10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

A hidden demethylation pathway removes mercury from rice plants

and mitigates mercury flux to food chains
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Abstract: Dietary exposure to methylmercury (MeHg) causes irreversible damage to
human cognition, and is mitigated by photolysis and microbial demethylation of MeHg.
Here, we report a hidden pathway of MeHg demethylation independent of light and
microorganisms. This natural pathway exists in crops and is driven by reactive oxygen
species generated in vivo, rapidly transforming MeHg to inorganic Hg and then
eliminating Hg from plants as gaseous Hg’. Methylmercury concentrations in rice
grains would increase by 2.4- to 4.7-fold without this pathway, which equates to 1Q
losses of 0.01—0.51 points/newborn in major rice consuming countries, corresponding
to annual economic losses of $30.7—84.2 billion USD globally. This newly discovered
pathway effectively removes Hg from human food webs, playing an important role in

exposure mitigation and global Hg cycling.

Keywords: Rice, Microbes, Demethylation, Health risks, Reactive oxygen species,

Methylmercury
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Global concerns over the potent neurotoxin methylmercury (MeHg) have persisted for
decades. After entering the biosphere, MeHg is efficiently transferred along food
chains, magnifying its concentration up to ten million-fold !. Even low-level dietary
exposure to this ubiquitous toxin causes irreversible neurological damage in humans 2,
reducing the intelligence quotient (IQ) of newborns 3 and their lifetime earnings. MeHg
exposure has been reported to cause IQ decrements of 2,420,000, 600,000 and 264,000
points per year in China, European countries and the United States, respectively,
corresponding to yearly economic losses of approximately $7.3, 11 and 5 billion USD
47 Human exposure to MeHg is largely mitigated by its demethylation in natural
environments, during which this potent neurotoxin is converted into less toxic inorganic
forms prior to entering human food webs. Photolysis % and microbial demethylation '~
12 are the two widely recognized pathways of MeHg demethylation in the environment

13, effectively reducing the amount of MeHg available for bioaccumulation.

Despite decades of research and advances in understanding light- and microbe-
mediated demethylation in surface water, soils and sediments 1316 the role of plants
in degrading MeHg remains unclear and is largely ignored. Although MeHg
demethylation within rice has been inferred '7-1°, it remains unknown what drives this
process within plants which are key starting points for MeHg into human food webs.
Particularly, rice (Oryza sativa L.) has been identified as a major dietary source of
MeHg 2 and is responsible for up to 96% of the MeHg exposure in inland China 2'.
More importantly, rice is the most common food ingredient in ready-to-eat formulas
for infants, contributing approximately half of their MeHg exposure and putting them
at greater risks compared with adults 2. Deciphering the pathway of plant-mediated
demethylation is therefore critical to understanding how MeHg makes its way from
soils to crops and then to humans. However, it is challenging to distinguish
demethylation driven by plants themselves, rhizospheric/endophytic microorganisms
and/or light, all of which are entangled in the complex soil-plant system '71*. Tackling
this challenge requires tracing Hg transformations within plants and ruling out the
contributions of both microbial demethylation and photolysis ', by using

multidisciplinary tools and providing multiple lines of evidence.

Demethylation occurs within crops
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Here, we explore MeHg demethylation within rice plants using an enriched Hg
isotope tracer approach. During the cultivation of rice seedlings in a non-Hg spiked
nutrient solution after exposure to dissolved Me??Hg (Fig. la), we observe mass
decreases in either Me?*?Hg or ambient MeHg (naturally occurring MeHg, further
discussed in Supplementary Text 1) in rice tissues (Fig. 1b, ¢ and Extended Data Fig.
la—c), reflecting that MeHg demethylation occurs within plants. Meanwhile, the
accumulation of inorganic 22Hg (I?°2Hg, calculated as the difference between total
202Hg and Me??Hg, Fig. 1b, ¢) is also observed during the cultivation, providing
evidence that decreases in Me??Hg are due to the transformation of Me???Hg to 120°Hg.
The 1?°2Hg observed in rice plants is not derived from the uptake of 1?°>Hg by roots
since it is undetectable in the exposure medium or root washing solutions (Fig. 1d and
Extended Data Fig. 2). Conversely, Hg methylation within plants is not supported by
our data since no Me?’Hg is detected in rice tissues after exposure to dissolved I?°°°Hg

(Extended Data Fig. 1d—e and Supplementary Text 2).
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Fig. 1 | Evidence of MeHg demethylation in vivo and Hg release from crops. (a)
experimental setup and (b—d) the mass of 22Hg in plant tissues and exposure/cultivation solutions
in the enriched isotope experiment; (e) experimental design, (f and h) MeHg demethylation ratios
and (g and i) Hg loss ratios in rice growth stage experiment and crop experiment. TO refers to the
time when exposure started (with Me??Hg and 12°°Hg spiked into solutions); T1 refers to the time
when exposure ended and plants were transferred (only significant proportion of I?°°Hg remained
in the solution, Supplementary Text 3); T2 and T3 refer to times when plants were further cultivated
in Hg-free solution for 24 h (T2) and 72 h (T3), respectively. Demethylation ratio is defined as the
proportion of demethylated MeHg to total MeHg absorbed by plants; total adsorbed MeHg is
calculated by subtracting MeHg contents remained in the solution after exposure and in root
washing solutions from the total MeHg content in the solution before exposure; demethylated MeHg
is calculated by subtracting MeHg contents detected in plants and in shoot washing solutions from
total absorbed MeHg. Hg loss ratio is defined as the ratio of the content of lost THg to total THg
absorbed by plants from roots; total absorbed THg is calculated by subtracting the THg content

remained in solution after exposure and in root washing solutions from the total THg content in
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solution before exposure; lost Hg is calculated by subtracting THg contents detected in plants and
in shoot washing solutions from total absorbed THg. The contents of THg and MeHg are calculated
as a total mass (ng), with the effect of variability in biomass excluded. Rice-1 was used in the
enriched isotope and the rice growth stage experiments. Asterisk (*) indicates significant (p < 0.05)
differences between two time points. All values are presented as mean = SD, n = 3. Some error bars

may be too small to be visible in graphs.

The demethylation of MeHg occurs within rice plants at all growth stages
(showing a demethylation ratio of 37—71%, particularly at the early stages, Fig. 1f), and
the demethylation ratios are consistently high in five other varieties of rice and in seven
other major crop species (61-90%, Fig. 1g). Moreover, our data also support that MeHg
demethylation occurs predominantly in roots, as a higher proportion of IHg is found in
roots than that in shoots following MeHg exposure (30—95% in roots versus 10—63%
in shoots, Supplementary Text 4). In addition, demethylation occurs regardless of
MeHg exposure concentrations (0—100 pg/L) or the presence of soil pore water
(Extended Data Fig. 3 and Supplementary Text 5), supporting the representativeness of

these experimental findings to natural environments.

In addition to the transformation of MeHg into IHg within plants, we report the
subsequent reduction and release of Hg into the air following demethylation. The mass
of total isotopic Hg in rice tissues (THg, for either 2?Hg or 2°°Hg) decreases
significantly during the course of the enriched isotope experiment (Fig. 1b—c and
Extended Data Fig. 1d—e). Similarly, Hg loss from plants during MeHg exposure is also
observed at different growth stages of rice, in different rice varieties and other crop
plants, with loss ratios of 10—70%, 45—61% and 26—65%, respectively (Fig. 1h and 1).
By carrying out the Hg-release experiment in a closed system (Extended Data Fig. 4),
we detect only Hg? and no other Hg species in the surrounding air after exposing rice
plants to dissolved MeHg, with the amount of released Hg? being 1.8 times higher than
that from plants exposed to the non-spiked solution. The released Hg? does not originate
from the exposure solution nor from roots, considering that THg and MeHg
concentrations are comparable in exposure medium and tissue washing solutions
(Extended Data Figs. 2 and 5) and thus the content of dissolved Hg? is extremely low.
Instead, the released gaseous Hg® is derived from the in vivo transformation of the

absorbed MeHg. By spiking Me!?’Hg into the exposure solution, we find a significant
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amount of '?Hg? (3.6 ng, details in Supplementary Text 6) is captured from the ambient
air. This provides direct evidence that rice plants could release Hg® to the ambient air

after MeHg absorption and its in vivo transformation.

The exchange of Hg between soil and air is a key process in global Hg cycling,
whereas how plants channel Hg flux to the air is unclear 2. Our results decipher this
process by revealing that a sequence of MeHg uptake-MeHg demethylation-IHg
reduction by plants is an efficient pathway of soil-air Hg exchange, during which Hg is
in vivo transformed from the most bioavailable and neurotoxic species (i.e., MeHg) into
less bioavailable and less toxic species (i.e., IHg and Hg?) 2. We further estimate that
Hg release from rice plants via this process is ~30-fold (ranging 2—2,907 fold) greater
than that via IHg uptake-IHg reduction (calculated using the Hg release capacities
obtained from the enriched isotope experiment and the documented MeHg to IHg ratios
in pore water, details in Methods, Section 4). The relatively large uncertainty range is
mainly attributed to variations in the reported MeHg to IHg ratios (Supplementary
Table 8). However, further studies are warranted to assess the amount of Hg release via
the process (i.e., MeHg uptake-MeHg demethylation-IHg reduction by plants),
especially in the field, as well as the relative importance of this pathway and the direct

Hg emission from soils, a well-recognized pathway of soil-air Hg flux 2527,
Singlet oxygen induces the demethylation

To elucidate the pathway of MeHg demethylation within plants, we examine the
potential involvement of microbial degradation and photolysis, the two most commonly
recognized demethylation pathways ©12, We demonstrate that MeHg demethylation
occurs irrespective of the presence of microorganisms. This is evidenced by the
significant demethylation in microbe-excluded supernatant of root homogenate (40%,
<0.22 pum), in microbe-inhibited root homogenates (54% under antibiotics addition and
64—66% under alkaline conditions where most microorganisms can’t survive) and in
axenically cultured rice plants (38%) and rice callus (38%) (Fig. 2a—c). These moderate
differences in demethylation ratios between normal and axenic rice plants/callus are not
attributed to microorganisms but to the differences in cultivation and exposure
conditions (Supplementary Text 7). Additionally, the minor role of microorganisms in
demethylation is further supported by the incapability of demethylation by root-isolated
(Fig. 2d) or rhizospheric microorganisms (Extended Data Figs. 2 and 5), higher
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demethylation under aerobic conditions than anaerobic ones (Fig. 2a, Supplementary
Text 7), as well as the slower rate of demethylation documented for microorganisms
(e.g., half-life > 1 d in sediments) * compared to rice plants (half-life ~2 h, Fig. 2e).
Meanwhile, MeHg demethylation within plants is light-independent. This is due to the
minor effect of light on MeHg demethylation both in living plants and in root
homogenates (Extended Data Fig. 6), and most MeHg is demethylated in roots where
light is absent (Fig. 1b and ¢, and Supplementary Text 4).
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Fig. 2 | Lines of evidence demonstrating in vivo MeHg demethylation irrespective
of microorganisms. MeHg demethylation ratios in (a) homogenates with microbes excluded or
inhibited, (b) homogenates under different pH, (c) normal and axenically cultured rice plants/callus
(2-week-old), (d) media with/without isolated microorganisms and (e) Hg concentrations in whole
rice plant after being exposed to dissolved MeHg for 2 and 4 h. PBS refers to phosphate buffer
(Na/K, 20 mM, pH = 7.0), and LB and PDA represent the Luria Bertani and potato dextrose agar
media for bacteria and fungi, respectively. In (a), PBS and PBS + antibiotics were set as control
groups; the treatment of Anaerobic homogenate means roots were homogenized and incubated both
under anaerobic conditions. In (c), normal rice refers to rice seedlings cultivated in an environmental
chamber, and axenic rice and callus indicate those cultivated in a sterilized environment. In (e), the
presented Hg concentrations are the differences between the Hg concentrations in plants exposed to

dissolved MeHg and those in plants exposed to non-spiked CaCl, solution. Both normal rice and
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axenically cultivated rice in panel (c) were 2-week-old. N.S. indicates no significant differences (p

> (.05) between two treatments. Data are presented as mean + SD, n = 3.

Our analyses of reactive oxygen species (ROS) demonstrate that in vivo generated
singlet oxygen is responsible for the observed demethylation within rice plants, being
the mechanism of this light- and microbe-independent demethylation pathway. It has
been reported that ROS such as singlet oxygen, hydroxyl radical and superoxide anion
could induce the photolysis of MeHg in surface water 222, However, ROS-mediated
MeHg demethylation within organisms has been largely ignored, particularly for plants,
though those ROS are commonly found in plant cell organelles including mitochondria,
chloroplast and nucleus and irrespective of light 33!, Here, we provide multiple lines of
evidence that support the light- and microbe-independent demethylation of MeHg in
plants driven by singlet oxygen. Firstly, the additions of selective quenchers to the root
homogenate inhibit MeHg demethylation by > 70% only in the singlet oxygen-
quenched treatments during the whole growth period of rice plants (Fig. 3a and
Extended Data Fig. 7a). Secondly, we measure singlet oxygen in living plants using
singlet oxygen sensor green (SOSG, Fig. 3b and Extended Data Fig. 7b), and in fresh
root tissue (Fig, 3c) and supernatant of root homogenate (< 0.22 um, Extended Data
Fig. 8a) using electron paramagnetic resonance (EPR). At all growth stages, the signal
of singlet oxygen is observed in rice plants, especially in roots (Fig. 3b and Extended
Data Fig. 7b). It should be noted that the singlet oxygen detected in plants is not induced
by homogenization or light irradiation (Extended Data Fig. 8 and Supplementary Text
8). Thirdly, demethylation under singlet oxygen attack is further supported by results
of density-functional theory calculations (Extended Data Fig. 9 and Supplementary
Text 9) and the DRs quantified in singlet oxygen-generating system (Extended Data
Fig. 10). We thus propose that the complexation of MeHg with thiols, which are
abundant in plants, could lower the activation barrier to break the Hg-C bond of MeHg,
facilitating the electrophilic attack of the Hg-C bond by singlet oxygen (Supplementary
Text 9). Considering that singlet oxygen commonly exists across microorganisms,
plants and animals 3233, more work is necessary to explore the importance of this hidden

demethylation pathway in other taxa.

This in vivo demethylation mechanism differs fundamentally from previously
reported ROS-mediated MeHg photolysis in surface water 2% and at the soil-water
interface *, considering that plant demethylation is light-independent. Although ROS
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or non-oxygen-centered radical-induced MeHg demethylation in animals has been
hypothesized in a few earlier studies %7, the ROS or radicals were generated by adding
exogenous oxides or activators in vitro, while the in vivo generated ROS were not
determined and their roles in MeHg demethylation were unknown in those studies.
Additionally, the role of light or microorganisms in the observed MeHg demethylation
of those previous studies was not excluded. Photolysis and microbial demethylation are
commonly recognized as the dominant pathways that degrade MeHg in the ambient
environment. The discovery of this light- and microbe-independent pathway expands
beyond the boundaries of knowledge on MeHg degradation in the nature, extending
MeHg demethylation research from the ambient environment to flora and elucidating

Hg transformation upon the initiation of bioaccumulation at the bottom of food webs.

a: ROS quenching b: Singlet oxygen imaging c: Singlet oxygen analysis

1 -
o 4
60 4 ? ©, TEMPD-HCI

40 4

1 month-old

2 month-old
20

Intensity

3 month-old
WWMWN/LIMW/W\MW/\‘ 1MWL//W¢W«

)
2
©
<
@
=]
o
£
4]
<
=
°
o
o

Demethylation ratio (%)

4 month-old
-20 1 5 month-old

Homogenate

-40

3500 3520 3540
Magnetic field (G)

. . . . : ;
o e & © )4
o ; g’b‘o\é\ 0@? el & 3480

Quenchers

Fig. 3 | Lines of evidence showing the dominant role of singlet oxygen in MeHg
demethylation in rice plants. (a) the response of MeHg demethylation in root homogenates to
radical quencher additions, (b) the appearance of singlet oxygen in different tissues using SOSG
and (c) the signal of singlet oxygen from rice roots using EPR. In (a), B-carotene (10 mM) and
dimethylfuran (DMFR, 50 mM) are quenchers of singlet oxygen; superoxide dismutase (SOD, 0.5
mg/L) is a quencher of the superoxide anion (O,"); isopropyl alcohol (ISP, 50 mM) is a quencher
of the hydroxyl radical (*OH). In this experiment, demethylation ratio is defined as the proportion
of demethylated MeHg to total spiked MeHg, where the demethylated MeHg (ug/L) is calculated
by subtracting the remaining MeHg (ug/L) from total spiked MeHg (ug/L). Phosphate buffer (PBS,
Na/K, 20 mM, pH = 7.0) was set as a control and the root homogenate was obtained by grinding
rice roots in PBS (pH = 7.0) at a ratio of 1 g fresh tissue/10 mL PBS. Data are presented as the mean
+ SD, n = 3. In (¢), the black line indicates the EPR signal from 500 mM 2,2,6,6-tetramethyl-4-
piperidone hydrochloride (TEMPD-HCI, dissolved in 20 mM PBS buffer/D,0O, pH = 7.0), while
colored lines indicate the EPR signal from fresh roots at different growth stages (rice plants

cultivated in 2 mL of 500 mM TEMPD-HCI dissolved in 20 mM PBS/D,0).
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Demethylation in rice mitigates exposure

We use a health risk model to assess the protective effects of MeHg demethylation
within rice on human health. The cognitive deficit (AIQ) is chosen to show the health
endpoints based on epidemiological studies that have shown a linear dose-response
relationship between maternal intake of MeHg and fetal 1Q decrements %4, By
developing a MeHg accumulation model and applying Monte Carlo simulation, we
estimate the 1Q decrements prevented by MeHg demethylation within rice in 159
countries/regions. Results demonstrate that MeHg demethylation within rice plants
greatly reduces the concentrations of neurotoxic MeHg in rice grains, moderating 1Q
losses and providing economic benefits (Data S1). The results of the modeling analysis
show that in the absence of MeHg demethylation within rice plants, MeHg levels in
rice grains would increase by a factor of 2.4 (Scenario A, simulating the minimum
MeHg demethylation within rice plants, see Materials and Methods, section 3) or 4.7
(Scenario B, simulating the maximum MeHg demethylation within rice plants), leading
to increased human exposure to MeHg. For instance, in Indonesia, ranking 3™ in rice
production and 4™ in population in the world, the observed rice MeHg concentration
averages at 4.6 ug/kg +, while it would increase to 10.6 (Scenario A) or 21.1 (Scenario
B) ng/kg without in vivo demethylation. Under the assumption that the average body
weight of Indonesians is 60 kg, the estimated daily intake of MeHg from rice
consumption would be 0.07 (Scenario A) or 0.13 (Scenario B) ng MeHg/kg body
weight/d, comparable to or higher than the maximum acceptable oral dose suggested
by the USEPA (0.1 ng MeHg/kg body weight/d). The reductions in rice MeHg levels
resulting from demethylation within plants avoid 1Q decrements by 0.01-0.19
(Scenario A, with a P90 of 0.03—0.44, Supplementary Table 1) or 0.03—0.51 points per
fetus (Scenario B, with a P90 of 0.07—1.22, Supplementary Table 1) in regions with
high rice consumption (> 100 g/capita/d, Fig. 4a). Taking the mainland of China for
example, the prevented 1Q decrements are 0.04—0.11 points/newborn, which are
comparable to the total IQ decrements caused by dietary MeHg exposure in China (0.14
point) 7.

These modeled results clearly demonstrate the importance of MeHg demethylation
within rice plants for protecting human health. Previous studies have shown that 1Q
deficits have direct and indirect effects on lifetime earnings “4. Combining the

coefficient of 1Q to lifetime earnings, the prevented 1Q decrement and the annual
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number of new births in an area (see Materials and Methods, section 3), we estimate
that the annual economic benefits generated as a result of MeHg demethylation within
rice plants to be $30.7-84.2 billion USD globally. Among all the studied countries,
China, Indonesia, India, the US and Japan are the top 5 countries benefiting the most
from MeHg demethylation in rice plants (Fig. 4b), with average annual benefits of
$15.8, 6.5, 1.3, 1.2 and 0.4 (Scenario A, with a P90 of 36.3 15.3, 2.2, 3.5, and 0.9,
respectively, Supplementary Table 2) or $43.8, 17.2, 3.5, 3.3 and 1.2 (Scenario B, with
a P90 of 101.0, 40.8, 6.1, 9.5, and 2.6, respectively, Supplementary Table 2) billion
USD. Indeed, these benefits may even surpass those from controlling Hg emissions, the
primary ongoing global strategy for mitigating MeHg risks. For instance, in China, the
predicted economic benefits provided by MeHg demethylation in rice are $15.8
(Scenario A) or 43.8 (Scenario B) billion dollars which are appreciably higher than the
$8.4-21.6 billion dollars associated with the Hg emission control processes used in

coal-fired power plants each year .
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Fig. 4 | Prevented IQ decrement (a) and the associated economic benefit (b)

resulting from MeHg demethylation by rice plants. Only the data in Scenario B are
depicted here. More information can be found in Supplementary Tables 1-2 and Data S1 (including all
the related parameters for the calculations of IQ decrement and economic benefit). The global map is
provided by Natural Earth (https://www.naturalearthdata.com/downloads/10m-cultural-vectors/,
accessed on 18 October 2022).

Our study reveals that plants act as a “channel” of Hg flux from the pedosphere to
the atmosphere through efficient MeHg uptake by roots from the soil, rapid
transformation in vivo irrespective of light/microbes and then the release of Hg? to the
air. As a result, Hg is effectively removed from plants and re-directed to the air, and the
observed MeHg bioaccumulation thus represents only a small proportion of MeHg
absorbed by plants. Our results demonstrate that plants provide a highly beneficial
ecosystem service by degrading MeHg in vivo thereby mitigating Hg flux to food chains.

These findings call for rethinking the roles of plants in global Hg cycling. Further
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studies should quantify Hg? release following in vivo demethylation in other systems
such as forest and ocean, which would improve the mapping of global Hg cycling. We
also call immediate attention from scientific communities to the future changes in the
effectiveness of this natural barrier against MeHg accumulation in crop plants, e.g.,
under climate change which would impact plant physiology and ROS generation #° and

thus the global food security.

Materials and Methods

1. Experimental designs

Enriched isotope experiment. MeHg demethylation within rice plants was
examined by applying the enriched isotope tracing technique. Briefly, rice seedlings
(Wufeng, referred to as Rice-1) were cultivated hydroponically for one month in a
climate-controlled plant growth chamber (25 °C, 14 h:10 h light: dark, the same for all
exposure). A total of 45 seedlings with similar heights were selected and exposed to
0.01 M CaCl, solution spiked with ~0.4 pg/L Me??Hg (as CH3??HgCl, 97.7%) and
~0.15 pg/L I?Hg (as *°Hg(NO3),, 79.7%). These Hg contents were chosen according
to the reported values in paddy pore water 4 and MeHg/THg ratios in the pore water of
wetlands and sediments (Supplementary Table 8), considering that data on MeHg in
paddy pore water and MeHg/THg ratios are limited. The time when exposure started
was defined as TO. CaCl, solution instead of soil pore water was used to exclude the
effects of soil dissolved organic matter on MeHg uptake by plants and plant growth
(Supplementary Text 5). After 8 h of exposure (T1), 15 seedlings were selected
randomly and subjected to isotopic Hg analyses. The remaining 30 seedlings were
transferred to 6 bottles, and each bottle contained 5 seedlings and 100 mL of nutrient
solution (Hg free). These 6 bottles were placed in the growth chamber for further
cultivation for 24 h (T2) or 72 h (T3) to investigate the dynamic of MeHg
demethylation. After cultivation, all seedlings were harvested and separated into shoots
and roots. Then, the tissues were washed sequentially with 8 mM cysteine solution and

deionized (DI) water, oven dried to constant weight (at 40 °C) and ground for Hg
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analyses. The efficiency of the washing procedure to remove surface-adsorbed MeHg
has been tested in a previous experiment +. All the liquids, including the media before
and after uptake, cysteine and DI washing solutions (referred to as washing solutions)
and nutrient solution were collected with weights recorded and then acidified using HCI
before Hg isotope analyses.

Rice growth stage experiment. To explore the demethylation capacity of rice
plants at different growth stages, rice plants (Rice-1) were cultivated hydroponically in
a growth chamber for 1, 3 and 5 months and then exposed to a 0.8 ng/L MeHg solution
(containing 0.01 M CaCl,) at room temperature. After 80-h exposure, the plants were
harvested, washed (shoots and roots separated) and dried as described above. Solutions
were also collected with weights recorded. All the plant tissues and solutions were
subjected to MeHg and THg analyses.

Crop experiment. Six varieties of rice plants and seven common crop plants were
selected to quantify MeHg demethylation in vivo. These rice varieties (i.e., Wufeng,
Liangyou900, Xiangliangyou900, Akitakomati, Yueguang and Jingliangyouhuazhan,
referred to as Rice-1, Rice-2, Rice-3, Rice-4, Rice-5 and Rice-6, respectively) are
commonly planted in China, and these crop plants, i.e., rice, wheat, maize, barley, rye,
peanut, soybean and cabbage are common crops according to the planting area
worldwide (based on the FAO database). After being cultivated hydroponically for one
month, each variety was exposed to an 80—500 mL (depending on the biomass of each
species) of 100 pg/L MeHg solution (containing 0.01 M CaCl,, referred to as Exposure)
or 0.01 M CaCl, (referred to as Control) for 5 days. A 5-day exposure period was used,
considering that MeHg demethylation in rice plants occurs within hours to days
according to the results of our preliminary experiments. A relatively high concentration
of MeHg, i.e., 100 pg/L, instead of an environmentally relevant concentration was
applied to minimize the interference of background Hg, also considering that MeHg
demethylation occurs regardless of the exposure concentrations (Extended Data Fig. 3
and Supplementary Text 5). After exposure, all seedlings were harvested, washed (with
shoots and roots separated) and dried as described above before THg and MeHg

analyses. All liquids, including media before and after exposure, cysteine and DI
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washing solutions, were collected with weights recorded and then acidified with HCI
to measure Hg levels.

Demethylation-impacting factor experiments. To explore possible factors that
may impact MeHg demethylation, we quantified demethylation ratios under different
conditions both in vivo and in vitro. Specifically, the effects of light, microorganisms
and exposure concentration/matrix/duration on MeHg demethylation in vivo, as well as
the effects of light, pH and microorganisms on MeHg demethylation in vitro, were
explored using Rice-1. Details of the experimental design are summarized in
Supplementary Tables 3 and 4.

For in vivo tests, rice plants were cultivated hydroponically and then subjected to
MeHg exposure, as shown in Supplementary Table 3. After exposure, rice plants were
harvested, washed and analyzed for THg and MeHg concentrations. All the solutions
were collected, weighed, and acidified before Hg analyses. The axenically cultured
rice/callus (2 weeks, Rice-1, cultivated in Prof. Sihai Yang’s lab, Nanjing University)
were also used to quantify demethylation after being exposed to dissolved MeHg.

For in vitro tests, the roots of 1-month-old rice seedlings were homogenized in
phosphate buffer in ice bath. Roots instead of the whole plant/shoots were used since
roots are more capable of MeHg demethylation. These homogenates were then spiked
with MeHg to a level of 100 pg/L and incubated at room temperature for 5 days. In
order to evaluate the roles of rhizospheric and/or endophytic bacteria in MeHg
demethylation (such as endophytes) *, antibiotics (1% penicillin-streptomycin solution,
v/v; GE Healthcare Life Sciences) were added to the homogenate. The demethylation
in the supernatant fraction of homogenate (filtered by 0.22-um membrane to exclude
microorganisms, ASTM F838-05) was also explored. After incubation, all
homogenates were analyzed for MeHg concentrations. The microbial community in
homogenates (with or without antibiotics) was analyzed before and after incubation
(16s rTRNA, Sangon Biotech (Shanghai) Co., Ltd.).

Additionally, the role of culturable microorganisms isolated from roots in MeHg
demethylation was also investigated. Briefly, fresh roots of Rice 1 (1-month-old) were

surface sterilized *, washed with sterilized DI water 7 times and homogenized, and then
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the homogenates were inoculated into Luria Bertani (LB, for the cultivation of bacteria)
or Potato Dextrose Agar (PDA, culture medium for fungi) solid medium. Three
replicates were set for either bacteria or fungi. After inoculation, the plates with
endophytic bacteria were cultivated at 37 °C, while the endophytic fungi were
cultivated at 28 °C. After 10 days of cultivation, 2.5 mL of sterilized PBS (pH = 7.2)
was added to each plate to wash the colonies. Then the PBS containing endophytes was
transferred to sterilized centrifuge tubes. After mixing thoroughly, the optical densities
(OD600, Infinite 200 pro, TECAN) of the PBS solutions were measured to determine
the growth of endophytes. Next, OD600s of all the PBS containing endophytic bacteria
or fungi were adjusted to 0.5 using PBS. A volume of 500 pL bacterial/fungal solution
was then mixed with 500 pL sterilized LB/PDA, spiked with MeHg (10 pg/L) and then
cultivated at 25 °C in the dark to quantify possible MeHg demethylation. After 5 days
of cultivation, samples were collected to analyze the remaining MeHg. Meanwhile, the
demethylation capacity of LB or PDA medium was also quantified. Specifically, 500
pL of cultivation medium was mixed with 500 uL. PBS solution (20 mM). Then MeHg
was spiked into each replicate to a final concentration of 10 pg/L and the mixtures were
incubated as described above. After 5 days of incubation, samples were collected to
analyze the remaining MeHg.

Hg release experiment. To identify the Hg species after MeHg demethylation,
rice plants (Rice-1) were exposed to dissolved MeHg in a closed system (Extended Data
Fig. 4). Specifically, two treatments, i.e., control (0.01 M CaCl, solution) and exposure
treatment (ET, ~0.4 pg/L MeHg in 0.01 M CaCl, solution) were designed. Each
treatment contained 3 replicates and each replicate contained 5 rice seedlings. The
bottle with the exposure medium was sealed with Parafilm to prevent the contact of
solution with the chamber. The chamber and the bottle holding the exposure medium
were connected and sealed with Parafilm and tape. Compressed air, with residual Hg
removed using a gold trap, was introduced into the chamber at a flow of ~30—50
mL/min. The air exiting the chamber was introduced to a gold trap (filled with gold-
coated quartz) for Hg? collection or a Tenax-TA trap column (filled with Tenax-TA, an

adsorbent for organic Hg) to collect Hg? and organic Hg species. After 80 h of exposure,
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the chamber was separated from the bottle holding the uptake medium and capped
immediately, ventilated for 30 min and washed with 5% BrCl solution. All the seedlings
were washed (with shoots and roots separated) and dried as described above. All the
solutions were acidified with HCI for THg and MeHg analyses. The recovery rate of
Hg was monitored and found to be satisfactory (107%, details in Supplementary Table
9) for this closed system. To identify the source of the trapped Hg, this experiment was
repeated (ET only) with the application of enriched Me!*’Hg. The content of captured
Hg? was analyzed using ICPMS.

Quencher addition experiments. To explore the potential roles of ROS in MeHg
demethylation in plants, we quantified MeHg demethylation in response to quencher
addition in root homogenates (obtained in ice bath) of 1-, 2- and 4-month-old rice
plants. Specifically, B-carotene (10 mM, > 96%, Aladdin, China), tetrahydrofuran
(THF, 50 mM, 99.5%, J&K, China) and dimethylfuran (DMFR, 50 mM, >99%, Damas-
beta, China) were used to quench singlet oxygen, superoxide dismutase (SOD, 0.5
mg/L, derived from swine blood, Shanghai Yuanye Biotechnology Co., Ltd) was used
to quench superoxide anion and isopropyl alcohol (ISP, 50 mM, > 99.9%, Aladdin,
China) was used to quench hydroxyl radical . Homogenates and PBS were added with
quenchers and spiked with MeHg (100 pug/L). After being incubated for 5 days at 30 °C
in the dark, homogenates were analyzed for MeHg contents.

Singlet oxygen-generating chemical system. To provide further evidence that
singlet oxygen induces MeHg demethylation in the presence of thiols, we quantified
demethylation in a singlet oxygen-generating chemical system, i.e., molybdate and
H,0,. Specifically, 100 pL of molybdate and 50 pL of reduced glutathione (GSH) were
added to PBS (900 pL) to a final concentration of 25 mM and 20 pM, respectively
(refers to Singlet oxygen + GSH). Then 10 puL of MeHg standard solution (1 mg/L,
Brooks Rand) was added and equilibrated for 1 h. PBS and treatment without GSH
(Singlet oxygen treatment) were set as controls to quantify demethylation capacities of
PBS buffer and singlet oxygen. The demethylation capacities of GSH, molybdate, and
H,0, alone were quantified and found to be negligible. After the equilibration, 10 pL
of H,O, (7.5%, w/v) was added to treatments of Singlet oxygen + GSH and Singlet
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oxygen. The addition of H,O, was repeated 5 times with a time interval of 40 min. Such
an operation was designed to maintain a continuous generation of singlet oxygen. Thirty
to forty min after the last addition, MeHg in each treatment, as well as MeHg in
solutions before H,O, addition, were detected for the calculation of the demethylation

ratios.
2. Parameter analyses

Hg analysis. For isotopic THg, water samples were subjected to digestion with
BrCl, while plant samples were digested by a mixture of HNO; and H,SOy4 (7:3, v/v).
20'HgCl was added to all samples as an internal standard. After the reduction by SnCl,,
Hg was measured using inductively coupled plasma mass spectrometry (ICPMS) 5!. For
isotopic MeHg analysis, both water and plant samples were distilled, ethylated and then
measured using gas chromatography (GC)-ICPMS. Me?°'Hg was added to each sample
as the internal standard. Analysis of duplication, matrix spikes and standard reference
materials (for THg, lobster muscle, TORF-3, 290 + 2.2 pg/kg; for MeHg, estuarine
sediment, BCR-CRM 580, 75 + 4 pg/kg) were included in each analytical session.
Isotope dilution calculations and further details could be found in Hintelmann and
Ogrinc 2. It should be noted that due to the relatively low enrichment of spiked I>*°Hg,
the enrichments of other Hg isotopes were subtracted according to the proportions of
each isotope (obtained from the manufacturer) during the calculation. The recoveries
of standard reference material were 90—-96% (n = 3) for THg and 91-107% (n = 4) for
MeHg. The recoveries of matrix spike for water digestion (THg) were 88—109% and
the relative standard deviations for duplicated distillation and analysis were < 10%.

For ambient THg analysis, samples were analyzed using an automated Hg analyzer
(Brooks Rand, USA) after digestion with concentrated HNO;3 and H,SO4 (7:3, v/v).
Analytical duplicates and standard reference material (citrus leaf, GBW10020, 150 +
20 ng/kg) were applied to each batch of analysis and the recoveries of the standard
reference material were 105 £ 10% (n = 16) for THg. The recoveries of matrix spike
were 95 £ 7% (n = 12). For MeHg, plant samples were digested with 2 mL of 25%

(w/w) KOH-CH;0H at 60 °C for 4 h and then the concentrations were determined using
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an automated MeHg analyzer (Brooks Rand, USA), based on EPA Method 1630.
Matrix spike and standard reference material (BCR-CRM 580) recoveries ranged from
88—105%. The effects of various ROS quenchers on MeHg analyses were checked by
standard addition, and the recoveries ranged from 91-105% (Supplementary Table 5).

Hg species in traps from the Hg release experiment were analyzed using manual
Hg analysis systems. Specifically, for organic Hg analysis, the Tenax-TA trap columns
were heated to 120 °C within 30 secs. All adsorbed Hg were released and separated
through a GC column (15% OV3, 680 mm; temperature, 30 °C; Ar flow, 50 mL/min),
pyrolyzed to elemental Hg and analyzed by atomic fluorescence spectroscopy (Brooks
Rand). Due to the high toxicity of dimethylmercury (DMHg), the instrument response
to MeHg standard was used to quantify DMHg. The GC peak between elemental Hg
and MeHg is identified as DMHg. For elemental Hg analysis, gold trap columns were
heated to 500 °C within 15 secs under a stream of Ar (50 mL/min). The Hg was then
analyzed by atomic fluorescence spectroscopy. For the analysis of '?Hg?, trapped Hg
was desorbed at 500 °C and introduced into a KMnOy solution with flowing Ar, and
then the solution was neutralized with hydroxylamine hydrochloride before the analysis
using ICPMS.

Singlet oxygen analysis. Singlet oxygen from rice roots was detected using
electron paramagnetic resonance (EPR, ES500, Bruker). 2,2,6,6-Tetramethyl-4-
piperidone hydrochloride (TEMPD-HCI, 500 mM, Dojindo, Japan, prepared with 20
mM phosphate buffer/D,0, pH = 7) was used as the spin trap #. D,O, instead of H,O
was used to prepare the phosphate buffer, considering that singlet oxygen has a longer
lifetime in D,O . Roots of rice plants (1-, 2-, 3-, 4- and 5-month-old) were exposed to
2 mL of TEMPD-HCI for 1 h, after which the solution was subjected to the detection
of singlet oxygen; meanwhile, the 20 mM phosphate buffer/D,0 was taken as the blank.
EPR conditions were as follows: microwave frequency, 9.84 GHz; microwave power,
6.325 mW; field modulation frequency, 100 kHz; amplitude, 0.1 mT; sweep width, 200
G; sampling time, 40 s; and receiver gain, 42 dB.

Additionally, singlet oxygen in shoots and roots was imaged using singlet oxygen

sensor green (SOSG, meilunbio, China) as the probe molecule 2. Specifically, rice
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plants at ages of 1-, 2-, or 4-month-old were completely immersed in a 50 uM SOSG
solution and cultivated for 30 minutes in the dark, then rinsed with DI water three times
and photographed with a fluorescence microscope (Zeiss Axio Imager. A, Germany).
Singlet oxygen detection was conducted by recording the fluorescence emission spectra
of SOSG (excitation/emission = 504/525 nm) with the excitation wavelength fixed at
488 nm.

3. Model estimation

This model was developed to evaluate the protective effects of rice-mediated
demethylation on human health in non-Hg contaminated areas. This evaluation is
essential, considering that 1) rice consumption is a major source of dietary MeHg
exposure for Asians due to the high consumption rate of rice, e.g., accounting for up to
96% of MeHg exposure in China ?!. 2) Even low-level dietary exposure to MeHg during
pregnancy negatively affects a newborn’s lifelong intelligence quotient (IQ) 4°. It is also
important to note that although photolysis and microbial demethylation may also
contribute to reducing MeHg accumulation in rice, their potential contributions are
excluded in model estimation. This is because the DRs used in the estimation are
quantified under conditions with the interferences of both photolysis and microbial
demethylation (Supplementary Text 7).

Cgy. Cgo (ng/kg) is the estimated MeHg concentration in rice grains without in
vivo demethylation and is calculated based on the observed demethylation ratios (DRs,
defined as the ratio of demethylated MeHg to total absorbed MeHg by rice plants). To
calculate Cgy, we first assume that the amount of MeHg accumulated by 1 ha of rice
plants per day is Am (mg MeHg/ha/d). Therefore, the whole rice plants accumulate 150
Am mg MeHg/ha for the entire growth period, assuming the net MeHg accumulation
in rice plants increases linearly over the 5 months of growth %. Thus, DR on day i (DR;)
is calculated as:

DR; = (Ab;~Am)/Ab;------ (1)

Where Ab; is the amount of MeHg absorbed in rice plants for 1 ha on day i.

Therefore, Ab; could be estimated as:
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Ab, = Am/(1-DR)) ------ (2)

For DR;, we quantified DRs on the 30%, 90 and 150" day of rice growth, i.e.,
70.51%, 63.23% and 32.71% for DR3), DRyy and DR, respectively. For DR; (i > 30),
we assume that DR changes linearly between two adjacent time points, and the DR;
could be therefore calculated by linear interpolation between the observed DRs. While
for DRs during the first month (i.e., i < 30), we calculate these under 2 scenarios
between DR, to DR3: A, DR increases linearly from 0 to 70.51% and B, DR decreases
linearly from 100 to 70.51%. Due to the lack of DR data through rice growth stages for
other varieties, we only applied the DRs quantified from Rice 1 to the estimations of
DR,. It should be noted that although the quantified DRs are comparable among
different rice varieties (Fig. 1h) and different MeHg exposure concentrations (Extended
Data Fig. 3a), other environmental factors may impact MeHg uptake and, thus, DRs,
leading to uncertainties in this estimation.

For Am, it is calculated according to the following equation:

Am = Cg x Yd/p/1000/150 ------ 3)

Where Cg represents the MeHg levels determined in rice grains (pug/kg), which are
retrieved from published papers (Supplementary Table 6). It should be noted that we
aimed to estimate the rice MeHg in non-Hg contaminated areas, and thus any rice MeHg
concentration data obtained from Hg-contaminated areas are excluded. Yd is the rice
yield (kg/ha); p refers to the ratio of the amount of MeHg in rice grains (ng) to that in
the whole plant (ng); 1000 is the coefficient to convert pg to mg and 150 is the duration
of rice plant growth (d).

Therefore, the Cg, (ng/kg) is calculated as:

Cgo= Sum (Ab;: Ab;s) X p/Yd ------ 4)

IQ decrement. Methylmercury has adverse effects on infant cognition, resulting
in intelligence quotient (IQ) deficits. Previous epidemiological studies have shown that
there is a linear dose-response relationship between maternal intake of MeHg and fetal
1Q decrements 38, Based on that, the coefficients of MeHg from dietary intake to blood
MeHg level (B, ug Hg/L blood per pg Hg/d), blood MeHg level to hair MeHg level (4,

ug Hg/g hair per pg Hg/blood) and maternal hair MeHg to infant 1Q (y, IQ point per ug
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Hg/g hair) are applied to estimate IQ decrements > and the avoided 1Q decrement
(41Q) is calculated as:

AIQ =[x 2 x y x IR x (Cgy — Cg) ------(5)

Where IR is the rice consumption rate (kg/capita/d), which is obtained from the

FAO website (http://www.fao.org/faostat/en/#data/CC); Cg, is the MeHg level in rice

grains without MeHg demethylation and Cg is the observed MeHg level in rice grains
(ng/kg). Cg data are obtained from the published literatures, and any data from Hg
contaminated areas or Hg-spiking/soil-amending experiments are excluded. Rice trade
was not considered here, because 1) in major rice planting countries (listed in
Supplementary Table), residents mainly consume domestic rice as rice import
accounted for less than 10% of the total production (data in 2015, FAO), and 2) for the
other countries, we used the average MeHg concentration of the data obtained from
major rice planting countries. For £ and 4, 0.763 and 0.365 are adopted in this study
(details in below), considering that these values are higher in the rice-diet 7 than those
in the fish-diet (normally 0.6 and 0.21 are used). For the value of y, 0.3 is used 3. Details

of these parameters are listed in Supplementary Table 6.

B The coefficient of rice intake to blood (ug Hg/L blood per pg Hg/day) is

calculated as:
B=fa x fb/(t X V)------ (6)

Where fa and fb are the absorption rates of MeHg by gut and in blood; generally,
95% and 5% are adopted for fa and fb . t is the elimination rate (0.014/day) and V is
the blood volume (L, 8% of body weight, bw). Therefore, equation 1 can be simplified

as:
B =42.417/bw--—---(7)

Li et al. carried out a study in a Hg mining impacted area 5. They collected rice,
blood, and hair samples, and obtained information on body weight, age, gender and rice
intake rate via questionnaire. Thus, the B value could be calculated according to the

obtained body weights.
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Economic benefits. It is believed that IQ decrements in infants lead to lower
cognitive performance and academic achievement, causing long-term impacts on
lifetime earnings. Previous studies have estimated the effects of IQ decrements on
hourly wages for males and females >#, while we use a weight-averaged rate for both
genders since delineating differences between genders is not the aim of this study. The
weight averaged rate has also been commonly applied to other studies +%. IQ deficits
have direct and indirect effects on lifetime earnings “, and the percentage of lifetime
earnings per 1Q point loss ranges from 1.76% to 2.37%, as suggested by Grosse et al.
%, We also use the purchasing power parity (PPP) adjusted GDP as the lifetime earnings
for 159 countries/regions * since data are available for these areas. A 30-year (from
1986—2015) averaged GDP growth rate is used as lifetime earnings growth rate. The
PPP adjusted GDP, together with the growth rate of lifetime earnings and years of
working (35 years), are applied to estimate the lifetime earnings (LE), and thus the
economic benefits (EB) generated from avoided 1Q decrement could be calculated as:

EB=LE xr x AIQ x IB ------ (8)

Where 1 is the proportion of the economic loss per IQ loss to earnings coefficient
(%), and the values of LE in different countries are estimated based on the average
earnings 3. IB represents the number of new births in a year. More details about the
parameters are presented in Supplementary Table 6.

It should be noted that the estimations of Cgj, 1Q decrement, and economic
benefits are not focus on Hg-contaminated areas. It is because the observed
demethylation occurs in rice plants irrespective of MeHg exposure concentration, and
all the data used in the estimations were obtained from non-contaminated areas.

Uncertainty analysis. Monte Carlo simulation (MCS) is used to estimate the
uncertainty of avoided IQ decrement (AIQ) and economic benefits (EB).

As for AIQ in both scenarios, after integrating related equations, they are functions
of Cg, f, A, y and IR, as shown below:

In Scenario A, AIQ = x A xyxIR x 1.4 x Cg ------ 9)

In Scenario B, AIQ =f x A x p x IR x 3.7 x Cg ------ (10)
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Where 1.4 and 3.7 are coefficients for the increases in rice MeHg concentrations
under the two scenarios. Details about these parameters, including the mean value,
standard deviation, the minimum and the maximum values, are presented in
Supplementary Table 6 and Source Data.

The calculation of EB in Scenarios A and B can be simplified as follows:

In Scenario A,EB=fxAxyx IR x 1.4 x Cg X LE X r X [B------ (11)

In Scenario B,EB= x4 xyxIR x3.7 x Cgx LE xr X IB ------ (12)

All the inputs for the uncertainty analysis of AIQ are listed in Supplementary Table
7. A total of 100,000 iterations are needed to achieve the stabilization of the percentiles
with deviations of less than 5%. Runs are made using Microsoft Excel (Microsoft

Corporation, Microsoft Office Home and Student 2019).

4. Estimation of Hg release via MeHg or IHg uptake

To compare the gaseous Hg released from rice plants following root uptake of
MeHg and IHg, we firstly applied the Hg release data from the enriched isotope
experiment to calculate Hg release capacity following MeHg or IHg exposure. The
capacity of Hg release is expressed as ng released Hg per pg/L exposed Hg.
Specifically, the total mass of T?22Hg in whole plants decreased from 32.76 ng at T1 (0
h after exposure) to 7.13 ng at T3 (72 h after exposure), with a net decrease of 25.63
ng. Considering that the exposure concentration was 0.4 pg MeHg/L, the capacity of
Hg release is calculated as 64.08 ng Hg per ug/L MeHg. Similarly, the capacity of Hg
release via IHg uptake is calculated based on the decrease in T>*°Hg (i.e., 0.062 ng from
T1 to T3). Given that the exposure concentration of I?°°Hg was 0.15 pug/L, the capacity
is estimated as 0.42 ng Hg per pg/L IHg. Thus, the capacity of Hg release following
MeHg uptake is ~153 times higher than that following I[Hg uptake at the same exposure
concentration. This, together with the documented ratios of MeHg to IHg in sediment
pore water (Supplementary Table 8), are then used to estimate the relative contribution
of MeHg and [Hg in pore water to Hg release from rice. By multiplying 1) the average

ratio of MeHg to [Hg in pore water (0.19, Supplementary Table 8) and 2) the ratio of
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Hg release capacity of MeHg to IHg (i.e., 153), we estimate that the average

contribution via MeHg uptake is ~30 times higher than that via IHg uptake.

5. Density-functional theory calculations

Density-functional theory (DFT) calculations are carried out using the Gaussian
16 suite of programs °', with meta-hybrid M06 functional ¢ to investigate Hg-C bond
cleavage in MeHg by singlet oxygen in the presence or absence of thiol
(glutathione/GSH). The 6-311+G(d,p) basis set (or 6-311+G(d,p)//6-31G(d) for system
containing GSH) is used in geometry optimizations for all elements except Hg, for
which ECP60MWB basis set is used to incorporate the Wood-Boring quasi-relativistic
effective core potential (ECP) ¢3. The spin contamination error of the system containing
singlet oxygen is eliminated using the broken-symmetry solution by mixing HOMO
and LUMO orbitals. Vibration analyses are performed for all complexes and transition
structures to obtain zero-point energies and to confirm transition states. The solvent
effect is computed in all calculations using the continuum solvation model density

(SMD) &,
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872 Extended Data Fig. 1 The design of the enriched isotope experiment (a), and the
873  contents of ambient Hg (b and c) and 2°°Hg (d and e) in rice tissues. TO refers to the
874  time when exposure started (Me?2Hg and I2°°Hg spiked into solutions); T1 refers to the time when
875 exposure ended and plants were transferred (Only significant proportion of 12°°Hg remained in the
876  solution, Supplementary Text 3); T2 and T3 refer to times when plants were further cultivated in Hg-
877 free solution for 24 h (T2) and 72 h (T3), respectively. The contents of both THg and MeHg are calculated
878 as the total mass (ng) to exclude the effect of biomass variability on concentration (i.e., biodilution). For
879 panels (b) to (e), data are shown as mean + SD, n = 3. Asterisk (*) indicates significant (p < 0.05)

880 differences between two time points.
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Extended Data Fig. 2 Contents of T22Hg and Me?*?Hg in solutions of the enriched
isotope experiment. TO refers to the time when exposure started; T1 refers to the time when
exposure ended and plants were transferred; T2 and T3 refer to times when plants were further cultivated
in Hg-free solution for 24 h (T2) and 72 h (T3), respectively. Hg in cysteine wash and water wash
includes the washing solutions for both roots and shoots. The contents of both THg and MeHg are

calculated as the total mass (ng) in solution. Mean + SD, n = 3.
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Extended Data Fig. 3 The demethylation ratios (DRs) in rice plants after exposure
to different concentrations of MeHg (a) and to 0.8 pg/L. MeHg in different matrices
(b). Note that experiments for panels (a) and (b) were conducted separately and thus the slightly lower
DR in plants treated with CaCl, solution (b) compared with that in panel (a) is likely due to differences
in the growth condition. Mean + SD, n = 3. Noted that in panel a, DR at concentration of 0 was quantified

separately and 4 replicates were set.
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Extended Data Fig. 7 The response of MeHg demethylation in root homogenates
of rice plants to radical quencher additions (a) and the appearance of singlet
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Extended Data Fig. 10 The demethylation ratio of MeHg in the supernatant of root homogenate (<
0.22 pm fraction) without or with singlet oxygen quenched (a) and in singlet oxygen-generating
chemical system in the absence or presence of GSH (b). In (a), data are presented as mean + SD, n =
3. In (b), this experiment was repeated 3 times, and 3 replicates were set each time; thus, data are depicted

asmean =+ SD, n=9.



