Detoxification Mecha-

nism. It was difficult to find direct evidence of in vivo
demethylation mainly for the following reasons. First, the Hg
accumulation and elimination processes were organ-specific and
inter-organ transportation of MeHg occurred simultaneously.
Since the site for demethylation was unknown, demethylation
could not be directly calculated from the decrease of Me200Hg
concentration. Second, the concentration of newly formed
200Hg(II) could not be directly quantified. Finally, the detection
limit of monitoring Me200Hg demethylation was not sufficiently
low (>1.6% of background MeHg, SI-2) even if the inter-organ
transportation can be ignored.
In the present study, we observed an intriguing relationship

between liver %MeHg and liver THg levels, i.e, %MeHg
decreased with increasing THg concentration. As shown in
Figure 3, the T198Hg/T200Hg isotopic ratio in liver was always
higher when fish ingested a higher dose of Hg since day 15
(11% for HC and 6.5% for LC), while temperature showed no
effect on this value (5.7% for LT and 6.2% for HT). If the small
portion of converted Hg (via methylation or demethylation)
was ignored, then the T198Hg/T200Hg ratio could reflect the
Hg(II)/MeHg value since fish ingested 198Hg(II) and Me200Hg
labeled food. Therefore, the high T198Hg/T200Hg isotopic ratio
of HC indicated low %MeHg when fish received a high dose
Hg. In fact, it has been suggested that the high percentage of
inorganic Hg observed in liver of marine mammals and
waterbirds,19,21 especially when THg is high, might be derived
from MeHg demethylation, and there might be a threshold
value of THg concentrations in liver for demethylation.21,22

Similarly, the calculated %MeHg in our study was significantly
lower for HC (90%) than LC (97%) at day 15 (Table 1),
consistent with the dose−response threshold observations.21,22

However, our study revealed that the variation of %MeHg
between HC and LC was not likely caused by the elevated
demethylation process as suggested in those previous studies,
because Hg species transformation does not affect the THg
concentration and therefore cannot explain the difference in
T198Hg/T200Hg isotopic ratio. Instead, the dose-dependent Hg
inter-organ transportation seems a more reasonable explan-
ation. As shown in Table 1, the determined Cmuscle/Cliver of THg
and MeHg were higher for HC (0.88) than LC (0.14) at day
15, demonstrating a higher transportation rate of MeHg from
liver toward muscle in the case of high-dose Hg exposed fish.
Based on these findings, we suggest that the low %MeHg in
liver might be mainly due to the MeHg inter-organ trans-
portation toward muscle rather than demethylation, and such a

transportation process can be elevated when the fish receives
high-dose Hg exposure.
Due to the great impact of inter-organ transportation, we

could not directly quantify the demethylation from the decrease
of Me200Hg concentration. Nevertheless, evidence of indirect
detoxification was observed in our study. The determined net
methylated fraction of HC (Fm = 0.94%) was lower than that of
LC (Fm = 1.23%), which was possibly due to the promoted
concurrent demethylation of newly formed Me198Hg at high Hg
concentration. In previous studies, the interaction of mercury
and selenium has been well-documented as toxicological
antagonism and Se has been proposed to play an important
role in MeHg demethylation in liver.26,46 In a new reported
chemical demethylation pathway, selenoamino acid can initiate
the demethylation reaction via formation of (CH3Hg)2Se and
finally is decomposed into HgSe(s).27

To conclude, we found that in vivo mercury species
transformation potential was low in freshwater tilapia, i.e.,
0.67−1.60% of ingested 198Hg(II) was converted into Me198Hg
and deposited in fish muscle after one-month dietary Hg
exposure followed by two-month depuration, while no direct
evidence of demethylation was observed. Inter-organ trans-
portation was clearly revealed, providing a possible explanation
for the organ-specific Hg speciation in fish tissues, i.e., the high
%MeHg in muscle and relatively lower %MeHg in liver were
likely due to MeHg transportation from liver toward muscle.
Moreover, our results supported the notion that the high %
MeHg observed in fish was mainly derived from direct MeHg
bioaccumulation instead of in vivo transformation. Since diet is
the major pathway for MeHg accumulation in fish,7 reducing
MeHg level in fish diet would be the key solution in minimizing
Hg contamination in the fishery industry.
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