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Understanding the health impact of human radiation exposure from
tritiated water release is crucial for the management and sustainability of
nuclear energy. However, it remains not fully explored owing to the neglect
of bioconversion products (organically bound tritium, OBT) along the

food chain. Here by evaluating the uptake and chemical transfer of tritium
inbiota, we show the critical role of algae in rapidly incorporating and
transferring tritiated water into OBT, which serves as nutrients for trophic
transfer to fish. Notably, the specific retention of OBT in the fish brain, by
integrating into biomolecules, potentially disrupts key metabolic reactions.
The derived concentration factors and biomagnification factors are
instrumental in estimating the internal exposure dose to human individuals,
thereby enabling more accurate risk assessments for both planned tritium

releases and accidental leakages. This work highlights the importance of
comprehensive evaluation and mitigation of tritium exposure risks.

As one of the most abundant nuclides in liquid radioactive efflu-
ents from nuclear power plants, tritium (*H) cannot be effectively
removed by separating tritiated water (HTO) from H,O using current
technologies, owing to its chemical similarity to hydrogen (*H)" *. The
annual global anthropogenic release of *H is approximately 200 g
(7.2 x10Bq), resulting in *H concentrations in nearby waters that
far exceed background levels’. Public concern over radioactive expo-
sure has recently intensified following the announcement of Fuku-
shima’s wastewater treatment plan, which involves discharge of over
1 million tons of *H-containing wastewater into the ocean beginning
in August 2023° ", In the early stages of the Fukushima nuclear acci-
dent, a considerable amount of *H (3-7 x 10" Bq) was leaked into the
western Pacific Ocean, causing an abnormal increase in seawater *H
concentrations™", It is noted that a direct release of wastewater with

a high concentration of 1 x 10°Bq ™ could pose a considerable threat
to marine organisms®, which, if assuming a concentration factor (CF)
of 1.0 according to the International Atomic Energy Agency (IAEA),
would lead to as high as 10°Bq kg™ incorporation into marine organ-
isms®. Although the release of °H from nuclear facilities has not caused
substantially increased coastal water concentration owing to oceanic
dilution, the total released activity remains notable. Furthermore, if
there were a change in policy or an accident resulting in the release
of untreated wastewater with levels significantly exceeding the rec-
ommended regulatory concentration limits, it would cause further
serious concerns. Therefore, it becomes essential to understand the
environmental consequences of abnormal °H output.

Most external radiation from this 3-emitting nuclide can be effec-
tively shielded by the animal epidermis, asits radiation has amaximum
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range of approximately 5 mm in air and 0.6 pm in tissue'. In aquatic
environments, however, *H predominantly exists as HTO, which exhib-
its high mobility and undergoes cyclic behaviour within the biosphere.
Consequently, H is inevitably taken up by organisms via respiration
and theingestion of water, leading to internal irradiation'®™®, Current
health risk assessments primarily focus on the accumulation of *H
within individual organisms, largely neglecting the migration and
associated risks of organically bound tritium (OBT) within food chains.
This approach overlooks the important exposure pathways in which
inorganic tritiumisinternalized and irreversibly sequestered in organic
matter” . The potential human health risk posed by radionuclides via
internal exposure can be assessed on the basis of seafood consumption
and the radionuclide concentration in each food item. Therefore, an
individual human exposure dose can be determined if three critical
parameters can be identified.

First, the average annual seafood consumption per individ-
ual (kg yr™) has risen notably, with global per capita consumption
of aquatic foods, excluding algae, exceeding 20 kg in the 2020s.
Marine-captured fish account for the majority (-62.9%) of this con-
sumption. Additionally, aportion of edible algaeis artificially cultivated
foruse asfood and industrial raw materials, representing 20.2% of the
seafood incorporatedinto the diet of residents?. Therefore, both fish
and algae should be considered when estimating the internal exposure
dose for humans.

The second parameter is the radionuclide concentration in typi-
calseafood (Bq kg™). The IAEA has suggested estimating radionuclide
concentrationsinseafood using a CF approach. This method transfers
radionuclide concentrations from seawater and sediments to biota
and has been widely applied®. The use of CF provides a pragmatic sim-
plification for estimating the transport or inventory of radionuclides
in biota, particularly given the difficulty in obtaining actual activity
concentrations in biota tissues. However, employing a CF value of
1.0 for estimating *H biota concentration, assuming HTO uptake by
only diffusion and permeation, is probably oversimplified and can be
misleading®. The formation of OBT, which is more persistent than HTO
in biota, would make the use of a1.0 CF value for tritium assessments
inappropriate. Theincorporation of OBT-specific parameter valuesinto
the calculation of transport processes and dosimetry impacts has been
proposed and implemented in various models? . The accumulation
of tissue free water tritium (TFWT) generally exhibits a short biologi-
calhalf-life and is rapidly eliminated by aquatic organisms®. However,
HTO canbe assimilated by primary producers, such as phytoplankton,
during photosynthesis, converting HTO into *H-carbohydrates. These
*H-labelled biomolecules can subsequently be metabolized to form
other biomolecules, including *H-protein and *H-lipid****. The OBT
retained within producers becomes integrated into their biomass,
and can be transferred to predators at higher trophic levels through
thefood chain®*. Onceingested, OBT serves as a nutrient source, main-
taining its persistence within the food web and increasing the risk of
internal exposure. Therefore, determining tritium concentrations in
seafood by accounting for its transfer through food chains is a funda-
mental aspect of assessing human exposure risks to >H.

The final parameter is the dose coefficient (DC) for individual
radionuclides (SvBq™). The DC serves to convert the ingested radio-
nuclide dose into an ‘effective dose’, a key metric within the framework
established by the International Commission on Radiological Pro-
tection (ICRP)*. However, current ICRP recommended DCs for HTO
or OBT are calculated using a standardized model, in which certain
biokinetic parameters are not derived from human metabolic data®®.
Consequently, these extrapolated DC values may be systematically
smaller than those calculated using parameters derived from human
exposure. This discrepancy is particularly critical for OBT, which may
exhibit prolonged biological retention in specific human organs®.
Thus,amodelis needed to modify DC values for amore accurate evalu-
ation of human exposure dose.

Here, we integrate biogeochemical cycling and radiation expo-
sure data from an established marine food chain model to assess how
HTO impacts human exposure risks through its transformation into
OBT along food chain. By systematically assessing tritium uptake and
chemical transfer in biota, we highlight the key role of algae, which
rapidly convert HTO into OBT, facilitating efficient trophic transfer
to fish. Focusing on the critical health effects associated with OBT
retention in fish tissues, we identify the incorporation of tritium into
metabolicreactions within fish brainfollowing assimilation into metab-
olites. Using CFs and biomagnification factors (BMFs) derived from
quantitative studies, we have estimated the internal exposure dose
to individuals (IEDI). These analyses were performed across various
scenarios, including routine releases or accidental leaks, with different
environmental conditions of marine tritium exposure. Our integration
of radiobiology, chemical analysis and ecological risk assessment
emphasizes the importance of adopting comprehensive strategies
to assess and mitigate tritium exposure risks, thereby supporting the
development of sustainable nuclear energy.

Results

HTO organification by algae

Toexplore the organification efficiency of HTO by producers at various
growthstages, Dunaliella salina, in either the saturated or logarithmic
growth phase, was initially exposed to artificial seawater containing
10,000 Bq I of HTO for 14 days (Supplementary Fig. 1). The average
specific radioactivity of OBT in the growing phase algae was meas-
ured at 4.9 Bq mg™ (Fig. 1a), approximately 4.5 times higher than that
observed instationary phase algae (1.1 Bq mg™), consistent with previ-
ous findings®’. The marked increase in OBT activity during the growth
phase could be attributed to enhanced photosynthetic activity. During
this phase, algae convert water and carbon dioxide into organic mat-
ter more rapidly®’, resulting in greater incorporation of tritium into
organic compounds.

We subsequently monitored the kinetics of *H incorporation
in D. salina during HTO exposure in the growth phase. Given the
rapid rate of water exchange in the organism, the specific activity
of HTO was equilibrated to the surrounding water environment
(10 Bq mI™") within 1 day and remained essentially stable (<10 Bq g
SupplementaryFig.2). The OBT was observed accumulating at a steady
rate (-6.21Bq g™ d™) over thefirst 10 days, followed by arapid increase
for 2 days (-24.85Bq g'd™), and then slowed during the remaining
exposure period (-8.18 Bq g™ d™). Theinitial slow accumulation during
theinitial phase was because of the limited number of algae during early
incubation. The subsequent fourfold increase in OBT accumulation
corresponded to the logarithmic growth phase, characterized by both
ahigher number of algal cells and an enhanced photosynthetic activity
per cell. As the algal population reached high concentrations, spatial
constraintsled toa plateauinalgal proliferation, and the light-shielding
effect of the dense algae diminished the photosyntheticrates, resulting
inadeceleration of OBT accumulation.

Furthermore, the OBT/HTO ratios calculated for algae over the
tested period of 14-28 days ranged from 2.84 to 3.19 (Supplemen-
tary Fig. 3), aligning well with previous studies®***. For instance, Kim
etal.reported an OBT activity concentrationinalgae 0f99.6 + 3.2 Bq 1™,
while the TFWT activity concentration was measured as 33.6 + 1.1 Bq I,
corresponding toan OBT/TFWT ratio in their study of approximately
2.96 (ref. 25). In general, OBT activity concentrations in algae exceed
those inthe TFWT and the surrounding water. This phenomenon can
be attributed to the fact that OBT formed via biosynthetic processes
(for example, photosynthesis) in algae requires more time to be depu-
rated®. We therefore investigated the depuration of OBT from D. salina
by transferring them into a tritium-free medium. OBT was scarcely
excreted over a 7-day depuration period (Fig. 1c), as confirmed by
measuring the radioactivity in the medium (Supplementary Fig. 4).
Our results were consistent with a previous report that accumulated
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Fig.1|HTO organification by algae. a, The radioactive concentrations

(body burden) of OBT in D. salina dry mass at various growth stages after
exposure to10,000 Bq I HTO. The data are shown as mean values +s.d. (n=3).
Student’s t-test (two-sided) was used for the analysis of comparisons between
two data points, with P < 0.05 for significant differences. b, The radioactive
concentrations (body burden) of OBT in D. salina dry mass in the growing phase
during a period of 30-day exposure to 10,000 Bq I HTO. The data are shown as
mean values s.d. (n=3).c, The OBT body burden of algae during a period of
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7-day elimination in tritium-free medium. The data are shown as mean values
+s.d.(n=3).d, Theintrinsic percentage of carbohydrates, proteins and lipids in
D.salinabiomass with HTO exposure (inner circle) and the percentage of OBT in
carbohydrates, proteins and lipids in D. salina viaHTO exposure (outer circle).
The dataare shown as mean values (n = 3). Accumulation and elimination results
datawere analysed by one-way analysis of variance (ANOVA). Data points with the
same letter suggest no significant difference (P> 0.05).

tritiated glycine was hardly depurated by marine mussels over its test
period’. Therefore, it was speculated that OBT, involving stronger
carbon-tritium bonds, exhibited a longer biological half-life than
TFWT. Owing to the extremely low elimination rate of OBT by algae, a
significantly higher CF of 377.90 was found in the primary producer,
compared with the value of 1.0 suggested by the IAEA®,

To elucidate the components contributing to OBT in algae, we
analysed the relationship between the forms of OBT and the organic
composition of D. salina (Fig.1d). The distribution of OBT among car-
bohydrates (55.8%), proteins (30.7%) and lipids (14.5%) closely matched
the intrinsic proportions of carbohydrates (54.3%), proteins (30.6%)
and lipids (15.1%) within D. salina. This suggests that the distribution of
OBT indifferent chemical forms derived from HTO is dependent on the
intrinsic organic composition of the producer organism. Edible algae
serve asadirect food source for humans, bypassing other consumers,
as seaweeds constitute approximately 20.2% of seafood consumed in
the daily dietin certain countries®. Given this substantial dietary con-
tribution, OBT incorporated into algae can contribute significantly to
theinternal human exposure dose. Therefore, it is essential to consider
this uptake pathway in the estimation of human exposure doses.

Trophic transfer of *H in the food chain

To evaluate the contribution of trophic transfer of tritium within
the marine ecosystem, brine shrimp (Artemia salina) and Japanese
medaka (Oryzias latipes) were selected as representative organisms

occupying higher trophic levels to establish a simplified marine food
chain. The uptake of tritium by brine shrimp via direct uptake of HTO
was compared with the trophic transfer of OBT. The tritium body bur-
denobservedinbrine shrimp (Fig.2a) indicated thatingestion of OBT
constituted asubstantially more efficient pathway for>H accumulation
than direct exposure to HTO. Specifically, at 24, 48,72 and 96 h, OBT
trophic transfer resulted in body burdens 1.6, 3.8, 9.8 and 12.7 times
higher, respectively, than those from direct HTO exposure. These
findings indicated that the accumulation of OBT was positively cor-
related with the intake of tritiated food, whereas equilibrium was not
achieved even after 4 days of continuous exposure. Additionally, the
OBT transfer efficiency gradually increased with higher dietary con-
centrations (Supplementary Fig.5).In contrast, brine shrimp directly
exposed to HTO with equivalent activities did not exhibit an appre-
ciable correlation between exposure level and tritium body burden
(Supplementary Fig. 6). Furthermore, we explored the depuration
process of OBT by brine shrimp. As shown in Fig. 2b, the radioactiv-
ity of OBT gradually decreased over the testing period, presenting a
pattern distinct from that observed in D. salina. This difference could
be attributed to the excretion of undigested tritiated food from the
intestinal tract of brine shrimp. Notably, the calculated BMF (defined as
theratio of *H concentration in predator to prey)*’ was much lower than
1.0for the tested food chain, indicating an absence of biomagnification
during trophic transfer, consistent with previous studies on the fate
of tritium in aquatic biota'*****#°_Nevertheless, our results indicated
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carbohydrates, proteins and lipids in brine shrimp biomass (inner circle)*® and
the percentage of OBT in carbohydrates, proteins and lipids of brine shrimp via
HTO exposure (outer circle). The data are shown as mean values (n =3).d, The
percentage of OBT in carbohydrates, proteins and lipids of D. salina (inner circle)
or brine shrimp (outer circle) fed on it. The data are shown as mean values (n = 3).
Accumulation and elimination results data were analysed by one-way ANOVA.
Data points with the same letter suggest no significant difference (P> 0.05).

that organisms feeding on algae containing significant levels of tritium
would accumulate substantial OBT body burdens, highlighting the
importantrole of algae inintroducing tritium into marine ecosystems.

We further analysed the relationship between the forms of OBT
and organic composition in brine shrimp, either exposed directly to
HTO or fed on algae containing OBT (Fig. 2c). Unlike the transformation
dynamics observed in algae, the distribution of OBT in brine shrimp
was markedly different from their intrinsic organic composition after
a4-day exposure to HTO. However, as high-protein and low-fat zoo-
plankton, brine shrimp exposed to HTO appeared to develop OBT in
relatively balanced forms compared with their counterparts fed with
OBT-incorporated algae. Specifically, brine shrimp exposed directly
to HTO contained carbohydrates (19.7%), proteins (77.8%) and lipids
(2.5%), while the corresponding radioactivity ratios were 43.2%, 31.5%
and 25.3%, respectively*. In contrast, after consuming OBT-containing
algae, the distribution of radioactivity in carbohydrates (17.8%), pro-
teins (45.9%) and lipids (36.3%) diverged substantially from the compo-
sitionin algae, measured in carbohydrates, proteins and lipids at 54.8%,
30.7% and 14.5%, respectively. These findings suggest thatonce HTO is
converted to OBT by the primary producer, its subsequent metabolic
processing within the consumer (brine shrimp) can reorganize them
following different pathways, determined by the organism’s specific
biochemical processes.

For medaka directly exposed to HTO, 3H uptake reached
0.06 Bq mgonthefirst day, followed by minor fluctuations (Fig. 3a).
Despite this initial uptake, no notable accumulation of *H was observed
inthe organs (Fig. 3b), indicating minimal retention of tritium within
the fish. However, when fed with >*H-containing brine shrimp, the OBT

contentinmedakaincreased atarate of 0.16 Bqmg ™ d™, reaching12.6
times specific activity in comparison with that of the HTO exposure
group at 96 h. This clearly demonstrates the efficient transfer of °H
along the food chain that led to notable OBT accumulation within
the fish. A previous study similarly showed that OBT concentrations
in fish ingesting OBT-containing food increased more rapidly than
those resulting from an equivalent intake of tritium in the form of
HTO’. Notably, as observed in the food chain of algae to shrimp, bio-
magnification was not evidentinthe current trophic transfer, with the
calculated BMF remaining below 1.0 (Supplementary Table1). Given the
low uptake efficiency via direct HTO exposure (Fig. 3a) and the absence
of biomagnification via trophic transfer, bioaccumulation of tritium
in medaka s unlikely, consistent with findings from previous studies'.

Toillustrate the retention of *H in the tested fish, we monitored
the elimination of *Hin medaka that had accumulated *H via food chain
exposure. Thebody burden curve of *H (Fig. 3c) showed aninitial rapid
decrease within the first 2 days, followed by a plateau phase. These
results were consistent with a previous study, which found that fishes
fed with a tritiated diet appeared to have minor decreases in activity
concentration after 1 day of depuration’. Compared with the initial
stage, 61.5% of *H remained at 96 h, with no observable trend towards
further elimination. In addition, medaka were dissected before and
after the 4-day depuration period to examine the radioactivity change
across various tissues (Fig. 3d). Following 4 days of dietary exposure,
total activities were 6.1,11.5,14.0, 0.42 and 0.39 Bq in brain, body, gut,
liver and gill, respectively. After an additional 4 days of depuration,
the *H content in the roe (8.5 Bq) and gut (4.5 Bq) decreased by 26.6%
and 68.0%, respectively, with no detectable radioactivity in the gills.
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Fig. 3| The enrichment and transformation of *H through exposure of

HTO or *H-brine shrimp (tritiated brine shrimp) to medaka. a, The activity
concentrations of OBT in medaka during direct exposure to HTO and trophic
transfer from *H-brine shrimp. The data are shown as mean values +s.d. (n = 3).
b, The biodistribution of OBT in medaka after direct exposure to HTO for 96 h.
The data are shown as mean values £s.d. (n = 3). ¢, The elimination of *H by
medaka. The dataare shown as mean values + s.d. (n = 3). Data points with the
same letter suggest no significant difference (P> 0.05). d, The biodistribution
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Accumulation and elimination results data were analysed by one-way ANOVA.
Data points with the same letter suggest no significant difference (P> 0.05). ND,
not detectable.

However, there was no statistically significant difference in *H content
intheliver before and after the excretion, remaining at approximately
0.6 Bq. It is noteworthy that the radioactivity in the brain (7.4 Bq) did
not decrease but increased by 21.0%. The sustained accumulation of
*H in the brain may be attributed to the continuous transfer of OBT
through metabolic pathways for the construction of newborn neurons.
Inthis form, tritium could persist over extended periods, similar to the
integration of *C in synthesized genomic DNA***,

Blending of *H in metabolism

Theintegration of radioactive *H into the DNA of fish has been shown
to cause genetic damage®*. To investigate the potential physiological
effects, we monitored behavioural changes in medakaby feeding them
*H-accumulated brine shrimp (trophic transfer) or directly culturing
them in HTO (direct exposure) for 4 days. Our observations showed
asignificant reduction in mobility and cognitive functions amongst
fish exposed to OBT (Supplementary Text and Supplementary Figs. 7
and 8), suggesting that OBT incorporation into the brain may induce
behavioural abnormalities and potentially lead to neurodegeneration
inmedaka. Given that such behavioural abnormalities may arise from
imbalances among critical biomolecules involved in metabolism*,
we examined the incorporation of >H into amino acids, which play a
vital role in metabolism, using ultra-high performance liquid chro-
matography with quadrupole time-of-flight mass spectrometry. After
extracting and filtering MS1 and MS2 peaks from the raw mass data,
aminoacidisotopologuesin®H-labelled brain samples were identified

by comparison with standard amino acid samples, according to the
following criteria: (1) mass error <5 ppm, (2) differences inisotope
abundanceratios <10%and (3) at least two matched daughterion frag-
ments inthe MS/MS map. The extent and pattern of labelling for each
amino acid were determined by searching all potential isotopologues
using the accurate mass maps available in the MassBank database. In
total, eight *H-labelled amino acids with 14 fractions of isotopologues
were confirmed, as listed in Fig. 4. Our results confirmed the bioavail-
ability of OBT and its incorporation into organisms through the food
chain, highlighting the participation of *H in metabolism and lifecycle
processes through hydrogen substitution in amino acids.

The involvement of *H in metabolism warrants specific con-
cern, as the replacement of hydrogen (*H) by a heavier tritium (*H)
isotope can disrupt the binding affinities and reaction rates of criti-
cal biomolecules. Isotopically substituted molecules theoretically
exhibit altered reaction rates owing to changes in bond energies and
vibrational modes, known as isotope effects®. In the present study,
*H-proline was identified as being retained in medaka brain samples
(Fig. 4). The catalytic transformation of proline determines the pro-
duction of pyrroline-5-carboxylate, a central component of the tri-
carboxylic acid cycle, the urea cycle and the proline cycle*. We thus
conducted the frequency calculations after geometry optimizations
of *H-proline (*H substitution at position 1and 5, where dehydroge-
nation occurs) or 'H-proline to calculate theoretical kinetic isotope
effects (*H/°H; KIEs) using the ISOEFF package®. The calculated KIEs
at the atomic positions of interest were 2.065 (1->H) or 3.851 (5-*H)
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(Supplementary Fig.9), indicating that *H substitution at a critical site
reduced the reaction rate by 51.6% and 74.0%, respectively. Substan-
tial KIEs have also been observed in reactions involving deuterium
substituted molecular. For instance, a KIE of 15.3 was reported in the
dehydration of 1,2-propanediol for the deuterium substitution at the
critical reaction site*®, We further evaluated the disturbance of H iso-
tope substitution on proline transformation in vitro by measuring the
reaction kinetic mediated by proline dehydrogenase (PRODH) and
flavin adenine dinucleotide (FAD). Under the same concentration,
thereactionkinetics of >H-proline were slightly slower compared with
those of 'H-proline (Supplementary Fig. 10). In the present study, iso-
tope substitution was observed in numerous amino acids involved in
critical metabolic pathways, raising concerns on the potential isotope
effectsthat could impair the function of critical proteins following the
incorporation of tritium via trophic transfer.

Human exposure evaluation

Given the critical role of internal °H exposure via trophic transfer for
assessing human exposure doses, we adopted asimplified approach to
estimate the concentrations of radionuclides in seafood, using the CF
and BMF. The CF is defined as the ratio of radionuclide concentrations
in biota to those in seawater, whereas the BMF describes the transfer
efficiency of radionuclide from prey to predator, expressed as the
ratio of specificactivity between them. As atypical phytoplankton, the
uptake of tritium by algae from sediment is supposed to be minimal.
Accordingly, the CF for *H was derived from its accumulation kinet-
ics in aquatic environments (Fig. 1b), yielding 377.90 kg | for algae
and 5.17 kg I for medaka (Fig. 3a), both substantially higher than the
reference value of 1.0 suggested by the IAEA. Using the calculated CF
values, *H concentration and the proportions of HTO and OBT in aquatic
organisms were determined. For fish, BMF values were derived from
the trophic transfer results from this study. The tested scenarios were
classified into five categories: (S1) *H background in coastal zones and

oceans (-0.1Bq 1™)*, (S2) regular discharges from nuclear reprocessing
plantsincluding LaHague in France (-5 Bq I™)** and Sellafield in the UK
(-5Bq ™)™, (S3) ariver receiving contaminated effluent from nuclear
weapons material production facilities at Fourmile Branch in the USA,
withanaverage concentration of 1,790 Bq I (ref. 49) and (S4) discharge
of unexpected tritium contaminated water from Fukushima, based on
monitored concentrations reported at the Treated Water Portal Site*”.
Two typical concentrations were evaluated: the planned discharge
concentration of 1,500 Bq I and the maximum coastal seawater con-
centration of ~29 Bq I within 3 km from the outlet. According to a
simulationresult of tritium-contaminated water, the dispersion of HTO
was relatively limited in ashort period®. Given the rapid uptake of HTO
by primary producers, algae growing near effluent outfalls are at risk
of exposure to high concentrations close to that of the effluent. Given
the presence of marine producers such as algae ubiquitously growing
inthesea, the dispersal of phytoplankton blooms formed in the vicin-
ity of tritium release sites can lead to contamination of filter-feeding
organisms evenin areas where the water is not directly contaminated.
Thus, as a conservative approach, dilution and dispersion of HTO were
not considered for dose calculations; instead, the discharge concen-
trations used were seawater concentrations for the prediction of the
IEDL. This conservative method provides an upper-bound estimate of
potential radiological risks, even in scenarios where coastal areas are
closed tofishing.

The IEDI from ingestion of seafoods (algae and fish), on the basis
of modelled seawater concentrations under the tested scenarios, is
presentedin Table 1. Under the Fukushimadischarge scenario (S4), the
currently monitored concentration of 29 Bq I within a 3 km coastal
area from the outflow was used as the input for the model. On the
basis of this concentration, the IEDI was calculated as 1.02 uSv yr?,
indicating that this unexpected additional tritium input contributes
more to the annual human radiation dose than regular discharges
fromnuclear reprocessing facilities at La Hague (France) and Sellafield
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Table 1| The IEDI from annual seafood consumption

Radionuclide H
IAEAmethod  Current work

CF from water (Lkg™) 1.00° 377.90, algae;

5.7, medaka

BMF from algae to brine shrimp NA 0.041

BMF from brine shrimp to medaka NA 0.091

CF from sediment (m2kg™) 0

Decay half-life (years) 12.3

Ky (Lkg™) 1

Annual fish consumption per capita (kg) 20.87°

Annual algae consumption per capita (kg) ~ 4.174

Ingestion DC (nSvBq™) 0.042¢ 0.35°

Scenario Discharge sites Exposure dose (uSvyr™)f

S1 Coastal background 0.000206 0.0035
La Hague, France 0.0103 0176

52 Sellafield, UK 0.0103 0176

S3 Fourmile Branch, USA 37 63
Fukushima, planned 31 53

S4 Fukushima, monitored 0.060 1.02

seawater

CF from ref. 15 PPartition coefficient from ref. 15 °Seafood consumption from ref. 28 °DC from
ref. 35 °DC from ref. 37 'Scenarios applied to prediction: (S1) *H background concentration

in the ocean (~0.1Bql™); (S2) areas near nuclear power plants that regularly discharge °H,
including La Hague in France (~5Bql™) and Sellafield in the UK (~5Bql™); (S3) an area at
Fourmile Branch in the USA that received contaminated effluent from nuclear weapon
material production facilities, an average concentration of 1,790Bql™; and (S4) discharge of
unexpected extra tritium-containing Fukushima contaminated water: the planned discharge
concentration of 1,500Bq ™ and maximum coastal seawater concentration of ~29Bq ™ within
3km of the outlet.

(UK), which were calculated as 0.176 pSv yr’. Furthermore, this IEDI
exceeds the estimated dose of 0.072 pSv yr™ from seafood consump-
tionin coastal waters of Fukushima Prefecture before the 2011 nuclear
incident, which did not account for artificial radionuclides introduced
into the ocean’*. Compared with previously reported models estimat-
ing the tritium-induced extra human exposure dose (0.0014-0.037
uSv yr™) (refs. 55-57), the value from our estimation is approximately
two orders of magnitude higher. This significantincrease arises from
theincorporation of rigorous experimental data on bioaccumulation
and the transfer of radioactive substances through the food chain. The
inclusion of newly determined CF and BMF values (Table 1) provides
amore accurate representation of potential health risks associated
with the discharge of radioactive wastewater into the ocean. Under
the planned discharge concentration of 1500 Bq 17, the modelled
IEDI was calculated as 0.053 mSv yr, exceeding the dose constraint
of 0.05 mSv yr established by Japan’s Nuclear Regulation Authority
for radiological environmental impact assessments®®. Current IEDI
estimation thus provides amore rigorous risk assessment of potential
exposure to the planned discharge or accidental tritium release.

Discussion

This study demonstrates that the organification of HTO to OBT by
algaeis akey factor in increasing the *H concentration in fish through
trophic transfer. Our results show that algae rapidly incorporate HTO
and convertitinto OBT, integrating itinto biomolecules corresponding
to their intrinsic organic components (carbohydrates, proteins and
lipids). Comparisons of °*H accumulation in fish via direct exposure to
HTO or trophic transfer from OBT indicate that OBT is more efficiently
transferred through the food chain and persists longer in predators.
Specifically, the retention of OBT in the fish brain can integrate with

biomolecules such as*H-bound amino acids, causing potential disrup-
tion to reactions in critical metabolic pathways.

When it comes to the health risk assessment of *H to humans,
marine producers play a pivotal role since they contribute over 70%
tothelEDI and facilitate the conversion of HTO into bioavailable OBT,
which is retained in seafood as the major component of per capita
consumption. Using parameters derived from the current study,
the estimated IEDI from seafood ingestion was 1.02 pSv yr under
monitored seawater concentrations following Fukushima wastewater
release scenarios. Although this dose is far below regulatory limits, it
represents an additional source of exposure for both marine organisms
and humans. While dilution inevitably occursin the ocean, it does not
justify unlimited or unchecked releases of contaminated water, as
each discharge contributes to thelong-term accumulation of radiation
in the marine environment, posing potential ecological and human
health risks through bioaccumulation in the food chain. On the basis
of theresultsinthis study, the potential ecosystem and human health
risks of radionuclide discharge may be underestimated in relation to
bioaccumulation and trophic transfer, particularly for scenarios where
incidental high discharge concentrations may happen. It highlights the
necessity to develop effective technologies to remove tritium from
wastewater before its release, thereby mitigating the risk of bioaccu-
mulation and protecting both ecosystemintegrity and public health.
Our findings underscore the importance of monitoring and further
evaluation of radioactive wastewater discharges to ensure sustainable
nuclear energy management.

Methods

Test organisms

HTO was purchased from China Isotope & Radiation Corporation. D.
salina was obtained from Shanghai Guangyu Biological Technology
Co., Ltd. The cysts of brine shrimp were purchased from the Institute
of Marine Sciences, Shandong, and stored at 4 °C before experimen-
tation. Medakas (Oryzias latipes) were obtained from Shanghai Feixi
Biotechnology Co., Ltd. All animal experiments were conducted in
strict accordance with the guidelines of the Chinese Council for Ani-
mal Care, approved by the Animal Care Committee of the Laboratory
Animals in Nanjing University.

Tritium exposure of D. salina

Marine phytoplankton D. salina was culturedin artificial seawater with
asalinity of 35%. inanincubator, maintainedat22 +1°Cunderal6:8 h
light:dark photoperiod. Algal cultures were manually shaken three
times daily, and their positionsin the incubator were changed randomly
daily. The algal cells were harvested during the exponential growth
stage and centrifuged at100 x gfor 5 min at 4 °C, after which the pellet
wasresuspended in fresh artificial seawater. The optical density of the
stock suspension was measured using an ultraviolet-visible spectro-
photometer (Cary 50, Varian) at the maximum absorption wavelength
of 678 nm. Cell density was determined using a Neubauer-improved
counting chamber (Marienfeld, Germany), withthree replicate samples
counted at least twice per replicate.

Incorporation of *Hinto D. salinawas carried out in 250-ml sterile
culture containers. Given that the algal growth phase may affect metab-
olism, three treatments were established: control, stationary-culture
exposure and exponential-culture exposure. The stationary-culture
treatment consisted of 100 ml of D. salina stock culture that had
reached growth plateau for 2 weeks, spiked with HTO to an activity
concentration of 10,000 Bq 1. The exponential-culture treatment
was prepared by inoculating 10 ml of stock culture into 90 ml of fresh
medium, followed by the addition of HTO t0 10,000 Bq I"%. The selected
activity concentration, although higher than typical environmental
levels (except near release points), was necessary to ensure measur-
able activities of OBT in the phytoplankton. Control treatments were
identical to the exponential-culture exposure except for HTO addition.
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Three replicates were conducted for each condition. After 14 days of
exposure, exponential-culture treatments reached a stationary phase.
For HTO kinetics, D. salina from exponential-culture treatments were
sampled multiple times over a 2-week period.

Atsamplingtimes (1,3,7,10,12 and 14 days), approximately 30 ml
of algae suspension fromeach replicate was collected and filtered onto
pre-weighed polycarbonate membranes with a pore size of 3 um (Nucle-
opore Track-Etched Membranes, Whatman). The algae cells were rinsed
with 10 ml of distilled water. Each filter was then freeze-dried, weighed
and placed into 20 ml of alkaline scintillation liquid (Oxysolve C-400,
Zinsser Analytic). Samples were left until the filter papers completely
dissolved and were dark acclimatized for at least 2 h. Qur preliminary
data confirmed that these filter papers dissolve effectively in the alka-
line scintillation cocktail (Supplementary Fig. 11). The radioactivity
of *H in algae cells was quantified using a liquid scintillation counter
(LSC; Tri-Carb 5110 TR; PerkinElmer, USA)*°. Notably, our preliminary
tests indicated that the multiple sample-handling steps, including
filtration, centrifugation and lyophilization did not significantly affect
the accurate determination of HTO and OBT (Supplementary Fig.12).

Extraction of lipid, protein and carbohydrate from algae cells

After 14 days of exposure, algae cells were collected and washed at least
three times with fresh medium. Approximately 0.4 g of algae cells was
placedinal0 mltube, and 6 ml of methanol was added®’. The mixture
was heated at 70 °Cfor1hand thensonicated for anadditional 30 min.
Subsequently, the mixture was centrifuged at 280 x gfor2 min, and the
supernatant and sediment were collected, separately. The sediment
was washed twice with methanol. All supernatants were combined, and
the methanol was evaporated toisolate lipids, which were then quanti-
fied usingaLSC. The sediment was dissolved in 5 ml of 3% KOH solution
and heated at 80 °Cfor1h, followed by 30 min of sonication. To extract
proteins, 2 mlofachloroform: n-butyl alcohol solution (v:v of 4:1) was
added, shaken for 10 minand centrifuged. This extraction process was
repeated at least five times to ensure complete proteinisolation, and
the obtained proteins were quantified with a LSC. For carbohydrate
separation, 10 ml of methanol was added to the supernatant, the sedi-
ment was collected and the carbohydrates were determined by aLSC.

Tritium exposure to brine shrimp

Before hatching, the cysts of brine shrimp were disinfected and pre-
treated by soaking in 300 mg 1" KMnO, solution for approximately
5 min, followed by thorough rinsing with artificial seawater until the
effluent was colourless. Subsequently, 0.2 g of cysts were placed in a
20 g 1t NaCl solution and incubated at 26-28 °C for 24 h under con-
tinuous light illumination, with continuous oxygenation to enhance
hatchingrates. The growth and behaviour of brine shrimp were moni-
tored microscopically, and no abnormal behaviour or mortality was
observed during culture.

Brine shrimps were exposed to tritium through two pathways:
direct HTO exposure or feeding with tritium-fed D. salina (H-algae).
The *H-algae, with a radioactivity of 4,000 Bq g were washed as
described above and diluted in fresh artificial seawater to final con-
centrations 0f 20,100 and 200 mg %, In total, 10,000 freshly hatched
brine shrimp were introduced into each culture dish containing 500 ml
of *H-algae at the respective concentrations. For direct HTO expo-
sure, 10,000 freshly hatched brine shrimp were added to 500 ml of
artificial seawater containing HTO at an equivalent activity and were
fed equal amounts of *H-free D. salina. A control setup containing
only freshly hatched brine shrimp was maintained to account for
background measurements.

Atsampling times (24,48, 72 and 96 h), all brine shrimp were col-
lected and pipetted vigorously, with this step repeated three times
to ensure thorough handling. The brine shrimp from each container
were then transferred to scintillation vials containing 3 ml of Gold Star
cocketail, ultrasonicated for 30 min, allowed to sit for at least 24 hand

subsequently analysed usinga LSC. Three replicate experiments were
performed for each treatment condition. Additionally, carbohydrates,
lipids and proteins from brine shrimp were extracted and quantified
using a LSC following the procedures described above.

*H exposure of medaka

Adult marine medakas with body lengths of 31.86 + 1.4 mm were cul-
tured in filtered artificial seawater with a salinity of ~30 %o under a
14:10 hlight:dark cycle at 27 + 1°C and fed newly hatched brine shrimp
at approximately 2% of their body weight once daily. Before uptake
experiments, medakas were acclimatized in the laboratory for at least
1week, withno abnormal behaviour or mortality observed during the
uptake and depuration experiments.

Each medaka was placed in a beaker containing 200 ml of test
medium. Tritiated brine shrimp, obtained by feeding on*H-algae, were
used for trophic transfer exposure. Medakas were placed in tritium-free
mediumand fed 25 mg 0f 20,000 Bq g **H-brine shrimp once daily. For
direct HTO exposure, medakas were exposed to medium containing
10,000 Bq I HTO and fed 25 mg of *H-free brine shrimp daily. All brine
shrimp were fully consumed every day. To prevent HTO evaporation,
aeration was not applied during *H exposure, and preliminary data
confirmed that medaka growth was not significantly affected by aera-
tion. At predetermined time points (24,48,72 and 96 h), medakas were
euthanized using 3-aminobenzoic acid ethyl ester methanesulfonate
(MS-222,0.015%). Body length was measured, epidermis was peeled and
fins were removed to eliminate the tritium adhering to external surfaces.
The medakas were then freeze-dried, weighed and digested for 40 min
usingamixture of 60%HNO;and 30%H,0, (v:vof 4:1) under anice-water
bath. The digest was neutralized using S mol "' NaOH, and 10 ml of alka-
line scintillation cocktail (Zinsser Analytic, Germany) was added. Radio-
activity was subsequently determined using a LSC, with background
activity from control medakas subtracted from uptake measurements.

Elimination experiments were conducted following procedures
similar to the uptake experiments. Medakas were placed in *H-free
medium and fed 25 mg of 20,000 Bq g *H-brine shrimp once daily.
Notably, the *H-brine shrimp were not freeze-dried, as preliminary data
showed that, when placed in *H-free medium, the TFWT in *H-brine
shrimp rapidly exchanged with H,0, reducing TFWT concentrations
tonear background levels, much lower than the concentration of OBT.
After 4 days, *H-medakas were transferred to containers with 200 ml
of tritium-free medium and 25 mg of *H-free brine shrimp once daily.
At predetermined intervals (0, 24, 48, 72 and 96 h), medakas were
collected, washed, freeze-dried, weighed, digested and analysed for
radioactivity using LSC as described above.

To quantify the *H distribution in various organs, *H-medakas
before and after 96 h of elimination were sacrificed and preprocessed
as described. Brain, liver, gill, gut and carcass tissues were harvested,
freeze-dried, weighed, digested and their radioactivity determined
using LSC following the same procedures.

Identification of >H-labelled amino acids in medakabrain

After 4 days of daily feeding with 25 mg of *H-brine shrimp at a body
burden of 20,000 Bq g7, the exposed medakas via trophic transfer
were transferred to a3-day elimination scenario. The*H-accumulated
medakas were then sacrificed, and brain tissues were carefully dis-
sected. Brain samples wererapidly frozeninliquid nitrogen, and stored
at-80 °C. Toensure sufficient detection limits, ten brain samples were
pooled as one replicate. For amino acid extraction, brain samples
were homogenized with 200 pl of H,0 and 20 ceramic beads (0.1 mm)
using ahomogenizer, followed by extraction with 800 pl of MeOH and
10 min of sonicationat 4 °C. Samples were then mixed with1 mlof 6 M
HClandincubated for 2 h, followed by centrifugation at 16,200 x g for
15 min to remove insoluble material. Supernatants were transferred
to high-performance liquid chromatography glass vials for liquid
chromatography-mass spectrometry analysis.
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Chromatographic separation was performed using an Exion
UHPLC system (Shimadzu, Japan) coupled to a quadrupole
time-of-flight mass spectrometer (Triple TOF 7600, SCIEX) equipped
with a C18 column (Waters ACQUITY HSS T3, 2.1 x 100 mm, 1.8 pum).
The column temperature was maintained at 40 °C, with a flow rate of
0.3 ml min™. Theinjection volume was 5 pl. Mobile phase A was water,
and mobile phase B was methanol; both containing 0.1% (v:v) formic
acid and 2 mM ammonium formate. The gradient programme was
as follows: 0-1.0 min, hold 3% B; 1.0-1.5 min, linear gradient to 15%
B; 1.5-2.5 min, linear gradient to 50% B; 2.5-25 min, linear gradient
to 67.4% B; 25-26.1 min, linear gradient to 98% B; 26.1-28 min, hold
98% B; 28-28.1 min, linear gradient to 3% B; and 28.1-30 minand hold
98% B.Mass spectrometry acquisition was performed in electrospray
ionization+ mode.

The parameters were as follows: ion spray voltage, 5,500 V for
the positive mode and -4,500 V for the negative mode; temperature,
350 °C; nebulizing gas, 55 psi; heating gas, 55 psi; and curtain gas, 35 psi.
Time-of-flight mass spectrometry information-dependent acquisi-
tion mass spectrometry was performed using the following criteria:
ions that exceed 100 cps; ion tolerance 50 mDa; collision energy was
ramped over an interval by entering a collision energy spread value;
andthe collision energy and collision energy spread were set at 35 and
15 eV, respectively. Data were acquired from m/z50-1000 in full-scan
time-of-flight mass spectrometry and information-dependent acquisi-
tion mass spectrometry mode.

Radionuclide risk assessment

The primary pathway for human internal exposure to these radionu-
clidesis through the consumption of seafood, including fish, shrimp
and seaweeds. This internal exposure is calculated on the basis of
both seafood consumption and the concentrations of radionuclides
inthe food. The radionuclide concentrations inseafood are typically
determined using a CF approach, which transfers radionuclide con-
centrations from seawater to biota (Table 1)"°. The associated human
health risk is proportional to the radiation dose received, measured
as the energy absorbed by the body from ionizing radiation with a
unit of sievert (Sv). The rate of radioactive decay (for example, in a
unit of Bq1™) is transferred by the DC, which depends on the type
of radiation decays (for example, a or  type) and the half-life of the
radionuclides®. The total internal dose is then calculated as the sum
of radionuclide concentrations in fish and algae, each weighted by
the corresponding DC.

We adopted asimplified approachto estimate the concentrations
of radionuclidesin seafood using the following parameters: (1) the CF,
which represents the enrichment of radionuclides in biota relative to
ambient seawater and is defined as the concentration ratio between
biotaand seawater, and (2) the BMF, which describes the radionuclide
transfer efficiency from prey to predator and is defined as the ratio
between specificactivity in the predator to thatin the prey. On the basis
of these parameters, the concentrationsin edible algae (C,5,.) andfish
(Crsn) were calculated from the modelled seawater concentration (C,,,)

Calgae = Cyy X CFaIgae ()
Czooplankton = Csw X Conoplankton + Calgae X BMFalgae—»zoopIankton (2)
Cfish = Csw X CFﬁsh + Czooplankton X BMonoplanktonAﬁsh (3)

where CF,gse, CF0piankion aNd CFgg, represent the CFs calculated on
the basis of the specific activities of tritiated seawater and exposed
D. salina (14 day), brine shrimp (4 day) and medaka (4 day), respec-
tively. BMF,ge500plankion Wa$ calculated using the specific activity of
brine shrimp relative to the added D. salina, while BMF ;. pjankcon-fish
was calculated using the specific activity of fish relative to the added

zooplankton. The IEDIwas then calculated using the C,,q and the cor-
responding seafood intake (/)

n .
IEDI =/ x z; Ci .4 xDC 4)
p
IEDI = /yjgae X CFgae X DC + lyjgae X CFgigh x DC (5)

The seafood intake data were obtained from the Food and Agri-
culture Organization of the United Nations®®. The radiation dose to
humans depends on both the age of the individual and the specific
characteristics of the radionuclides®. DCs for individual radionuclides,
expressed in nanosieverts (nSv) per becquerel (Bq), incorporate human
physiology, radiation physics and the spatiotemporal deposition of
energy associated with the consumption of radionuclide-containing
food. These DCs are used to calculate the IEDI, and we originally
employed the DC data provided by the ICRP*.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present
inthe paper and/or the Supplementary Information files. Source data
are provided with this paper.
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Laboratory animals 1. D. salina were obtained from Shanghai Guangyu Biological Technology Co., Ltd.
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Ethics oversight All animal experiments were strictly performed under the guidelines of the Chinese Council for Animal Care, approved by the Animal
Care Committee of the Laboratory Animals in Nanjing University.
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