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Abstract—Filamentous cyanobacteria belong to the oldest organisms on our planet. Many cyanobacteria exist
in the form of trichomes, i.e., cell chains comprising hundreds of cells connected by intercellular interactions.
Under deficiency of environmental nitrogen, the cells in trichomes of some cyanobacteria undergo specializa-
tion to perform separate functions of oxygenic photosynthesis and nitrogen fixation. Thus, the trichome trans-
forms into a complex organism (complex system), in which vegetative cells and the heterocysts exchange with
photosynthetic and nitrogen fixation products. The transmission of metabolites may proceed via the periplas-
mic space or through the special contact structures called microplasmodesmata, septosomes, septal contacts, or
nanopores. In filamentous cyanobacteria, the storage and transmission of energy at the cellular level is accom-
panied by electrical processes occurring in cell membranes. Theoretical and model analysis of extracellular cur-
rents induced by the local illumination in trichomes of Phormidium uncinatum showed that the trichomes are
cell associations organized into unified cables capable of transferring energy along the trichome. From the view-
point of modern molecular genetics, filamentous cyanobacteria showing the distribution of functions between
neighboring cells are the prototype of a multicellular organism and a convenient model for elucidating the reg-
ulatory mechanisms of multicellularity, which, apparently, appeared more than once during the evolution in dif-
ferent phylogenetic groups, including bacteria, fungi, algae, and plants.
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INTRODUCTION

In living systems at different levels of organization,
many processes rely on similar basic principles that are
manifested in only slightly different molecular mech-
anisms that developed in the evolution along with the
complication of genetic programs [1]. The idea of
basic similarity for natural processes in various living
systems allows researchers to avoid study the millions
of different species that live on the planet but rather to
focus on model objects, such as Drosophila, mouse,
Arabidopsis, wheat, rice, yeast, Chlamydomonas, cili-
ated protozoa, Escherichia coli, and some bacterial
viruses. Filamentous cyanobacteria take an important
place in this row. By November 2018, the genomes of
approximately 328 cyanobacterial species and strains
had been decoded (https://www.ncbi.nlm.nih.gov/
genome/browse#!/overview/cyanobacteria). The
Anabaena sp. strains ATCC 29413, PCC 7120 and the
Nostoc sp. strain ATCC 29133 are the most popular
model species of cyanobacteria [2].

Abbreviations: MP—membrane potential; PIC—permeable
intercellular contacts; PSI and PSII—photosystems I and II.
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Cyanobacteria are the oldest and ubiquitous photo-
autotrophic organisms of our planet. The appearance of
oxygenic photosynthesis in ancient cyanobacteria
approximately 2.4—2.7 billion years ago was one of the
main evolutionary factors in the history of the Earth,
which gave rise to the evolution of eukaryotes [3]. Due
to the activity of cyanobacteria, the atmosphere and
surface waters accumulated enough oxygen for the
appearance of oxygen-consuming life forms, including
animals featuring high respiration rates [4]. Ancient
cyanobacteria laid the foundation for the symbiosis of
plastids with algae and higher plants [5—7]. Currently,
the plant plastids and cyanobacteria occurring in the
majority of natural environments account for a large
part of the primary production that underlies the food
chains of the biosphere. By performing the photosyn-
thetic oxygen evolution, they play a key role in the car-
bon cycle in the biosphere. In addition, cyanobacteria
are the main nitrogen-fixing organisms in the oceans
and terrestrial ecosystems that supply bound nitrogen
to the biosphere.

Many cyanobacteria exist in the form of trichomes,
i.e., the filaments containing hundreds of cells con-
nected by intercellular interactions. Judging from the
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fossil remnants of cyanobacteria, multicellular organi-
zation appeared 2.45—2.22 billion years ago. Compar-
ative phylogenetic analysis of 16S rRNA sequences
showed that filamentous cyanobacteria appeared ear-
lier than the Great Oxidation Event and apparently
played a key role in this event [8]. A comparative phy-
logenetic analysis of 16S rRNA gene sequences of
morphologically and genetically different cyanobacte-
rial taxa led to an interesting conclusion that the
majority of modern cyanobacteria originated from a
common multicellular ancestor and returned to uni-
cellularity at least five times during their evolution [9].

The fundamental universal natural technologies of
biological systems [1] include the coupling of mem-
brane electrogenesis with cellular bioenergetics. The
first law of bioenergetics states: “A living cell avoids
direct utilization of energy from external sources for the
completion of useful work. First, it transforms this energy
into a convertible form of ATP, AuH*, or AuNa* and then
uses it in various energy-demanding processes” [10,
pp. 12—14]. The transport of substances across the
plasma membrane against the concentration gradient
requires energy costs. The primary membrane trans-
porters are membrane-embedded proteins that
directly use the energy of light, redox reactions, or
ATP hydrolysis for their work. Secondary membrane
transporters are integral membrane proteins that per-
form the cotransport of molecules by coupling their
transfer with the downhill movement of particular ion
species. In this case, the energy is stored at a preliminary
stage in the form of ionic gradients. Stebegg et al. [2]
reviewed the current knowledge on transport systems
for organic substances in cyanobacteria, which is a very
important issue in view of the great environmental and
industrial importance of these microorganisms.

In eukaryotic cells, the primary transformation of
energy from external sources into convertible forms
takes place in the membranes of mitochondria and
chloroplasts. In cyanobacteria, these processes pro-
ceed in thylakoid membranes and partly in cytoplas-
mic membranes [11, 12]. Presently, the structure and
functions of main bioenergetic complexes have been
studied quite thoroughly on the molecular-genetic
and biophysical levels. A wealth of information refers
to electron transfer in photosynthetic complexes that
capture light energy and transmit it to proton AT Pases.
A question arises of how the coordinated functioning
of individual bioenergetic complexes is regulated in
membranes of different cell types and how the cooper-
ative interactions of neighboring cells are imple-
mented. Many aspects of this problem are considered
in a special issue of BBA—Bioenergetics “Organiza-
tion and Dynamics of Bioenergetic Systems in Bacte-
ria” [13]. This issue covers such topics as electron
transport in the plasma-membrane respiratory chains
of heterotrophic bacteria and in the thylakoid mem-
branes of cyanobacteria. A great deal of attention is
paid to the spatial distribution of electron transport
and the proton-motive force in different membrane
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regions. Other topics considered include the energy-
transducing membranes as dynamic systems, the
membrane biogenesis, and regulation and develop-
ment of membrane structures and functions.

Analysis of the photoelectric activity of filamen-
tous cyanobacteria is an interesting and promising
approach to elucidating the functional role of electric
events in cell membranes of the trichome. In the sec-
ond half of the 20th century, a group of researchers in
Russia focused on the functional role of intercellular
interactions mediated by ion-permeable intercellular
contacts [14]. For this purpose, they conducted a theoret-
ical and model analysis of extracellular currents induced
by local illumination of trichomes of the filamentous cya-
nobacterium Phormidium uncinatum [15—18]. Analysis
showed that the trichomes are cell associations orga-
nized into continuous cable structures capable of trans-
mitting energy over a considerable distance in the man-
ner similar to that in mycelial fungi and the cultured
monolayers of animal cells [19—21]. Sawa et al. [22]
described a fuel cell, in which live cyanobacteria
(Synechocystis sp. PCC 6803) were used as electric
current generators. This approach meets the goal of
green electricity production [23, 24].

This review aims at the analysis of advances and
problems in understanding the distribution of func-
tions between the cells in filamentous cyanobacteria.
Particular attention is paid to the anticipated bioener-
getic cooperation between photosynthesizing and
nitrogen-fixing cells, which is based on electrical
(electrogenic) processes in cell membranes and elec-
trical communications between the trichome cells.

PHOTOSYNTHESIS AND ELECTROGENESIS
IN CYANOBACTERIA

Cyanobacteria are capable of photosynthetic con-
version of light energy into the forms accessible for
cellular metabolism, e.g., the transmembrane electric
potential difference (membrane potential, MP),
which, in turn, provides energy to other intramem-
brane proteins that have no direct contacts with light-
harvesting proteins [25; 26, pp. 84—85]. One of such
proteins is an enzyme that synthesizes ATP from ADP
and phosphate: ATP synthase (F;F,-ATPase). This
evolutionarily conserved enzyme is present in the
plasma membrane and thylakoid membranes of bacte-
ria, in the thylakoid membranes of plants, in algal
chloroplasts, and in the inner mitochondrial mem-
branes [27]. The energy for ATP synthesis is provided
by the movement of protons through the biomembrane
along the gradient of the electrochemical potential. The
transmembrane potential difference arises due to the
electron transfer across the membrane by the enzyme
complexes of the respiratory or photosynthetic chains
and requires the absorption of light energy.

Cyanobacteria possess membranes of three types:
the outer membrane, the cytoplasmic membrane,
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and the thylakoid membrane. Photosynthesis of cya-
nobacteria was found to proceed in thylakoid mem-
branes [28]. The lack of thylakoids was noted only in
the unicellular cyanobacterium Gloeobacter violaceous
that separated early in evolution from other cyanobac-
teria; photosynthesis in this species proceeds at spe-
cialized regions of the cytoplasmic membrane [29].
Some authors do not exclude that the plasmalemma
and thylakoid membranes in filamentous cyanobacteria
are interconnected into a continuous network [30—32]
or, at least, have the contact sites where thylakoid
membranes adjoin the plasma membranes [28].
Direct contacts between the cytoplasmic and thyla-
koid membranes were observed in the cells of
Synechocystis sp. PCC 6803 [33—35]. Such mem-
brane contacts possibly facilitate the diffusion of
water-soluble and lipid-soluble molecules along the
membrane system [35].

A group of researchers developed a procedure for the
separation of plasmalemmal and thylakoid membranes
of the unicellular cyanobacterium Synechocystis sp.
PCC 6803 [36]. Immunoblotting of isolated purified
membranes revealed that the plasma membranes con-
tain many protein components tightly associated with
the reaction centers of both photosystems. Further-
more, these proteins exist in the membranes in the form
of chlorophyll-containing multiprotein complexes. The
biogenesis of thylakoid membranes correlates with the
development and processing of the cytoplasmic mem-
brane. The authors assumed that many early reactions
in biogenesis of photosynthetic reaction-center com-
plexes proceed in the plasma membrane rather than in
thylakoid membranes of these cyanobacteria [36].

In studies of the functional activity of cyanobacte-
rial photosystems, the most advanced technologies are
applied. The technique of hyperspectral confocal flu-
orescence microscopy revealed the physical segrega-
tion of photosynthetic complexes in Synechocystis sp.
PCC 6803: photosystem I (PSI) was mostly located in
the inner thylakoid regions, whereas phycobilisomes
and photosystem II (PSII) were predominant on the
outer thylakoid surface [37, 38]. At the same time, the
examination of Synechococcus sp. PCC 7942 with the
combination of electron microscopy and immu-
nochemistry demonstrated that ATPases and PSI
complexes are mainly localized on the outer surface of
thylakoid membranes, whereas the PSII and cyto-
chrome byf complexes are distributed randomly
between the inner and the outer membrane surfaces of
thylakoids [39].

Recently, cryoelectron tomography has appeared
in the arsenal of techniques for the study of cyanobac-
teria. This method is based on measuring the intensity
of a neutron beam scattered by the sample at small
scattering angles (small angle neutron scattering).
Other modern methods include confocal microscopy
and atomic force microscopy [40]. Studies by means of
small angle neutron scattering showed that illumina-
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tion produces a reversible reorganization in the thyla-
koid membrane of cyanobacteria [41, 42]. A variable
distance between the thylakoid membranes is consid-
ered as a regulatory factor that correlates with many
in vivo photosynthetic processes.

A series of photo-induced electron transfer steps
occurring in the PSII reaction center converts light
energy into the energy with an electrochemical poten-
tial and accounts for the splitting of water. Electron
transfer reactions are associated with the formation of
an electrochemical gradient across the thylakoid
membrane, which is required for the ATP synthase
activity. In addition, NADPH is synthesized [43]. The
produced ATP and NADPH are consumed for CO,
fixation in the Calvin cycle and in other anabolic pro-
cesses occurring in cyanobacterial cells. The functions
of genes and proteins providing cyanobacteria with the
unique ability of carbon dioxide uptake from the
atmosphere for its further use in photosynthetic dark
reactions were the subject of detailed studies [44].

Technological improvements in structural biology
over recent decades have brought abundant informa-
tion on molecular details of the structure and function
of electron-transport complexes in the thylakoid
membranes of cyanobacteria. The atomic structures of
individual protein complexes were deciphered, and
their spectroscopic analysis was performed [45, 46].
However, a number of problems remain unresolved. It
is still unknown how the individual components of
electron transport are synthesized and degraded, how
their functions are regulated, and how they interact
with each other within the same membrane or in dif-
ferent cell membranes. The understanding of how
each component works and is finely regulated in a liv-
ing cell is still a matter of further studies.

MEMBRANE TRANSPORT
IN CYANOBACTERIAL CELLS

Cyanobacterial cells are surrounded by the plasma
membrane and, in addition, by an outer membrane
and a layer of peptidoglycan. The internal volume of
most cyanobacteria contains the thylakoid mem-
branes accommodating photosynthetic systems. Cya-
nobacterial ion transport systems—their properties,
kinetics, and energy supply—were investigated using
the preparations of intact cells, isolated membrane
vesicles, and the proteoliposomes with reconstituted
carrier proteins. Unfortunately, the features of trans-
port processes in different types of cyanobacterial
membranes are poorly characterized to date.

The structural features of cyanobacterial trichomes
permit the cell-to-cell transmission of certain ions and
molecules via the periplasmic space. For this purpose,
the cytoplasmic membranes of neighboring cells must
contain specific proteins capable of transporting cer-
tain substances across the cell membrane in the
required direction. A recent review [47] summarized
data on many transporters in the cytoplasmic mem-
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branes of filamentous heterocyst-forming cyanobac-
teria, including the transporters of amino acids,
oxoacids, and sucrose, as well as transporters of some
amino acids needed for optimal diazotrophic growth.
However, the possibility of diffusional exchange
between vegetative cells and heterocysts through the
periplasm is still a debated issue and is far from being
commonly accepted.

In the model cyanobacterium Synechocystis sp.
PCC 6803, representatives of all main types of mem-
brane channels and carriers have been detected in the
thylakoid membrane [48]. (1) K* channels are
involved in regulating the electric component of pro-
ton-motive force. (2) The primary transporters are
represented by Ca?*-transporting ATPase that pro-
vides copper ions required for the functioning of thyla-
koid membranes. (3) Among secondary transporters,
the Na*/H* exchanger was identified that balances the
proportions of sodium and potassium ions and allevi-
ates the toxic effect of excess Na* content.

Stebegg et al. [2] reviewed recent data on the trans-
port of various organic substances through the plasma
membranes of model cyanobacterial species. In par-
ticular, the transport of monosaccharides (glucose,
xylose, arabinose, etc.), disaccharides (sucrose, malt-
ose, lactose, etc.), and polysaccharides was described
in detail. The transport of amino acids and peptides,
carboxylic acids, alcohols, organic dyes, DNA, urea,
herbicides, antibiotics, and other compounds was
thoroughly analyzed.

The so-called ABC transporters represent a group
of transport proteins that are very important for cya-
nobacteria. These transporters are intramembrane
proteins that use ATP energy to transfer substances
across the membrane against the concentration gradi-
ents [49]. All such transporters contain a transmem-
brane domain and two attached ATPases located in
the cytoplasm. The quaternary structure of ABC
transporters appears conserved in evolution. The
transport mechanism is based on conformational
changes in the transmembrane domain, which are
induced by ATP hydrolysis in the corresponding
ATPase domain.

According to Davidson et al. [50], ABC transport-
ers can be regarded as universal technologies of bio-
logical systems, since they are common in all king-
doms of life and, apparently, have a common prede-
cessor. In terms of their functional role, ABC
transporters can be divided into three groups:
(1) importers of peptides, amino acids, mono- and oli-
gosaccharides, ions, metals, and vitamins; (2) exporters
of substances, such as lipids, polysaccharides, and
proteins, including toxins and virulence factors; and
(3) members that do not transport any substance but par-
ticipate in DNA repair and mRNA translocation [50].

According to Shvarev and Maldener [49], the
genome of a model heterocyst-forming filamentous
cyanobacterium Anabaena sp. PCC 7120 contains 187
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open reading frames encoding ABC transporter
domains. This number accounts for approximately
two-thirds of the 313 genes encoding transport pro-
teins together with accessory proteins and nearly 3% of
the total genome. This includes 91 ATP-binding
domains, 51 permease domains (transmembrane
domains), and 38 domains binding the periplasmic
proteins. The authors of the review [49] consider in
detail the role of Anabaena sp. PCC 7120 specific ABC
transporters in adaptation to diazotrophic growth.

The functioning of ABC transporters is an indis-
pensable condition for the survival of cyanobacteria
in changeable environments; cyanobacteria were the
first organisms where these transporters were discov-
ered [50—52]. Unfortunately, the dynamics and func-
tioning of the most famous primary transport system,
i.e., H"-transporting AT Pase in photosynthetic mem-
branes of cyanobacteria is still incompletely character-
ized [12]. At the same time, this knowledge is basic for
understanding of how the functions are distributed in
the trichome between vegetative cells and heterocysts.

Recently, electrical phenomena in bacteria have
attracted growing interest. Prindle et al. [53] assessed
the membrane potential (MP) in bacterial films using
an MP-sensitive fluorescent probe, thioflavin T (ThT),
and observed metabolic oscillations correlated with the
MP waves. The mathematical modeling of these events
led to the conclusion that the potassium channels
change their permeability under stress and that the bac-
teria use the resulting MP oscillations as electrical sig-
naling to neighboring cells within the biofilm. The
authors believe that a depolarization wave can restrict
the accumulation of glutamate or the release of ammo-
nia by peripheral cells, thus creating favorable condi-
tions for cell functioning in the middle of the bacte-
rial layer. The idea is put forward that the regulated
conductance of potassium channels in the plasma
membrane provides the basis for electrical interac-
tions among the cells in bacterial biofilms. The anal-
ysis of available data suggests that the plasma mem-
branes of bacteria accommodate the principal ion
channels (K*-, Na*-, and Cl--channels) known also
for other organisms. A hypothesis is proposed that the
long-range electrical interactions in bacterial biofilms
involve the regulation of K*-channel conductance in
the plasma membrane. The transport systems for glu-
tamate (anion) and ammonium (cation) are tentative
players in electrical interactions because the transport
of charged metabolites depends on the transmem-
brane electric potential difference and the proton-
motive force.

“DIVISION OF TASKS”
AND INTERCELLULAR EXCHANGE
IN TRICHOMES OF CYANOBACTERIA

In the absence of nitrogen, the trichomes of some
cyanobacteria differentiate specialized cells that fulfill
various functional tasks: vegetative cells perform pho-
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tosynthesis and release oxygen, while heterocysts fix
atmospheric nitrogen. At the same time, the corre-
sponding metabolites and regulatory substances are
the subject of intercellular exchange. Owing to the
intercellular exchange in diazotrophic filaments of
cyanobacteria, the reduced carbon is transported to
heterocysts, while the fixed nitrogen is conveyed to
vegetative cells [47]. Statistical analysis of fluctuations
in gene expression by individual cells along the tri-
chome revealed the correlation of gene expression in
neighboring cells [54], which implies the existence of
intercellular communications along the cyanobacte-
rial trichomes.

The cell-to-cell transfer of ions and molecules can
occur via the periplasm [55—57] or through special
contact structures called microplasmodesmata, septo-
somes, septal contacts, or nanopores [57—60]. The
septa between heterocysts and vegetative cells were
shown to possess channels with the diameter of 12 nm
and the length of 20 nm [61]. Each septum between
vegetative cells comprises 100—250 microplasmodes-
mata [62], while the septa between vegetative cells and
heterocysts contain approximately 50 microplas-
modesmata [58].

After a local injection of fluorescein, a marker of
permeable contacts, this dye was found to distribute
between the cells along the trichome [16]. Other flu-
orescence probes, such as 5-carboxyfluorescein
(mol wt 376 D) and calcein (622 D) were also used in
combination with FRAP analysis (fluorescence recov-
ery after photobleaching) for studying the intercellular
transport. The FRAP experiments with the model
cyanobacteria Anabaena sp. PCC 7120 revealed that
calcein diffuses between vegetative cells as well as
between vegetative cells and heterocysts. Remark-
ably, the amount of diffused calcein increased tenfold
in trichomes growing in a nitrogen-deficient medium
compared to the trichomes grown in the presence of
nitrate [63]. Intercellular calcein exchange was absent
in Oscillatoria, a filamentous cyanobacterium that
does not form heterocysts [64]. Calcein and 5-car-
boxyfluorescein are not involved in cell metabolism,
unlike such fluorescent indicator as esculin (glyco-
sylated coumarin, mol wt 340 D), which is a sucrose
analogue and was recently introduced into the practice
for analysis of intercellular exchange [65]. The inter-
connections between the cells allow small molecules,
such as sucrose, to move from vegetative cells to het-
erocysts [65—69] and allow the transfer of the dipep-
tide beta-aspartyl-arginine from the heterocysts to
vegetative cells [70, 71].

Judging from measurements with fluorescent
probes, the intercellular exchange of metabolites was
impaired in mutants defective in SepJ, FraC, and/or
FraD proteins [63—65, 72—74]). At the same time, dif-
ferent mutants showed the disturbed exchange of dif-
ferent molecular probes.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67

The cell-to-cell passage of substances may princi-
pally involve their leakage into the periplasm and the
subsequent entry into neighboring cells by means of
specific transporters. For example, it is reasonable to
assume that the cytoplasmic membranes of vegetative
cells contain the exporters of sugars, while the hetero-
cysts contain sugar importers and, conversely, the het-
erocysts possess the exporters of amino acids, while
vegetative cells have the amino acid importers [55].
Inactivation of the two amino acid transporters spe-
cific for vegetative cells was found to disturb the
N,-dependent growth of Anabaena sp. PCC 7120, thus
proving the role of these transporters in diazotrophic
physiology [75, 76]. The importance of periplasm as a
pathway for metabolic exchange implies a low perme-
ability of the outer membrane for certain metabolites;
recent data confirmed the low permeability of the
outer membrane to sucrose and glutamate [77]. Many
transporters of the cytoplasmic membranes were char-
acterized for the model cyanobacterium species
Anabaena [78]. The examined components include
the transporters of amino acids, oxoacids, and sucrose
[79, 80] as well as those of some amino acids required
for optimal diazotrophic growth [75, 76].

The ABC exporter HetG is reportedly involved in
the transmission of the PatS protein. It also transmits
the HetN protein-related signal from the heterocysts to
vegetative cells. The transmission of these regulating
agents, at least between vegetative cells, was noticed to
involve the septal protein Sepl. Frain et al. [81] outlined
the main pathways for translocation of proteins related
to intercellular exchange: general secretory pathway
(Sec), twin arginine translocation (Tat), and the signal
recognition particle (SRP). They also emphasized the
importance of membrane organization and the rela-
tionships between translocation, integration, and tar-
geting of proteins within the various membranes of cya-
nobacteria. Motility of trichomes depends on the coor-
dinated activity of molecular motors in different cells,
which also requires cell-to-cell communication [82].

Flores and Herrero [83] discussed particular mech-
anisms allowing cyanobacteria (1) to produce two
types of cells with different metabolic activities, i.e.,
photosynthesizing vegetative cells and nitrogen-fixing
heterocysts, (2) to keep these cells together, and (3) to
ensure the intercellular exchange of substances
required for growth. The intercellular septa in fila-
mentous cyanobacteria contain a protein SepJ that
plays a special role in trichomes' functioning. The pro-
tein SeplJ also interacts with the protein ZipN [84] that
was previously identified as an essential component of
the protein complex responsible for the division of
cyanobacterial cells. The development of heterocysts
from vegetative cells depends on the activity of a num-
ber of proteins that regulate the genetic differentiation
program. This program runs as a response to nitrogen
deprivation and implicates a protein NtcA, a global
nitrogen-controlled transcription factor in cyanobac-
teria. The fulfillment of the program requires specific
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regulators, such as HetR, which are needed for differ-
entiation and are synthesized in cells within the first
hours of nitrogen starvation. The knowledge of how
the functional interactions between NtcA and HetR
are implemented and how the conversion of too many
vegetative cells into the heterocysts is prevented by
other regulating factors is crucial for understanding
the whole process that leads to the formation of a true
multicellular bacterium [85]. The number of hetero-
cysts in the trichome is also under strict genetic con-
trol. Differentiation of excess heterocysts is prevented
by diffusing inhibitors formed in proheterocysts or
heterocysts [47]. The products of the patS and hetN
genes are involved in the inhibition [86—88].

A group of authors [89] investigated the diazotrophic
growth and the mechanisms of intercellular transport in
trichomes of Cylindrospermopsis raciborskii CS-505 con-
sisting of 100 vegetative cells and only two terminal het-
erocysts. The rate of fluorescent probe passage between
fast-growing terminal vegetative cells and heterocysts
was higher than that between slow-growing vegetative
cells in the middle of the trichome.

The role of intercellular septa and the periplasm in
the cell-to-cell transmission of molecules is of great
interest. Analysis of mutants incapable of fixing nitro-
gen and characterized by filament fragmentation in
liquid media revealed the role for products of several
genes (fraC, fraD, and fraG (also known as sepJ)) in the
intercellular transfer of molecules [72—74]. The review
on morphology, physiology, and genetics of intercellular
interactions in filamentous cyanobacteria [74] empha-
sizes that cyanobacterium Anabaena sp. PCC 7120 con-
tains not only the obligatory components of septal
contacts (the proteins SepJ, FraC, and FraD) but also
the proteins required for the formation and functioning
of nanopores. Some components were identified, such
as amidases, peptidoglycan-binding proteins, and sev-
eral membrane transporters. Analysis of intercellular
exchange disorders in Anabaena mutants revealed the
functional similarity of intercellular septa of cyanobac-
teria with gap junctions of animal cells [74].

Thus, it is commonly accepted that, in trichomes
with the “division of labor,” vegetative cells obtain
nitrogen-containing organic substances from hetero-
cysts by means of diffusional transfer across the inter-
cellular septa [71, 90], whereas heterocysts receive
the products of carbon dioxide fixation from vegeta-
tive cells [65, 90]. At the same time, the study of elec-
trical cable properties of trichomes suggests that hetero-
cysts may contain the membrane transport systems, pri-
marily the membrane ATPases that directly employ the
energy comprised in the membrane potential [14—21].
Heterocysts need ATP for the activities of nitrate
reductase and ABC transporters [49]. A rather regular
distribution of heterocysts in cyanobacterial filaments
(one heterocyst per 10—15 vegetative cells [47]) seems
not accidental, because this arrangement is suited for
the passage of electric currents through intercellular
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contacts, which allows the effective use of the mem-
brane potential energy generated by vegetative cells.

ELECTRICAL CONNECTIONS
IN TRICHOMES AND FEASIBILITY
OF INTERCELLULAR
ENERGY TRANSMISSION

In 1946, Hodgkin and Rushton [91] experimentally
showed that single fibers, such as the squid giant axon,
behave like an electric cable. The distribution of elec-
tric potential in such cables was entirely consistent
with the theory developed earlier by Lord Thomson to
describe the distribution of electricity in a telegraph
cable laid at the bottom of the Pacific Ocean. The
researchers introduced the microelectrode into the
axon and passed electric current, thus changing the
membrane potential at the point of electrode inser-
tion. Using the second microelectrode, they measured
the membrane electric potential at different distances
from the first electrode. The electric potential was
found to decrease exponentially with distance. The
plot of the potential decline yielded direct estimates of
the characteristic cable length. By measuring the
membrane voltage directly near the current electrode
at a given strength of the passing current, the so-called
input resistance (R,,) of the fiber can be determined.
This resistance is exactly half of the characteristic
resistance, because the current entering the fiber
spreads in two directions. Knowing the fiber diameter,
the researchers calculated the axon membrane resis-
tance, which turned out to be very small compared to
the resistance of insulation in technical cables; they
also calculated specific resistance of the axoplasm,
which, on the contrary, was approximately 25 million
times higher than that of copper.

The work of Hodgkin, Huxley, and Rushton was
awarded the Nobel Prize, and the concept of cable
theory promoted rapid progress in practical electro-
physiology. In particular, these ideas were successfully
used in analysis of electrical interactions in various
systems where living cells are interconnected by per-
meable cell-to-cell contacts: multicellular microor-
ganisms, developing embryos, cardiac and muscle tis-
sues, etc. [14]. The notions of long or short distances
for biological cables are defined by the length constant
and are measured in meters, centimeters, etc. The
terms of fast or slow responses are specified by the so-
called time constant, which depends on specific resis-
tance and electric capacity of the membrane. The
“time constant” of biological cables is expressed in
seconds.

Electrophysiological experiments performed in the
1980s by means of standard methods designed for
studying the generation and propagation of electric
potentials in nerve and muscle fibers revealed that illu-
mination of cyanobacterium Phormidium uncinatum
leads to the formation of electric potential difference
across the cell membranes (negative potential inside
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Fig. 1. Propagation of electricity along the trichome bundle of a filamentous cyanobacterium Phormidium uncinatum [14].
(a) Diagram of the setup for extracellular measurements of photoelectric responses: a bundle of parallelly aligned trichomes was
placed into a groove at the bottom of a Plexiglas chamber filled with distilled water. U;, U,, and U are silver electrodes connected
to a reference electrode; (b) the electrical responses of a trichome bundle to local beam illumination (d = 20 um) with photosyn-
thetically active light. Solid lines are theoretical curves calculated for an equivalent electric cable at various distances between the
light spot and the recording electrode: x; = 0, x, = 400 um, and x; = 800 pum; dashed lines are the experimental responses
recorded at the same separation distances xj, x,, and x3; (c) schematic view of the trichome segment structure: (/) extracellular
medium; (2) permeable intercellular channels; (3) cell membrane; (4) intracellular medium; (5) lines showing pathways of elec-
tric currents induced by local illumination of the trichome; (d) equivalent electrical circuit of the trichome segment: 1 —resis-
tance of intercellular channels; r,—resistance of bathing medium; G—leakage conductance of the cell membrane; C—electric
capacity of the cell membrane; E—electromotive force of a generator.

the cell) [14—17]. Theoretical and model analysis of
extracellular currents induced by local illumination of
the Ph. uncinatum trichome bundle showed that tri-
chomes are cell associations organized into continu-
ous cable structures (Fig. 1).

Extracellular electrical measurements carried out
with the trichome bundles [14—17] or individual tri-
chomes [18, 92] of Ph. uncinatum revealed a signifi-
cant hyperpolarization of the shaded parts of the sam-
ple in response to local illumination of a small region
of the trichome with photosynthetically active light.
Within the framework of cable theory, the decreasing
magnitude of the electric currents under prolonged
local illumination of the trichome can be ascribed to the
hyperpolarization of plasma membranes in the trichome
darkened regions due to the presence of electrical com-
munication through the intercellular channels [14—17].
The properties of electric currents recorded under
local illumination of a trichome bundle were found to
be similar to the currents arising in an artificial cable
circuit in response to local connection of a voltage
generator. The currents induced in trichomes by local
illumination were also simulated by means of a math-
ematical model describing the equivalent electric
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cable. All these data confirmed the assumed cable
structure of the trichome and quantified the cable prop-
erties of trichomes in filamentous cyanobacteria. In our
experiments, the hyperpolarization propagated from
illuminated to darkened cells, in apparent similarity
with the potential propagation in an electric cable hav-
ing the length constant of approximately 400 um.

In the 1980s, a unique experimental setup was
assembled at the Institute of Biophysics (Academy of
Sciences of the Soviet Union) for simultaneous
recording of photoelectric responses and spectral
characteristics in elongated microobjects [92] (Fig. 2).

For observations in transmitted light, the light from
a xenon incandescent lamp (/) passes through a con-
denser (2) to a mirror (3) of the microscope turret
positioned under the microscope stage, and then it is
directed to a microscope condenser (4). The image of
an object (5) is collected by a microscope objective
lens (6) and directed through a beam splitter plate with
a long-pass filter (7) to a photoelectrometric unit. The
latter is equipped with a spherical mirror (9) having a
probing aperture (&); this mirror directs light to an
eyepiece (/0). In this case, the image plane of the
examined object coincides with the mirror plane (§).
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Fig. 2. Schematic diagram of the setup used to record the photoelectric responses and spectral characteristics of individual tri-
chomes [96]. (1) xenon incandescent lamp; (2) condenser; (3) mirror of the turret under a microscope stage; (4) microscope con-
denser; (5) sample; (6) microscope objective lens; (7) interchangeable beam-splitting plate with a long-pass filter; (§) probing
aperture in a spherical mirror; (9) mirror; (/0) eyepiece; (/1) monochromator; (/2) photoamplifier; (/3) amplifier of a photo-
current; (/4) two-coordinate chart recorder; (/5) mercury lamp with discrete spectrum; (/6) condenser; (/7) monochromator;
(18) optical wedge; (19) mirror; (20) thermocouple; (27) preamplifier; (22) recorder; (23) laser; (24) mercury lamp with discrete
spectrum; (25) condenser; (26) rotary mirror; (27) a set of filters; (28) gas laser; (29, 30) microelectrodes; (31) preamplifier;

(32) chart recorder.

Absorption spectra were measured with light from
the same source (/). For records in the UV spectral
region, the incandescent lamp was replaced with a
mercury lamp with discrete spectrum. A 59 x 0.65 UV
objective lens was used as a condenser (4). A nonlumi-
nescent Millipore membrane filter served as a scatter-
ing plate; it was introduced in front of the objective
lens (5), when the beam-splitting plate (7) was
removed. The criterion for the quality of scattering
compensation was the absence of light attenuation by
the object in the far red region (A > 730 nm). The opti-
cal density (D) was defined by the formula:

D=-logl/I,,

where 7 is light intensity at a given wavelength that
passed through the object and /7, is a nonattenuated
background intensity. During measurements, a part of
the object image (5) incident on the probing aperture
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in the mirror (&) was projected onto the entrance slit of
an monochromator (//) mounted over the photoelec-
trometric unit. Depending on the spectral range, the
monochromatic radiation was then directed to photo-
electroamplifiers (/2). The amplifier of a photocur-
rent (/3), based on a microcircuit and assembled
directly in a shielded case of the photoamplifier, fed
the signal to a two-coordinate chart recorder (/4)
whose horizontal coordinate was calibrated in wave-
lengths and controlled from a monochromator (/7).

For local monochromatic photostimulation of
individual cells, the image of the arc of a mercury
lamp with discrete spectrum (75) was focused with a
condenser (16) on the entrance slit of a monochro-
mator (/7). Next, monochromatic light was directed
through an optical wedge (/&) to a mirror (/9) and a
thermocouple (20). The thermocouple voltage was
amplified using a preamplifier (27), assembled on a
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microcircuit, and fed to the recorder (22). After
adjusting the intensity of monochromatic radiation
with an optical wedge (/5), the mirror (/9) was turned
to direct the light flux to the mirror (3) of the turret
and a condenser (4). Various UV lenses were used as a
condenser, which allowed wide-range variations in the
size and intensity of the image of the monochromator
output slit (/7) in the plane of the object. For local
stimulation with a coherent monochromatic light, a
suitable laser (23) could be used.

Luminescence of the object was excited with a mer-
cury lamp with discrete spectrum (24) mounted on the
microscope base. In this case, the exciting light passed
through a condenser (25), a rotary mirror (26), a set of
light filters (27), a beam splitter plate (7), and was
directed through an objective lens (6) to an object (5).
The luminescence spectra were recorded similarly to
the registration of transmitted light.

To emphasize high sensitivity of the setup, it should
be noted that the variation coefficient of luminescence
intensity for the reference uranium glass did not
exceed 1%, even when the diameter of the probing
aperture was set at its minimum value of approxi-
mately 2 um in the plane of the sample.

For local irradiation of individual cell structures
with a wavelength of 337 nm, a gas laser (25) was used in
combination with a “blue” beam-splitting plate. The
optical design of the experimental system ensured a
minimum beam angle corresponding to 1 um diameter
in the sample plane. The system allowed the study of
objects by the method of phase contrast as well as by
absorption and luminescent photometry. The potential
difference between microelectrodes (29, 30) was fed
into a preamplifier (3/) and recorded on a chart
recorder (32).

Simultaneous measurements of microspectral
characteristics and extracellular electric currents of
Ph. uncinatum individual trichomes proved that the
hyperpolarization of cell membranes was induced by
absorption of light in the photosynthetically active
spectral regions (Figs. 3, 4).

An individual trichome of Ph. uncinatum was
tightly fixed in a glass micropipette filled with distilled
water. The tip diameter of a micropipette was 5—6 pm,
which is comparable to the trichome diameter.
A smaller part of the trichome was placed in a drop of
distilled water on a glass slide fixed on a microscope
stage, and a large part was located inside the pipette.
This method for trichome mounting reduced the leak-
age currents and increased the voltage drop in the
clamped zone. The electrical resistance between the
electrode placed in a water drop and the electrode
inside the pipette was 100—200 MQ in the absence of
the trichome and was 200—700 MQ after mounting
the trichome (Fig. 3).

The extracellular photoelectric response of the tri-
chome to local illumination reflects a multistep pro-
cess of cell membrane hyperpolarization. The typical
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Fig. 3. Electric currents induced by local illumination of
the trichome. (a) Streamlines of electric currents caused by
local illumination of the trichome with photosynthetically
active light [19]. Local illumination of any 2—10 cells
induced extracellular electric currents whose magnitude
and location depended on the position of illuminated area;
(b) scheme of the experiment [ 18]. U designates the voltage
(mV); ¢ is time (s).

response consists in the biphasic increase in extracel-
lular electric current followed by the decline of the
current during prolonged light exposures (Fig. 4).

The magnitudes and shapes of individual responses
depended on light intensity, the spectral composition
of radiation, duration of preliminary dark adaptation,
pH of the medium, and cultivation conditions [93].
Comparative analysis of photoelectric responses and
the absorption spectra of trichome disclosed the rela-
tion of photoelectric activity to the absorption of pho-
tosynthetically active radiation by chlorophyll (the
peak at 680 nm) and phycocyanin (625 nm), the main
photosynthetic pigments of cyanobacteria [18, 93].
Remarkably, the spectral characteristics of light-
induced electrical responses were subject to local het-
erogeneities [18, 93, 94].

The hyperpolarization of cell membranes induced
by local illumination and extending to a distance of
tens of cells can energize ATP synthases and drive ATP
synthesis in membranes of neighbored shaded cells. In
our experiments, dicyclohexylcarbodiimide (DCCD),
an inhibitor of ATP synthase, increased the amplitude
of extracellular electric currents severalfold [15].

Thus, the study of trichome photoelectric activity in
a filamentous cyanobacterium Ph. uncinatum, com-
bined with the theoretical and model analysis, showed
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Fig. 4. Spectral characteristics of the electrical responses
of the Phormidium uncynatum individual trichome.
Changes in (a) photoelectric responses and (b) fluores-
cence spectra of the same region in the trichome of
Ph. uncynatum under the action of intense radiation from
a mercury lamp (A = 436 nm). The length of the illumi-
nated trichome area and the diameter of the optical probe
were 20 um. (a) [llumination with a monochromatic light
(A= 620 nm); (b) excitation of fluorescence at A = 436 nm.
Irradiation time: (1) 45's; (2) 3 min; (3) 4 min; (4) 6 min [18].
Data were recorded from an oscilloscope screen. Scale
bars for horizontal and vertical axis are shown.

that the trichome is organized into a continuous cable
structure by virtue of intercellular electrical communi-
cations [14—17]. The electric currents generated by
photosystems in the plasma membranes of illuminated
cells convey the work-performing capacity from the
cells that absorb light energy to darkened cells that
cannot be directly energized from an external source.
The hyperpolarization of cell membranes generated by
the photosynthetic apparatus can perform a number of
energy-dependent functions: it promotes the func-
tioning of ATP synthases, transport mechanisms, the
motor apparatus, etc., both at the point of illumina-
tion and at a distance of tens of cells from the illumi-
nated site. In filamentous cyanobacteria featuring the
separation of functions between heterocysts and vege-
tative cells, the intercellular electrical connections
within the trichome ensure the operation of plasma-
membrane ATP synthases in heterocysts that are lack-
ing photosynthetic systems of their own. Thus, the
heterocysts remain functional and well supplied with
ATP resources without the increase in oxygen concen-
tration.

The power transmitted along the trichome via inter-
cellular channels was roughly estimated. Local illumina-
tion of 2—10 cells of the trichome induces the change in
potential difference V' of approximately 20 mV [18, 93].
The micropipette resistance R in these experiments
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was 400 MQ; thus, the extracellular current can be
estimated: /= V/R = 50 pA. Since the electric current
of 1 pA carries 6 x 10° electric charges per second, and
the production of 1 ATP molecule requires the transfer
of 4—5 H* across the thylakoid membrane of cyanobac-
teria [95], one may conclude that illuminated cells pro-
vide the darkened cells in the trichome with the ability
to produce (1.2—1.5) x 10°® ATP per second. The ATP
turnover in a bacterial cell is 107—7 x 107 ATP mole-
cules per second on average [96]. It is thus evident that
energy transmission along the trichome can signifi-
cantly contribute to total production of cell energy.

CONCLUSIONS

Multicellularity is a form of organization in living
systems, in which a group of cells fulfils more complex
functions than any individual cell. Filamentous het-
erocysts-forming cyanobacteria are the prototype of a
multicellular organism, because their cells are not just
clustered into agglomerates but represent a functional
association unified by exchange of metabolic products
and regulatory molecules as well as by electrical com-
munications through highly permeable intercellular
contacts (PIC).

In diverse multicellular systems—organs, tissues,
developing embryos, cell cultures, and multicellular
microorganisms—PIC provide conditions for sharing
the intracellular low-molecular-weight components
(see reviews [14, 97]). The ability of PIC to pass ionic
flows comparable in magnitude to the flows through
the plasma membrane allows these structures to partic-
ipate in the self-organization of multicellular systems.
The separation of functions between neighboring cells
in any tissue allows some cells to receive an “energy sub-
sidy” from neighbor cells by virtue of ion fluxes through
PIC. The energy acquired by this means corresponds to
the energy needed for the operation of primary ion
pumps (up to one-third of the total cell energy produc-
tion) [98]. The cell-to-cell transmission of energy by
means of intercellular electrical communication
through permeable intercellular contacts should appar-
ently be regarded as one of the oldest natural technolo-
gies of biological systems [19, 20].

Multicellularity is an evolutionary innovation that
represents a new level of organization and is a neces-
sary tool for sophisticated adaptation techniques.
From the viewpoint of modern molecular genetics, a
group of filamentous cyanobacteria featuring separa-
tion of functions between neighboring cells is a proto-
type of multicellular organization and provides a con-
venient model for elucidating the mechanisms of reg-
ulation of multicellularity, which, apparently,
appeared more than once during the evolution in dif-
ferent phylogenetic groups [99, 100]. It is highly
important that the ability of bioenergetic cooperation
in electrically interconnected cells appeared at the
dawn of evolution, billions of years ago, as a structural
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and functional basis for the division of labor in tri-
chomes of filamentous cyanobacteria, the first multi-
cellular organisms of our planet.
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