Metadata, citation and similar papers at core.ac.uk

Provided by Siberian Federal University Digital Repository

Manuscript Details

Manuscript number JENVRAD_2016_164

Title Exposure of luminous marine bacteria to low-dose gamma-radiation
Article type Research Paper

Abstract

The study addresses biological effects of low-dose gamma-radiation. Radioactive 137Cs-containing particles were
used as model sources of gamma-radiation. Luminous marine bacterium Photobacterium phosphoreum was used as
a bioassay with the bioluminescent intensity as the physiological parameter tested. To investigate the sensitivity of the
bacteria to the low-dose gamma-radiation exposure (< 250 mGy), the irradiation conditions were varied as follows:
bioluminescence intensity was measured at 5, 10, and 20°C for 175, 100, and 47 h, respectively, at different dose
rates (up to 4100 uGy/h). There was no noticeable effect of gamma-radiation at 5 and 10°C, while the 20°C exposure
revealed authentic bioluminescence inhibition. The 20°C results of gamma-radiation exposure were compared to those
for low-dose alpha- and beta-radiation exposures studied previously under comparable experimental conditions. In
contrast to ionizing radiation of alpha and beta types, gamma-emission did not initiate bacterial bioluminescence
activation (adaptive response). As with alpha- and beta-radiation, gamma-emission did not demonstrate monotonic
dose-effect dependencies; the bioluminescence inhibition efficiency was found to be related to the exposure time,
while no dose rate dependence was found. The sequence analysis of 16S ribosomal RNA gene did not reveal a
mutagenic effect of low-dose gamma radiation. The exposure time that caused 50% bioluminescence inhibition was
suggested as a test parameter for radiotoxicity evaluation under conditions of chronic low-dose gamma irradiation.

Keywords low dose gamma-radiation; luminous marine bacteria; bioassay; radiotoxicity;
mutagenic effect; temperature dependence

Taxonomy Environmental Radioactivity, Environmental Monitoring, Environmental Science
Corresponding Author Nadezhda Kudryasheva

Corresponding Author's Inst of Biophysics SB RAS

Institution

Order of Authors Nadezhda Kudryasheva, Alena Petrova, Alexander Bondar, Dmitriy Dementyev
Suggested reviewers Ludmila Shishkina, Alexander Kamnev, Anatoliy Popov, Gennadii Badun

Submission Files Included in this PDF

File Name [File Type]
Copy-of-Reply to reviewers.docx [Response to Reviewers (without Author Details)]

Copy-of-TextCorrections.docx [Revised Manuscript with Changes Marked]
Copy-of-manuscriptCorr.docx [Manuscript (without Author Details)]
Fig1.jpg [Figure]

Fig.2.tif [Figure]

Fig.3.tif [Figure]

Fig.4.tif [Figure]

Graphical Abstract.tif [Figure]

Table 1.docx [Table]

highlights.docx [Highlights]

title.docx [Title Page (with Author Details)]

To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE
Homepage, then click 'Download zip file'.


https://core.ac.uk/display/148037355?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Reply to REVIEWER’S COMMENTS:

-Reviewer 1

(1) The Introduction is too general with some unnecessary references to various
responses of biological objects to ionizing radiation, which were not addressed in the manuscript.
Reply:

INTRODUCTION was partly reconstructed. We removed some references on bacterial
bioluminescent assay properties, several references on our previous studies of ionizing radiation
effects, and reduced description of stochastic and deterministic effects. Withdrawn parts of the
text are marked with red in attached file TextCorrections.docx. Adjunctions which were included
according to Reviewer-2 suggestions are marked here with yellow.

(2) The main problem appear in the sections 2.3 “Evaluation of radiotoxicity of the
test samples” and 3 “results and discussion”. The results seems contradictory and
inconsistent. Authors formulated the main results as follows: bioluminescent response of
bacteria does not depend on dose rate or dose of exposure; however, the response depends on
time of exposure. This inconsistency of results can be explained by a methodological non-
correctness _in _estimation of relative bioluminescent intensity lIrel. In the manuscript,
Irel=Irad/Icontrol, where Irad is maximal bioluminescent intensity of exposed bacteria, and
Icontrol- maximal bioluminescent intensity in the control. However, both Irad and Icontrol are
functions of time Irad(t), Icontrol(t): in the control (at room temperature), bioluminescent
intensity decreased from 11 down to 3 in the course of 50 hours (see fig.1); under radiation
exposure, the response also is not immediate and is developing with time. Therefore, correct
values of relative bioluminescent intensity Irel(t) shall be calculated in dynamics : Irel(t)=
Irad(t)/Icontrol(t).

The results need a revision with the correct calculation of the relative bioluminescent
intensity of bacteria. The “radiation effects” declared by the authors may disappear, when
correct values of Irel (depending on time) are used in the result analysis.

Reply:

We did not make this mistake. Analysis of time-course of control samples is a basic part of
all chronoscopic measurements. Control samples are always supposed to be under conditions
identical to those for exposed samples. This is why all publications of similar experiments should
include time-courses of control samples (such as Fig.1).

We found the place in our manuscript that could mislead Reviewer, as well as probably
other readers. This is section 2.3. We introduced the explanation: “Values of I'¥ were calculated
for all samples at different times of exposure. Times of control sample measurements
corresponded to those of the exposed samples.” Additionally, we removed word ‘maximal’,
taking it as dispensable in this context. (This word implied only acceptable variations of
bioluminescent intensity during measurement time, but not initial bioluminescent intensity). We
hope that these changes make the procedure of experimental data treatment more understandable.

So, we suppose that the basis for our speculations and conclusions is correct.

Our group works with time-dependent responses of microorganisms to low-dose exposures
for more than ten years, and our laboratory is included into toxicity measurements for almost
five decades, so, we are highly experienced in treatment of experimental data of this type.

-Reviewer 2

(1) Although the impact of gamma irradiation is being studied intensively now, and a lot of
works is concerned with this topic, the following aspect makes the current work specific and
peculiar: the effects of gamma-radiation are compared here to those of alpha-and beta radiation
that were studied at comparable conditions. The results of the comparison approached to
revealing the physico-chemical basis of the biological effects of different radiation types: beta



and alpha-radiations ionize aquatic media forming active radicals, ion-radicals, including ROS
and ACS (see Mishra et al. in the References), while gamma radiation is a high-energy
electromagnetic waves with lower ionization ability of water media. It is known that the direct
interaction of the waves with biological components of the cellular microorganisms under
conditions of low-intensive gamma exposure is very low (Lampe, N. et al. (2016). Simulating
the Impact of the Natural Radiation Background on Bacterial Systems: Implications for Very
Low Radiation Biological Experiments. PloS one, 11(11), e0166364 - to incorporate). Perhaps,
the low interaction probability can explain time-response decay in fig.3. I think these positions
and references can be added to the Conclusions.

Reply:

The following paragraphs were introduced as a discussion for

- fig.3:

“It is known that direct interaction of electromagnetic waves with biological components
of cellular microorganisms under conditions of low-intensive gamma exposure is very low
(Lampe, N. et al., 2016). Perhaps, a low interaction probability can be concerned with the low
time-response decay in Fig.3.”

-fig.4:

“The results of the comparison approached to revealing the physico-chemical basis of the
biological effects of different radiation types: beta and alpha-radiations ionize aquatic media
forming active radicals and ion-radicals, while gamma radiation is high-energy electromagnetic
waves with lower ionization ability of water media.”

(2) Additionally, the position is worthy for consideration that the hormesis model can be
accepted as a basis one, while the threshold model can be considered as a derivative from the
former coming into being under definite conditions (see Shi et al. in the References).

Reply:

The following phrases were included to:

- INTRODUCTION: “In (Shi et al., 2016), the hormesis model is suggested to be accepted as a
basic one, while the other models (threshold and linear) can be considered as simplified
derivatives from the former, coming into being under definite conditions”

- RESULTS AND DISCUSSION, while discussing fig 3: “All the curves are of ‘threshold’
character.”.

- CONCLUSION: “Hence, time dependence of the bacterial response to low-level alpha and beta
ionizing radiation can be discussed in term of ‘radiation hormesis’, while low-level gamma
radiation reveals the threshold time dependence.”

(3) It is important to note that DNA damage was excluded, as proved with sequence DNA
analysis. However, the authors should pay attention that more delicate processes of genetic
regulation cannot be excluded, and add corresponding references.

Reply:

The following sentence was added at the end of RESULTS AND DISCUSSION: “It
should be paid attention that delicate processes of genetic regulation in bacterial cells cannot be
excluded. As reported in (Bolsunovsky et al., 2016), two bacterial tests based on E.coli and
S.typhimurium cells demonstrated a complex response to chronic low-dose gamma-exposure;
this response included the induction of SOS-chromotest response and mutation frequencies,
followed by the attenuation of the effects at longer exposure times.”

(4) An additional comment: In the References some journal names are not abbreviated.
Reply: Abbreviations of some journals were introduced or corrected. They are marked in the list
of references.
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ABSTRACT

The study addresses biological effects of low-dose gamma-radiation. Radioactive '3’Cs-containing
particles were used as model sources of gamma-radiation. Luminous marine bacterium Photobacterium
phosphoreum was used as a bioassay with the bioluminescent intensity as the physiological parameter tested. To
investigate the sensitivity of the bacteria to the low-dose gamma-radiation exposure (< 250 mGy), the irradiation
conditions were varied as follows: bioluminescence intensity was measured at 5, 10, and 20°C for 175, 100, and
47 h, respectively, at different dose rates (up to 4100 pGy/h). There was no noticeable effect of gamma-radiation
at 5 and 10°C, while the 20°C exposure revealed authentic bioluminescence inhibition. The 20°C results of
gamma-radiation exposure were compared to those for low-dose alpha- and beta-radiation exposures studied
previously under comparable experimental conditions. In contrast to ionizing radiation of alpha and beta types,
gamma-emission did not initiate bacterial bioluminescence activation (adaptive response). As with alpha- and
beta-radiation, gamma-emission did not demonstrate monotonic dose-effect dependencies; the bioluminescence
inhibition efficiency was found to be related to the exposure time, while no dose rate dependence was found. The
sequence analysis of 16S ribosomal RNA gene did not reveal a mutagenic effect of low-dose gamma radiation.
The exposure time that caused 50% bioluminescence inhibition was suggested as a test parameter for

radiotoxicity evaluation under conditions of chronic low-dose gamma irradiation.

Keywords: low-dose gamma-radiation; luminous marine bacteria; bioassay; radiotoxicity; mutagenic effect;

temperature dependence

1. INTRODUCTION

Rapid development of nuclear energy and nuclear medicine has increased the background levels of

radiation exposure of people and other living organisms IRECCUNEASIIAVEISCORIAICHANECNINNCIADPIOACHNN
part of biota integrated into the biosphere by a multiplicity of functional interrelations. Microorganisms play the

fundamental role in the biosphere, and their physiological parameters are traditionally used to monitor
environmental toxicity, including radiation toxicity. Marine luminous bacteria are an appropriate tool for such
investigation, as they are highly sensitive to the presence of toxic compounds. Bioluminescence intensity, the
main physiological parameter tested, can be easily measured instrumentally. It is also important that luminous
bacteria-based assays are simple and not time consuming due to high rates of bioluminescence response. Hence,
bioluminescent assays provide a large number of experimental results under comparable conditions, which is
essential for their statistical treatment. These are the reasons why luminous bacteria, as well as their enzymes,
have been used as toxicity bioassays for several decades (Roda et al., 2004; Girotti et al., 2008; Tarasova et al.,

2012; Kudryasheva and Tarasova, 2015, Kratasyuk and Esimbekova, 2015; Kudryasheva et al., 2017). -
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elaborated in studies by Kudryasheva (2006) and Nemtseva and Kudryasheva (2007). Bacterial bioluminescent
assay based on recombinant Escherichia coli has been previously used to test biological effects of high-dose
gamma-radiation exposures; doses accumulated by the bacteria were 2.6 Gy (Ptitsyn et al., 1997) and 1-200 Gy
(Min et al., 2003). The last decade has seen the application of luminous bacteria to monitor biological effects of
low-dose ionizing radiation _ (Kudryasheva
and Rozhko, 2015).

Radiosensitivity of living organisms is usually expressed as a dose/effect relationship, and considerable
uncertainty exists concerning low exposure doses. In addition to the linear dose/effect relationship, low-dose
studies might be based on a threshold dose/effect relationship or the hormesis phenomenon (Burlakova et al.,
2004; Calabrese, 2014; Baldwin and Grantham, 2015; Kudryasheva and Rozhko, 2015; Rozhko et al., 2016-
_). The hormesis hypothesis suggests that low dose radiation can be favorable for living organisms. In
(Shi et al., 2016), the hormesis model is suggested to be accepted as a basic one, while the other models
(threshold and linear) can be considered as simplified derivatives from the former, coming into being under
definite conditions.

In contrast to ‘deterministic’ effects of high doses, low-level radiation produces “stochastic” effects. [ |
_ They are described in terms of ‘randomnicity’ and ‘probability’, and assume that the low
dose exposures, below - 100-200 mSv, do not produce heritable effects in direct proportion to an equivalent

dose.

A bioassay system based on luminous marine bacteria is a good candidate for monitoring the stochastic
effects of low-dose radiation, due to high rates and simplicity of the assay procedure, as well as availability of
reagents and devices. Modern microplate biochemiluminometers provide a technical support for such
investigations. A review by Kudryasheva and Rozhko (2015) summarized the study of the effects of model
solutions of alpha- and beta-emitting radionuclides (americium-241, uranium, and tritium) on marine bacteria
under conditions of chronic low-dose irradiation. Non-linear dose-effect dependences were demonstrated. Three
successive stages in the bioluminescent response to americium-241 and tritium were found: (1) absence of

effects (stress recognition), (2) activation (adaptive response), and (3) inhibition (suppression of physiological

function, i.e. radiation toxicity). The effects were attributed to the radiation hormesis phenomenon.

So far, the luminescent bacteria-based assay has not been used to evaluate low-dose effects of gamma-
radiation. However, the gamma component of low-content radioactive contaminations might be extremely

important, producing a harmful impact on living organisms due to its high penetrability and high energy. This
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type of radiation has energy of a few hundred keV and can reach up to 10 MeV. Additionally, gamma-rays are
less ionizing and more penetrative than alpha- or beta- particles: the maximal energy of tritium beta-particles is
5.7 keV, the maximal range of their path is about 1 cm (in the air, at 20°C), and specific ionization ability is
2.2x10% ions per cm (Selivanova et al., 2013).

Natural sources of low-intensive gamma irradiation include naturally occurring radioisotopes such as
potassium-40 and atmospheric interactions with cosmic rays or particles. Natural exposure to gamma rays is
about 1 to 2 mSv per year, and the average total amount of radiation received in one year per inhabitant in the
U.S. is 3.6 mSv (UNSCEAR 1993). Artificial sources of gamma rays include radioactive decay in nuclear

reactors, and high energy physics experiments, such as neutral pion decay or nuclear fusion.

Comparison of low-dose biological effects of alpha-, beta-, and gamma-radiation in model experiments
using the bacteria-based luminescent assay is a question of interest from both fundamental and applied points of
view. The purpose of the present study was to determine the effects of low-dose gamma-radiation on
Photobacterium phosphoreum and compare them with the effects of alpha- and beta-emitting radionuclides. The
applied aspect of the work is the usage of the bacteria as a cellular bioassay to monitor toxicity of the gamma-
radiation low-dose exposure. Irradiation conditions (temperature, dose rate, and exposure time) were varied.
Radioactive '¥’Cs-containing particles from the Yenisei River, which is affected by the operation of the Mining-
and-Chemical Combine of Rosatom, were used as model sources of gamma-radiation. The radioactive isotope

137Cs has the following characteristics: Ey = 661.7 keV, T1,=30.07 y.

2. MATERIALS AND METHODS

2.1. Objects

Microbiotest 677F, preparation of lyophilized Photobacterium phosphoreum 1883 IBSO (Kuznetsov et
al., 1996), was used as a bioassay to monitor toxicity of aquatic media exposed to gamma radiation. The
preparation was obtained from the Institute of Biophysics SB RAS, Krasnoyarsk, Russia.

137Cs-containing radioactive hot particles were used as the point sources of external gamma radiation. The
particles were extracted from the floodplain soils and sediments of the Yenisei River in the area affected by the
operation of the Mining-and-Chemical Combine of Rosatom (Bolsunovsky and Tcherkezian, 2001;
Chuguyevskiy et al., 2010). Two hot particles were used in the experiments with luminous bacteria.
Radioactivity of the particles, their distances from the bacterial samples, and the corresponding dose rates at
these distances are given in Table 1.

<Table 1>

2.2. Experimental procedure
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A radioactive particle was placed in the center of the experimental chamber. Eppendorf tubes with
bacterial suspension in 1.5% NaCl were placed around the radioactive particle, at different distances from it.
Dose rates of gamma-irradiation ranged from 0.2 to 137 pGy/h and from 122 to 4100 pGy/h for Particle 1 and
Particle 2, respectively (Table 1). The average background exposure dose for the control bacterial samples was
0.1 pGy/h. The dose rate calculations were based on the activity of the 13’Cs source; they were additionally
verified by direct measurements with a DKG-02U dosimeter (SPC "Doza", Ltd, Russia).

Bioluminescence kinetics of the bacterial samples (control and irradiated ones) was measured in 3% NaCl
solutions using a CL3606 Biochemiluminometer (SDTB ‘“Nauka” KSC SB RAS, Russia). Bacterial suspensions
were exposed to the radiation in three experiments: at 5, 10, and 20°C. Fig. 1 shows bioluminescence kinetics of
the control bacterial suspensions at the different temperatures.

<Fig.1>

Bioluminescent measurements of the control and irradiated samples were carried out and compared as
described in the section below.

A mutagenic effect of low-dose gamma radiation was examined using sequence analysis of 16S
ribosomal RNA gene of P.Phosphoreum. The analysis was performed on the samples of bacterial suspensions

exposed to gamma radiation (4100 uGy/h, 20°C); it was compared to that of the control bacterial suspensions.
2.3. Evaluation of radiotoxicity of the test samples

Radiotoxicity of a bacterial sample was assessed by relative bioluminescent intensity, 7%, calculated as
I = La /Leontr
Here, 1,4 is the average value of - bioluminescence intensity in the bacterial sample exposed to
gamma radiation, and 7., is the average value of - bioluminescence intensity in the control sample. The
average values were obtained in four parallel experiments with five measurements for all irradiated and control
bacterial suspensions. Experimental error did not exceed 10%.
Values of I were calculated for all samples at different times of exposure. Times for control sample

measurements corresponded to those of the exposed samples.
3. RESULTS AND DISCUSSION

We measured bioluminescence of bacterial suspensions exposed to gamma radiation at 5, 10, and 20°C;
values of I were calculated and plotted vs. absorbed gamma-radiation dose. The 5°C and 10°C exposures did
not show noticeable effects of gamma radiation. Fig. 2 shows results of the 10°C exposure as an example. It can
be seen from the graph that the bioluminescence intensities of the exposed bacterial test suspensions (I%/) were
close to 1 (black squares in Fig. 2), i.e. they demonstrate absence of authentic deviations from the control
suspensions.

<Fig.2>

Results of bacterial exposure to gamma-radiation at 20°C are also shown in Fig. 2. Bioluminescence

inhibition (/¥ <1) occurred in this experiment for majority of bacterial test samples. Hence, the temperature rise



from 10°C to 20°C, with the latter being closer to the native bacterial temperature, made the microorganism more
sensitive to low-dose gamma radiation. A possible reason for this may be higher rates of bacterial metabolic
processes.

Fig. 2 demonstrates that monotonic dose dependency of I was not observed at 20°C. In contrast to
10°C, the higher temperature conditions revealed ‘stochasticity’ of the bacterial response. The absence of linear
dose vs. response dependence under low-dose exposure is usually associated with hormesis phenomenon
(Calabrese, 2014; Baldwin and Grantham, 2015; Shi et al., 2016). Nevertheless, it is known that hormesis is
characterized not only by inhibition, but also by low-dose stimulation (adaptive response), resulting in “either a
J-shaped or an inverted U-shaped dose response”. This gamma low-dose exposure does not reveal any distinct
activation throughout the experimental dose range (Fig. 2). However, studies of low-dose alpha- and beta-
radioactive exposures (Rozhko et al., 2007; Selivanova et al., 2013; Selivanova et al., 2014) showed a distinct
activation stage in the bioluminescence kinetics followed by the inhibition (toxic) stage. Higher energy,
penetrative ability, and low ionization ability of gamma irradiation are likely reasons for the lower adaptive
response in bacterial cells. Moreover, active chlorine species, that can be produced in physiological solutions
under gamma-irradiation exposure (Mishra et al., 2016), might contribute to the toxic effect.

Nonlinear biological effects of low dose gamma-radiation were demonstrated previously in
(Zhikrevetskaya et al., 2015). It was shown that the identified changes in lifespan and gene expression in
Drosophila melanogaster are not dose-dependent.

The 20°C experimental data shown in Fig. 2 were analyzed, and the I’ values were plotted in
accordance with the time of exposure and dose rate. The results are shown in Figs 3 and 4, respectively.

Fig. 3 shows that all bacterial samples exposed to different dose rate radiation had similar time-courses of
the bioluminescence intensity. All the curves are of ‘threshold’ character. In time interval 19-47 h, the time-
course dependencies were approximated by linear dependencies:

I'=q—bt

Here, ¢ is the time of exposure.

<Fig.3>

Angular coefficients of these dependencies (b) were calculated as 0.028, 0.029, 0.026, and 0.025 for dose
rates of 150, 460, 1040, and 4100 pGy/h, respectively. Close values of these coefficients confirm that
bacterial response was not dependent on the dose rates under the conditions of low-dose gamma-radiation
exposure.

It is known that direct interaction of electromagnetic waves with biological components of cellular
microorganisms under conditions of low-intensive gamma exposure is very low (Lampe, N. et al., 2016).
Perhaps, a low interaction probability can be concerned with the low time-response decay in Fig.3.

In (Selivanova et al., 2014), the time of conversion of bioluminescence activation to inhibition was
suggested as a test parameter to evaluate the toxicity of solutions of alpha- and beta-emitting radionuclides for
marine bacteria. The present study demonstrates that in the case of gamma irradiation, the exposure time
appeared to be critical for the marine bacteria, too. Hence, the exposure time can be used as a test parameter for
radiotoxicity evaluation under conditions of chronic low-dose gamma irradiation. For example, this can be the
time of 50% bioluminescence inhibition (at ¢ = 0.5), t;,. As can be seen from Fig. 3, the t;,, values for the

bacterial preparation were within 35-38 h at all dose rates applied.


https://en.wikipedia.org/wiki/Stochastic
http://tech.snmjournals.org/search?author1=Vesper+Grantham&sortspec=date&submit=Submit

Results of the experiment are presented in Fig. 4 as dose rate dependence of I'?. In this graph, the
horizontal lines connect dots of equal exposure times. The graph confirms that the bioluminescence intensity
depended on the time of exposure and did not depend on the dose rates.

A similar conclusion was made in a study by Selivanova et al. (2013), in which beta-emitting
radionuclide tritium was used as a source of irradiation for luminous bacteria. The authors of that study found
that the bioluminescent intensity depended on the time of exposure, but did not depend on radioactivity
concentration of tritiated water in a wide range of its radioactivity concentrations: between 0.0002 and 200
MBg/L.

<Fig.4>

In contrast to our current results for gamma irradiation, tritiated water produced distinct (up to 100-150%)
bioluminescence activation followed by the inhibition stage (Selivanova et al., 2013). Activation bacterial
response was found in high diluted solutions of alpha-emitting radionuclide Am-241, too (Rozhko et al., 2007;
Alexandrova et al., 2011). As discussed before, the differences observed in the case of low-dose gamma-ray
exposure might be attributed to higher energy of gamma radiation, its lower ionization ability in aqueous media,
and possibility to form active chlorine species in physiological solutions.

The results of the comparison approached to revealing the physico-chemical basis of the biological effects
of different radiation types: beta and alpha-radiations ionize aquatic media forming active radicals and ion-
radicals, while gamma radiation is high-energy electromagnetic waves with lower ionization ability of water
media.

Sequence analysis of bacterial DNA was performed for 16S ribosomal RNA gene of P.Phosphoreum.
This gene was chosen for the genetic analysis as a model for evaluation of nonspecific DNA damage. The
samples of the bacterial suspension exposed to low-dose gamma radiation (~0.2 Gy) were analyzed and
compared with control samples. Under the conditions of the experiment no changes in the analyzed gene
sequence were found.

Results of this study might be interpreted by using the novel “exposome” concept, which complements
the genome and encompasses the totality of environmental (i.e. non-genetic) exposures (Rappaport and Smith,
2010; Wild, 2012). Although this term was initially introduced for human exposures, the study of simple model
organisms might provide fundamental molecular, physicochemical, biochemical, and cellular bases for human
exposure science.

It should be paid attention that delicate processes of genetic regulation in bacterial cells cannot be
excluded. As reported in (Bolsunovsky et al., 2016), two bacterial tests based on E.coli and S.typhimurium cells
demonstrated a complex response to chronic low-dose gamma-exposure; this response included the induction of
SOS-chromotest response and mutation frequencies, followed by the attenuation of the effects at longer exposure

times.

CONCLUSIONS

In this work, we investigated the low-intensive gamma radiation effects on the luminescence bacteria-
based assay. Low dose effects of gamma radiation on the luminous bacteria were studied and compared with

those of beta- and alpha- radiation that had been studied previously under comparable conditions.



We determined suitable conditions for evaluation of gamma-radiation effects. Three series of experiments
were carried out: at 5°C, 10°C, and 20°C. The results showed the absence of authentic deviations from the
control bacterial suspension for bacterial samples at 5°C and 10°C. The 20°C exposure revealed authentic
bioluminescence inhibition. Higher rates of metabolic processes at higher temperature may make the bacteria
more sensitive to gamma radiation.

Results of the 20°C exposure were analyzed in detail. The absence of the monotonic dose/effect
dependencies was demonstrated under conditions of the experiment. Bioluminescence inhibition efficiency was
found to be related to the exposure time, while no relationship to the dose rate was found. Similar effects were
found earlier in experiments with luminous marine bacteria exposed to low-level alpha- and beta-radiation.
However, in contrast to the alpha- and beta- exposures, gamma radiation exposure did not reveal distinct
bioluminescence activation (EUAPUNCIESPONSEN Hence, time dependence of the bacterial response to low-level
alpha and beta ionizing radiation can be discussed in term of ‘radiation hormesis’, while the low-level gamma
radiation reveals the threshold time dependence. Such dissimilarity might be caused by higher energy of gamma
radiation, its lower ionization ability in aqueous media, and active chlorine species production.

Further experiments should elucidate the molecular and physicochemical basis for the difference in
biological low-dose effects of alpha, beta, and gamma radiation. Apart from the quantitative evaluation, bacterial
cells are a very convenient tool for a number of methods applicable to studying intracellular processes: from
membrane penetrability to gene regulation, enzyme activity, ATP consumption and crystallinity of intracellular
macrocomponents.

From the applied point of view, the temperature of 20°C was found to be optimal for using luminous
marine bacteria in low-dose gamma-radiation toxicity monitoring, providing a convenient combination of
radiosensitivity and duration of the bioassay procedure. As the exposure time appeared to be critical for the
bacteria, it can be suggested as a test parameter for radiotoxicity evaluation under conditions of chronic low-dose
gamma irradiation. For example, this can be the time for 50% bioluminescence inhibition.

The sequence analysis of 16S ribosomal RNA gene did not reveal a mutagenic effect of low-dose gamma
radiation. The results of this study can be interpreted by using the novel approach based on the “exposome”

concept of complementing the genome.

Acknowledgments. This work was supported by the Russian Science Foundation, Grant No.14-14-00076.

Authors are thankful to Prof. Bolsunovsky for discussions and experimental support.

References
Alexandrova, M., Rozhko, T., Vydryakova, G., Kudryasheva, N., 2011. Effect of americium-241 on
luminous bacteria. Role of Peroxides. J. Environ. Radioact. 102, 407-411.
Baldwin, J., Grantham, V., 2015. Radiation hormesis: Historical and current perspectives. J. Nucl. Med.
Technol. 43, 242-246.
Bolsunovsky, A.Ya., Tcherkezian, V.O., 2001. Hot particles of the Yenisei river flood plain, Russia. J.
Environ. Radioact. 57, 167-174.


http://tech.snmjournals.org/search?author1=Jonathan+Baldwin&sortspec=date&submit=Submit
http://tech.snmjournals.org/search?author1=Vesper+Grantham&sortspec=date&submit=Submit

Bolsunovsky, A., Frolova, T., Dementyev, D., & Sinitsyna, O., 2016. Low doses of gamma-radiation
induce SOS response and increase mutation frequency in Escherichia coli and Salmonella typhimurium cells.
Ecotoxicol. Environ. Saf. /34, 233-238.

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

Calabrese, E.J., 2014. Hormesis: a fundamental concept in biology. Microb. Cell 1, 145-149.

Chuguevsky, A.V., Sukhorukov, V.V., Melgunov, M.S., Makarova, 1.V, Titov, A.T., 2010. "Hot" particles
of the Yenisei River: radioisotope composition, structure, behavior in vivo. Reports of the Academy of Sciences
430, 102-104 (in Russian).

Girotti, S., Ferri, ENN., Fumo, M.G., Maiolini, E., 2008. Monitoring of environmental pollutants by

bioluminescent bacteria. Anal. Chim. Acta. 608, 2-21.
Kratasyuk, V.A., Esimbekova, E.N., 2015. Applications of luminous bacteria enzymes in toxicology.
Comb. Chem. High T. Scr. 18, 952-959.

Kudryasheva, N., 2006. Bioluminescence and exogenous compounds: physicochemical basis for
bioluminescence assay. J. Photochem. Photobiol. B 83, 77-86.

Kudryasheva, N.S., Tarasova, A.S., 2015. Pollutant toxicity and detoxification by humic substances:
mechanisms and quantitative assessment via luminescent biomonitoring. Environ. Sci. Pollut. Res. 22, 155-167.

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

Kudryasheva, N.S., Kovel, E.S. Sachkova, A.S., Vorobeva, A.A., Isakova, V.G., Churilov, G.N., 2017.
Bioluminescent enzymatic assay as a tool for studying antioxidant activity and toxicity of bioactive compounds.
Photochem. Photobiol. DOI: 10.1111/php.12639

Kuznetsov, A.M., Rodicheva, E.K., Shilova, E.V., 1996. Bioassay based on lyophilized bacteria.
Biotekhnologiya 9, 57-61 (in Russian).

Lampe, N., Biron, D.G., Brown, J.M., Incerti, S., Marin, P., Maigne, L., Breton, V., 2016. Simulating the
impact of the natural radiation background on bacterial systems: Implications for very low radiation biological
experiments. PloS one. 11, e0166364. DOI: 10.5281/zenodo.163962

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

Mishra, O. P., Popov, A. V., Pictrofesa, R. A., Christofidou-Solomidou, M.,2016. Gamma-Irradiation
Produces Active Chlorine Species (ACS) in Physiological Solutions: Secoisolariciresinol Diglucoside (SDG)


http://dx.doi.org/10.5281/zenodo.163962

Scavenges ACS-A Novel Mechanism of DNA Radioprotection. Biochimica et Biophysica Acta (BBA)-General
Subjects. 1860, 1884—1897.

Nemtseva, E.V., Kudryasheva, N. 2007. The mechanism of electronic excitation in bacterial
bioluminescent reaction. Uspekhi Khimii 76, 101-102.

Ptitsyn, L.R., Horneck, G., Komova, O., Kozubek, S., Krasavin, E.A., Bonev, M., Rettberg, P., 1997. A
Biosensor for Environmental Genotoxin Screening Based on an SOS lux Assay in Recombinant Escherichia coli
Cells. Appl. Environ. Microbiol. 63, 4377-4384.

Rappaport, S.M., Smith, M.T., 2010. Epidemiology. Environment and disease risks. Science 330, 460—461.

Roda, A., Pasini, P., Mirasoni, M., Michchelini, E., Guardigli, M., 2004. Biotechnological application of
bioluminescence and chemiluminescence. Trends Biotechnol. 22, 295-303.

Rozhko, T.V., Kudryasheva, N.S., Kuznetsov, A.M., Vydryakova, G.A., Bondareva, L.G., Bolsunovsky,
A.Y., 2007. Effect of low-level a-radiation on bioluminescent assay systems of various complexity. Photochem.

Photobiol. Sci. 6, 67-70.

Rozhko, T.V., Bondareva, L.G., Mogilnaya, O.A., Vydryakova, G.A., Bolsunovsky, A.Y., Stom, D.I.,
Kudryasheva, N.S., 2011. Detoxification of Am-241 solutions by humic substances: bioluminescent monitoring.
Anal. Bioanal. Chem. 400, 329-333.

Rozhko, T.V., Badun, G.A., Razzhivina, I.A., Guseynov, O.A., Guseynova, V.E., Kudryasheva, N.S., 2016.
On mechanism of biological activation by trittum. J. Environ. Radioact. 157, 131-135. DOI:
10.1016/j.jenvrad.2016.03.017

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

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

Shi, J., Huber, M., Wang, T., Dali, W., Lin, Z., Chun-Sheng, Y., 2016. Progress in the studies on hormesis
of low-dose pollutants. Environmental Disease 1, 58.

Tarasova, A.S., Kislan, S.L., Fedorova, E.S., Kuznetsov, A.M., Mogilnaya, O.A., Stom, D.I., Kudryasheva,
N.S., 2012. Bioluminescence as a tool for studying detoxification processes in metal salt solutions involving
humic substances. J. Photochem. Photobiol. B 117, 164-170.

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 1993. Sources and
Effects of lonizing Radiation. Annex C: Medical radiation exposures. United Nations, New York, p. 249.

Wild, C.P., 2012. The exposome: from concept to utility. Int. J. Epidemiol. 41, 24-32.

Zhikrevetskaya, S., Peregudova, D., Danilov, A., Plyusnina, E., Krasnov, G., Dmitriev, A., Kudryavtseva,
A., Shaposhnikov, M., Moskalev, A., 2015. Effect of low doses (5-40 cGy) of gamma-irradiation on lifespan and

stress-related genes expression profile in Drosophila melanogaster. PLoS One 10, e0133840. DOI:
10.1371/journal.pone.0133840.


https://en.wikipedia.org/wiki/Gamma_ray#cite_note-24
https://en.wikipedia.org/wiki/Gamma_ray#cite_note-24

Figure Captions

Fig. 1. Bioluminescent kinetics of P.phosphoreum at 5, 10, and 20°C.

Fig. 2. Relative bioluminescence intensity of P.phosphoreum, I'?, vs. dose of gamma irradiation. Temperature
of the experiments: 10 °C (m) and 20°C (0). An error for I"* measurements was 10%.

Fig. 3. Bioluminescence kinetics of P.phosohoreum exposed to gamma radiation of different dose rates,
Particle 2, 20°C. An error for I"* was 10%.

Fig. 4. Relative bioluminescence intensity I vs. gamma-radiation dose rate. Particle 2, 20°C. Horizontal

lines connect dots of equal exposure times. An error for /¢ was 10%



ABSTRACT

The study addresses biological effects of low-dose gamma-radiation. Radioactive !3’Cs-containing
particles were used as model sources of gamma-radiation. Luminous marine bacterium Photobacterium
phosphoreum was used as a bioassay with the bioluminescent intensity as the physiological parameter tested. To
investigate the sensitivity of the bacteria to the low-dose gamma-radiation exposure (< 250 mQGy), the irradiation
conditions were varied as follows: bioluminescence intensity was measured at 5, 10, and 20°C for 175, 100, and
47 h, respectively, at different dose rates (up to 4100 uGy/h). There was no noticeable effect of gamma-radiation
at 5 and 10°C, while the 20°C exposure revealed authentic bioluminescence inhibition. The 20°C results of
gamma-radiation exposure were compared to those for low-dose alpha- and beta-radiation exposures studied
previously under comparable experimental conditions. In contrast to ionizing radiation of alpha and beta types,
gamma-emission did not initiate bacterial bioluminescence activation (adaptive response). As with alpha- and
beta-radiation, gamma-emission did not demonstrate monotonic dose-effect dependencies; the bioluminescence
inhibition efficiency was found to be related to the exposure time, while no dose rate dependence was found. The
sequence analysis of 16S ribosomal RNA gene did not reveal a mutagenic effect of low-dose gamma radiation.
The exposure time that caused 50% bioluminescence inhibition was suggested as a test parameter for

radiotoxicity evaluation under conditions of chronic low-dose gamma irradiation.

Keywords: low-dose gamma-radiation; luminous marine bacteria; bioassay; radiotoxicity; mutagenic effect;

temperature dependence

1. INTRODUCTION

Rapid development of nuclear energy and nuclear medicine has increased the background levels of
radiation exposure of people and other living organisms. Microorganisms play the fundamental role in the
biosphere, and their physiological parameters are traditionally used to monitor environmental toxicity, including
radiation toxicity. Marine luminous bacteria are an appropriate tool for such investigation, as they are highly
sensitive to the presence of toxic compounds. Bioluminescence intensity, the main physiological parameter
tested, can be easily measured instrumentally. It is also important that luminous bacteria-based assays are simple
and not time consuming due to high rates of bioluminescence response. Hence, bioluminescent assays provide a
large number of experimental results under comparable conditions, which is essential for their statistical
treatment. These are the reasons why luminous bacteria, as well as their enzymes, have been used as toxicity
bioassays for several decades (Roda et al., 2004; Girotti et al., 2008; Tarasova et al., 2012; Kudryasheva and
Tarasova, 2015, Kratasyuk and Esimbekova, 2015; Kudryasheva et al., 2017). Physicochemical basis for toxic
effects in bioluminescent systems was elaborated in studies by Kudryasheva (2006) and Nemtseva and
Kudryasheva (2007).

Bacterial bioluminescent assay based on recombinant Escherichia coli has been previously used to test
biological effects of high-dose gamma-radiation exposures; doses accumulated by the bacteria were 2.6 Gy
(Ptitsyn et al., 1997) and 1-200 Gy (Min et al., 2003). The last decade has seen the application of luminous

bacteria to monitor biological effects of low-dose ionizing radiation (Kudryasheva and Rozhko, 2015).



Radiosensitivity of living organisms is usually expressed as a dose/effect relationship, and considerable
uncertainty exists concerning low exposure doses. In addition to the linear dose/effect relationship, low-dose
studies might be based on a threshold dose/effect relationship or the hormesis phenomenon (Burlakova et al.,
2004; Calabrese, 2014; Baldwin and Grantham, 2015; Kudryasheva and Rozhko, 2015; Rozhko et al., 2016).
The hormesis hypothesis suggests that low dose radiation can be favorable for living organisms. In (Shi et al.,
2016), the hormesis model is suggested to be accepted as a basic one, while the other models (threshold and
linear) can be considered as simplified derivatives from the former, coming into being under definite conditions.

In contrast to ‘deterministic’ effects of high doses, low-level radiation produces “stochastic” effects. They
are described in terms of ‘randomnicity’ and ‘probability’, and assume that the low dose exposures, below 100-
200 mSv, do not produce heritable effects in direct proportion to an equivalent dose.

A bioassay system based on luminous marine bacteria is a good candidate for monitoring the stochastic
effects of low-dose radiation, due to high rates and simplicity of the assay procedure, as well as availability of
reagents and devices. Modern microplate biochemiluminometers provide a technical support for such
investigations. A review by Kudryasheva and Rozhko (2015) summarized the study of the effects of model
solutions of alpha- and beta-emitting radionuclides (americium-241, uranium, and tritium) on marine bacteria
under conditions of chronic low-dose irradiation. Non-linear dose-effect dependences were demonstrated. Three
successive stages in the bioluminescent response to americium-241 and tritium were found: (1) absence of
effects (stress recognition), (2) activation (adaptive response), and (3) inhibition (suppression of physiological
function, i.e. radiation toxicity). The effects were attributed to the radiation hormesis phenomenon.

So far, the luminescent bacteria-based assay has not been used to evaluate low-dose effects of gamma-
radiation. However, the gamma component of low-content radioactive contaminations might be extremely
important, producing a harmful impact on living organisms due to its high penetrability and high energy. This
type of radiation has energy of a few hundred keV and can reach up to 10 MeV. Additionally, gamma-rays are
less ionizing and more penetrative than alpha- or beta- particles: the maximal energy of tritium beta-particles is
5.7 keV, the maximal range of their path is about 1 cm (in the air, at 20°C), and specific ionization ability is
2.2x10% ions per cm (Selivanova et al., 2013).

Natural sources of low-intensive gamma irradiation include naturally occurring radioisotopes such as
potassium-40 and atmospheric interactions with cosmic rays or particles. Natural exposure to gamma rays is
about 1 to 2 mSv per year, and the average total amount of radiation received in one year per inhabitant in the
U.S. is 3.6 mSv (UNSCEAR 1993). Artificial sources of gamma rays include radioactive decay in nuclear
reactors, and high energy physics experiments, such as neutral pion decay or nuclear fusion.

Comparison of low-dose biological effects of alpha-, beta-, and gamma-radiation in model experiments
using the bacteria-based luminescent assay is a question of interest from both fundamental and applied points of
view. The purpose of the present study was to determine the effects of low-dose gamma-radiation on
Photobacterium phosphoreum and compare them with the effects of alpha- and beta-emitting radionuclides. The
applied aspect of the work is the usage of the bacteria as a cellular bioassay to monitor toxicity of the gamma-
radiation low-dose exposure. Irradiation conditions (temperature, dose rate, and exposure time) were varied.
Radioactive *’Cs-containing particles from the Yenisei River, which is affected by the operation of the Mining-
and-Chemical Combine of Rosatom, were used as model sources of gamma-radiation. The radioactive isotope

137Cs has the following characteristics: Ey = 661.7 keV, Ty, =30.07 y.
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2. MATERIALS AND METHODS

2.1. Objects

Microbiotest 677F, preparation of lyophilized Photobacterium phosphoreum 1883 IBSO (Kuznetsov et
al., 1996), was used as a bioassay to monitor toxicity of aquatic media exposed to gamma radiation. The
preparation was obtained from the Institute of Biophysics SB RAS, Krasnoyarsk, Russia.

137Cs-containing radioactive hot particles were used as the point sources of external gamma radiation. The
particles were extracted from the floodplain soils and sediments of the Yenisei River in the area affected by the
operation of the Mining-and-Chemical Combine of Rosatom (Bolsunovsky and Tcherkezian, 2001;
Chuguyevskiy et al., 2010). Two hot particles were used in the experiments with luminous bacteria.
Radioactivity of the particles, their distances from the bacterial samples, and the corresponding dose rates at
these distances are given in Table 1.

<Table 1>

2.2. Experimental procedure

A radioactive particle was placed in the center of the experimental chamber. Eppendorf tubes with
bacterial suspension in 1.5% NaCl were placed around the radioactive particle, at different distances from it.
Dose rates of gamma-irradiation ranged from 0.2 to 137 pGy/h and from 122 to 4100 nGy/h for Particle 1 and
Particle 2, respectively (Table 1). The average background exposure dose for the control bacterial samples was
0.1 pGy/h. The dose rate calculations were based on the activity of the '¥’Cs source; they were additionally
verified by direct measurements with a DKG-02U dosimeter (SPC "Doza", Ltd, Russia).

Bioluminescence kinetics of the bacterial samples (control and irradiated ones) was measured in 3% NaCl
solutions using a CL3606 Biochemiluminometer (SDTB “Nauka” KSC SB RAS, Russia). Bacterial suspensions
were exposed to the radiation in three experiments: at 5, 10, and 20°C. Fig. 1 shows bioluminescence kinetics of
the control bacterial suspensions at the different temperatures.

<Fig.1>

Bioluminescent measurements of the control and irradiated samples were carried out and compared as
described in the section below.

A mutagenic effect of low-dose gamma radiation was examined using sequence analysis of 16S
ribosomal RNA gene of P.Phosphoreum. The analysis was performed on the samples of bacterial suspensions

exposed to gamma radiation (4100 pGy/h, 20°C); it was compared to that of the control bacterial suspensions.

2.3. Evaluation of radiotoxicity of the test samples

Radiotoxicity of a bacterial sample was assessed by relative bioluminescent intensity, /¢, calculated as

I = Irad /Iwntr



Here, 1.4 is the average value of bioluminescence intensity in the bacterial sample exposed to gamma
radiation, and I, is the average value of bioluminescence intensity in the control sample. The average values
were obtained in four parallel experiments with five measurements for all irradiated and control bacterial
suspensions. Experimental error did not exceed 10%.

Values of ¥ were calculated for all samples at different times of exposure. Times for control sample

measurements corresponded to those of the exposed samples.

3. RESULTS AND DISCUSSION

We measured bioluminescence of bacterial suspensions exposed to gamma radiation at 5, 10, and 20°C;
values of " were calculated and plotted vs. absorbed gamma-radiation dose. The 5°C and 10°C exposures did
not show noticeable effects of gamma radiation. Fig. 2 shows results of the 10°C exposure as an example. It can
be seen from the graph that the bioluminescence intensities of the exposed bacterial test suspensions (/%) were
close to 1 (black squares in Fig. 2), i.e. they demonstrate absence of authentic deviations from the control
suspensions.

<Fig.2>

Results of bacterial exposure to gamma-radiation at 20°C are also shown in Fig. 2. Bioluminescence
inhibition (/¥ <1) occurred in this experiment for majority of bacterial test samples. Hence, the temperature rise
from 10°C to 20°C, with the latter being closer to the native bacterial temperature, made the microorganism more
sensitive to low-dose gamma radiation. A possible reason for this may be higher rates of bacterial metabolic
processes.

Fig. 2 demonstrates that monotonic dose dependency of ¥ was not observed at 20°C. In contrast to
10°C, the higher temperature conditions revealed ‘stochasticity’ of the bacterial response. The absence of linear
dose vs. response dependence under low-dose exposure is usually associated with hormesis phenomenon
(Calabrese, 2014; Baldwin and Grantham, 2015; Shi et al., 2016). Nevertheless, it is known that hormesis is
characterized not only by inhibition, but also by low-dose stimulation (adaptive response), resulting in “either a
J-shaped or an inverted U-shaped dose response”. This gamma low-dose exposure does not reveal any distinct
activation throughout the experimental dose range (Fig. 2). However, studies of low-dose alpha- and beta-
radioactive exposures (Rozhko et al., 2007; Selivanova et al., 2013; Selivanova et al., 2014) showed a distinct
activation stage in the bioluminescence kinetics followed by the inhibition (toxic) stage. Higher energy,
penetrative ability, and low ionization ability of gamma irradiation are likely reasons for the lower adaptive
response in bacterial cells. Moreover, active chlorine species, that can be produced in physiological solutions
under gamma-irradiation exposure (Mishra et al., 2016), might contribute to the toxic effect.

Nonlinear biological effects of low dose gamma-radiation were demonstrated previously in
(Zhikrevetskaya et al., 2015). It was shown that the identified changes in lifespan and gene expression in
Drosophila melanogaster are not dose-dependent.

The 20°C experimental data shown in Fig. 2 were analyzed, and the I'® values were plotted in

accordance with the time of exposure and dose rate. The results are presented in Figs 3 and 4, respectively.
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Fig. 3 shows that all bacterial samples exposed to different dose rate radiation had similar time-courses of
the bioluminescence intensity. All the curves are of ‘threshold’ character. In time interval 19-47 h, the time-
course dependencies were approximated by linear dependencies:

I'=a—bt.

Here, ¢ is the time of exposure.

<Fig.3>

Angular coefficients of these dependencies (b) were calculated as 0.028, 0.029, 0.026, and 0.025 for dose
rates of 150, 460, 1040, and 4100 uGy/h, respectively. Close values of these coefficients confirm that
bacterial response was not dependent on the dose rates under the conditions of low-dose gamma-radiation
exposure.

It is known that direct interaction of electromagnetic waves with biological components of cellular
microorganisms under conditions of low-intensive gamma exposure is very low (Lampe, N. et al., 2016).
Perhaps, a low interaction probability can be concerned with the low time-response decay in Fig.3.

In (Selivanova et al., 2014), the time of conversion of bioluminescence activation to inhibition was
suggested as a test parameter to evaluate the toxicity of solutions of alpha- and beta-emitting radionuclides for
marine bacteria. The present study demonstrates that in the case of gamma irradiation, the exposure time
appeared to be critical for the marine bacteria, too. Hence, the exposure time can be used as a test parameter for
radiotoxicity evaluation under conditions of chronic low-dose gamma irradiation. For example, this can be the
time of 50% bioluminescence inhibition (at ¢ = 0.5), t;». As can be seen from Fig. 3, the t,, values for the
bacterial preparation were within 35-38 h at all dose rates applied.

Results of the experiment are presented in Fig. 4 as dose rate dependence of I'?. In this graph, the
horizontal lines connect dots of equal exposure times. The graph confirms that the bioluminescence intensity
depended on the time of exposure and did not depend on the dose rates.

<Fig.4>

A similar conclusion was made in a study by Selivanova et al. (2013), in which beta-emitting
radionuclide tritium was used as a source of irradiation for luminous bacteria. The authors of that study found
that the bioluminescent intensity depended on the time of exposure, but did not depend on radioactivity
concentration of tritiated water in a wide range of its radioactivity concentrations: between 0.0002 and 200
MBg/L.

In contrast to our current results for gamma irradiation, tritiated water produced distinct (up to 100-150%)
bioluminescence activation followed by the inhibition stage (Selivanova et al., 2013). Activation bacterial
response was found in high diluted solutions of alpha-emitting radionuclide Am-241, too (Rozhko et al., 2007;
Alexandrova et al., 2011). As discussed before, the differences observed in the case of low-dose gamma-ray
exposure might be attributed to higher energy of gamma radiation, its lower ionization ability in aqueous media,
and possibility to form active chlorine species in physiological solutions.

The results of the comparison approached to revealing the physico-chemical basis of the biological effects
of different radiation types: beta- and alpha-radiations ionize aquatic media forming active radicals and ion-
radicals, while gamma radiation is high-energy electromagnetic waves with lower ionization ability of water

media.



Sequence analysis of bacterial DNA was performed for 16S ribosomal RNA gene of P.Phosphoreum.
This gene was chosen for the genetic analysis as a model for evaluation of nonspecific DNA damage. The
samples of the bacterial suspension exposed to low-dose gamma radiation (~0.2 Gy) were analyzed and
compared with control samples. Under the conditions of the experiment no changes in the analyzed gene
sequence were found.

Results of this study might be interpreted by using the novel “exposome” concept, which complements
the genome and encompasses the totality of environmental (i.e. non-genetic) exposures (Rappaport and Smith,
2010; Wild, 2012). Although this term was initially introduced for human exposures, the study of simple model
organisms might provide fundamental molecular, physicochemical, biochemical, and cellular bases for human
exposure science.

It should be paid attention that delicate processes of genetic regulation in bacterial cells cannot be
excluded. As reported in (Bolsunovsky et al., 2016), two bacterial tests based on E.coli and S.typhimurium cells
demonstrated a complex response to chronic low-dose gamma-exposure; this response included the induction of
SOS-chromotest response and mutation frequencies, followed by the attenuation of the effects at longer exposure

times.

CONCLUSIONS

In this work, we investigated the low-intensive gamma radiation effects on the luminescence bacteria-
based assay. Low dose effects of gamma radiation on the luminous bacteria were studied and compared with
those of beta- and alpha- radiation that had been studied previously under comparable conditions.

We determined suitable conditions for evaluation of gamma-radiation effects. Three series of experiments
were carried out: at 5°C, 10°C, and 20°C. The results showed the absence of authentic deviations from the
control bacterial suspension for bacterial samples at 5°C and 10°C. The 20°C exposure revealed authentic
bioluminescence inhibition. Higher rates of metabolic processes at higher temperature may make the bacteria
more sensitive to gamma radiation.

Results of the 20°C exposure were analyzed in detail. The absence of the monotonic dose/effect
dependencies was demonstrated under conditions of the experiment. Bioluminescence inhibition efficiency was
found to be related to the exposure time, while no relationship to the dose rate was found. Similar effects were
found earlier in experiments with luminous marine bacteria exposed to low-level alpha- and beta-radiation.
However, in contrast to the alpha- and beta- exposures, gamma radiation exposure did not reveal distinct
bioluminescence activation. Hence, time dependence of the bacterial response to low-level alpha and beta
ionizing radiation can be discussed in term of ‘radiation hormesis’, while the low-level gamma radiation reveals
the threshold time dependence. Such dissimilarity might be caused by higher energy of gamma radiation and its
lower ionization ability in aqueous media.

Further experiments should elucidate the molecular and physicochemical basis for the difference in
biological low-dose effects of alpha, beta, and gamma radiation. Apart from the quantitative evaluation, bacterial
cells are a very convenient tool for a number of methods applicable to studying intracellular processes: from
membrane penetrability to gene regulation, enzyme activity, ATP consumption and crystallinity of intracellular

macrocomponents .



From the applied point of view, the temperature of 20°C was found to be optimal for using luminous
marine bacteria in low-dose gamma-radiation toxicity monitoring, providing a convenient combination of
radiosensitivity and duration of the bioassay procedure. As the exposure time appeared to be critical for the
bacteria, it can be suggested as a test parameter for radiotoxicity evaluation under conditions of chronic low-dose
gamma irradiation. For example, this can be the time for 50% bioluminescence inhibition.

The sequence analysis of 16S ribosomal RNA gene did not reveal a mutagenic effect of low-dose gamma
radiation. The results of this study can be interpreted by using the novel approach based on the “exposome”

concept of complementing the genome.
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Figure Captions

Fig. 1. Bioluminescent kinetics of P.phosphoreum at 5, 10, and 20°C.

Fig. 2. Relative bioluminescence intensity of P.phosphoreum, I'?, vs. dose of gamma irradiation. Temperature
of the experiments: 10 °C (m) and 20°C (0). An error for I"* measurements was 10%.

Fig. 3. Bioluminescence kinetics of P.phosohoreum exposed to gamma radiation of different dose rates,
Particle 2, 20°C. An error for I"* was 10%.

Fig. 4. Relative bioluminescence intensity I vs. gamma-radiation dose rate. Particle 2, 20°C. Horizontal

lines connect dots of equal exposure times. An error for /¢ was 10%
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Table 1. Characterization of gamma-emitting '3’Cs-containing particles

Particle 1 Particle 2
Radioactivity, MBq 0.41 12.4
1.5(137); 3(34);
1.5(4100); 2(2070);
Distances of bacterial samples from the particle, 4.5(15); 6(8.6);
3.5(830) 4.5(415);
cm, (corresponding dose rates, uGy/h) 9(3.8);13.5(1.7);

6(244); 8.5(122
19.5(0.8); 39(0.2) (244); 8.5(122)




Bacterial exposure to gamma radiation did not reveal monotonic dose-effect dependency
Luminous bacteria response to low dose gamma radiation depended on exposure time
Luminous bacteria response to low dose gamma radiation did not depend on dose rate
Luminescent activation was not observed under low dose gamma radiation exposure

Rise of temperature to 20°C makes bacteria more sensitive to low dose gamma radiation
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