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Many microorganisms form communities whose members coordinate their actions in solving common
problems. One form of such communities is a biofilm. In the experiments on recovering the integrity by a
damaged biofilm, data were obtained on oscillators in relatively quiet and active loci of the film formed by
cyanobacteria Oscillatoria terebriformis. To study the interaction between different parts of the biofilm,
field potentials were recorded simultaneously from two loci. The presence of a functional connection be-
tween different zones of the biofilm was revealed by calculation of the cross-correlation coefficients. The
level of synchronization of field potentials between areas was determined using the coefficients of frequency
and frequency-time coherence. In the loci of increased and decreased activity, different values of the fre-
quency and amplitude of electrical oscillations were revealed. A high level of synchronization was registered
between the active zones, which persisted for several seconds. The registered synchronization of oscillations
between the active and quiet loci was considerably lower. The results that characterize the organization of
the process of problem solving by a cyanobacterial film as an integral unit can serve as a model of the pro-
cesses of organization of other biosocial structures for solving problems.
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MHuorne MHKpOOpranusMbl 06pasyloT COOOIIECTBa, YJIEHbl KOTOPbIX KOOPAMHUPYIOT CBOM JEiCTBHs
npu pemennn o6mmx 3agad. OnHoN 13 HOpM TaKMX COOONIECTB ABAAIOTCS OHOTLIEHKH. B ombitax o Boc-
CTaHOBJICHUIO MEMOCTHOCTH GUOTIIEHKH TIOTYYEHBI aHHBIE O COCTOSTHUHM OCIMJLIATOPOB B OTHOCUTENBHO
CIIOKOIHBIX U B aKTHBHBIX JIOKycaX IieHKU, popmupyemoii nuanobakrepusimu Oscillatoria terebriformis.
Jlist usydeHus B3aUMOJAECHCTBIA MEXK/Y PasJUYHBIME YaCTAMEU OMOILICHKH PErMCTPUPOBAIUCH MOJIEBLIE
MOTEHIMAbI OHOBPEMEHHO U3 JBYX JIOKYCOB. Hamuune (pyHKIMOHANBHON CBSA3M MeXK/ly pasHbIMH 30Ha-
MU GHMOIIJIEHKH BBISIBJISLIIOCH TIPU TIOMOIIHM KO3(MUIIMEHTOB KPOCCKOPPESIMKI. Y POBEHb CUHXPOHU3AINH
TMOJIEBBIX TOTEHIINATIOB MEK/AY OOMACTAMU OTPEIENANCS TIPU TIOMOIM K0P PUIIMEHTOB YaCTOTHON 1 ya-
CTOTHO-BpCMCHHOﬁ KOTEPEHTHOCTH. ]IOKyC])I IMOBBINIEHHON 1 IMOHMKEHHON aKTUBHOCTI XapaKTepU3yroTca
Pa3uHbIMU 3HAYECHUAMU YaCTOTHI U aMIIJIUTY/Ibl JIEKTPUIECCKUX OCLII/IJIJIH]_H/Iﬁ, Me)K,ay AKTUBHBIMHA 30HaAMN
XapakTepeH BLICOKWI YPOBEHb CHHXPOHU3AIMH, KOTOPIH COXPAHSETCs B TeUeHUe J0BOJIHHO JJIUTENbHOTO
ppemenn. CUHXPOHU3AIMS OCHMILIAIMN MKy aKTUBHBIM M CIIOKOMHBIM JIOKYCAMU CYIIECTBEHHO HUKE.
[Tosryuentble pesyIbTaThl, XapaKTEPU3YIOIIME OPraHM3aIlMIO TTPOIIECCA PENTEHHS 3a/[a4H [MaHOGaAKTepHab-
HOW MJIEHKOH KaK 1eJTOCTHON eIMHNUIIBI, MOTYT CJIYsKMTh MOJIENBIO TIPOIECCOB OPTaHMU3AIMH APYTUX OHOCO-
IIMAJIbHBIX CTPYKTYP [IJIA PEIICHUA 3a/1a4.

Kmouesvte caosa: inanobakTepun, CoUanbHas OpraHu3aliys, SJIeKTPUIecKre OCIUIISIIN, OUOTIIeH-
KU1, CHHXPOHU3AIHST, KOTEPEHTHOCTD, KOOPAMHAIIMS, MHTETPATIHSI.
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Introduction of new objects into the field of psychological research is of great importance
for gaining knowledge about the evolutionary genesis and the variety of mental phenomena. Such
new objects can be microorganisms, starting with prokaryotes. Microorganisms, depending on
the levels of consideration, represent a convenient model that allows experimentation with the
use of invasive and destructive techniques, in particular, the registration of such objective indica-
tors as field potentials [1, 8, 9, 23, 29].

Microorganisms form communities, a biofilm being one of them. The biofilm formation
occurs under the influence of signals coming from the environment and from the intercellular
interactions [28, 29]. The complexity of the structure of biofilms and the variety of relation-
ships between their constituent units turn them into an analogue of a multicellular organism [14].
This concept is also supported by the phenomenon of apoptosis discovered in bacteria, previously
known only in multicellular organisms, which is involved in the processes of differentiation and
morphogenesis and controls the arrangement of cells and the creation of organs of complex shape
[7,31].

Social life of the constituent units of biological communities, regardless their evo-
lutionary stage, involves interactions in such forms as cooperation, competition, division
of labor [9, 13, 14, 17, 33]. Cooperative ties provide advantages in reproduction, feeding,
and so on, and therefore are widely represented in the biological world at all levels of or-
ganization of living beings, from genes to society [21, 23, 28, 35]. Cooperation increases
the gross benefit of the population due to such processes as the division of labor and the
production of the common good [17, 31], but individuals may also compete with each
other for limited resources, for a place in the biofilm structure, etc. [20, 22]. The observed
phenomena are associated with the formation of social priorities, which are often in con-
flict with the need for individual survival. Microorganisms that build biofilms, which in
their organization are prototypes of multicellular eukaryotic organisms, are also capable
of cooperative “altruistic” behavior. We assume that different stages of the social life of
cyanobacteria are characterized by a “special” type of electrical oscillations, expressed by
a certain frequency and space-time structure [9]. Apparently, these parameters of field
potentials determine the level of activity of community members involved in the process
of biofilm formation [3].

We experimented on cyanobacteria, one of the oldest forms of life on Earth, the evolution-
ary age of which, according to some data, is approaching 3.7 billion years [30]. Cyanobacteria
Oscillatoria terebriformis build a biofilm that meets external circumstances and the intrasocial
needs of the community, transforming the spatial form of its organization and differentiating
organ-like formations [12, 13]. It is very likely that the most ancient associations of cyanobac-
teria formed complex systems that controlled their own morphogenesis, which allowed them to
synchronously carry out purposeful collective behavior, in which the spatial movements of indi-
vidual filaments were determined by the goals of the community as a whole.

The objective of the experiments was to elucidate the role of the level of synchronization
of the electrical activity of the cyanobacteria Oscillatoria terebriformis at different stages of the
biofilm reconstruction.
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Method

Procedure of the electrical activity measurement. In the experiments, we used the meth-
od of recording electrical activity using glass electrodes filled with 1 M KCI. We used from one to
three electrodes placed in different loci of the biofilm, which was determined by the objectives of
the experiments. Cyanobacteria Oscillatoria terebriformis were kept in an aquatic medium of the
following composition (grams per liter): NaHCO, — 3, Na,CO, — 17, K. HPO, — 0.5, NaCl — 30,
KNO,—2.5, MgSO, — 0.2, CaCl, — 0.04, FeSO, — 0.01, which is the closest to the natural source
where the sample was taken for research.

Data processing. Fragments of the recording of electrical activity were digitized and sub-
jected to spectral analysis in the R 3.0 statistical processing environment [2, 3]. The spectral
analysis was performed for the original recording by constructing a periodogram using the fast
Fourier transform [32]. To analyze the interactions of units, the coefficients of cross-correlation
and coherence were determined. The duration of the digitized sections was 3 s. A total of 120 frag-
ments of records of Oscillatoria terebriformis biofilm were processed, of which 53 were obtained
by recording the electrical activity with one electrode, 67 — with a pair of electrodes localized in
active and quiet areas of the biofilm. We further present individual spectrograms of the digitized
fragments.

Results

The biofilm formed by cyanobacteria does not have a uniform color: its color varies from
light green to almost brown and depends on the state and activity of its constituent cyanobacte-
rial filaments. Experiments were carried out in which field potentials were recorded using glass
electrodes from different areas of the biofilm of Oscillatoria terebriformis intact (relatively calm)
and those formed in the damaged area (increased activity). Data were obtained on the state of
oscillators in biofilm loci that differ in color: calm (yellowish-green); active, having an intense
green color; light green, in which the formation of structures has just begun.

The measurements showed that the frequency and amplitude of the electrical oscillations
depend on the location of the recording electrodes, namely, in the loci that differ in color, that is,
in the loci of low or increased activity (Figure 1, 2A). Electrical activity is represented by oscilla-
tions, the frequency of which is from 0.5 to 45 Hz. For quiet zones, field potentials with a frequen-
cy of 2—7 Hz are typical, and for active ones, 20—30 Hz. However, both expansion and narrowing
of the frequency range of oscillations of electrical potentials may occur. Oscillations can form
patterns (mostly, “spindles”) of different lengths and have a different temporal structure (Figure
1A, 1B). Autocorrelation analysis was used to identify the temporal structure of the spindles.

To study the interaction between different parts of the biofilm, experiments were performed
to register the potentials simultaneously from two loci. The presence of a functional connection
between different zones of the biofilm was revealed using the cross-correlation coefficients; these
connections were also subjected to coherence analysis.

The level of synchronization of field potentials between the zones was determined using
the coefficients of frequency and frequency-time coherence (Figure 2B, 2C). A high level of syn-
chronization, at which the frequency coherence coefficient reaches its maximum value, is charac-
teristic between the active zones (Figure 2B). The graph of time-frequency coherence shows that
the high level of synchronization persists for a rather long time: in the given case, 6 s (possibly
longer so far as the analyzed interval was limited by the observation time). The indicators show-
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Fig. 1. Frequency characteristics of the electrical oscillations in two loci of the cyanobacterial film (calm

and increased activity). A — the periodograms of the activities as shown in B. The abscissa: the frequency

(Hz); the ordinate: the spectral power (arbitrary units). The horizontal bar is the bandwidth, the vertical

bar is the confidence interval (95%). B — field potentials recorded simultaneously in the calm and active

loci of the Oscillatoria terebriformis biofilm: B1 — oscillations of the quiet zone; B2 — oscillations in the
active zone. Calibration: 20 uV, 300 ms.

ing the synchronism of oscillations between the active and quiet loci look different (Figure 2B):
the achievement of the maximum value of the coherence coefficient in this case is short-lived, it
can be located both at low and high frequencies, which is reflected in the graph of time-frequency
coherence.

Discussion

The experiments performed on cyanobacteria have shown that synchronized electrical os-
cillations can be objective indicators characterizing the activity of the microbial social structure.
The main result of the experiments showed that to perform a socially significant task, a high level
of synchronization of electrical activity initiated by community members is required.
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Fig. 2. Interaction between the loci of the cyanobacterial film, the units of which are to varying degrees
involved in active building behavior. A — the location of the electrodes; B — phase-frequency (a) and
frequency-time (b) coherence of the electrical activity of units located in the center of the activity zone
(electrodes 1 and 2); C — same, in the registration zone of the electrodes 3 and 1. Designations: for (a):
abscissa — frequency (Hz), ordinate — coherence coefficient; for (b): abscissa — time in seconds, ordi-
nate — frequency in Hz; K is the coherence coefficient.

The idea that the synchronicity of oscillations of biopotentials is one of the electrographi-
cally expressed phenomena favorable for the functioning of the elements of a biological system
has been known since the 50s of the 20th century [5]. The main method for studying the syn-
chronicity of the electrical activity of different parts of a biological substance is the coherence
analysis. For example, in experiments on humans, it was found that when the participants interact
while solving a problem to achieve a common goal, the oscillatory activity in certain zones of
the brain is synchronized and its peaks are associated with the actions of the partners [24, 25].
The earlier results cover objective indicators in the form of registration of electrically expressed
events in human and animal brain, eye movements and verbal reports of the subjects when solving
cognitive tasks, listening to music or texts [4, 18, 26, 27]. These activities in achieving the goal
develop on the background of synchronized processes in certain zones of the brain in each par-
ticipant and between participants [34], and depend on their level of readiness for a certain type
of activity [19]. The coherence coefficient is the higher, the higher the level of synchronization of
electrical potentials.

The results of our measurements allow us to conclude that the synchronization of activities
in solving problems requiring joint actions is necessary not only for multicellular creatures, but
also for microorganisms that solve problems by combining the efforts of thousands of individuals.
The experiments have shown that the level of synchronization, measured by the coefficient of co-
herence, makes it possible to assess the effectiveness of behavior in living creatures occupying the
first lines in the history of life development, in this case, in prokaryotes, namely, cyanobacteria
Oscillatoria terebriformis (Figure 2B).

Bacteria existing in communities coordinate their behavior to perform specific functions.
Genetic and molecular biochemistry techniques combined with microscopic imaging have shown
that biofilm development is a well-regulated process in which bacteria integrate into communi-
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ties through internal and external signaling. The complexity of biofilm creation suggests that
this is a mode of development in which changes in form and function play a leading role in the
life cycle of bacteria. Community organization requires coordinated actions of the units between
which communication takes place [9, 10, 17, 29]. Intercellular contacts, represented by a variety
of extracellular structures, such as microfibrils, pineal protrusions, evaginates of cell walls, cap-
sules, reflect a genetically determined pattern of development of microbial populations as self-
regulating multicellular systems [8].

Thus, the levels of synchronization of electrical activity in the cyanobacteria Oscillatoria
terebriformis ensure the efficiency of the behavior of these creatures: the coherence of signals is
higher for loci in which the efforts of community elements are purposeful. The cyanobacterial
film is not fully covered by the “construction work”: the areas are highlighted, where the most
active participation is required from the constituent units. This means that there is a differentia-
tion of space, its division into affected zones and zones favorable for the life of the community.
Obviously, there is a functional specialization: the cyanobacterial filaments nearest to the site of
damage are involved in the work on the restoration of the film. The phenomenon of “division of
labor” in microbial society is evidenced by the facts of electrophysiological experiments [2] and
data from microbiological studies [11]. The assumption about specialized members of the com-
munity is based on the results electron microscopy studies, in particular, a number of works have
shown the morphological heterogeneity of microbial populations, and regularities have been es-
tablished in changing the structure of microbial communities at different stages of development,
manifested in a change in the ratio of different types of cells: physiologically active, resting, auto-
lyzed and involutional [11, 36]. The heterogeneity of a population is the result of the realization
of the adaptive potential that is originally characteristic of a particular microorganism. In other
words, it is a tool for revealing new adaptive capabilities of the same bacterial genome [6].

The results obtained coincide with the results of studies performed on humans and highly orga-
nized animals [5, 15, 16, 34]. Experiments on living things of different evolutionary levels show that the
origins of selective spatial synchronization, as a result of which functional relationships are established
between heterogeneous zones of modern biological systems: brain zones, biofilm areas, etc. — originated
in the earliest organisms on our planet. The actualization of these functional relations in the form of
certain type of behavior is the result of the integration of the activities of these zones.

References

1. Grechenko T.N., Kharitonov A.N., Orleanskij V.K., Zhegallo A.V. Novye ob’ekty psihologicheskih
issledovanij i perspektivy razvitiya nauki [New Objects of Psychological Studies]. Istoriya rossijskoj psihologii
v licah. Dajdzhest = History of Russian psychology. Digest. 2017, no. 6, pp. 248—259 (in Russ.).

2. Grechenko T.N. Kharitonov AN., Zhegallo A.V. Social'nye struktury i kommunikacii v mire
mikroorganizmov [ Social Structuresand Communicationsinthe World of Microorganisms]. Eksperimental’naya
psihologiya = Experimantal psychology, Russia. 2019, vol. 12, no. 4, pp. 106—119 (in Russian, abstr. Engl.).

3. Grechenko T.N. Kharitonov AN., Zhegallo A.V., Aleksandrov Yu.l. Psihofiziologicheskij analiz
oscilljatornyh processov v povedenii biosocial'nyh system [Psychophysiological Analysis of Oscillatory
Processes the Behavior of Biosocial Systems]. Psihologicheskij zhurnal =Psychological Journal (Rus.). 2015,
vol. 36, no. 5, pp. 78—86 (in Russian, abstr. Engl.).

4. Zotov M.V., Andrianova N.E. Processy koordinacii v vospriyatii kommunikativhogo vzaimodejstviya
[Coordination Processes in the Perception of Communication]. Kognitivnye issledovaniya [Cognitive
Studies], eds. D.V. Ushakov, A.A. Medyntsev. Publ. Institut psihologii RAN, 2017, pp. 50—67 (in Russ.).
5. Livanov M.N. Prostranstvennaya organizaciya processov golovnogo mozga. Publ. Nauka, Moscow, 1972
(in Russ.).

138



Grechenko T.N., Kharitonov A.N., Zhegallo A.V., Sumina E.L., Sumin D.L.
Synchronization of Electrical Oscillations in the Organization of Social Life of Microorganisms. .
Experimental Psychology (Russia), 2020, vol. 13, no. 3

6. Magdanova L.A., Golyasnaya N.V. Geterogennost’ kak adaptivnoe svojstvo bakterial'noj populyacii
[Heterogeneity as an Adaptive Property of a Bacterial Population]. Mikrobiologiya = Microbiology (Rus.).
2013, vol. 82, no. 1, p. 3 (in Russ.).

7. Nikolaev Yu.A., Plakunov V.K. Bioplenka — gorod mikrobov ili analog mnogokletochnogo organizma
[Biofilm: a City of Microbes or an Analog of a Multicellular Organism?]. Mikrobiologiya = Microbiology
(Rus.), 2007, vol.76, no. 2, pp. 149—163 (in Russ.).

8. Novik G.L, Vysockij V.V. Arhitektonika populyacij bifidobakterij — submikroskopicheskij aspekt kogezii
kletok Bifidobacterium adolescentis i Dofidobacterium bifidum [Architectonics of Bifidobacterial Population:
a Submicroscopic Aspect of Cellular Cohesion of Bifidobacterium adolescentis and Dofidobacterium bifidum]. .
Mikrobiologiya = Microbiology (Rus.),1995, vol. 64, no. 2, pp. 222—227 (in Russ.).

9. Oleskin A.V. Biosocial'nost” odnokletochnyh (na materiale issledovanij prokariot) [Biosociality of the
Unicellular Organisms: Prokaryotes]. Zhurnal obshchej biologii = Journal of General Biology (Rus.), 2009,
vol. 70, pp. 35—60. (in Russ.).

10. Romanova Yu.M., Smirnova T.A., Andreev A.L., [I'ina T.S., Didenko L.V., Gincburg A.L. Obrazovanie
bioplenok — primer social’'nogo povedenija baktetij [ Biofilm Formation as an Example of Social Behavior of
Bacteria]. Mikrobiologiya = Microbiology (Rus.), 2006, vol. 75, no. 4, pp. 556—>56. (in Russ.).

11. Rybal’chenko O.V. Morfo-fiziologicheskie aspekty vzaimodejstvij mikroorganizmov v mikrobnyh
soobshchestvah [Morpho-Physiological Aspects of Interactions of Microorganisms in Microbial
Communities]. Diss. dokt. biol. nauk. 03.00 [Doctoral Dissertation, Biology 03.00]. Publ. S-Peterb.
universitet, medicinskij f-t. [ Faculty of Medicine, St.Petersburg University (Rus.)], Spb., 2003 (in Russ.).
12. Sumina E.L. Povedenie nitchatyh cianobakterij v laboratornoj kul’ture [ Behavior of Filamentous Cyanobacteria
in Laboratory Culture] // Mikrobiologiya = Microbiology (Rus.), 2006, vol. 75, no 4, pp. 532—537. (in Russ.).

13. Kharitonov AN., Grechenko T.N., Sumina E.L., Sumin D.L., Orleanskij V.K. Social'naya zhizn’
cianobakterij [Social Life of Cyanobacteria]. Differencionno-integracionnaya teoriya razvitiya
[ Differentiation-Integration Theory of Development], eds. N.I. Chuprikova, E.V. Volkova. Publ. Yazyki
slavyanskoj kul’'tury, Moscow, 2014, Book 2, pp. 283—302 (in Russ.).

14. Shapiro J. A. Bakterii kak mnogokletochnye organizmy [Bacteria as Multicellular Organisms]. V mire
nauki = In the World of Science (Sci. Am., Rus. edition)1988, no. 8, pp. 46—55 (in Russ.).

15. Sharova E.V. Fazovo-chastotnyj analiz v izuchenii nestabil'nosti elektroencefalogrammy [Phase and
Frequency Analysis in the Studies of EEG Instability]. Fiziologiya cheloveka = Human Physiology (Rus.),
1980, vol. 6, no. 2, pp. 211—219 (in Russ.).

16. Ahn S., Zauber E., Worth R.M., Witt Th., Rubchinsky L.L. Interaction of synchronized dynamics in cortex
and basal ganglia in Parkinson’s disease. European Journal of Neuroscience, 2015, vol. 42, pp. 2164—2171.

17. Ben-Jacob E., Cohen I., Gutnick D. Cooperative organization of bacterial colonies: from genotype to
morphotype. Annu. Rev. Microbiol., 1998, vol. 52, pp. 779—806.

18. Bhattacharya J., Petsche H., Pereda E. Long-Range Synchrony in the Band: Role in Music Perception.
Journal of Neuroscience, August 15, 2001, no. 21 (16), pp. 6329—6337.

19. Canolty R.T., Knight R.T. The functional role of cross-frequency coupling. Trends Cogn. Sci., 2010 Nov;
no. 14 (11), pp. 506—15.

20. Czaran T., Hoekstra R. Microbial communication, cooperation and cheating: quorum sensing drives the
evolution of cooperation in bacteria. PLoS ONE, 2009, vol. 4, no. 8, pp. 1—10.

21. Dumas G., Nadel J., Soussignan R., Martinerie J., Garnero L. Inter-Brain Synchronization During Social
Interaction. PLoS ONE, 2010, vol. 5, no. 8: e12166; doi.org/10.1371 /journal.pone.0012166

22. Fiegna F., Velicer GJ. Exploitative and hierarchical antagonism in a cooperative bacterium. PLoS
Biol. 2005 Nov; 3 (11): €370. doi.org/10.1371 /journal.pbio.0030370. Epub 2005, Nov 1.

23. Fries P. Rhythms for cognition: communication through coherence. Neuron, 2015, vol. 88, pp. 220—235.
24. Funane T., Kiguchi M., Atsumori H., Sato H., Kubota K., Koizumi H. Synchronous activity of two
people’s prefrontal cortices during a cooperative task measured by simultaneous near-infrared spectroscopy.
J. Biomed Opt., 2011, vol.16, no. 7, 077011.

25. Hu Yi, Hu Yi, Li X, Pan Y., Cheng X. Brain-to-brain synchronization across two persons predicts mutual
prosociality. Social Cognitive and Affective Neuroscience, 2017, no. 12 (12), pp. 1835—1844; doi: 10.1093 /scan/nsx118.
26. Kelong Lu, Ning Hao. When do we fall in neural synchrony with others? Social Cognitive and Affective
Neuroscience, 2019, vol 14, no. 3, pp. 253—261; doi.org/10.1093 /scan/nsz012.

139



I'peuenxo T.H., Xapumonos A.H., )Kezanno A.B., Cymuna E.JI., Cymun /[.JI.
CHHXPOHM3AITIS 2JIEKTPUIECKIX OCITUJIISIII B OPTAaHU3AIIH COIUATBHOM JKI3HU MUKPOOPTaHU3MOB.
IDxcrepuMenTasibaas reuxosiornsd. 2020. T. 13. Ne 3

27. Kingsbury L., Huang S., Wang J., Gu K., Golshani P., Wu Y.E., Hong W. Correlated Neural Activity
and Encoding of Behavior across Brains of Socially Interacting Animals. Cell. 2019, no. 178, pp. 429—446.
28. Liu J., Prindle A., Humphries J., Gabalda-Sagarra M., Munehiro A., Lee D.D., Ly S., Garcia-Ojalvo J.,
Suel G.M. Metabolic co-dependence gives rise to collective oscillations within biofilms. Nature, 2015,
vol. 30, no. 523, pp. 550—554.

29. Masi E., Ciszak M., Santopolo L., Frascella A., Giovannetti L., Marchi E., Viti C., Mancuso S. Electrical
spiking in bacterial biofilms. Journal of the Royal Soc., Interface. 2015, Jan 6, no. 12 (102): 20141036. doi:
10.1098/rsif.2014.1036.

30. Nutman A.P., Bennett V.C,, Friend C.R.L., van Kranendonk M.J., Chivas Allan R. Rapid emergence
of life shown by discovery of 3,700-million-year-old microbial structures. Nature, 2016, no. 537 (7621),
pp. 535—538. DOI: 10.1038 /nature19355. Epub 2016 Aug 31.

31. Oleskin A.V., Shenderov B.A. Probiotics and Psychobiotics: the Role of Microbial Neurochemicals.
Nature, 2019, no. 11 (4): 1071—1085 DOTI: 10.1007 /s12602-019-09583-0 PMID: 31493127

32. Shumway R.H., Stoffer D.S. Time series analysis and its applications. Springer Texts in Statistics, 2011.
33. Shapiro J.A. The significances of bacterial colony patterns. BioEssays, 1995, vol. 17, no. 7, pp. 597—607.
34. Snyder A.C., Issar D., Smith M.A. What Does Scalp EEG Coherence Tell Us About Long-range Cortical
Networks? Eur. J. Neuroscience, 2018, no. 48 (7), pp. 2466—2481.

35. Velicer G.J., Vos M. Sociobiology of the myxobacteria. Annu. Rev. Microbiol., 2009, no. 63, pp. 599—623.
36. Von Bronk B., Schaffer S.A., Gétz A., Opitz M. Effects of stochasticity and division of labor in toxin
production on two-strain bacterial competition in Escherichia coli. PLoS Biol. 2017, May 1; 15 (5): ¢2001457.
doi: 10.1371 /journal.pbio.2001457. eCollection 2017 May.

37. Walter D.O. Coherence as a measure of relationship between EEG records // Electroencephalogr. Clin.
Neurophysiol., 1968, vol. 24, no. 3, p. 282.

Jumepamypa

1. Ipeuenxo T.H., Xapumonos A.H., Opreanckuii B.K., Kezanno A.B. HoBbie 06BEKTHI TICUXOJOIHIECKUX
HCCIeIOBAaHUH 1 IEePCIIEKTUBBI pa3BuTus Hayku // Vlcropus poccuiickoii mcuxosioruu B innax. /laiskect.
2017. Ne 6. C. 248—259.

2. Ipeuenxo T.H., Xapumonoe A.H., sKezanno A.B. ConuanbHble CTPYKTYpPbl 1 KOMMYHUKAIIUU B MUpe
MUKPOOPraHu3MoB // JxcrepumenTanbHas icuxosorust. 2019. T. 12. Ne. 4. C. 106—119.

3. Ipeuenxo T.H., Xapumonos A.H., JKezarno A.B., Anexcandpos FO.U. Tlcuxodusnoornyeckuii aHamius
OCIUJUISITOPHBIX IPOIECCOB B TIOBeleHnu Ouoconuanbibix cucreM // Ileuxonormyeckuii sxypramt. 2015.
T. 36. Ne 5. C. 78—86.

4. 3omose M.B., Andpuanosa H.E. TIporiecchl KOOPAWHAIIMK B BOCHPUSATHH KOMMYHHUKATHBHOTO
B3anMmogieticteus // Korautusneie nccnenoBanus / Pen. /[.B. Ymaxos, A.A. Mexaprames. M.: Unctutyt
neuxonorun PAH, 2017. C. 50—67.

5. Jlusanos M.H TIpocTpaHcTBeHHAs OPraHU3AINST TIPOIIECCOB TOJM0BHOTO Mo3ra. M.: Hayxka, 1972.

6. Mazoanosa JIA. Tonscnas H.B. TereporeHHOCTb Kak aJalTHBHOE CBOMCTBO OGaKTepUanbHOI
nomysiuy // Mukpobuosorus. 2013. T. 82. Ne 1. C. 3.

7. Huxonaes IO.A. Ilnaxynose B.K. Buonsenka — ropog MUKpOOOB WJIM aHAJIOT MHOTOKJETOYHOIO
opranusma // Mukpo6uosorus. 2007. T. 76. Ne 2. C. 149—163.

8. Hoeux I'U., Buicoyxuii B.B. ApxurekToHuka nonyasainuii 6udupobakrepuii — cyOMUKPOCKOIMIECCKUN
acriekt koresuu kierok Bifidobacterium adolescentis u Dofidobacterium bifidum // Mukpo6uosorusi.
1995. T. 64. Ne 2. C. 222—227.

9. Oneckun A.B. buoconuaabHOCTh OHOKJIETOUYHBIX (HA MaTepuaJie UccjieoBanuii mpokapuot) // KypH.
o6eit 6uostorun, 2009. T. 70. C. 35—60.

10. Pomanosa FO.M., Cnupnosa T.A., Audpees AJL., Unvuna T.C., Judenxo JI.B., Tunuoype A.JI. O6pasosatue
OUOIIIEHOK — TPUMEP COLMAIBHOTO noseeHus Gakrepuii // Mukpobuonorus. 2006. T.75. Ne 4. C. 556—561.
11. Pubanvuenxo O.B. Mopdo-busnonornueckue acrneKkTbl B3aUMOAEHCTBUI MUKPOOPraHU3MOB B
MUKPOOHBIX co001IecTBax: Ance. A-pa 6uou. Hayk. 03.00. Cub., 2003.

12. Cymuna E.JI. TloBenerne HUTYATHIX IMAHOOAKTEPHil B JTabopaToOpHOil KyabType // MHUKpOOHOIOTHS.
2006. T. 75. Ne 4. C. 532—537.

140



Grechenko T.N., Kharitonov A.N., Zhegallo A.V., Sumina E.L., Sumin D.L.
Synchronization of Electrical Oscillations in the Organization of Social Life of Microorganisms. .
Experimental Psychology (Russia), 2020, vol. 13, no. 3

13. Xapumonos A.H., I'peuenxo T.H., Cymuna EJI., Cymun /[.JI., Opreanckuii B.K. CounanbHas KM3Hb
ianobaxrepuii // JluddepeHnnoHHo-uHTerpaliionas reopust passutus. Ku. 2 / Pex. H.U. Yynpukosa,
E.B. Bosikosa. M.: A3biku caaBsguckoit KyapTypsl, 2014, C. 283—302.

14. Illanupo /lxc. A. Baktepun Kak MHOTOKJIeTOUHbIe opraHuaMbl // B mupe nayku. 1988. Ne 8. C. 46—55.
15. Hlaposa E.B. Ma30B0-4acTOTHBIN aHAIN3 B M3YYECHUN HECTaOUIBHOCTH 3JIEKTPOIHIIehATOTpaMMbl //
®usnonorus emoseka. 1980. T. 6. Ne 2. C. 211—-219.

16. Ahn S., Zauber E., Worth R. M., Witt Th., Rubchinsky L. L. Interaction of synchronized dynamics in cortex
and basal ganglia in Parkinson’s disease // European Journal of Neuroscience. 2015. Vol. 42. P. 2164—2171.
17. Ben-Jacob E., Cohen L., Gutnick D. Cooperative organization of bacterial colonies: from genotype to
morphotype // Annu. Rev. Microbiol. 1998. Vol. 52. P. 779—806.

18. Bhattacharya ]., Petsche H., Pereda E. Long-Range Synchrony in the Band: Role in Music Perception //
Journal of Neuroscience. 2001. August 15. Ne. 21 (16). P. 6329—6337.

19. Canolty R.T., Knight R.T. The functional role of cross-frequency coupling // Trends Cogn. Sci. 2010.
Ne 14 (11). P. 506—515.

20. Czaran T., Hoekstra R. Microbial communication, cooperation and cheating: quorum sensing drives the
evolution of cooperation in bacteria // PLoS ONE. 2009. Vol. 4. Ne 8. P. 1—10.

21. Dumas G., Nadel ]., Soussignan R., Martinerie J., Garnero L. Inter-Brain Synchronization During Social
Interaction // PLoS ONE. 2010. Vol. 5. Ne 8. ¢12166. doi.org/10.1371/journal.pone.0012166

22. Fiegna F., Velicer G,J. Exploitative and hierarchical antagonism in a cooperative bacterium // PLoS
Biol. 2005 Nov; 3 (11): €370. doi.org/10.1371/journal.pbio.0030370. Epub 2005, Nov 1.

23. Fries P. Rhythms for cognition: communication through coherence // Neuron. 2015. Vol. 88. P. 220—
235.

24. Funane T., Kiguchi M., Atsumori H., Sato H., Kubota K., Koizumi H. Synchronous activity of two people’s
prefrontal cortices during a cooperative task measured by simultaneous near-infrared spectroscopy //
J. Biomed Opt. 2011. Vol. 16. Ne 7. 077011.

25. Hu Yi, Hu Yi, Li X., Pan Y., Cheng X. Brain-to-brain synchronization across two persons predicts mutual
prosociality // Social Cognitive and Affective Neuroscience. 2017. Ne 12 (12). P. 1835—1844. doi: 10.1093/
scan/nsx118

26. Kelong Lu, Ning Hao. When do we fall in neural synchrony with others? // Social Cognitive and Affective
Neuroscience. 2019. Vol 14. Ne 3. P. 253—261. doi.org/10.1093/scan,/nsz012

27. Kingsbury L., Huang S., Wang J., Gu K., Golshani P., Wu Y.E., Hong W. Correlated Neural Activity and
Encoding of Behavior across Brains of Socially Interacting Animals // Cell. 2019. Ne 178. P. 429—446.

28. Liu J., Prindle A., Humphries ., Gabalda-Sagarra M., Munehiro A., Lee D.D., Ly S., Garcia-Ojalovo J.,
Suel G.M. Metabolic co-dependence gives rise to collective oscillations within biofilms // Nature. 2015.
Vol. 30. Ne 523. P. 550—554.

29. Masi E., Ciszak M., Santopolo L., Frascella A., Giovannetti L., Marchi E., Viti C., Mancuso S. Electrical
spiking in bacterial biofilms // Journal of the Royal Soc., Interface. 2015. Jan 6. Ne 12 (102):20141036. doi:
10.1098/rsif.2014.1036

30. Nutman A.P., Bennett V.C., Friend C.R.L., van Kranendonk M,J., Chivas Allan R. Rapid emergence of life
shown by discovery of 3,700-million-year-old microbial structures // Nature. 2016. Ne 537 (7621). P. 535—
538. doi: 10.1038 /nature19355. Epub 2016 Aug 31

31. Oleskin A.V., Shenderov B.A. Probiotics and Psychobiotics: the Role of Microbial Neurochemicals //
Nature. 2019. Ne 11 (4). P. 1071—1085. doi: 10.1007 /s12602-019-09583-0 PMID: 31493127

32. Shumway R.H., Stoffer D.S. Time series analysis and its applications. Springer Texts in Statistics, 2011.
33. Shapiro J.A. The significances of bacterial colony patterns // BioEssays. 1995. Vol. 17. Ne 7. P. 597—607.
34. Snyder A.C., Issar D., Smith M.A. What Does Scalp EEG Coherence Tell Us About Long-range Cortical
Networks? // Eur. J. Neuroscience. 2018. Ne 48(7). P. 2466—2481.

35. Velicer G,J., Vos M. Sociobiology of the myxobacteria // Annu. Rev. Microbiol. 2009. Ne 63. P. 599—623.
36. Von Bronk B., Schaffer S.A., Gitz A., Opitz M. Effects of stochasticity and division of labor in toxin
production on two-strain bacterial competition in Escherichia coli // PLoS Biol 15(5): €2001457 https://
doi.org/10.1371 /journal.pbio.2001457.

37. Walter D.O. Coherence as a measure of relationship between EEG records // Electroencephalogr. Clin.
Neurophysiol. 1968. Vol. 24. Ne 3. P. 282.

141



I'peuenxo T.H., Xapumonos A.H., )Kezanno A.B., Cymuna E.JI., Cymun /[.JI.
CHHXPOHM3AITIS 2JIEKTPUIECKIX OCIIUJITISIINI B OPTAaHU3AIIH COIUATBHOM JKI3HU MUKPOOPTaHU3MOB.
IDxcrepuMenTasibHas meuxosiornsd. 2020. T. 13. Ne 3

Information about the authors
Tatyana N. Grechenko, Dr. Sci. in Psychology, Leading Researcher, Institute of Psychology, Russian Acade-
my of Sciences, Moscow, Russia, ORCID: https://orcid.org/0000-0001-7361-4714, e-mail: grecht@mail.ru

Alexander N. Kharitonov, Cand. Sci. in Psychology, Senior Researcher, Institute of Psychology Russian
Academy of Sciences, Leading Researcher, Moscow State University of Pedagogy and Education, Moscow,
Russia, ORCID: https://orcid.org/0000-0002-4801-9937, e-mail: ankhome47@list.ru

Alexander V. Zhegallo, Cand. Sci. in Psychology, Senior Researcher, Institute of Psychology, Russian Acad-
emy of Sciences, and Moscow State University of Pedagogy and Education, Moscow, Russia, ORCID:
https://orcid.org/0000-0002-5307-0083, e-mail: zhegs@mail.ru

FEovgeniya L. Sumina, Cand. Sci. in Biology, Researcher, Faculty of Geology, Lomonosov Moscow State Uni-
versity, Moscow, Russia, ORCID: https://orcid.org/0000-0002-8848-2379, e-mail: stromatolit@list.ru

Dmitry L. Sumin, paleontologist, Network Community of Researchers NISEEB, Moscow, Russia, ORCID:
https://orcid.org/0000-0002-4455-0819, e-mail: stromatolit@list.ru

Hugopmayus 06 asmopax

I'peuenxo Tamvsina Huxonaesna, TOKTOP TICUXOJIOTUYECKUX HAYK, BEYITUI HAYYHBII cCOTPYAHUK, HCTUTYT
neuxonorun PAH (OITBYH «UIT PAH»), r. Mocksa, Poccuiickas @enepannsi, ORCID: https://orcid.
org/0000-0001-7361-4714, e-mail: grecht@mail.ru

Xapumonos Anexcandp Huxoraesuu, Kanguaat NCUXOJOMMYECKUX HAYK, CTAPIIMIA HAYYHbINA COTPYAHUK, ITH-
cruryt ricuxosoru PAH (OTBYH «UIT PAH»), Beayuiuii Hay4Hblit cOTpYAHUK, MOCKOBCKUI rocyap-
CTBEeHHBIIT ricuxosioro-negarornyeckuii yauepeurer (IBOY «MTITIITY »), 1. Mocksa, Poccuiickas Dene-
panust, ORCID: https://orcid.org/0000-0002-4801-9937, e-mail: ankhome47@list.ru

HKezanno Anexcandp Baadumuposuy, KanauiaT MCUXOJOTHYECKUX HAYK, CTapIINi HAyYHBII cOTPYAHUK, VH-
crutyt ncuxosornn PAH (OTBYH «MIT PAH») u MockoBckuii rocy1apcTBeHHBIN TICHXOIOTO-TIENAT0-
ruvyeckuii yausepcuter (IBOY «MITIITY »), r. Mocksa, Poccuiickas Mexneparmst, ORCID: https://orcid.
org/0000-0002-5307-0083, e-mail: zhegs@mail.ru

Cymuna Eezenus Jleonudosna, kanauaatr OMOJOIMYECKUX HAYK, CTAPIIW HAyYHBIH COTPYyAHUK, [eosmoru-
yeckuii hakysbrer, MOCKOBCKMIT rocysiapetBeHHblil yHuBepcurtet nm. M.B. Jlomonocosa (T'eosiornyeckuii
dakyiabrer ®TBOY BO «MI'Y»), 1. Mocksa, Poccuiickas @eneparust, ORCID: https://orcid.org/0000-
0002-8848-2379, e-mail: stromatolit@list.ru

Cymun JImumpuii Jleonudosuu, majieoOHTOJIOT, CeTeBOE MccaenoBaTenbekoe coodtectso CAHUIIIB, . Mocksa,
Poccuiickas Denepanust, ORCID: https://orcid.org/0000-0002-4455-0819, e-mail: stromatolit@list.ru

Tomydena 08.02.2020 Received 08.02.2020
IIpunsra B meyars 22.09.2020 Accepted 22.09.2020

142



