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Abstract

The mechanism of biological activation by beta-emitting radionuclide tritium was studied. Luminous marine bacteria were
used as a bioassay to monitor the biological effect of tritium with luminescence intensity as the physiological parameter tested. Two
different types of tritium sources were used: HTO molecules distributed regularly in the surrounding aqueous medium, and a solid
source with tritium atoms fixed on its surface (tritium-labeled films, 0.11, 0.28, 0.91, and 2.36 MBg/cm?). When using the tritium-
labeled films, tritium penetration into the cells was prevented. The both types of tritium sources revealed similar changes in the
bacterial luminescent Kkinetics: a delay period followed by bioluminescence activation. No monotonic dependences of
bioluminescence activation efficiency on specific radioactivities of the films were found. A 15-day exposure to tritiated water (100
MBg/L) did not reveal mutations in bacterial DNA. The results obtained give preference to a ‘“non-genomic” mechanism of
bioluminescence activation by tritium. An activation of the intracellular bioluminescence process develops without penetration of
tritium atoms into the cells and can be caused by intensification of trans-membrane cellular processes stimulated by ionization and
radiolysis of aqueous media.

Keywords: tritium, low-dose effect, radiation hormesis, luminous marine bacteria, DNA mutations.

1. Introduction

Microorganisms encompass a wide range of metabolically diverse groups playing the most fundamental part in the
biosphere, and their physiological indices are traditionally used to monitor environmental toxicity including radiation toxicity. Marine
luminous bacteria are particularly appropriate as a tool in this kind of research since they are highly sensitive to the presence of toxic
compounds. Luminescence intensity, the central physiological parameter tested, can be easily measured instrumentally. It is also
beneficial that luminous bacteria-based assays are simple and not time consuming due to high rates of bioluminescence response.
Therefore such assays provide large amounts of data obtained under comparable conditions which is essential for their statistical
treatment. These are the reasons why luminous bacteria have been used as a toxicity bioassay for several decades (Grabert and
Kossler, 1997; Roda et al., 2004; Girotti et al., 2008; Thakur and Ragavan, 2013; Esimbekova et al., 2014; Kudryasheva and
Tarasova, 2015). It also explains the increasing interest and intensive research into the functions of luminous bacteria, their sensitivity
to exogenous compounds (Girotti et al. 2008; Deryabin and Aleshina, 2008; Hastings, 2012), and the mechanisms of light emission
(Nemtseva and Kudryasheva, 2007; Hou et al., 2014).

In the course of recent years, extensive research has been performed into the influence of ionizing radiation on
bioluminescence of marine bacteria (Min et al., 2003; Rozhko et al., 2007, 2008, 2011; Alexandrova et al., 2011; Selivanova et al.,
2013, 2014). The studies of the effects of alpha- and beta-emitting radionuclides on luminous bacteria under the conditions of chronic
low-dose irradiation are summarized in (Kudryasheva and Rozko, 2015). Non-linear dose-effect dependence was demonstrated in the
range of activity concentrations of 1.0-6.7 kBg/L and 0.0002-200 MBg/L for americium-241 and tritium, respectively; no monotonic
dependencies of bioluminescence intensity on the exposure time and activity concentrations were found. Three successive Kinetic
stages in solutions of americium-241 and tritium (alpha- and beta-emitting radionuclides, respectively) were demonstrated: (1)
absence of effect, (2) activation, and (3) inhibition of bioluminescence. This bacterial response was interpreted in terms of the
standard reaction of organisms to a stress-factor: (1) stress recognition or a “threshold” for the effect, (2) adaptive
response/syndrome, and (3) suppression of the physiological function. Since the term “toxicity” is defined as suppression of
biological functions of organisms, the third stage can be attributed to radiation toxicity.

Activation of vital functions is a well-known effect common to all living organisms. It is attributed to triggering cell defense
response under the influence of low dose stressors, either chemical agents or radiation. The examples of this phenomenon are:
nonspecific adaptive syndrome of plants (Pakhomova, 1995) and stress reaction of animals (Selye, 1980). Additionally, it is known
that low doses of bioactive substances serve as effective drugs (Burlakova et al., 2004; Halliwell and Gutteridge, 2007; Calabrese and
Blain, 2011).

The non-linear effects of radionuclides on luminous bacteria can be attributed to radiation hormesis phenomenon (Kaiser,

2003; Calabrese, 2013, 2014). Generally, ‘hormesis’ is a term for favorable biological responses to low exposures to toxins and other
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stressors with ionizing radiation involved. The hormesis mechanisms are not understood yet; and experimental studies elucidating the
molecular mechanisms of radiation hormesis and radiation toxicity in bacterial cells are of high interest. There exist two models
explaining the mechanism of radiation hormesis; they consider the adaptive response as related to DNA mutations or cell membrane
processes (Albers, 1967; Lloyd et al., 1992; Mossman, 2001; Zaka et al., 2002; Serment-Guerrero et al, 2012; Jo et al, 2012; Rana at
al., 2013; Mothersill et al, 2014).

Luminous marine bacteria are a convenient model object for studying molecular mechanisms of radiation hormesis — from
primary physicochemical processes under ionization conditions in water solutions to cellular membrane processes, intracellular
macromolecular transformation, and mutagenic effects. The mechanisms of ionizing radiation influence on bacterial cells might be
applied to analyze the impact of radiation on higher organisms.

Tritium, a soft beta emitting radionuclide without accompanying gamma-rays, is well suited for studying adaptive responses
of organisms to low-dose radiation due to low energy of its radioactive decay. The maximal energy of its beta-particles is low (18.6
keV) and the maximal range of their path is short (~2 pm in water). In living cells, tritium can substitute hydrogen (protium) atoms in
organic molecules. Additionally, helium-3 cation being a product of tritium radioactive decay along with a free electron is a very
active particle; it can withdraw an electron from organic molecules forming the stable electron shell of the inert gas, helium, and
active carbocation. Therefore tritium irradiation can cause not only an adaptive response of bacterial cells but their local damage too.
In humans, beta-particles are entirely absorbed by the skin surface layers; that is why tritium is not dangerous for internal structures
when applied from outside the organism. Conversely, when being an endogenous factor it can penetrate into cell organelles of internal
tissues and have a direct impact on their functions.

Tritium is permanently generated by space radiation at the rate of 1200 atoms s* m™ in the top layers of Earth's atmosphere.
In the Earth Ocean, it is mostly found as a component of tritiated water. Until the 1950s, tritium concentration in natural waters was
low — one tritium per 10*® hydrogen atoms. However, after atmospheric nuclear tests it increased 1000-fold. Since the half-life of
tritium is 12.32 years, its concentration eventually decreased, though local rise of tritium content developed around nuclear power
plants. Local nuclear incidents increase tritium concentration dramatically as tritium is a by-product of a large number of
radiochemical reactions. In the future, controlled fusion reactors can pose an additional threat of tritium contamination. This is why
the issues of radioactive contamination by tritium and biological effects of beta-irradiation are of particular concern.

The current research is aimed at determining a primary mechanism of bacterial bioluminescence activation by tritium.
Bioluminescence activations were compared in two experiments providing different ability of tritium to penetrate into bacterial cells.
It is approached by using either tritiated water (HTO) or an aqueous medium with tritium labeled solids as an external radiation
source. Involvement of DNA in radiation hormesis is estimated by comparing gene sequences in control specimens of luminous
bacteria and specimens exposed to radiation. This is enabled by using contemporary methods of genetic analysis such as restriction
fragment length polymorphism (Ciantar et al., 2005; Bourque et al., 2015).

The study of bioluminescence kinetics of marine bacteria exposed to (a) HTO and (b) tritium labeled films is presented in
section 3.1. The results of experiments on revealing mutations in the DNA of bacteria exposed to HTO are described in section 3.2.
Based on the results, two possible hormesis mechanisms responsible for the activation process in bacterial cells exposed to tritium are
considered — DNA mutations and cell membrane processes — and a conclusion about the dominating mechanism is made.

The results of this study might also be considered with respect to the novel approach based on “exposome” concept
complementing the genome. The “exposome” encompasses the totality of environmental (i.e. non-genetic) exposures (Rappaport and
Smith, 2010; Wild, 2012). Though this term was initially introduced for human exposures, the study of simple model organisms might

provide fundamental physicochemical, molecular, biochemical, and cellular bases for human exposure science.
2. Materials and methods
Bioluminescence intensity was measured using Microbiotest 677F based on lyophilized Photobacterium phosphoreum 1883

IBSO (Kuznetsov et al., 1996) obtained from the Institute of Biophysics SB RAS, Krasnoyarsk, Russia.

HTO (radiochemical purity 98%) was applied as a source of ionizing radiation in bioluminescence measurements.



Tritium was introduced in polyethylene films by the tritium thermal activation method (Badun et al., 2012). After tritium
labeling, the films were purified from hydrophobic radioactive impurities in acetone. Then they were purified from labile tritium by
keeping in distilled water for two weeks so that constant radioactivity was achieved. The uniformity of tritium distribution on the
films was controlled by digital autoradiography with the Cyclone Plus device using OptiQuant software. Radioactivity of the films
remained unchanged after a two-week period of incubation in water which ensures that tritium does not move to the aqueous bacteria
suspension in the course of the experiments.

Bacterial bioluminescence kinetics was registered for 52 h in radioactive and nonradioactive (control) samples in 1 mL 1.5%
NaCl solution. Radioactive samples included HTO (2.3, 9.5, and 95.5 MBg/L) or tritium-labeled polyethylene films (1.5x0.5¢cm?)
with specific radioactivities 0.11, 0.28, 0.91 and 2.36 MBq/cmz. The samples were kept at 4°C, and incubated for 5 min at room
temperature (20°C) before the measurements. The conditions of bioluminescence measurements excluded the bacteria growth.

“TriStar Multimode Microplate Reader LB 941” (Berthold Technologies, Germany) was applied to measure bioluminescence
intensity of radioactive (l,a9) and control (l..) test samples.

The examples of bioluminescence kinetic curves in a control solution and in HTO are presented in Fig.1.

Relative bioluminescence intensity 1 "' was calculated as:

contr

Irel _ Irad

Here, I1og and oy are bacterial bioluminescent intensities in radioactive and control suspensions, respectively.

Values of 1™

were plotted vs. time of exposure to tritium.

The study of mutagenic activity of HTO was performed using luminous bacteria P. phosphoreum, strain 1883 IBSO
(CCIBSO 863), from the collection of the Institute of Biophysics SB RAS. The nutrient medium used for bacterial growth contained
1L H,0, 30 g NaCl, 1 g KH,PO4-12H,0, 0.5 g (NH4),HPO,, 0.2 g MgS0,-7H,0, 6 g Na,HPO,4, 3 ml glycerol, and 5 g peptone.
Optical density of bacterial suspensions was registered using KFK-2MP colorimeter, Russia. Intact bacteria were grown for 15 days in
30 mL nutrient medium in the absence (control) and presence of HTO, 100 MBg/L.

Genetic changes were analyzed in amplicons of 16S ribosomal RNA gene using the restriction fragment length
polymorphism (FRLP) method as described (Ibrahim et al., 1996). DNA extraction from bacteria was carried out using AxyPrep
Bacterial Genomic DNA Miniprep Kit. PCR amplification with the primers 500L (cgtgccagcagcecgeggtaa) and
1350R (gacgggcggtgtgtacaag) was performed by standard procedures (Ciantar et al., 2005). PCR products were purified using the
QIAGEN purification kit. Amplicons of about 900 base pairs were digested by endonucleases BspFN I, BstMB 1, BstHH 1, Hae IlI,
Msp I, Rsa I, Tag I, Sse9 I. The restriction fragments obtained were separated by electrophoresis on a 1.7% agarose gel at 85V using
100bp (Sibenzyme) as the molecular weight marker. Electrophoretogramms were analyzed using Gel Doc XR gel documentation

system (Bio-Rad).
3. Results
3.1. The effect of tritium on bioluminescence of marine bacteria

Bioluminescence kinetics was compared in two types of experiments: in HTO and in an aqueous medium in the presence of
tritium-labeled films.

As can be seen in Fig. 2, the bioluminescence kinetic curve in HTO includes two stages which are a threshold effect and
activation. Hence, the response of luminous bacteria to HTO exposure is not linear; monotonic dependencies of bioluminescence
intensity on exposure time were not found. This result is in accordance with nonlinear dose-effect relationship under low-dose
irradiation; it can be interpreted in terms of hormesis phenomenon as mentioned in Introduction section.

The doses delivered to bacterial biomass after the first and second stages of exposure to HTO (2.3 MBg/L) (Figs 1 and 2)

were estimated as 0.15 and 0.42 mGy, respectively. These values are much lower than a tentative limit of a low-dose interval, 0.2 Gy



(Burlakova et al., 2004). Hence, two stages in the bioluminescence kinetic curve in HTO (threshold effect and bioluminescence
activation, Figs 1 and 2) might be attributed to low-dose effects of the radionuclide on marine bacteria.

Earlier, the low-dose conditions were provided in experiments with luminous marine bacteria in the solutions of alpha-
(Rozhko at al., 2007; 2008; 2011) and beta- (Selivanova et al., 2013) emitting radionuclides; three bioluminescence Kinetics stages
(threshold effect, activation and inhibition) were observed there. Probably, a lower life-time of the bacteria under the conditions of the
current experiment prevented from observation of the third (inhibition) stage.

As can be seen in Fig.2, the maximal 1™ value in HTO was 2.1. Bioluminescence kinetics did not show the dependency of

I on HTO activity concentration. This result is supported by our previous studies: in (Selivanova et al., 2013), no monotonic

dependences of bacterial bioluminescence intensity on HTO activity concentration were found at all the times of exposure in the range
of 0.2-200 MBg/L.

The bacterial bioluminescence kinetic curves in HTO were compared to those in the presence of tritium-labeled films used as
external radiation sources. The latter conditions prevented penetration of tritium into bacterial cells. The time-course of relative
bioluminescent intensity is presented in Fig.2 with 0.11 MBg/cm? film radioactivity as an example. More effective activation (as
compared to HTO) is evident from this Figure: the maximal value of 1" was 6.1. No dependency of the bioluminescence activation
efficiency on the specific radioactivity of the films was found, similar to the results with HTO. The delay for bioluminescent
activation was 21 h for the film radioactivitiy 0.11 MBg/cm?. The films of all specific radioactivities showed higher delays than those
in HTO.

Hence, two types of exposures to tritium in aqueous solutions were applied: bacterial cells were exposed to HTO and to
tritium fixed on a solid cover (tritium-labeled polyethylene films). In the latter case, penetration of tritium to the bacterial cells was
excluded. Both types of experiments revealed bioluminescence activation; the activation efficiency was higher and the delays were
longer for tritium labeled films.

Probably, the tritium effects result from ionization of aqueous media followed by intensification of cellular membrane
processes. Hydrated electrons and reactive oxygen species can be considered as biologically active particles in aerated water media.

To study the details of tritium effect on luminous marine bacteria, mutagenic activity of HTO was evaluated and described in

section 3.2

3.2. Testing of mutagenic effect of HTO

The DNA of marine bacteria exposed to 100 MBg/L HTO for 15 days was examined using 16S rRNA PCR-RFLP analysis.
To find out whether the dose accumulated by bacteria (about 0.1 Gy) lead to any genetic mutations, the marker sequence of 16S
rRNA gene was amplified and subjected to restriction enzyme digest. Using this procedure, genetic differences might be revealed due
to different lengths of the restriction fragments obtained.

The patterns of restriction fragments distribution in 16S rRNA PCR-RFLP analysis of P. phosphoreum with restriction
endonuclease Sse9 | are shown in Fig.3, where three replicates exposed to HTO are compared with the control (P. phosphoreum
without tritium treatment). The identical patterns for lanes 2, 3, 4, 5 and 6 (fragments of about 410, 240, 120 and 50 base pairs)
indicate that no changes have occurred in endonuclease Sse9 | restriction sites.

For validation of the method, the distribution of restriction fragments for a corresponding amplicon of Ralstonia eutropha B-
5786 was examined, which is represented with lane 1 in Fig.3. A different position of the restriction fragments compared to
P. phosphoreum reflects the genetic differences between these two species which confirms that the method itself is sensitive enough.

Performing 16S rRNA RFLP analysis with the other seven endonucleases (BspFN I, BstMB I, BstHH I, Hae 111, Msp I, Rsa I,
Tag 1) did not show any differences between gene sequences of the control and exposed to tritium P. phosphoreum. Thus, it can be
concluded that under the tested conditions of bacteria tritium treatment no genetic mutations occurred in the sites of all the eight

endonucleases used.



4. Conclusions

This paper presents the study of the mechanism of the tritium activation effect. Luminous marine bacteria are used as the
simplest biological tool for these investigations. The study provides comparison between biological effects of tritium from two
different types of sources — HTO molecules distributed regularly in an aqueous medium, and a solid source with tritium atoms fixed
on its surface (tritium-labeled films). The second type of irradiation prevented tritium penetration into the cells.

The both types of tritium irradiation revealed similar changes in the bacterial emission: the delay period followed by the
bioluminescence activation. However, the delay periods were longer and the activation efficiencies were higher for the solid tritium
source. No monotonic dependences of the bioluminescence kinetic parameters on specific radioactivities were found. The absence of
monotonic dependencies on exposure time and specific radioactivities/activity concentrations attributes the effects of tritium to the
radiation hormesis phenomenon.

The 15-day exposure to tritiated water (100 MBg/L) did not reveal any mutations in the bacterial DNA.

Based on the results, a conclusion was made that a “non-genomic” mechanism of bioluminescence activation by tritium is
dominating. Probably, the tritium effects result from ionization of aqueous media followed by intensification of cellular membrane
processes. Hydrated electrons and reactive oxygen species can be considered as biologically active particles in aerated water

solutions.
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Figure captions

Fig.1. Bioluminescence intensity (1) of marine bacteria P.phosphoreum vs. time for control bacterial suspension and in HTO, 2.3
MBqg/L.

Fig.2. Relative bioluminescence intensity (I
tritium-labeled polyethylene film (T-film), 0.11 MBg/cm?.

" of marine bacteria P.phosphoreum vs. time of exposure to HTO, 2.3 MBg/L, and to

Fig.3. Electrophoretic diagram for 16S rRNA PCR-RFLP analysis of P. phosphoreum 1883 IBSO with restriction endonuclease Sse9
I. P. phosphoreum, control — lanes 2 and 6; P. phosphoreum, HTO — lanes 3, 4, 5; molecular weight markers 100 bp — lane M;
R. eutropha B-5786 — lane 1.
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Response to Reviewers
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Dear Sir,

We are thankful to reviewers for benevolent and positive replies, useful
comments and corrections. We made all grammar and stylistic corrections
suggested by reviewers.

Reply to Reviewer 1

According to the recommendation of Reviewer, we introduced to the section
2 (Materials and methods) a description of the film stability control: “Radioactivity
of the films remained unchanged after a two-week period of incubation in water
which ensures that tritium does not move to the aqueous bacteria suspension in the
course of the experiments.

Reply to Reviewer 2

1 line: Corrected for: “The mechanism of biological activation by beta-
emitting radionuclide tritium was studied in the paper.”

9 line: Corrected for: ““An activation of the intracellular bioluminescence
process can take place without penetration of tritium atoms into the cells and can
be the result of intensification of trans-membrane cellular processes stimulated by
ionization and radiolysis of agueous media.”

Reply to Guest Editor:

The text was corrected, English improved.

Highlights: The first highlight was changed.

The order of reference was changed starting from the oldest ones.

"Radioactivity" or “specific radioactivity” was changed to “activity
concentration”.

Phrase “Tritium, a soft beta-emitting radionuclide without accompanying
gamma-rays...” was introduced.

First paragraph was transferred from Conclusions to Introduction with minor
changes.

List of references was corrected, numbers were removed.

Fig. 1 was removed.

Lines in Fig. 3 were made sharper.
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