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Tritium is a byproduct of many radiochemical reactions in the nuclear industry, and its effects on aquatic organisms,

particularly low-dose effects, deserve special attention. The low-dose effects of tritium on aquatic microbiota have been

intensively studied using luminous marine bacteria as model microorganisms. Low-dose physiological activation has been

demonstrated and explained by the signaling role of reactive oxygen species through the “bystander effect” in bacterial

suspensions. The activation of microbial functions in natural reservoirs by low tritium concentrations can cause

unpredictable changes in food chains and imbalances in the natural equilibrium. The incorporation of tritium from the free

form into organically bound compounds mainly occurs in the dark and at a temperature of 25 °C. When tritium is ingested

by marine animals, up to 56% of tritium is accumulated in the muscle tissue and up to 36% in the liver. About 50% of

tritium in the liver is bound in non-exchangeable forms. Human ingestion of water and food products contaminated with

background levels of tritium does not significantly contribute to the total dose load on the human body. 
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1. Introduction

Tritium, H, is classified as a long-lived radionuclide and it can pollute the biosphere on local, regional, and global scales

. Tritium is one of the most biologically significant radionuclides. As a constituent of water molecules, tritium is an ideal

label for studying the exchange processes between the stratosphere and the troposphere when studying air-mass

transport and water cycles in nature. Tritium is present in many organic compounds, including those which are biologically

important.

The global air pollution by tritium is largely a result of nuclear and thermonuclear weapons tests. The release of industry-

related tritium into the environment began with the launch of industrial reactors and radiochemical production facilities

intended for the development of weapons-grade plutonium in the United States. By the year 1945 (the beginning of

nuclear weapons tests), the situation dramatically changed, and the content of H in rainwater increased by several orders

of magnitude. By November 1952 (following the first thermonuclear explosion), the amount of tritium released into the

Earth’s atmosphere exceeded its natural level by more than 60–190 times .

2. Effects of Tritium on Living Organisms

The radiological impact of tritium is a product of the characteristics and behavior of the radionuclide. On one hand, tritium

absorption is similar to that of other hydrogen isotopes and has considerable biological significance . On the other hand,

some features of tritium impart low-level radiotoxicity. Indeed, low-energy beta particles emitted by tritium have a

maximum free path in water or tissue, ranging within 6 microns, which reduces risks of external exposure. Therefore,

tritium is associated with radiological risk only if the human body absorbs it, especially after the ingestion of tritiated

organic molecules .

The behavior of tritium in plants is of particular interest, because photosynthesis is a necessary step in the production of

organic matter, which moves throughout the environment along food chains to its potential human consumers 

. The radiological effects of tritium can be evaluated from observations of irradiated cells or animals. On the other hand,

there are convincing data on the biological effects of tritium on plants . No noticeable effect on biomass

production was observed in experiments performed to assess the impact of tritium on various vegetables .

However, it can be assumed that DNA mutations and plant cell death may occur at very high levels of tritium impact, as

seen in animals.

The results of animal experiments cannot be directly transferred to humans. However, the biological effectiveness of weak

beta emissions under different irradiation conditions can also be considered in order to assess the radiotoxicity of tritium in

relation to humans.
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3. Effects of Tritium on Marine Bacteria

Microorganisms are the basic and the simplest organisms of aquatic ecosystems; they contribute significantly to the

ecosystem equilibrium. Metabolic products of aquatic microorganisms may influence all water inhabitants.

Luminous marine bacteria constitute a suitable bioassay system for radiotoxicity monitoring in different multicomponent

media. This bioassay is widely utilized in ecotoxicological monitoring . It applies bioluminescence intensity as a

physiological test parameter, which can be measured with simple devices, easily and quickly. The advantages of the

bioassay are its simplicity and the high rates of assay procedure (1–10 min) . This enables the possibility of

numerous sample analyses and proper statistical processing. The high rates ensure a large number of measurements for

comparable conditions, and hence, enable robust statistical processing, which is extremely important for low-dose

exposures, usually described in terms of “stochastic effects” . Furthermore, the rapid luminescence response is

supposed to indicate the non-genetic mechanism of low-intensity exposures .

Previous studies  have demonstrated both the activation and inhibition effects of tritium on marine bacteria,

as well as the absence of a monotonic dependence of the luminescence response on tritium concentration at chronic low-

dose exposure (<0.03 Gy), in a wide range of tritium radioactivity from 0.0001 to 200 MBq·L . Intact and lyophilized

bacterial suspensions were studied and exhibited similar results. The results obtained were explained in terms of the

ability of the bacterial cells to adapt to the low-dose radiation, based on the “hormesis” model. The term “hormesis” was

introduced by H. Schulz and R. Arndt at the end of the 19th century . The current development of the hormesis concept

is attributed to E. Calabrese . The term “radiation hormesis” was suggested by Luckey . The

phenomenon of radiation hormesis was intensively studied in .

An increase in the bacterial luminescence intensity in the presence of tritiated water, HTO, was demonstrated in a series

of experiments where bi-phasic dependence (activation + inhibition) was found in , whereas mono-phasic

dependence (activation only) was shown in .

The mechanism of the activation effect of tritium is of special interest. The first hypothetical mechanism is based on DNA

damage repair . The involvement of non-genetic mechanisms in low-dose chronic radioactive effects in bacteria

was demonstrated in .

In addition, it was shown that tritium activated bacterial growth at the activity levels of 10–10  kBq·L  and suppressed this

growth at higher activities (>10  kBq·L ) .

Previously, researchers demonstrated that low-intensity tritium exposure did not noticeably increase the content of

reactive oxygen species (ROS) in bacteria-free media ; hence, the non-biological production of ROS could hardly be

responsible for this effect. Subsequently, it was confirmed that the rates of ROS production were low in highly diluted

tritiated water in the absence of bacteria . This result can be explained by the low-energy radioactive decay of tritium.

However, the exposure of marine bacteria to chronic low-dose tritium irradiation in highly diluted tritiated water (<0.08 Gy)

considerably increased the ROS content in the bacterial environment (up to 300%). A comparison of the low-dose effects

of tritium (0.03, 4.0 and 500 MBq·L ) on the luminescence of marine bacteria and ROS content in a cellular water

suspension was performed in . It was demonstrated that an increase in the ROS concentration correlated with the

intensification of the physiological bioluminescence process in the bacteria during the bacterial lifetime.

Marine luminous bacteria are appropriate bio-objects for studying the biological effects of radiation, and particular

attention should be paid to their metabolites, particularly ROS, because they can suppress or activate physiological

functions of marine microorganisms. It is known that marine bacteria form ROS endogenously in aerobic environments

through the reaction between O2 and electron donors such as metal centers, dihydroflavin, etc. . It is known that

peroxide derivatives of flavin molecules are native intermediate compounds of the bacterial bioluminescence reaction 

. It is suggested that the oxygen-detoxifying function directed the emergence of many bioluminescent systems,

including bacterial bioluminescence . This suggestion provides an additional reason to study the ROS balance in

radioactive bacterial environments

HTO molecules can easily penetrate a cell membrane. Therefore, products of tritium radioactive decay, electrons and ions

of helium-3, may affect the bacterial structure, from the outer membrane to the enzymes and their substrates inside the

cells. Thus, the stimulating effect of H can be associated with the process of electron/ion transfer in intracellular bacterial

structures, leading to increased rates of bioluminescent enzymatic reactions. The same processes inhibit the

luminescence function of bacteria at longer exposure times.

[21][22][23]

[24][25]

[26]

[27][28]

[29][30][31][32][33]

−1

[34]

[35][36][37][38][39] [40]

[37][41][42]

[29][31]

[27][43][44]

[45][46][47]

[27][44]

4 −1

5 −1 [30]

[31]

[43]

−1

[43]

[48][49]

[50]

[51]

[52]

3



An important issue is the interaction of tritium decay products with bacterial cells. Considering the concentration of cells

and the number of ion pairs formed during the decay of tritium (up to 200 ions and/or excited molecules), the number of

ion pairs per cell was calculated: 3.33, 0.0266, and 0.0002 ion pairs·(cell·s)  for the tritium activity concentrations of 500,

4, and 0.03 kBq·mL , respectively . This low value of ion pairs per cell suggests a specific mechanism underlying the

effect of tritium on the cells. It is likely that tritium decay products can serve as “triggers” for enhancing the metabolic

oxygen-dependent processes in cells, which result in ROS increase within the cell. On the other hand, ROS released into

the environment can serve as specific signaling molecules for other cells (the so-called “bystander effect”).

It was shown  that for human cells, the bystander effect can be induced even by one cell in a thousand-cell

population, and it does not depend on the number of the initially induced cells (one cell or 50% of cells). Additionally, it

should be noted that the absence of dose–response dependence is in accordance with the concept of the “stochasticity”

of low-dose radiobiological effects . This concept assumes the involvement of free radicals and ROS in

radiobiological responses.

The results of studying tritium effects on luminous marine bacteria present a physico-chemical approach to understanding

the metabolic functioning of bacteria and their interactions with aqueous environments, which can affect other water

inhabitants . Based on the rapid luminescence bioassay, the studies considered only short-time

exposures and did not reveal mutagenic effects or the cellular accumulation of tritium. The results of another study 

show the accumulation of tritium in phytoplankton populations of Dunaliella tertiolecta and Nodularia spumigena and

mussels Mytilus edulis.

Hence, the activation of microbial functions and accumulation of tritium in marine organisms introduced into food chains

are highlighted in the scientific literature. The processes mentioned may result in an imbalance in the natural equilibrium

in water ecosystems.

It is important that molecular surroundings in natural aquatic ecosystems might change the effects of tritium on

microorganisms. It was reported that humic substances, products of natural transformation of organic matter in water

sediments, mitigate activating and inhibiting effects of tritiated water on marine bacteria , whereas gold nanoparticles

can additionally suppress physiological functions of the microorganism (so called, radio-sensitizing effect) .

4. Effects of Tritium on Aquatic Plants

Aquatic organisms incorporate tritium as a fraction of TFWT (tissue-free water tritium) contained in organic compounds as

a result of isotopic exchange or enzyme-catalytic reactions . In exchange reactions, tritium binds to oxygen, sulfur,

phosphorus, and nitrogen atoms to form hydroxides, thiols, phosphides, and amines, respectively. Usually, this produces

exchangeable, organically bound tritium (OBT), which is in equilibrium with TFWT in the studied plants or animals and

behaves similarly to HTO. Tritium binds to the carbon skeleton of organic molecules during enzymatically catalyzed

reactions. In this case, non-exchangeable tritium is formed. This is a form of tritium that remains in dry biological matter

even following repeated washes with light water.

It is necessary to have a clear definition of OBT formed from TFWT in living systems through natural ecological or

biological processes. This has been accomplished within the framework of the International Atomic Energy Agency (IAEA)

in the Environmental Modelling of Radiation Safety (EMRAS) programm .

Previously, a study was carried out on the assimilation and transformation of tritium in the aquatic plants Elodea

canadensis and Lemna minor .

Branched shoots of Elodea canadensis can reach lengths of up to 100 cm long. They were sorted out according to the

biomass quality. Apical shoots from 3 to 6 cm in length from the entire biomass were used for the study.

The Elodea biomass washed was used for accumulating tritium and estimating TFWT and OBT in the control point (the

initial point). For this purpose, the initial biomass was divided into two parts. In one of them, tritium (in HTO form) was

extracted from an aliquot of 50 g taken from one part of the biomass. TFWT can be measured by azeotrope distillation of

the fresh sample, then liquid scintillation spectrometry–total OBT (exchangeable and non-exchangeable) combustion in

oxygen atmosphere of dry sample, purification of combustion water, liquid scintillation spectrometry .

The Lemna samples were grown in Climatostat apparatus for one week using Steinberg medium (ISO/DIS 20079, 2005).

The algae cultures were grown in a cultivator, KB-05, designed at the Siberian State University (Krasnoyarsk, Russia). An
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algae suspension, 125 ± 10 cm  in volume, was poured into the reactor. To provide carbon dioxide, the container with the

suspension was rotated around its longitudinal axis. The constant temperature of the medium was equal to 36.0 ± 0.5 °C.

For the experiment on the tritium accumulation by Elodea, the plant shoots (~5 cm) were placed in an aquarium and

completely submerged in tritium-containing water (250 g of the plants were placed into 2500 mL HTO). A photoperiod of

~12 h was set. The duration of the experiment was 11 days, followed by measurement of the shoot length. Water from the

Yenisei River with the background tritium levels of 4 ± 1 kBq·L  was used as a control.

For the experiment on tritium accumulation by Lemna, culture samples were taken by picking similar three-leaf rosettes.

For each of the solutions being tested, 4 mL of 100% Steinberg medium was poured into a measuring cylinder and filled to

200 mL with distilled water or with water from the Yenisei River. Thus, near 20 Bq (100 kBq·L ) of tritium were introduced

into the first tested solution, 60 Bq (300 kBq·L ) into the second, 100 Bq (500 kBq·L ) into the third, and 200 Bq (1000

kBq·L ) into the fourth. Four rosettes of Lemna were placed into each flask with the prepared solutions. The flasks were

placed into the cassette of the Climatostat chamber, where conditions of constant light and a temperature of 27–28 °C

were maintained.

The processes of the TFWT transformation into OBT in the plant biomass were studied upon changing the ambient

temperature and light regime. For this purpose, the apical shoots of the green plants (3–4 cm) were used, which were

preliminarily washed with running water; the remaining water was removed using absorbent paper. The prepared plants

were placed in cylinders containing the same amount of tritium. The shoot weight was equal to 200 g. The water volume

was 1600 mL. The content of the tritium introduced amounted to 1 kBq·L . The ambient temperature was changed using

a thermostat. The light regime was provided by special chambers equipped with lamps. The experiment duration was 14

days. At the end of the experiment, the content of tritium in the form of TFWT and OBT was estimated.

To estimate the total tritium in the samples, it was necessary to eliminate all the liquid. An aliquot of about 50 g dry weight

was taken from the previously prepared sample. This aliquot was placed into a round-bottomed flask, where it was mixed

with toluene, chosen for stripping the azeotropic mixture. The mixture obtained was kept in a corked flask for 12 h. Then,

the flask was placed into a flask heater. A special device was put onto the flask neck to strip the azeotropic mixture and

separate aqueous and organic phases. To separate OBT, an aliquot of 100–150 g dry weight was used. The aliquot of the

prepared Elodea samples was placed into a round-bottomed flask to be mixed with toluene .

The tritium content in each of the biological samples (plants or fish) under study was measured using a liquid scintillation

spectrometer, Quantuluse-1220, USA (The Joint Center of the Krasnoyarsk Science Center, SB RAS), using a scintillation

cocktail, UltimaGold AB, where the sample under study was dissolved. The background determined for the prepared

tritium-free water samples ranged between 0.926 CPM and 1.002 CPM, and the counting efficiency, using the internal

standard method (ISO 9698:2010), was between 25.3% and 26.1% for the maximum figure of merit.

These results confirm the fact that during the chronic interaction of tritium with aquatic plants, processes occur which are

associated with the intensive accumulation and retention of tritium in the biological structures of living organisms.

When conducting model experiments to study the influence of environmental parameters on tritium transformation, a

dependence of OBT content on ambient temperature was obtained. It was found that the proportion of tritium in the form

of OBT in the Elodea shoots strongly depended on the ambient temperature, optimal temperature, and illumination. A

large proportion of TFWT transformation into OBT was obtained in the light/shadow mode—6/18 h.

No necrosis, chlorosis, or other physiological changes were found. There was an increase in the number of leaves:

instead of six leaves as in the control, there were eight leaves in each system with the maximum tritium content, both with

the water of the Yenisei River and with distilled water. An increase in the surface area of leaves in the systems with the

introduced tritium activities was observed as compared with the control systems, especially in the systems with the water

of the Yenisei River (tritium activity ~4 Bq·L ).

Based on the experimental results, it was concluded that the OBT proportion depended on the mode of illumination. The

TFWT transformation into OBT occurred mainly as a result of physiological processes associated both with

photosynthesis and plant growth. During the day, plants use energy from the sunlight to convert carbon dioxide into

sugars. The latter (including starch) are subsequently consumed by the plant itself, supplying energy for cell division, the

assembly of biological macromolecules, maintenance of physiological processes, etc. This embeds the incoming tritium

atom into the plant structures.

3

−1

−1

−1 −1

−1

−1

[62][63]

−1



References

1. Belovodsky, L.F.; Gayevoy, V.K.; Grishmanovsky, V.I. Tritium; Energoatomizdat: Moscow, Russia, 1985; p. 212. (In
Russian)

2. Eyrolle, F.; Ducros, L.; Le Dizès, S.; Beaugelin-Seiller, K.; Charmasson, S.; Boyer, P.; Cossonnet, C. An updated review
on tritium in the environment. J. Environ. Radioact. 2018, 181, 128–137.

3. Galeriu, D.; Melintescu, A. Tritium. In Radionuclides in the Environment, 1st ed.; Atwood, D.A., Ed.; John Wiley & Sons
Ltd.: West Sussex, UK, 2010; pp. 47–64.

4. Chae, J.-S.; Kim, G. Dispersion and removal characteristics of tritium originated from nuclear power plants in the
atmosphere. J. Environ. Radioact. 2018, 192, 524–531.

5. Quisenberry, D.R. Environmental aspects of tritium. Environ. Pollut. 1979, 20, 33–43.

6. Mikhailova, V.N. Nuclear Tests of the USSR; Russian Federal Nuclear Center-All-Russian Research Institute of
Experimental Physics: Serov, Russia, 1997; p. 302.

7. Schell, W.R.; Sause, G.; Payne, B.R. World distribution of environmental tritium. In Proceedings of the Symposium on
Physical Behavior of Radioactive Contaminants in the Atmosphere, Vienna, Austria, 12–16 November 1973; pp. 375–
396.

8. Demin, S.N. Tritium problem–hygienic aspects. In Tritium Is Dangerous; AtomIzdat: Chelyabinsk, Russia, 2001; pp. 13–
21. (In Russian)

9. IRSN. Radionuclide Fact Sheet: Tritium and the Environment. Available online:
https://www.irsn.fr/EN/Research/publications-documentation/radionuclides-sheets/environment/Pages/Tritium-
environment.aspx (accessed on 25 November 2021).

10. McCubbin, D.; Leonard, K.; Bailey, T.; Williams, J.; Tossell, P. Incorporation of organic tritium (3H) by marine organisms
and sediment in the Severn estuary. Bristol channel (UK). Mar. Pollut. Bull. 2001, 42, 852–863.

11. Melintescu, A.; Galeriu, D. Dynamic model for tritium transfer in an aquatic food chain. Radiat. Environ. Biophys. 2011,
50, 459–473.

12. Boyer, C.; Vichot, L.; Fromm, M.; Losset, Y.; Tatin-Froux, F.; Guétat, P.; Badot, P.M. Tritium in plants: A review of current
knowledge. Environ. Exp. Bot. 2009, 67, 34–51.

13. Devine, T.L. Incorporation of tritium from water into tissue components of the booklouse, Liposcelis bostrychophilus. J.
Insect Physiol. 1977, 23, 1315–1321.

14. Bogen, D.C.; Welford, G.A. Fallout tritium distribution in the environment. Health Phys. 1976, 30, 203–208.

15. Hill, R.L.; Johnson, J.R. Metabolism and dosimetry of tritium. Health Phys. 1993, 65, 628–647.

16. Belot, Y.; Caput, C.; Gauthier, D. Distribution of the organically bound tritium in vegetation exposed to fall-out. Radiat.
Prot. Dosim. 1986, 16, 111–113.

17. Hisamatsu, S.; Takizawa, Y.; Katsumata, T.; Itoh, M.; Ueno, K.; Sakanoue, M. Further study on fallout 3H ingestion in
Akita, Japan. Health Phys. 1989, 57, 565–570.

18. Brown, R.M. Environmental tritium in trees. In Proceedings of the Symposium on Behaviour of Tritium in the
Environment, San Francisco, CA, USA, 16–20 October 1978; pp. 405–417.

19. Baumgartner, F.; Kim, M. Tritium/protium fractionation near and inside DNA. J. Radioanal. Nucl. Chem. 2000, 243,
295–298.

20. Baumgartner, F.; Kardinal, C.; Mullen, G. Distribution of tritium between water and exchangeable hydrogen bridges of
biomolecules. J. Radioanal. Nucl. Chem. 2001, 249, 513–517.

21. Abbas, M.; Adil, M.; Ehtisham-Ul-Haque, S.; Munir, B.; Yameen, M.; Ghaffar, A.; Shar, G.A.; Tahir, M.A.; Iqbal, M. Vibrio
fischeri bioluminescence inhibition assay for ecotoxicity assessment: A review. Sci. Total Environ. 2018, 626, 1295–
1309.

22. Bulich, A.A.; Isenberg, D.L. Use of the luminescent bacterial system for the rapid assessment of aquatic toxicity. ISA
Trans. 1981, 20, 29–33.

23. Girotti, S.; Ferri, E.N.; Fumo, M.G.; Maiolini, E. Monitoring of environmental pollutants by bioluminescent bacteria. Anal.
Chim. Acta. 2008, 608, 2–29.

24. Yamauchi, M.; Sakuma, S. Development of bioassay system for evaluation of materials for personal protective
equipment (PPE) against toxic effects of ionizing radiations. Ind. Health 2017, 55, 580–583.



25. Kratasyuk, V.; Esimbekova, E. Applications of luminous bacteria enzymes in toxicology. Comb. Chem. High Throughput
Screen. 2015, 18, 952–959.

26. Vasilenko, I.Y.; Vasilenko, O.I. Radiation risk when exposed to small doses is negligible. At. Energy Bull. 2001, 12, 34–
37. (In Russian)

27. Rozhko, T.V.; Guseynov, O.A.; Guseynova, V.E.; Bondar, A.A.; Devyatlovskaya, A.N.; Kudryasheva, N.S. Is bacterial
luminescence response to low-dose radiation associated with mutagenicity? J. Environ. Radioact. 2017, 177, 261–265.

28. Alexandrova, M.; Rozhko, T.; Vydryakova, G.; Kudryasheva, N. Effect of americium-241 on luminous bacteria. Role of
peroxides. J. Environ. Radioact. 2011, 102, 407–411.

29. Selivanova, M.A.; Mogilnaya, O.A.; Badun, G.A.; Vydryakova, G.A.; Kuznetsov, A.M.; Kudryasheva, N.S. Effect of
tritium on luminous marine bacteria and enzyme reactions. J. Environ. Radioact. 2013, 120, 19–25.

30. Kudryasheva, N.S.; Rozhko, T.V. Effect of low-dose ionizing radiation on luminous marine bacteria: Radiation hormesis
and toxicity. J. Environ. Radioact. 2015, 142, 68–77.

31. Selivanova, M.A.; Rozhko, T.V.; Devyatlovskaya, A.N.; Kudryasheva, N.S. Comparison of chronic low-dose effects of
alpha-and beta-emitting radionuclides on marine bacteria. Cent. Eur. J. Biol. 2014, 9, 951–959.

32. Kudryasheva, N.S.; Kovel, E.S. Monitoring of low-intensity exposures via luminescent bioassays of different complexity:
Cells, enzyme reactions, and fluorescent proteins. Int. J. Mol. Sci. 2019, 20, 4451.

33. Rozhko, T.V.; Nemtseva, E.V.; Gardt, M.V.; Raikov, A.V.; Lisitsa, A.E.; Badun, G.A.; Kudryasheva, N.S. Enzymatic
responses to low-intensity radiation of tritium. Int. J. Mol. Sci. 2020, 21, 8464.

34. Kaiser, J. Sipping from a poisoned chalice. Science 2003, 302, 376–379.

35. Calabrese, E.J. Hormesis: A revolution in toxicology, risk assessment and medicine. EMBO Rep. 2004, 5 (Suppl. 1),
S37–S40.

36. Calabrese, E.J. Hormesis: Path and progression to significance. Int. J. Mol. Sci. 2018, 19, 2871.

37. Calabrese, E.J. Hormetic mechanisms. Crit. Rev. Toxicol. 2013, 43, 580–606.

38. Calabrese, E.J. Hormesis: A fundamental concept in biology. Microb. Cell 2014, 1, 145–149.

39. Agathokleous, E.; Calabrese, E.J. A global environmental health perspective and optimisation of stress. Sci. Total
Environ. 2020, 704, 135263.

40. Luckey, T.D. Hormesis with Ionizing Radiation, 1st ed.; CRC Press: Boca Raton, FL, USA, 1980; p. 225.

41. Jargin, S.V. Hormesis and radiation safety norms: Comments for an update. Hum. Exp. Toxicol. 2018, 37, 1233–1243.

42. Shibamoto, Y.; Nakamura, H. Overview of biological, epidemiological, and clinical evidence of radiation hormesis. Int. J.
Mol. Sci. 2018, 19, 2387.

43. Rozhko, T.V.; Nogovitsyna, E.I.; Badun, G.A.; Lukyanchuk, A.N.; Kudryasheva, N.S. Reactive Oxygen Species and low-
dose effects of tritium on bacterial cells. J. Environ. Radioact. 2019, 208–209, 106035.

44. Rozhko, T.V.; Badun, G.A.; Razzhivina, I.A.; Guseynov, O.A.; Guseynova, V.E.; Kudryasheva, N.S. On mechanism of
biological activation by tritium. J. Environ. Radioact. 2016, 157, 131–135.

45. Min, J.; Lee, C.W.; Gu, M.B. Gamma-radiation dose-rate effects on DNA damage and toxicity in bacterial cells. Radiat.
Environ. Biophys. 2003, 42, 189–192.

46. Burlakova, E.B.; Konradov, A.A.; Maltseva, E.X. Effect of extremely weak chemical and physical stimuli on biological
systems. Biophysics 2004, 49, 522–534.

47. Kurvet, I.; Ivask, A.; Bondarenko, O.; Sihtmäe, M.; Kahru, A. LuxCDABE--transformed constitutively bioluminescent
Escherichia coli for toxicity screening: Comparison with naturally luminous Vibrio fischeri. Sensors 2011, 11, 7865–
7878.

48. Ray, P.D.; Huang, B.-W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular
signaling. Cell. Signal. 2012, 24, 981–990.

49. Liu, Y.; He, C. Regulation of plant reactive oxygen species (ROS) in stress responses: Learning from AtRBOHD. Plant
Cell Rep. 2016, 35, 995–1007.

50. Nemtseva, E.V.; Kudryasheva, N. The mechanism of electronic excitation in bacterial bioluminescent reaction. Russ.
Chem. Rev. 2007, 76, 91–100.

51. Lee, J.; Muller, F.; Visser, A.J.W.G. The sensitized bioluminescence mechanism of bacterial luciferase. Photochem.
Photobiol. 2019, 95, 679–704.



52. Rees, J.F.; Thompson, E.M. Photophores: The analysis of bioluminescent systems. In Biochemistry and Molecular
Biology of Fishes; Hochachka, P.W., Mommsen, T.P., Eds.; Elsevier: New York, NY, USA, 1994; Volume 3, pp. 215–
229.

53. Kadhim, M.A.; Moore, S.R.; Goodwin, E.H. Interrelationships amongst radiation-induced genomic instability, bystander
effects, and the adaptive response. Mutat. Res. 2004, 568, 21–32.

54. Bala, M.; Kumar, R.; Kumar, A. Modification in the expression of Mre11/Rad50/Nbs1 complex in low dose irradiated
human lymphocytes. Dose Response 2009, 7, 193–207.

55. Rithidech, K.N.; Scott, B.R. Evidence for radiation hormesis after In Vitro exposure of human lymphocytes to low doses
of ionizing radiation. Dose Response 2008, 6, 252–271.

56. Jaeschke, B.C.; Bradshaw, C. Bioaccumulation of tritiated water in phytoplankton and trophic transfer of organically
bound tritium to the blue mussel, Mytilus Edulis. J. Environ. Radioact. 2013, 115, 28–33.

57. Jackson, D.A.; Hassan, A.B.; Errington, R.J.; Cook, P.R. Visualization of focal sites of transcription within human nuclei.
EMBO J. 1993, 12, 1059–1065.

58. Rozhko, T.; Kolesnik, O.; Badun, G.; Stom, D.; Kudryasheva, N. Humic substances mitigate the impact of tritium on
luminous marine bacteria. Involvement of Reactive Oxygen Species. Int. J. Mol. Sci. 2020, 21, 6783.

59. Bondareva, L.; Kudryasheva, N. Direct and indirect detoxification effects of humic substances. Agronomy 2021, 11,
198.

60. Yehia, M.R.; Sushko, E.S.; Smolyarova, T.E.; Shabanov, A.V.; Badun, G.A.; Kudryasheva, N.S. Adaptation of a
bacterial bioluminescent assay to monitor bioeffects of gold nanoparticles. Bioengineering 2022, 9, 61.

61. Bartlit, J.R. The Tritium Systems Test Assembly at the Los Alamos National Laboratory, Los Alamos National Security;
DOE: Los Alamos, NM, USA, 1990; p. 21.

62. Bondareva, L.G.; Subbotin, M.A. Processes of assimilation of tritium by aquatic plants Elodea canadensis and Lemna
minor. Radiation biology. Radioecology 2016, 56, 440–446. (In Russian)

63. Bondareva, L.; Schultz, M.K. Investigation of the tritium content in surface water, bottom sediments (zoobenthos),
macrophytes, and fish in the mid-stream region of the Yenisei River (Siberia, Russia). Environ. Sci. Pollut. Res. 2015,
22, 18127–18136.

64. Zotina, T.A.; Gaevsky, N.A.; Radionova, E.A. Evaluation of the toxicity of heavy metals for the aquatic plant Elodea
canadensis. J. Sib. Fed. University. Biol. 2009, 2, 226–236. (In Russian)

Retrieved from https://encyclopedia.pub/entry/history/show/53407


