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Background: The technological progress has led to the widespread use of various
radiofrequency electromagnetic radiation (RF-EMR) sources. Luminous bacteria were
used as test objects for research of radio waves influence on living organisms. Objective:
The presented study was focused on the processes related to Photobacterium phosphoreum
luminescence under RF-EMR: some physiological, biochemical consequences and the
variations in luxb gene expression. Material and Methods: The IMV B-7071 strain of the
luminous marine bacterium P. phosphoreum from the culture collection of the D.K. Za-
bolotny Institute of Microbiology and Virology of the National Academy of Sciences of
Ukraine was used as an object of the study. We used “UHF-62", “Ray-11" and “MRTA-
027 commercial devices as a source of RF-EMR. Results: It has been revealed that RF-
EMR affected luminescence intensity, transcriptional activity of luciferase encoding gene,
superoxide dismutase activity, cell survival rate. It was found that inhibition or stimulation
of P. phosphoreum IMV B-7071 luminescence intensity depends on exposure duration.
Conclusion: The data indicated the stressful nature of the RF-EMR action. Results
obtained in this study suggest that luminescence intensity of P. phosphoreum IMV B-7071
bacterial cells is an indicator of the RF-EMR biotropic impact.

Keywords: bioluminescence, electromagnetic radiation, luxb gene expression,
Photobacterium phosphoreum.

Bacterial bioluminescence is a reaction of luminous bacteria that involves a
luciferase-catalyzed oxidation caused by action of an enzyme called bacterial
luciferase, encoded by /ux gene [1]. Bioluminescence intensity of luminous
bacteria is an integral parameter of their metabolism which makes this
phenomenon very attractive for use as a potentially very sensitive indicator
of changes in the environment and the presence of toxic pollutants [2, 3]. The
advantages of the bioluminescent assays are high sensitivity, short response
time and easy instrumental record [4, 5].

Luminous bacteria have been used as bio-indicators since the 1950s [6].
There are express methods of quantitative toxicity determination based on
measuring a decrease in luminescence intensity of bacteria after addition of
toxic compounds into water samples [7—11]. One of the perspective directions
of bioluminescent analysis expansion is its use to assess the degree of biological
action of radiofrequency electromagnetic radiation (RF-EMR) [12, 13].

The relevance of this problem is growing due to the constant increase in
the number and diversity of RF-EMR sources which leads to almost overall
RF-EMR exposure on living organisms.
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Objective. The RF-EMR norms in all countries are based on the results of
measurements by technical means of physical characteristics and takes into
account only acute thermal effects [14]. Adequate impact assessment requires
quantitative methods for detecting biological effects of RF-EMR, which are
complicated by the lack of appropriate assessment methods directly involving
biological objects.

Simple, highly sensitive biological test systems that provide reproducibility
of the results and are suitable for mass analyzes are required. Such systems
include bacterial luminescent test systems that are already being used to
evaluate the toxicity of various chemicals [15].

Little is known about the extent of RF-EMR influence on bacterial
bioluminescence which can be essential in development of technologies based
on the use of luminous bacteria as biological indicators of environmental
pollutants

The aim of this paper was to report the observed effect of different RF-EMR
range on Photobacterium phosphoreum IMV B-7071 luminescence and detect
consequence on luciferase encoding gene expression, cell survival rate and
superoxide dismutase activity.

Materials and Methods. Bacteria, culture conditions. The IMV B-7071
strain of the luminous marine bacterium P. phosphoreum from the culture
collection of the D.K. Zabolotny Institute of Microbiology and Virology
of the National Academy of Sciences of Ukraine was used as object of the
study. Bacteria species identification was confirmed by the sequencing of 16S
rRNA gene region. The nucleotide sequence was submitted to the GenBank
nucleotide sequence database (http://www.ncbi.nlm.nih.gov/genbank) under
accession number KF656787.

Bacterial biomass was grown for 8 hours in liquid medium composed of
(g/1): peptone — 5.0; yeast extract — 1.0; NaCl - 30.0; Na,HPO, — 5.3; KH,PO,
x 2H,0 - 2.1; (NH,),HPO, - 0.5; MgSO, x H,0 - 0.1; glycerol — 3.0 ml x
L' [16] in 750 ml flasks with 100 ml of medium at 145 rpm and 22°C. The
bacterial suspension of the same volume and concentration (V =1 ml, 10" cells/
ml) was exposed to irradiation from different RF-EMR sources.

Exposure to RF-EMR. We used “UHF-62 (#3201, Russian Federation),
“Ray-11" (Medical Equipment Factory, Russian Federation) and “MRTA-02”
(#00533, “Radmir”, Ukraine) commercial devices as a source of RF-EMR. The
characteristics and irradiation parameters of these devices are listed in Table 1.
The distance between emissivity antenna and object of influence was 5 cm.
RF-EMR effect was estimated by the change in the intensity of luminescence.
The control tests were carried out in the same conditions without irradiation.
The exposure duration of 5 and 15 min was chosen as the most influencing on
bacteria luminescence changes.

Table 1
Technical characteristics of RF-EMR sources
RF-EMR | Power Output, | Generator operating
RF-EMR range
source W frequency, MHz
UHF -62 15 40.68 Very high frequency (VHF EMR)
RAY -11 15 2450 Ultrahigh frequency (UHF EMR)
MRTA-02 10 57000-62500 Extremely high frequency (EHF EMR)
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The temperature factor was used as an additional control to evaluate
possible thermal effect of RF-EMR. For this purpose bacterial cell suspension
was heated up to 42.0°C (temperature setting with an accuracy of 0.1°C) with
portable thermostat TDB-120 (Biosan, Latvia).

Measuring of bacteria luminescence. Experimental luminometer based
on photomultiplier tube (FEU-115M, 1400 V) was used to register the
bioluminescence intensity. The luminescence intensity changes of the sample
were described as bioluminescence index — BI [5]. BI was calculated as a ratio
of test sample luminescence intensity (I)) to the control sample luminescence
intensity (I ):

BI=1/I.

Genetic analysis and SOD activity evaluation. RNA isolation, cDNA
synthesis and qRT-PCR were performed as it was described in [17]. Relative
luxb gene expression in exposed samples compare to control one was calculated
using 2**“method [18], 16S rRNA gene was used as endogenous reference
[17].

Antioxidant activity of the tested bacteria was studied for key antioxidant
defence enzyme superoxide dismutase (SOD). SOD activity was evaluated by in
vitro inhibition of epinephrine autoxidation [19]. Antioxidant activity of tested
bacteria was expressed as percentage of epinephrine autoxidation inhibition.
SOD activity was detected in cell-free extracts using spectrophotometry and
calculated as the % relatively to the total protein concentration in the sample.
Total protein concentration was measured using Lowry method [20].

The experiments were conducted in triplicate. Statistical data processing
was carried out with STATISTICA program, version 13 (http://statsoft.ru/).

Results. RF-EMR effects on bacterial luminescence. To assess influence
of RF-EMR on Photobacterium phosphoreum, luminescence intensity was
analyzed after irradiation (under different RF-EMR range). Bacterial cells were
exposed to VHF EMR, UHF EMR (15 W power) and EHF EMR (100 pW
power) for 15 min. The results of RF-EMR impact on bacteria luminescence
showed the luminescence intensity dependence on the power and exposure
duration (Fig. 1).

Exposure with 15 W power (VHF and UHF EMR) led to nonlinear
dependence between the luminescence intensity and the exposure duration.
Luminescence intensity analysis of 5 min 15 W power VHF EMR irradiation
revealed an increase in the intensity of luminescence by 22% in comparison
with control. The 15 min treatment with VHF EMR resulted in significant
decrease up to 68% of bacteria luminescence intensity in comparison with
control.

The similar tendency was observed after UHF exposure. 5 min 15 W power
UHF EMR influence on bacterial cells led to an increase in luminescence
intensity by 45% in comparison with control. Decrease in bioluminescence by
67% in comparison with control was observed after 15 min from the start of
UHF EMR irradiation.

An increase in luminescence intensity during 15 min of irradiation time was
noted after EHF EMR irradiation exposure with frequency and 100 pW power
on bacterial cells.

60 ISSN 1028-0987. Mixpobion. scypn., 2019, T. 81, No 6



—=— BI(VHF EMR)
; —e— BI(UHF EMR)
164 —a— BI(EHF EMR)

BI

Irradiation time (min)

Fig. 1. RF-EMR influence on bacterial luminescence

The marked dependence demonstrated the effects of stimulation and
inhibition of luminescence intensity under RF-EMR influence on bacteria. We
observed an increase in the intensity of bacterial luminescence after 5 min
of exposure for all types of radiation. While 15 min exposure in the case of
15 W power VHF EMR and UHF EMR resulted in a significant decrease in the
luminescence intensity.

These data demonstrate significant changes in the luminescence intensity
under the action of 15 W power due to heating of the medium.

Since the most pronounced effects were observed during the 5 and 15 min
action of EMR exposure, further studies were focused on these values of the
exposure duration.

Influence of medium temperature on bacteria luminescence. The mechanism
of high-intensity RF-EMR action was primarily compared with the influence of
temperature [21]. In this connection special attention was paid to the influence
of the temperature on luminescence intensity.

As we have shown previously for P. phosphoreum IMV B-7071, the maxi-
mum level of luminescence was in the range of 10 to 28°C [22]. At higher
temperatures a sharp decrease in bioluminescence was detected.

Temperature elevation of bacterial suspension, which was dependent on
the power and duration of electromagnetic radiation exposure, was observed
during irradiation by various EMR sources (Fig. 2).

Nonspecific effect of the different types RF-EMR impact is in the object
temperature elevation, which is dependent on the emission power. The
temperature rise was observed when using 15 W VHF EMR and UHF EMR
power, but no temperature changes were detected after 100 yW EHF EMR
exposure.

Analysis of temperature change after 15 W power UHF EMR irradiation
showed that an increase in medium temperature was higher in all tested samples
compared to the VHF EMR (Fig. 2). The temperature detected in bacterial
culture after 5 min UHF EMR irradiation was 29°C and luminescence intensity
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was increased by 22%, but for VHF EMR opposite effects were observed.
After VHF EMR irradiation at the same temperature the luminescence intensity
decreased by 30%. Thus, the same temperature values for the different action
induced opposite effects for VHF EMR and UHF EMR.
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Fig. 2. Temperature changes in bacterial suspension after RF-EMR irradiation

This temperature-related difference between the values of luminescence
intensity of bacteria irradiated with different ranges of RF-EMR allows to
suggest that the changes of luminescence intensity caused by RF-EMR might
have thermal and non-thermal components.

Data obtained for low-intensity EHF EMR exposure at the 61220 MHz
frequency with an average power of 100 uW, when the stimulation of
bacterial luminescence was observed, can be a proof of a possible non-thermal
mechanism of RF-EMR action. In this case, irradiation did not cause a change
in the temperature of the culture medium because of the low absorbed power.

It is also important to note that the RF-EMR effect may be due to the
formation of free radical oxidation products [23]. Same activation of the
antioxidant system might be a proof of this assumption. However the exposure
of bacterial cells to RF-EMR irradiation caused very small increase of SOD
activity (up to 0.45 %/mg).

Cell survival rate. It is important to note that all radiation modes were
accompanied by a reduction in P. phosphoreum IMV B-7071 cell viability.
If in the case of 15 W irradiation the fraction of surviving cells was 32 + 9%,
then after 100 uW power EMR exposure it increased up to 68 = 12% being
still lower than control (Fig.3). The data on P. phosphoreum IMV B-7071
cell survival under irradiation indicated the stress of RF-EMR action even at
absorbed low energy radiation.

Expression of luxb gene under different type of EMR. It is known that
luminescence, as the peculiarity of luminescent bacteria, is caused by activity
of luciferase enzyme consisting of two main subunits [24]. In our study /uxb
gene expression level was evaluated under three types of EMR.
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Fig. 3. Cell survival rate in bacterial suspension after RF-EMR irradiation. * — p<0.05

Results of luxb gene expression analysis showed the increase of gene activity
value in 3.8 times after 15 min exposure to EHF EMR (Fig.4 B), in 3.5 and
3 times after exposure to UHF EMR and VHF EMR for 5 min. 15 min exposure
to the last two types of RF-EMR led to increase in /uxb mRNA amount after
UHF EMR (in 2 times) and did not cause any changes were detected after VHF
EMR in comparison with non-irradiated bacteria. Besides, the dependence
between gene activity and exposure duration was observed. Analysis of
changes in luxb mRNA abundance within 15 min UHF EMR and VHF EMR
exposure revealed that gene expression was decreasing during this time
(Fig.4 B). The similar results were obtained for both type of EMR: increasing
in luxb transcriptional activity after 5 min and decreasing after 15 min of
irradiation. The level of expression decreased in 1.75 and 4.2 times (UHF EMR
and VHF EMR, respectively) compare to samples after 5 min of exposure.

Since luxb gene encodes luciferase subunit responsible for light emission,
we compared bioluminescence and gene expression indices under RF-EMR.
The results showed correlation (r = 0.797) between these parameters: the higher
is gene activity, the bigger is bioluminescent index. But it should be noted that
the ratio between BI and expression level depends on the type of RF-EMR
(Fig.4 A). For example, when the BI of 5 min 15 W VHF EMR irradiation is
equal to 1.22, the luxb gene activity value rise in 3 times. When 5 min UHF
EMR treatment resulted in BI equal to 1.45, the luxb gene activity value rise
in 3.5 times.

Discussion. The results presented in this paper indicate that P. phosphoreum
IMV B-7071 was highly sensitive to the action of a wide range of non-ionizing
RF-EMR that appeared to change the intensity of its luminescence.

Inhibition or stimulation of the observed luminescence intensity of bacte-
ria may indicate variability of the RF-EMR exposure-related effects. Thermal
mechanism dominates in cases of RF-EMR energy absorption for more than
15 min that was manifested in the emission intensity characteristic decrease
similar to the changes caused by temperature. When duration of RF-EMR ex-
posure was less than 5 min, bacterial suspension showed the effects suggesting
the existence of nonthermal nature luminescence stimulation mechanism.
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Fig. 4. P. phosphoreum luminescence intensity (A) and /uxb gene expression (B) after
various range RF-EMR irradiation. * — p<0.05

The data on P. phosphoreum IMV B-7071 cell survival rate at various
regimes of the irradiation indicated a decrease in the viability of bacteria in
the case of high-intensity and low-intensity RF-EMR exposure. These results
suggested the stressful nature of the RF-EMR action even at low energy
absorbed radiation.

Analysis of /uxb gene transcriptional activity revealed an increase in the
level of its expression after all studied types of radiation. It should be noted
that in cases of bacterial luminescence stimulation after irradiation, the level
of luxb expression exceeded control more than 3 times. Inhibition of bacterial
luminescence after irradiation was also accompanied with a decrease in the
expression of /uxb gene by 1.75 times, but it was still higher than expression
value in the control samples. Given that this was accompanied with a
significant decrease in cell viability and the continuous increase in the level of
specific gene expression, we can make conclusion about specific luminescence
magnification upon EMR irradiation. In other words, under such conditions
remained intact cells started to increase light emission even after significant
decrease in cell viability. This phenomenon known as “quorum sensing” and
associated with the change in the level of cells bioluminescence depending on
the density of population, was detected for the first time in luminescent bacteria
Vibrio fischeri [24]. This process has been well studied for this microorganism
and investigated on other biological systems. In contrast to the results obtained
by Tanet L. et al (2019) [25] in our case, we seem to observe the effect of
communication and interaction between cells in a stressful environment.
Autoregulation mechanism of cells emission intensity under stress conditions
affecting the expression of lux-operon identification of regulatory biomolecules
requires further study.
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According to our results the relationship between SOD as a key enzyme of
the antioxidant system and luminescence and electromagnetic irradiation was
not detected.

A possible mechanism for the genetic control of bioluminescence under
irradiation cell RF-EMR can also be association of lux-gene with DNA
repair system [26]. In the case of DNA damage presence, SOS-regulon gene
regulation occurs with the appropriate inclusion of DNA repair mechanisms.
This mechanism of lux-genes transcription activity changes can explain the
marked increase in the level of bacterial cells bioluminescence after low
density UV irradiation [27].

The data obtained from the impact of organic solvents on the luminous
bacteria demonstrated effects similar to EMR exposure [28]. According to
this study, the degree of stimulation or inhibition of luminescence intensity
of bacteria depends on both the concentration and the nature of the organic
solvent, which is due to its influence on the structure of luciferase enzyme.
Stimulation of luminescence was observed after the action of low concentration
of solvent as in the case of short exposure. In the presence of high solvent
concentration, the effect was similar to the effects of the large doses of EMR
leading to the inhibition of bacterial luminescence. Perhaps this is due to the
electromagnetic nature of interaction between the luciferase enzyme and one of
the reaction substrates — aldehyde. The identification of mechanisms requires
more extensive studies.

Thus, as shown in our study, luminescence intensity of P. phosphoreum
IMV B-7071 bacterial cells is an indicator of the RF-EMR biotropic impact
that can be used to create biosensor device for biological evaluation of non-
ionizing electromagnetic radiation.

BIIJIUB PAIIOYACTOTHOI'O EJIEKTPOMATHITHOI'O
BUITPOMIHIOBAHHSA HA JTIOMIHECI EHIIIIO
PHOTOBACTERIUM PHOSPHOREUM

L O. I'peuvkuii’?, JI. b. 3enena’, O. M. I'pomoszosa’

"nemumym mikpobionoeii i sipyconoeii im. JI.K.3a6oromnozo HAH Yikpainu,
eyn. Akaoemira 3abonommnoeo, 154, Kuis, 03143, Ykpaina
’Hayionanvnuil ynieepcumem mexnonozii ma Ouzaimy,
eyn. Hemuposuua-/lanuenxa, 2, Kuis, 01011, Yxpaina
Pesrome

TexHOJIOTIYHMIA TIPOTrpec MPU3BIB JI0 MIUPOKOTO BUKOPUCTAHHS PI3HUX JKEpET paji-
0YaCTOTHOTO eJIeKTpoMarHiTHoro BuripomiaroBanHs (PU-EMB). Sk TecToBi 00’ ekTH uIst
JIOCIIJDKCHHST BIUIMBY PaJioOXBWIIb Ha JKMBI OpraHi3MH HamMH OyiiM BUKOPHUCTaHI JIOMi-
HecIleHTHi OakTepii. MeTa. Y mpeacTaBlIeHOMY AOCIIHKEHHI OyJI0 30CepekeHo yBary
Ha TIpoliecax, MOB’s3aHUX 3 JIOMiHeCIeHIIier0 Photobacterium phosphoreum B yMoBax
nii PY-EMB: nesiki izionoriuni, 010XiMiuHI HACTIAKH IIOTO BIUIMBY Ta 3MiHY PiBHS
ekcrpecii reny luxb. Marepianau i metoau. O6’€KTOM IOCTiHKeHHsI OyB IITaM JIFOMi-
HECIIECHTHUX MOPCHKUX Oaktepiit P. phosphoreum IMB B-7071 3 YkpaiHChKOi KONEKIil
Mikpooprani3miB [HcTuTyTy Mikpo6iosnorii i Bipycodorii im. J.K. 3abonornoro HAH
Vkpainu. Sk mxepena PU-EMB Oynu BukopucTani KoMepiiiai mpuctpoi — anapat «Y BU-
62»; «Jlya-11», «MRTA-02». PesyasraTn. Bussneno, mo PU-EMB BrumBae Ha iHTCH-
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CUBHICTb JIFOMIHECLEHIIiT, TPAHCKPHIILIHHY aKTUBHICTh reHy Jronudepasu, akTHBHICTh
CYNEPOKCHIIMCMYTa3H, BIDKUBAHICTD KITITHH. [HTi0yBaHHS 200 CTUMYIIAIIISI iHTEHCHBHOCTI
moMinecueHuii P, phosphoreum IMB B-7071 3anexxana Bij TpuBasocTi BIuiuBy. Bucho-
BKH. JlaHi BKaszyroTh Ha crpecoBuii xapaxrep aii PU-EMB. Pesysbraru, orpumani B iboMy
JOCTIKeHH], CB1TYaTh MPO T€, IO IHTCHCUBHICTD JIFOMIHECIICHIIIT OaKTepiabHUX KITITHH
P. phosphoreum IMB B-7071 € nokasankom 6iorporHoro Bruiusy PU-EMB.

Kniouosi cnosa: 61omoMiHeCHeHIis, €IeKTPOMarHiTHe BUIIPOMIHIOBAaHHS, EKCIIPECis
reny luxb, Photobacterium phosphoreum.

BJAUAHUE PAAIUOYACTOTHOI'O QJIEKTPOMAT'HUTHOI'O
N3JYYEHUSA HA TIOMUHECHEHIIUIO
PHOTOBACTERIUM PHOSPHOREUM

U. A. I'peyxuin’?, JI. b. 3enena’, E. H. I'pomoszosa’

! Unemumym muxpobuonoeuu u supyconoeuu um. J{.K.3a6onomnozo HAH Yxpaunet,
yn. Akademuxa 3abonomnoeo, 154, Kues, 03143, Vkpauna
’Kuesckuil HayuoHanbHblil YHUSEPCUMeNn MexXHOL02Ull U OU3AlHa,
ya. Hemuposuua-/lanuenxo, 2, Kues, 01011, Ykpauna

Pesome

TexHONMOrnueckui Mporpecc NpuBel K MUPOKOMY HCHOIb30BAHHUIO Pa3IMYHBIX HUC-
TOYHHUKOB PAaTHOYaCTOTHOTO IeKTpoMarauTHoro m3nyderns (PU-OMU). Kak tectoBbie
OOBEKTHI JUISL NCCIICIOBAHNS BIMSHHS PaJHOBOJIH Ha JKMBBIC OPraHU3Mbl HaMH OBLIH HC-
H0JIb30BaHbI JIOMUHECLIeHTHbIE OakTepuu. Llesn. B pencrasnenHoM ncciieoBaHuy ObLI0
COCpeI0TOYEHO BHUMAaHHE Ha IPOIieccax, CBA3aHHBIX C IIOMUHECHeHmel Photobacterium
phosphoreum B ycnoBusix Bo3zneiictBus PU-DOMU: HexkoTopsle (usnonorunyeckue, OHo-
XMUMHYECKHE MOCIIEACTBUS ATOTO BIHMSHUS U U3MEHEHHE YPOBHS dKCIpPECCHU reHa luxh.
Matepuanabl U MeToabl. OOBEKTOM HCCIeTOBaHUS OBLT IITaMM JIFOMHHECIIEHTHBIX MOp-
ckux O6akrepuii P. phosphoreum UMB B-7071 u3 YkpanHcKo# KOJIIEKIIUA MUKPOOPTaHH3-
MoB MHcTuTyTa MUKpOOHON0orun 1 Bupyconorun um. /1.K. 3adonornoro HAH Ykpaunst. B
KadecTBe HcTOUHIKOB PU-DMU 65uTH HCTIONB30BaHBI KOMMEPUYECKHE YCTPOHCTBA: ammapaT
«YBY-62»; «Jlyu-11», « MRTA-02». Pesyabrarsl. Bersieno, uto PU-OMMU Bnusier Ha
MHTEHCHUBHOCTH JIIOMUHECICHIMH, TPAHCKPUITLIMOHHYIO aKTHBHOCTh I'eHa JItoLudepasbl,
AKTUBHOCTB CYNEPOKCHAINCMYTa3bl, BEDKHBAEMOCTh KIIETOK. VIHrMOnpoBaHue Wi CTUMY-
JSIIUST MTHTEHCUBHOCTH JIToMuHecueHuuu P. phosphoreum IMB B-7071 3aBucena ot mmpo-
JIOJKUTEIIbHOCTH BO3AEHCTBUS. BbIBOABI. JJaHHbIC yKa3bIBalOT HA CTPECCOBBIN XapaKTep
Bo3neiicTBus PU-DMU. Pe3ynerarsl, MOTy4eHHBIE B TOM HCCICAOBAHUHN, CBUICTEIIECTRY-
0T O TOM, YTO HHTEHCHBHOCTH JIIOMUHECIICHIINH OaKTepHAIbHBIX KIETOK P. phosphoreum
HNMB B-7071 siBnsiercst mokasaresnem OuoTportHoro Biusiaust PU-OMU.

Kniouegvie crosa: GMOMIOMUHECHIEHINS, 37IEKTPOMAarHUTHOE M3IydIEHHUE, SKCIIPECCUS
rena luxb, Photobacterium phosphoreum.
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