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FEATURES OF BIOLUMINESCENCE DYNAMICS
OF PHOTOBACTERIUM PHOSPHOREUM IMV B-7071

The problem of the prolonged and stable intensity of bioluminescent signals is relevant in the development of any test sys-
tems that use biological objects. The aim of this work was to study the features of bioluminescence dynamics of Photobac-
terium phosphoreum IMV B-7071 in a liquid and on different stationary media. Methods. Bioluminescence studies were
performed in liquid, agarose, and cellulose-cotton media. Bacterial suspensions were cultivated at 21°C in the mediums
with standard composition. We studied both the background glow and its dynamics under conditions of mixing a liquid
medium. Bioluminescence was recorded using digital photography with subsequent image processing of the samples. The
measurements of luminescence were made by digital photo or video recording using Olympus digital camera SP560UZ,
CANON 700D, and mobile device camera Samsung Galaxy 9 Note with specialized applications for mobile devices «Col-
orimeter (Lab Tools Apps)» and Camera Color Counter (Keuwsoft) at maximum light sensitivity in the automatic white
balance mode at a fixed distance from the sample. Image processing was carried out using Image] and Origin Pro. Spectra
of bacterial luminescence and its dynamics over time were measured using an LOMO MDR-23 spectrometer in the range
0f 200—750 nm. Results. The results of the study prove that in aqueous or solid agar and also on cellulose cotton medium,
the intensity of bioluminescence of P. phosphoreum gradually increases, reaching a maximum within approximately 2
days, after which it slowly fades. It was established that the bioluminescence of photobacterium P. phosphoreum is a non-
stationary process and has characteristic features of temporal dynamics associated with both the dynamics of the oxygen
concentration in the environment of bacterial suspensions and the dynamics of the bacterial population density. Analysis
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of the luminescence spectra of bacteria shows that luminescence occurs mainly in the blue and green regions of the spec-
trum with luminescence maxima in the range of 460—>520 nm, but the ultra-weak glow is also registered in the UV and
red spectral ranges. The variability of photobacterial luminescence spectra over time in the spectral ranges of the main
luminophores causes color fluctuations between the blue and green ranges. Conclusions. The key parameters of multi-day
background and short-term induced bioluminescence dynamics of photobacteria in different environments were clari-
fied, and the certain variability of the spectral characteristics of luminescent radiation over time was shown. The revealed
features of the dynamics of the bioluminescence of P. phosphoreum must be taken into account in practical application to
assess the toxicity of substances of various nature, as well as in environmental monitoring.

Keywords: bacterial bioluminescence, Photobacterium phosphoreum, luminescence spectra, aqueous medium, solid

agar, cellulose cotton medium.

The interdisciplinary study of the phenomenon
of luminescence in bacteria is one of the prom-
ising directions in modern science. The physical
nature of the luminescence phenomenon is based
on the transition of electrons in atoms or mol-
ecules from the excited state to the ground state.
The cause of their initial excitation can be various
factors: external radiation, temperature, chemical
reactions, efc. The first definition of luminescence
was given by S.I. Vavilov (1948): «Luminescence
is an excess over the temperature radiation of the
body in the case when this excess radiation has a
finite duration of about 10-1° seconds or more».

It is known that the process of bacterial biolu-
minescence is caused by the reaction catalyzed
by luciferase (flavin-dependent monooxygen-
ase), requiring a reduced flavinmononucleotide
(FMNH,), O,, and long-chain fatty aldehyde
(RCHO). The reaction products are oxidized
flavinmononucleotide (FMN), the correspond-
ing fatty acid (RCOOH), H,O, and visible light
(Zhang et al., 2023).

FMNH2 + RCHO + 02 bacterial luciferase EMN +
RCOOH + H,0 + hv

This process is controlled by the lux A, B, C,
D, E operons. It was found that the structural
genes lux A, B encode luciferase, and lux C, D, E
encode aldehyde synthesis. This part of the com-
plex is the same for all studied bacteria (Brodl
E. et al, 2018). The role of luminescence in the
life of microorganisms is also poorly studied. Its
participation in the defense of aquatic organ-
isms, in the processes of intercellular communi-
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cation, stress response, efc. has been considered
(Lee, 2017; Li, 2022).

Today it is reliably shown that the lumines-
cence reaction is a system indicator of the meta-
bolic activity and functional state of bacterial
cells. Due to high sensitivity, rapidity of reaction,
and simplicity of registration, bioluminescent
analysis is now widely used for express assess-
ment of biologically active and toxic substances
(Zhang, 2023; Hou, 2014).

The use of purified luciferase preparations and
the use of genetically modified microorganisms
possessing this property, as well as the use of a
bioluminescent system for activation of light-
sensitive proteins in optogenetics is considered
a promising direction (Syed, 2021). Due to the
high sensitivity of photobacteria to the influence
of different factors, they were proposed for use as
indicators of the biological effectiveness of elec-
tromagnetic fields of anthropogenic and natural
origin. The high sensitivity of Photobacterium
phosphoreum IMV B-7071 to a wide radio fre-
quency range allowed the development of a bio-
sensor device for detection of this physical factor
(Hretskyi, 2019).

Usually, the assessment of the state of a lumines-
cent biosystem under various influences is carried
out by the optical signal value measured as a rela-
tive index compared to the control (not affected by
the studied factors) sample. Approaches are being
developed to quantify the signal by standardizing
measurements to allow for photon counting at
the cellular level (Niwa et al., 2023). According to
the requirements of the International Committee
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for Standardization (ISO), measurement systems
must be reliable and reproducible.

Thus, the problem of prolonged and stable in-
tensity of bioluminescent signals is relevant in
the development of sensor test systems.

The aim of this work was to study the features
of bioluminescence dynamics and assess its sta-
bility on photobacteria Photobacterium phospho-
reum IMV B-7071 in a liquid and on different
stationary media.

Materials and Methods. The culture of Photo-
bacterium phosphoreum IMV B-7071 was the ob-
ject of this study. It is included in the depositary
of the D.K. Zabolotny Institute of Microbiology
and Virology of the National Academy of Scienc-
es NAS of Ukraine. The species identification of
the bacteria was confirmed by the sequencing of
16S rRNA gene region. The nucleotide sequence
was submitted to the GenBank nucleotide se-
quence database (http://www.ncbi.nlm.nih.gov/
genbank) under accession number KF656787.

The photobacteria were cultivated at 21°C in
a liquid nutrient medium of the following com-
position (g/L): peptone — 5.0; yeast extract —
1.0; NaCl — 30.0; Na,HPO, — 5.3; KH,PO, x
x 2H,0 — 2.1; (NH,),HPO, — 0.5; MgSO, x
x 7H,0 — 0.1; glycerol — 3.0 mL/L, distilled
water — up to 1 L, pH 7.0. The solid medium was
of the same content supplied with 2% of agar-
agar. This nutrient medium was also used in ex-
periments with cellulose-cotton plates.

In our previous research, the most intense bacte-
rial glow was observed at the end of the exponen-
tial growth phase (Zelena, 2014), so we cultivated
P, phosphoreum for 18 hours in 750 mL flasks with
100 mL of the nutrient medium at 145 rpm and
22 °C. The bacterial suspension with a concentra-
tion of 107 cells/mL was used for the research. The
concentration of 107 cells/mL corresponds to the
optical density of the suspension D = 0.1 measured
on a KFK-3 photocolorimeter with a light filter of
670 nm and an optical path of 3 mm. In the previous
studies, this concentration was determined as opti-
mal for the study of P. phosphreum (Gorgo, 2018).
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The bacteria were sown on a solid agarose me-
dium using 50 pl of bacterial suspension with a
concentration of 107 cells/mL. The 2 mm thick
sowing of the bacteria on dense cellulose cot-
ton plates was carried out in plastic Petri dishes
with a diameter of 2.5 cm. 1 mL of the nutrient
medium of the above-specified composition was
added to the cellulose cotton plates, and 0.2 mL
of the bacterial suspension with a cell concentra-
tion of 2 - 107 cells/mL was added to their centers.

Registration of bacterial luminescence. Bio-
luminescence intensity was assessed using digital
cameras, currently widely used to obtain images in
the digital format, which allows measuring in rela-
tive units the intensity of the light flux entering the
light-sensitive matrix. Although digital cameras of
different manufacturers can differ in a certain way
in terms of their spectral properties and sensitivity
to light, they adequately convey the ratio of light
intensities on a digital image. In this regard, such
digital technology allows reliable comparison of
digital images in terms of color and brightness.

The images of Petri dishes with bacterial colo-
nies in solid agarose were captured with an Olym-
pus digital camera SP560UZ under daylight and
in the dark. Colony sizes were measured on the
photographs either manually or using the pro-
gram Image] 1.41 (http://rsb.info.nih.gov/ij)

The intensity of bioluminescence on the cel-
lulose cotton plates was measured by digital pho-
torecording using a CANON 700D digital cam-
era in a manual mode with a maximum zoom at
a distance of 50 cm from the samples, an expo-
sure of 2 seconds and an aperture of 5.6, with the
white balance mode automatically set. Similar
methods of registering and evaluating the inten-
sity of bioluminescence using a charge-coupled
device (CCD) camera are used in experimental
practice (Sakaguchi, 2003; Coates, 2004).

Digital images were processed to estimate
the light flux intensity using the Origin Pro al-
gorithm: Image to Matrix - Plot — Profile —»
Contour Profile (Fig. 2). As an indicator of bio-
luminescence intensity, the maximum values on
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Fig. 1. An example of digital photorecording of P. phosphreum bioluminescence on a solid agarose medium and the

results of image processing
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Fig. 2. An example of digital processing of bioluminescent light flux from individual samples of bacterial colonies on
cellulose cotton plates: a — initial data of digital photorecording; b — results of digital processing

the graphs of luminescence distribution for each
sample in two projections were used.

In the liquid medium, the luminescence dy-
namics in bacterial suspensions was recorded in
a continuous manner. The bacterial suspension
in a glass flask was shaken for 3 seconds, and
photometric measurements of the luminescence
of the upper layer of the suspension started si-
multaneously and lasted until the luminescence
completely faded or the suspension reached the
background mode of stationary low-intensity lu-
minescence in the upper layer.

6

Photometric measurements were made by
digital photo and video recording of lumines-
cence using specialized applications for mobile
devices or digital cameras at maximum light
sensitivity in the automatic white balance mode
at a fixed distance from the sample. The dynam-
ics of luminescence intensity was observed using
the following applications:

» Colorimeter (Lab Tools Apps), manual mode
«Picker Mode», recording the signal intensity in
the RGB format with an interval of 10—15 sec-
onds. When processing the data, it is important

ISSN 1028-0987. Microbiological Journal. 2024. (4)
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to take into account the fact that the luminescent
signal corresponding to the emission of the main
luminophores of the P. phosphoreum luminescent
system corresponds to the blue and green spec-
tral ranges, and the glow in the red range is ex-
tremely low and invisible against the background
of noise fluctuations of the CCD. The CCD noise
is correlated across RGB channels, so to increase
the accuracy of the luminescence registration,
the values for the red channel were subtracted
from the values for the blue-green channel, thus
reducing the contribution of the CCD noise to
the signals recorded in other channels;

= Camera Color Counter (Keuwsoft), video
recording mode with a graphical presentation of
the signal dynamics in three color RGB channels,
the area of the recording window is 10%. After
recording the glow dynamics of the samples, a
copy of the screen is made in jpg format (Fig. 3)
for further processing using the appropriate al-
gorithm in Origin Pro, which allows digitizing
graphs displayed on the mobile device screen.

Blue and green lines correspond to the blue
and green channels in RGB. A sharp flash of
luminescence followed by a rapid decrease in
the intensity corresponds to the phase of active
mixing of the bacterial suspension (see in more
detail Fig. 7). The dips in the graph that periodi-
cally occurred during the registration are related
to the operation of the autofocus system; the
horizontal axis is the registration time, and the
vertical axis is the signal intensity in % relative to
the maximum possible value in the digital RGB
light intensity format, which corresponds to 255.

The spectra of bacterial luminescence and its
dynamics in time were measured using a LOMO
MDR-23 spectrometer in the range of 200—750
nm. The culture medium in which the bacteria
were cultivated was used as a control for the dark
glow. The background signal obtained in this
way, which was actually the dark current of the
photoelectronic multiplier, was subtracted from
the primary data when recording the lumines-
cence spectra of bacterial suspensions.
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Fig. 3. Graphical representation of the time dynamics
of luminescence in the upper layer of P. phosphreum
suspensions on the screen of a mobile device.

Oxygen concentration measurement. The
oxygen concentration in liquid bacterial suspen-
sions was studied using an EZODO-7031 oxime-
ter (GonDO Electronic, Ltd., Taiwan) based on a
Clarke membrane electrode with a temperature
correction function.

Statistical processing of the experimental data
was based on the generally accepted algorithms
of variation statistics. In particular, the mathe-
matical expectation and its error were calculat-
ed. The reliability of the difference between the
statistical samples was assessed through analysis
of variance using the ANOVA algorithm.

Results. Bacterial luminescence on solid aga-
rose medium. The analysis of the dynamics of
bacterial luminescence intensity showed that the
luminescence of colonies on solid agarose me-
dium was most intense after 24 hours of culti-
vation (Fig. 4). Over time, the intensity of bio-
luminescence gradually decreased, and after 92
hours we observed it only at the periphery of the
colony. In this part of the colony, there are young
and more active cells, the concentration of which
is lower than in the center of the colony. It is
worth noting that under these cultivation condi-
tions, the colony’s growth stops when it reaches
approximately 7 mm in diameter, despite the suf-
ficient amount of nutrients in the medium.

Bacterial luminescence on cellulose cotton
plates. The dynamics of the intensity of bacterial
luminescence on cotton media is similar to that on
a solid medium. After sowing photobacteria on a
cellulose base saturated with a nutrient medium,
the luminescence gradually increases, reaching a
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Fig. 4. Bioluminescence intensity of bacterial colonies on solid agarose medium for 168 hours (7 days)
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Fig. 5. The typical dynamics of the background bioluminescence of P. phosphreum on cellulose cotton plates for 5
days: A — an example of digital photorecording of bioluminescence of samples; B — the result of statistical processing
of digital images of individual samples (n=12)
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maximum intensity on the second or third day,
then it fades after 92—120 hours (4—5 days) and
enters the mode of ultra-weak luminescence that
can be barely seen by the eye only with the pro-
longed adaptation of the human visual analyzer
in the dark (Fig. 5). Similar dynamics of P. phos-
phreum bioluminescence was observed by other
researchers (Tanet, 2019), but they observed the
maximum intensity of bacterial luminescence
during the first or second day. Importantly, such
a bioluminescence dynamics weakly correlates
with the activity of the bacterial quorum sensing
system (Tanet, 2019), which raises new questions
about the functional and general biological sig-
nificance of the light generation process, which
requires high energy expenditure.

Luminescence in a liquid medium. The back-
ground level of P. phosphreum luminescence in
the liquid culture medium, as well as in the mod-
el of colonies on agar medium and cotton carri-
ers, increases for two days, after which it drops,
reaching a very-low-intensity mode of lumines-
cence with spontaneous low-amplitude fluctua-
tions of the light flux. At the same time, photo-
bacteria continue to actively multiply after 2 days,
but this active growth of the bacterial population

ISSN 1028-0987. Microbiological Journal. 2024. (4)

is accompanied by a decrease in bioluminescence
up to an extremely low level after 4—5 days (Fig.
6). This fact is an additional argument for doubts
about a strong connection between bacterial
quorum sensing and bioluminescence intensity
in bacterium P. phosphoreum IMV B-7071 com-
pared to Vibrio fishery (Tanet, 2019).

Dynamics of bioluminescence in a liquid medi-
um when a bacterial suspension is shaken. When
a bacterial suspension is shaken (actively mixed)
for 1—3 seconds, a flash of luminescence is ob-
served (phase 1), the intensity of which decreases
rapidly and the suspension enters the mode of
active but less intense luminescence (phase II),
which for some time remains at a relatively con-
stant level for tens of seconds to tens of minutes
and then slowly decreases (Fig. 7). Phase III begins
with a rapid decay of bioluminescence in the sus-
pension volume within ten seconds to one minute
to the background level (Fig. 7). The background
luminescence is phase IV in the luminescence dy-
namics in this study protocol, characterized by a
long-lasting but extremely weak luminescence in
the volume of the bacterial suspension, which is
almost invisible to the eye and at the same time a
weak luminescence in the surface layer of the sus-
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Fig. 7. Dynamics of luminescence intensity inside the aqueous suspension of P. phosphreum after its shaking: A —
photorecording of the luminescence dynamics (the duration of the luminescence phases is indicated); B — an ex-
ample of recording the dynamics of bioluminescence intensity in a continuous mode (for the blue RGB channel)
for two samples of bacterial suspensions, which indicates the variability of the time dynamics of luminescence of
individual samples; 1, 2, 3, 4 corresponded to phases I — IV of the bioluminescence dynamics when two different
bacterial suspensions were shaken at the same experimental conditions and bacterial cell concentration, respectively.

pension 3—5 mm deep from the surface, which
is nevertheless sufficient for reliable registration.
Thus, phase II is characterized by a relatively high
intensity of luminescence of bacterial suspensions
and a certain stability within a short time, and
phase IV is the state of background luminescence
of bacterial suspensions in the upper layer, which
is more oxygen-enriched compared to the lower
layers in the suspension volume (Fig. 8).

10

It is important to note the high variability in
the duration of the 2"¢ and 3" phases of lumi-
nescence of bacterial suspensions under shak-
ing. Possible reasons for the variability of bacte-
rial bioluminescence were considered by Satoshi
Sasaki (Sasaki, 2012), but the issue remained
unresolved. Each experimental sample under
turbulent perturbation of a bacterial suspen-
sion demonstrates own luminescence dynamics,
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which indicates that each isolated population of
photobacteria that is formed in the volume of the
nutrient medium is a separate «ecosystem» with
own peculiarities of behavior in time and space.
Bacterial bioluminescence is an oxygen-de-
pendent process, so the oxygen concentration
in the medium is one of the key factors affect-
ing the luminescence intensity of photobacteria.
The measurements of this parameter in bacterial
suspensions indicate that the oxygen concentra-
tion is very low and in the state of background
luminescence does not exceed 0.25—0.3 mg/L
(Fig. 8), which is about 3% and less of the oxygen
concentration in water saturated with air under
normal atmospheric pressure conditions. How-
ever, as it turns out, this amount of oxygen in the
culture medium is sufficient for the bacterial lu-
ciferase system to function, which indicates its
high efficiency in conditions with low oxygen-
ation. The similar high activity of the bacterial
luciferase system under extremely low oxygen
concentrations was also observed by other re-
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searchers (Prante, 2018). When the suspension
is shaken, the dynamics of oxygen content in the
medium generally corresponds to the dynamics
of luminescence in the first phase, but subse-
quently, the amount of oxygen slowly decreases
without significant fluctuations in phase III,
which testifies to the corresponding threshold
oxygen-dependent mechanism of «on-oft» bio-
luminescence in bacterial cells.

The above variable behavior of bacterial sus-
pensions is confirmed by studies of the dynam-
ics of luminescence intensity (Fig. 9), which was
recorded using an LOMO MDR-23 spectrometer
at a wavelength of 489 nm. According to the lit-
erature (Lee, 2019; Cifra, 2014), the spectral range
of 485—505 nm corresponds to the maximum
luminescence of the flavin of bacterial luciferase,
flavin-4a-hydroxide, produced by the enzymatic
redox reaction. The luminescence recording be-
gan 10—20 seconds after pouring the bacterial
suspension into a cuvette and mechanical mixing,
which corresponds to phase II of the dynamic pro-
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cess shown in Fig. 7. The results of the experiment
indicate a certain nonlinearity of the dependence
of the intensity of photobacterial luminescence
during phase II on their concentration in the sus-
pension. In particular, diluting the initial suspen-
sions several times with the culture medium does
not lead to the expected decrease in luminescence
intensity. A noticeable decrease in luminescence
intensity is observed only at higher dilutions (Fig.
9). This fact raises new questions, in particular:
Why, at certain dilutions, does the intensity of
the luminescence of bacterial suspensions not de-
crease during phase II of intense luminescence? Is
this due to the fact that not all bacteria glow in the
initial and more concentrated suspension and af-
ter certain dilution other cells begin to glow, which
maintains the overall level of the luminescent sig-
nal, or is this due to the additional activation of the
intracellular enzymatic oxidative process catalyzed
by bacterial luciferase when the bacterial suspen-
sion is diluted? Finding answers to these questions
requires separate studies.

A significant time variation in the lumines-
cence phases is noteworthy. Their duration can
vary greatly depending on the day the suspen-
sion was obtained, the time it was kept at room
temperature at rest or under conditions of active
aeration during growth, and the concentration of
bacterial cells. In particular, the variability of the
luminescence duration of bacterial suspensions
in phase II can range from tens of seconds to tens
of minutes (Fig. 9). Thus, the results of the analy-
sis of spectrometric data confirm the significant
variability of the dynamics of the luminescence
of bacterial suspensions after their mixing. Simi-
lar variability in bacterial bioluminescence was
observed by other researchers (Sasaki, 2012). As
shown above, when bacterial suspensions are
kept at room temperature and without mechani-
cal stress for several days, a gradual decrease in
the luminescence intensity is observed, which
is associated with an increase in the density of
bacterial suspensions (Fig. 6). However, the vari-
ability of the duration of the phases of the lumi-
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nescence dynamics of the suspensions after their
single shaking is still observed.

The variability of the luminescence of bacte-
rial suspensions is also characteristic of the weak
background luminescence during phase IV
when not only a certain variation in the total lu-
minescence flux can be observed but also certain
fluctuations of the intensity of the luminescent
light flux in different spectral ranges (Fig. 10).

The luminescence spectra show that the bacte-
rial suspension glows in almost the entire range
of 200—700 nm and the overall spectral profile
corresponds to the background luminescence of
P. phosphoreum suspensions without stirring (Sa-
saki, 2012). That is, the redox transformations of
substrates occurring in the active center of bacte-
rial luciferase are a very powerful energy process
that leads to the appearance of powerful electron-
excited states in the active center of the enzyme,
the relaxation of which leads to the emission
of light with subsequent scattering it in a wide
range — from the ultraviolet to the red. M. Cifra’s
work (Cifra, 2014) theoretically and experimen-
tally proves that the energy of electronic excita-
tion in certain chemical transformations exceeds
380 nm, which, in our opinion, is sufficient for
electronic excitation of basic luminophores of the
luciferase system in bacterial cells. This fact of
broad-spectrum radiation with the dominance of
certain spectral bands explains the color features
of bacterial luminescence, which is perceived by
the human eye as a milky-blue-green glow.

As seen in Fig. 10, the luminescence spectra
show the emission lines of the two main lumino-
phores of the bacterial luminescent system, name-
ly lumazine and flavin hydroxide. Excited flavin
hydroxide (4a-hydroxy-1,5-dihydroflavin mono-
nucleotide), formed as a result of the luciferase
reaction, is an emitter of blue-green light with a
maximum emission in the range of 490—520 nm.
Lumazine (6,7-dimethyl-8-(D-ribityl)lumazine)
is aluminophore of the fluorescent protein lumase
(LumP), which forms a complex with bacterial lu-
ciferase and glows in the blue region with a maxi-
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mum in the range of 467—475 nm. The question
of the energy mechanism of such excitation of the
electronic structure of lumazine is controversial.
Many years ago, there was an attempt to substan-
tiate the possibility of transferring the excitation
energy from flavin hydroxide to lumazine (Lee,
1989), but the transfer of energy from a «colder»
electronic state to a «hotter» one is unlikely. In
this regard, approximate estimates of the energy
capacity of redox enzymatic catalysis should be
taken into account that allow the generation of
energy at the level of ultraviolet radiation.

Firstly, the maximum in the luminescence spec-
trum of P. phosphoreum is observed in the range
of 480—490 nm, which formally corresponds to
about 60 Kcal/mol of energy. This is almost eight
times higher than the enthalpy of hydrolysis of
ATP to ADP (Medintz, 2020). Secondly, more
powerful energy can be generated in the molecu-
lar redox transformations corresponding to the
UV range (Cifra, 2014). Therefore, it is likely that
the electronic excitation energy generated by the
enzymatic process in the reaction center of bacte-
rial luciferase is sufficient for the electronic excita-
tion of both luminophores — lumazine and flavin
hydroxide. The echo of the energetic power of this
process is the weak glow of the bioluminescent re-
action in the UV range (Fig. 10).

It is also important to note the fact that the
luminescence spectra vary over time, primar-
ily in the luminescence range of the main emit-
ters of bacterial luminescence, namely flavin
hydroxide and lumazine. The luminescence of
lumazine has a typical light blue luminescence
color, and flavinoxide glows in the blue-green
range. Superimposing the luminescence spectra
of these two luminophores gives the average blue
glow that fluctuates between blue and blue-green
shades. The analysis of digital images confirms
this color variation in the luminescence of bac-
terial suspensions over time (Fig. 11). In par-
ticular, when analyzing digital images of bacte-
rial bioluminescence in cellulose cotton media in
the magnification mode, randomly located areas
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(«domains») of green and blue are distinctly vis-
ible. This fact indicates that the luminescence of
lumazine dominates in certain areas of the bacte-
ria and flavinoxide luminescence — in others. In
our opinion, this phenomenon is interesting and
requires more detailed study. Some researchers
explain this color variation in bioluminescence
by different ratios of «dark» and «light» cells in
different phases of the cell cycle (Sasaki, 2012).
At the same time, the reason for a certain differ-
ence in the bioluminescence spectra of bacterial
suspensions at rest and under active stirring re-
mains unclear. In particular, the maximum biolu-
minescence shifts to the green region in the rest-
ing state, and when the suspension is stirred, the
maximum shifts to the blue region (Sasaki, 2012).

Our study suggests that in limited volumes of
bacterial suspensions, the «blue-green» transi-
tions occur even at the rest state but rather quick-
ly and for a short time (Fig. 11 A). Similar but
spatial color spectral differences are observed in
experiments on cellulose cotton carriers, where
the green and blue zones are distinctly visible. At
low bioluminescence intensity, the green zones
become more noticeable (Fig. 11 B), and the blue
zones dominate when the luminescence intensi-
ty is increased (Fig. 11 C).

Discussion. Bacterial luminescence is com-
monly used as a bioecological test system to as-
sess biological activity or environmental toxicity.
Any test system should be characterized by sta-
bility and accuracy. When considering the photo-
bacterium P. phosphoreum as a model for devel-
oping such test systems, several questions arise
that require further investigation and solution.

First, the dynamics of a bioluminescent system
over time and its variability in intensity during the
hydrodynamic movement of the medium need to
be addressed. This movement is inherent when
working with liquid samples of bacterial suspen-
sions. In the studies of other researchers (Sasaki,
2012), there was also observed such dynamism
in bioluminescence. However, our research in-
dicates that media movement can be effectively
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Fig. 11. Color variability of bioluminescence of P. phosphoreum suspensions. A — dynamics of the ratio of signals in
the green and blue spectral ranges when the recording of background luminescence was in the suspension volume
in the digital RGB mode. The background color gradient visualizes fluctuations in the color properties of the lumi-
nescence of bacterial suspensions over time; B — blue-green spatial zonation of weak background bacterial lumines-
cence on cellulose cotton plates; C — dominance of blue color at high luminescence intensity

controlled using conventional inexpensive, rela-
tively inert, and highly porous cellulosic media.
This methodological approach yields more stable
indicators of baseline bioluminescence intensity
and is also technologically convenient.

Second, the variability of bacterial lumines-
cence spectra is of significant theoretical and prac-
tical interest. Our findings demonstrate the pres-
ence of a light flux in the UV range, which opens
new possibilities for using bacterial luminescence
to study the biophysical mechanisms of energy
transformation in electron-excited states within
biomolecular structures (Cifra, 2014). Moreover,
the temporal variability in the spectral composi-
tion of bacterial luminescence may reflect the spa-
tial-time organization of bacterial metabolism and
intercellular communication. These parameters
can be employed for more detailed studies of the
molecular mechanisms underlying their sensitiv-
ity to various chemical and physical factors. Cur-
rently, a review of the literature reveals a lack of
significant progress in addressing these questions.

Conclusion. Thus, the results of our study
prove that the bioluminescence of the bacteria P
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phosphoreum is not a stationary process and has
characteristic features of time dynamics associ-
ated with both the dynamics of oxygen concen-
tration in the medium of bacterial suspensions
and the dynamics of the bacterial population
density. In aqueous, solid agarose, and cellulose
cotton media, the luminescence intensity gradu-
ally increases reaching a maximum within 1—2
days, after which it slowly fades. The drop in bio-
luminescence is probably due to an increase in
the density of the bacterial culture under condi-
tions of sufficient nutrients.

In a liquid medium, intense shaking of bacte-
rial suspensions leads to a sharp powerful flash
of bioluminescence followed by intense lumines-
cence for tens of seconds to tens of minutes, after
which the luminescence quickly fades to a low-
intensity background level. During this process,
the dynamics of oxygen concentration only par-
tially corresponds to the dynamics of lumines-
cence in the first phases. The phase of the rapid
drop in bioluminescence in the volume of the
bacterial suspension characterizes the intracel-
lular regulatory mechanisms, which most likely
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control the luminescence process according to
the threshold «on-oft» principle.

Bacterial luminescence is observed at very
low oxygen concentrations, which indicates the
high energy efficiency of the photobacterial bio-
luminescent system. The analysis of bacterial
luminescence spectra shows that luminescence
occurs in the range of 200—700 nm. This fact
proves that the redox transformations of sub-
strates that occur in the active center of bacte-
rial luciferase are a very high-energy enzymatic
process that leads to the emergence of powerful
electron-excited states in the active center of
the enzyme, the relaxation of which leads to the
emission of light by the main luminophores with
subsequent light scattering in a wide range.

The variability of the bacterial luminescence
spectra over time, primarily in the luminescence
spectral ranges of the main emitters of bacterial
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OCOBJIMBOCTI IMHAMIKM BIOJTIOMIHECIEHIIIT
PHOTOBACTERIUM PHOSPHOREUM IMV B-7071

Ha ueit yac HagmiitHO [OBeeHO, 10 GiOMIOMIHECIIEHTHA PeaKIlis € CMCTeMHUM ITOKAa3HIKOM 3arajabHOi MeTabormiy-
HOI aKTMBHOCTI K/ITUH Ta iX (yHKIiOHaNpHOTO cTaHy. biomominecueniist 6akTepit 3a6esmedyeTbCs CrieliabHO0
6aKTepiaZbHOI0 MOHOOKCUT€HA3010 — JH0LM(epasolo, siKa TOKaI3yeTbCs B UTOIIIA3Mi i 371iliICHIOE CIIpsKeHe OKIC-
neuns NADPH i nosronauioroBoro anbaerigy. Ilpogykramu peaxiiii € okucnennit praBinmMononykiaeorus (FMN),
BifnosigHa >xmpHa kucnora (RCOOH), H,O i Bupnme cBitno. ¥ 3B’SI3Ky 3 BJMICOKOIO YYT/IMBICTIO, IIBUJKICTIO pe-
ak1ii Ta IpOCTOTO0 peecTparii 6i0/IOMiHEeCIIEHTHII aHa/Ii3 IVPOKO BUKOPUCTOBYETLCA I eKCIIpec-OLiHKM 6io-
JIOTiYHO aKTVBHUX Ta TOKCUMYHUX pedoBuH. [Ipobema TpuBaoi Ta cTabiNnbHOI iHTEHCUBHOCTI 6i0/IIOMiHeCIIEHTHOTO
CUTHAJTy € aKTYaJIbHOI Y pO3pOOIi OYAb-SIKIMX TeCT-CUCTEM, IO BUKOPUCTOBYIOTh Giooriuni 06’ektn. MeToio
maHoi pobotu 6y1o BUBYNTU 0COOMMBOCTI AvHaMiku 6iomominecuentil Photobacterium phosphoreum IMV B-7071
y pisHux cepenosuiax. Merogu. O6’extoM gocnipkents 6yma Kyabrypa Photobacterium phosphoreum IMV B-7071
3 genosutapito [HcTuTy Ty Mikpobiosnorii i Bipycomnorii im. JI.K. 3a6onorHoro HAH Ykpainn. [JocmimxeHnHs 6iomomi-
HeClleHIIil MPOBOAN/IN Y PiIMHHOMY, arapX30BaHOMY i LIe/II0/I03HO-BaTHOMY cepefloBuIlax. bakrepianpHi cycnensii
Ky/IbTUBYBamy 3a TeMneparypu 21 °C y pifkoMy IIOXXVMBHOMY CepefoBMILi HACTYITHOTO CKIafy (r/m): menton — 5.0;
apixmxosuii ekcrpakt — 1.0; NaCl — 30.0; Na,HPO, — 5.3; KH,PO 4 x 2H, O — 2.1; (NH,),HPO, — 0.5; MgSO, x
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x 7H,0 — 0.1; rrinepun — 3.0 mn1/71, Boma auctunboBana — fio 1 1, pH 7.0. Teeppie cepenoBuie Oy10 TaKOro X
BMICTy 3 2% arap-arapy. B excrepuMeHnTax Ha L|€/II0/I03HO-BaTHOMY CEPEJOBMII Ha BaTHI AMCKM ToMilanmm 1 M
HOXVMBHOTO CepefIOBNIIIA 3a3HAYEHOTO CK/IaMly, IiC/IA YOTO B IIEHTPa/IbHY YacTuHy fofasanu 0.2 My 6akTepiaTbHOL
cycreHsii 3 onTuyHoI0 rycTrHoi0 D = 0.100, 1110 BifNoBiflano KOHIeHTpallii KIiThH 2*107 KIiTUH/ ML BumiproBaHHA
JoMiHecLieHIIil TpoBoay MeToxioM Lndpooi ¢porto- abo Bizeodikcanii 3a gomomororo 1ydpoBux oToamnaparis
Olympus SP560UZ, CANON 700D Ta xamepu mMobinbHOro npucrporo Samsung 9 Note 3i crenjanizoBanummu go-
markamu st Mo6inbHUX TpucTpoiB «Colorimeter (Lab Tools Apps)» ta Camera Color Counter (Keuwsoft) 3a
MaKCUMAJIbHOI CBiT/JIOUyTAMBOCTI B PEXMMi aBTOMAaTUYHOTO 6anchy 6imoro Ha ¢ikcoBaHiit BifcTani Bif 3paska.
O6pob6xy 306parkeHDb IPOBOANIIN 3a JoroMoro nporpam Image] ta Origin Pro. CrexTpn moMinectentil 6axrepiit
Ta iX AMHAMiKy BUMiploBaM 3a gornomororo crekrpomerpa LOMO MDR-23 B gianmasoni 200—750 HM. Sk KOHTpOIb
TEMHOBOTO CBITiHHS BUKOPMCTOBYBAIN IIOXWMBHE CEPEfOBMIIE, B AKOMY Ky/IbTUBYBAIUCh OakTepii. CTaTUCTUYHY
06pOOKY eKCIIepUMeHTaIbHIX HAHNX 3H1/ICHIOBA/IN 3TiJHO i3 3aTa/IbHONPUITHATUMI aITOPUTMaMU BapialiitHoi cTa-
TUCTUKA. Pe3ynbpraTu. PesynbraTit DOCTiIKEeHHs JOBOLATD, 1o b6iomoMiHecuenLisa ¢porobaxrepiit P phosphoreum
He € CTAIliOHAPHUM IIPOL[ECOM i Ma€ XapaKTepHi 0COOMMBOCTI 4aCOBOI AMHAMIKM, TTOB’A3aHOI 5K 3 IMHAMIKOI KOH-
LIeHTpalii KICHIO B cepeioBUILi OaKTepiaIbHUX CYCIIEH31iT, TaK i 3 AMHaMIKOI0 IIINbHOCTI 6aKkTepia/bHOI IOy ALl
Y BOIHNMX, Ha TBEPAMX CEPENOBUILAX i Ha LI/TI0/I03HO-BATHUX HOCIAX iIHTEHCUBHICTD CBIiTiHHA IOCTYIOBO 3POCTAE,
[OCATAIYM MaKCUMyMy Ha Apyry foOy, IIic/i 4Oro NOBiNIbHO 3aTyXae. 3aTyxaHH:A OiomoMiHecreH1ii, iMOBipHO,
IIOB’5I3aHO 31 3DOCTAHHAM ILIITPHOCTI 6aKTepiabHOI KY/IbTYPM B YMOBAX JOCTATHbOI KiIbKOCT] IIOXVBHIUX PEYOBHH.
Y pifvHHOMY CepelOBUIIi aKTUBHE 300BTYBaHHs 6aKTepiaTbHMX CYCIIeHsiil IPUBOANUTD IO Pi3KOTO MOTY>KHOTO CIa-
naxy 6iomoMiHeCLieHIil 3 oA/ IbIIMM IHTeHCHBHIUM CBITIHHAM BIIPOIOBX Biff leCsITKA CEKYH[ KO HeCsATKA XBIIVH,
ic/1A YOro CBiTIHHA MIBUJIKO 3aTyXa€ 3a AeKi/IbKa CeKYH[, 0 HU3bKOIHTeHCMBHOTO poHoBoOro piBHA. Ilix yac nboro
Ipolecy AMHaMiKa KOHIIEHTpALil KMCHIO JIMIIe YacTKOBO BiAINoOBifiae AyMHaMil cBiTiHHA Ha nepumux ¢asax. Pasa
IIBMJIKOTO 3aTyXaHHA 6iomoMiHecIleHTIii B 06’eMi 6akTepianbHOi cycrieHsii xapakTepusye oco6mmBocTi po6oTu BHY-
TPIIIHbOK/IITMHHMX PEryAATOPHUX MEXaHi3MiB, AKi, IMOBipHillle 3a BCe, KOHTPOJIIOIOTH IPOLIeC CBiTiHHA 3a IIOPOTo-
BuM «on-off» npuxnynom. bakTepianpHa IIOMiHECIIEHIIisA CIIOCTEPIraeTbCs 3a fy)Ke HUSBKIX KOHI[EHTPAL[isIX KIIC-
HIO, 1110 CBIJYUTBD IIPO BUCOKY eHeproeeKTUBHICTb QyHKIIOHYBaHHs OiomoMiHectieHTHOI cucteMu GoTobakTepiit.
AHani3 criekTpiB 6aKTepianbHOI MOMiHECI[eHIil CBIFYUTD PO Te, 110 CBITIHHS BifOYBA€THCS Y BCBOMY FOCTImKe-
HoMYy piamasoni 200—700 uM. Ieit dakT cBifYNTD, 10 OKMCHO-BiJHOBHI IlepeTBOPEHH: CyOCTparTiB, sKi BifdyBa-
I0TbCS B aKTUBHOMY LieHTpi monmdepasu P. phosphoreum IMV B-7071, € pepMeHTaTUBHUM BUCOKOEHEPTeTUYHNM
IPOLIeCOM, IO CYIPOBOMKYETHCSA BUHVKHEHHAM IHOTY)XHUX €TeKTPOH-30Y/PKeHMX CTaHIB B aKTMBHOMY LIeHTpi
(depMeHTy, penakcanis AKNMX IPUBOJUTD NO BUIPOMIHIOBAHHA CBiT/Ia TOJIOBHMMM JIIOMiHOQOpaMM 3 ITOHA/IbIINM
Ppo3ciloBaHHAM J10ro B MIMPOKOMY Aiiana3oHi. YacoBa BapiaTMBHICTb CIIEKTpiB cBiTiHHA (oTobaKTepiit, HacaMIIepex
y CIIEKTPa/IbHIUX [ialla30HaX JIFOMiHECI[eHIIil TO/IOBHUX eMiTepiB 6akTepianbHOI moMiHecteHIil — ¢raBiHOKCHAY i
JIIOMA3UHY, € IPUYNHOIO KOJIbOPOBUX KO/IMBAHb CBiTIHHA MDK CHHIM i 3€/IeHUM Jlialla30HaMIU, IKi CIIOCTEPIraroThbcs
PV MOHITOPMHTY CIIeKTPATbHIX 0COOIMBOCTET 610MOMIHECIIEHTHOTO CBITIONOTOKY. BucHOBKM. 3’sicoBaHO KO-
OB mapaMeTpy AHaMiKy 6aratofeHHOI pOHOBOI Ta KOPOTKOUYACHOI iHAyKOBaHOI 6iomoMiHecie Il poTobaKTepii
Ha Pi3HMX CepefloBMUILAX, a TAKOXK ITOKAa3aHO IIEBHY MiH/IMBICTh CIEKTPAa/IbHUX XapaKTEPUCTUK TIOMiHECIIEHTHOTO
BUIPOMIHIOBaHHA Yy yaci. BusByeni oco6mBocTi gunamiky moMiHecneHuil ¢porobakrepiit P phosphoreum Marorb
060B’5I3KOBO BPAXOBYBATVCh Y IIPAKTIIHOMY BIKOPIMCTAHHI 3 METOIO OL[{HKYM TOKCUYHOCTI PEYOBUH Pi3HOI IPMUPO-
1M, @ TAKOXK B €KOJIOTIYHOMY MOHITOPMHTY.

Kntouoei cnosa: 6akmepianvra 6ionominecueryis, Photobacterium phosphoreum, cnekmpu nominecueHyii, 600He,
meepoe azapu3osane ma Uemono3Ho-8amMHe cepedosULl4a.
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