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PREFACE

functionally autonomous, physically separated, discrete units of life.

This concept was propounded in the 19th century by discoveries
of the cellular structuring of both plants and animals. Moreover, the ap-
parent autonomy of unicellular eukaryotes, as well as the cellular basis of
the mammalian brain (an organ whose anatomy for a long while defied
attempts to validate the idea of the cellular nature of its neurons), seemed
to provide the final conclusive evidence for the completeness of ‘cell theory’,
a theory which has persisted in an almost dogmatic form up to the present
day. However, it is very obvious that there are numerous observations which
indicate that it is not the cells which serve as the basic units of biological
life but that this property falls to some other, subcellular assemblage. To
deal with this intricate problem concerning the fundamental unit of living
matter, we proposed the so-called Cel/ Body concept which, in fact, devel-
ops an exceedingly original idea proposed by Julius Sachs at the end of the
19th century.

In the case of eukaryotic cells, DNA-enriched nuclei are intimately
associated with a microtubular cytoskeleton. In this configuration—as a
Cell Body—these two items comprise the fundamental functional and struc-
tural unit of eukaryotic living matter. The Cell Body seems to be inherent to
all cells in all organisms. In effect, the cell is an elaboration of the Cel/ Body:
the cell’s periphery is a result of a Cell-Body-organized secretion which can
also produce an extracellular matrix within which cells are embedded to
form tissues. From an evolutionary perspective, it is proposed that the nuclear
component of the Cell Body is descended from the first endosymbionts
which were the invaders of an ancient host structure, and which later be-
came specialized for the storage and distribution of DNA molecules to
daughter nuclei after a binary nuclear division. It follows that the eukary-
otic nucleus corresponds to the entire cell of a prokaryote. Although prokary-
otes have a different organization, these organisms can also be accomodated
within our present version of Cel/ Body theory. This is because, in prokary-
otic cells, just as in eukaryotes, both the organization and the partitioning
of DNA molecules are dependent upon a physical linkage between DNA
and cytoskeletal elements.

Contemporary prokaryotes and eukaryotes have an inherent property
of being joined together via temporary or stable cell-cell channels. Some-
times these channels even lead to the complete fusion of cells. In bacteria,
these channels serve for conjugative transfer of DNA while in ciliates they
permit the conjugative transfer of whole nuclei. Similarly, whole nuclei
can pass through cell-cell channels in fungal cells. In the case of plants,

T he biological sciences are dominated by the idea that cells are the



cells are linked via permanent or semi-permanent channels known as plas-
modesmata. These sometimes enlarge into pores which can then transfer
whole nuclei from cell to cell. Also, animal cells can be linked with
membraneous cell-cell channels which can allow the intercellular passage
of whole organelles. Intriguingly, plasmodesmata of plant cells are similar
in many respects to nuclear pores, suggesting that nuclear pores are repre-
sentatives of a prototypic cell-cell channels that already existed, in their
primordial form, between the original guest and host cells which merged
together in the early formation of the eukaryotic cell. All these consider-
ations call for an update of the traditional ‘cell theory’.

This book covers the topic of cell-cell channels at all levels of biologi-
cal organization, starting with bacteria and unicellular ciliates, via algal,
fungal and plant cells, up to and including the diverse cell types of ani-
mals. We hope that this book will help update the traditional cell theory

and will also stimulate new discussions concerning the basic units of life.

Frantisek Baluska

Dieter Volkmann

Peter W, Barlow

Bonn — Bristol, 6 April 2006



CHAPTER 1

Cell-Cell Channels and Their Implications
for Cell Theory

Frantisek Baluska,* Dieter Volkmann and Peter W. Barlow

Abstract

ells show diverse appearances and sizes, ranging from some 30 nanometers up to several
‘ meters in length. Besides the classical prokaryotic and eukaryotic cells, there are also very

bizarre cells such as the highly reduced symbiotic mitosomes which lack DNA. Other
examples of extremely small cells in the nanometre range are the mycosomes and nanobacteria. On
the other hand, there are huge eukaryotic cells, the size of which can reach up to several meters. Most
of these are multinucleate (coenocytic) due to mitotic divisions not having been followed by
cytokinesis. Moreover, cells at all levels of cellular complexity show an inherent tendency to form
cell-cell channels. The most conspicuous example is the plant ‘supercell” where all the cells of the
plant body are permanently connected via plasmodesmata. In the last year, the first reports of similar
cell-cell channels between animal cells have been published. Moreover, fungal cells fuse together
into supracellular mycelia, even exchanging their motile nuclei. This phenomenon is also known for
plant cells. Intriguingly, transcellularly moving fungal nuclei communicate with their mating partmers
via pheromone-like signaling mechanisms.

Already in 1892 Julius Sachs was aware of most of the problems associated with the Cell Theory,
which in fact survive until the present. Sachs proposed the Energide concept, postulating that it is
the nucleus and its protoplasm which represent the vital unit of living matter within a supracellular
construction, while the cell periphery is only a secondary structure generated by the active Energide
for its shelter and protection. Recently, we elaborated the Cell Body concept which explains how
and why the nucleus and the microtubular cytoskeleton have become merged together to build a
coherent and universal unit of eukaryotic life which is autonomous and can synthesize the rest
of the cell. However, there are several problems with the term Cell Body as it is sometimes
used in other meanings. Here we show that the Energide concept of Sachs can be united with the
Cell Body concept. Moreover, we agree with Julius Sachs that the term Energide better invokes the
unique properties of this universal unit of supracellular living matter endowed with the vital energy.

Introduction

Current biological thinking is dominated by cells. All living things are defined as either being
composed of cells or are cells themselves—membraneous compartments filled with organic mol-
ecules in a way that allows them to be autonomous self-replicating units of life. The cell concept
originates from Robert Hooke’s seminal observations of plant tissue in 1665 when he saw small
chambers (in fact, dead and empry cells of cork tissue) which he called ‘cells’.! These were later,
during the next 200 years (when living cells were being examined), shown to contain a nucleus and
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all the other now familiar organelles. In 1838, Matthias Schleiden and Theodor Schwann proposed
that both plants and animals are built of cells; Rudolf Virchow announced his famous dictum omnis
cellula e cellula’ in 1858.% Virchow also wrote that: every animal appears as the sum of vital units, each
of which bears in itself the complete characteristics of life’ After the cellular nature of brain tissue was
confirmed, cells became synonymous with life. Cell Theory has been ever since the most influential
dogma of contemporary biology.?”

The Permanent Crisis Surrounding Cell Theory

There are fundamental problems with the Cell Theory. In fact, many of these problems started
to be apparent soon after Schleiden and Schwann proposed the cellular basis of plants and ani-
mals.®? First of all, multinuclear cells were found. Next, prokaryotic cells were discovered which
lacked organelles, and their simple architecture was taken as evidence for their ancient or archaic
nature. Nowadays, however, several genome-based data have emerged which suggest just the op-
posite—that the contemporary prokaryotic cells are not so ancient and primitive after all.!®!!
More importantly, the eukaryotic cell is defined as a structurally coherent and physically autono-
mous entity being completely separated from its surroundings by a plasma membrane. However,
there are numerous examples, listed in the next sections of this chapter as well as in other chapters
of this volume, of cells which are interlinked via cell-cell channels (Fig. 1), cells which contain
many nuclei either due to nuclear divisions not followed by cell divisions, or which are generated
by fusions between cells.

Permanent cell-cell channels are typical of plant tissues. Similar supracellular constructions which
allow the exchange of organelles occur also in the animals kingdom (see other chapters in this
volume).'?!3 Furthermore, classical cell organelles such as mitochondria and plastids have finally
been demasked, after many years of discussion, as being cells too. They are highly reduced descen-
dents of once free-living cells. Besides these smaller organelles, nuclei can also be considered to

Figure 1. Cell-cell channels in viruses (A),
bacteria, organelles, eukaryotic cells (B).
In cukaryoticcells, whole Energides (C) can
move from cell-to-cell via microtubule-based
motility.
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Figure 2. 61 years old Julius Sachs, taken
oneyear after the publishing of his Energide
concept and four years before his death.
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Box 1. Energide (Cell Body) at a glance

An Energide consists of a nucleus, centrosome, microtubules, endoplasmic reticulum (ER),
Golgi apparatus (GA), GA-based secretory vesicles, and ribosomes. it gains control over the original
cell periphery-based structures, such as the actin cytoskeleton and endosomes. This provides the
Energide with the tools necessary to regulate its own motility, the distribution of organelles and the
reproduction of its enclosing cell. The Energide can form a new cell periphery from endosomes
filled with cell wall molecules and enclosed by membranes derived from the plasma membrane.
Thus, the Energide rapidly generates a new cell surface in the case of accidental damages to the
cell periphery.

The Energide produces the rest of the cell by means of its synthetic activities. It resides in a
space derived from the ancient host cell, now known as cytoplasmic space, which provides the
Energide with a unique environmental niche. Some autonomy is still maintained by other guest
cells, mitochondria and plastids. The cell periphery consists of the plasma membrane, cell wall,
and actin cytoskeleton. All host DNA has been transferred into the nucleus. Nevertheless, the cell
periphery still maintains some structural independence as it is essential for sheltering the Energide,
providing it with information about the environment outside the cell, and generating the
endosomes, lysosomes, as well as vacuoles in order to provide the Energide with nutrition and to
store nutritive and energy-rich compounds. Also, this system is responsible for detoxification of
toxic compounds entering cells. Early in cellular evolution, this endosomal system was adjusted
for rapid repair of damaged cell periphery and for final events in cytokinesis. Later in the evolution
of multicellular organisms, this endosomal and recycling machinery was used for synaptic
cell-to-cell communication, the formation of immunity, cell/organism individuality (self, nonself
recognition), the brain and consciousness. Importantly, the inherent feature of cells at all levels of
cellular complexity is the formation of cell-cell channels. If these are sufficiently large, even the
whole of an Energide can move from its original cell into an adjacent cell. Intriguingly,
transcellularly moving fungal nuclei communicate with their mating partners via pheromone-like
signaling mechanisms. This is the ultimate evidence that the Energide is an autonomous organism
representing the universally valid unit of supracellular eukaryotic life.

represent vestiges of ancient endosymbionts.'>'*2% In fact, the nucleus emerges as the first
endosymbiont to have invaded the ancient host cell.'> Recently, we have reviewed numerous data in
favour of the Cell Body concept which considers not the cell but rather the nucleus with its associ-
ated microtubules, the so-called Cell Body, to represent the smallest unit of life in the construction
of multicellular o, more exactly, supracellular, organisms.'>?! However, by 1892, Julius Sachs (Fig.
2) had already discussed these problems from the perspective of giant cells, such as multinucleate
coenocytes and syncytia, which did not obviously conform with the Cell Theory. In order to resolve
this problem, he proposed the ‘Energide’ concept.$?2%

Below, we discuss the Energide concept of Sachs in relation to our Cell Body concept and we
conclude that both concepts can easily be combined, resulting in an ultimate concept that explains
the smallest autonomous unit of supracellular eukaryotic life (summarized in Box 1 and Fig. 3). As
the Cell Body is not as suitable term, from now on we will use ‘Energide’ instead of ‘Cell Body’ for
this universal unit of eukaryotic life.

More Problems with Cell Theory: What Is a Cell?

Obviously, the definition of a cell is very vague. If the cell should be the smallest unir of life
showing all the attributes of living matter, how can Cell Theory accommodate the fact that cellular
organelles are, or have been, cells also? Even recently evolved eukaryotic cells have been internalized
and enslaved by a recent endosymbiotic event and now act as chloroplasts.?#?* There are other
obvious examples of ‘cells within cells’ such as bacterial and yeast spores, as well as pollen tubes and
embryo sacs in plants.”?! Moreover, as Sachs noted more than a hundred years ago, the structural
organization of multinucleate cells of coenocytic algae, for instance, those of Ventricaria ventricosa,%°
cannot be explained by the Cell Theory.”?**?
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Cell-merging is one of the most important factors shaping the evolution of more complex eu-
karyortic cells.'”> Not only are these fusions examples of secondary endosymbiotic events, but the
enslaved cells accomplish dramatic reductions which do not permit their recognition as cells any
more.? Hydrogenosomes are endosymbiotic organelles related to mitochondria, and some of them,
like those of Trichomonas and Neocallimastix, lack any DNA.Y Moreover, another type of mitochon-
dria-derived relict organelles of human pathogen, Entamoeba histolytica, the so-called mitosomes,
have sizes below 500 nm and lack any DNA.?® Nevertheless, these mini-cells can reproduce them-
selves as their numbers are maintained at abour 250 for one host cell.” Both mitosomes and
hydrogenosomes provide us with convincing evidences that DNA can be completely removed from
one partner cell during an endosymbiotic partnership. Further examples of exotic cellular organisms
are mycosomes (0.1-1.0 mm in diameter) isolated from plant plastids and which can give rise to
yeast-like cells.?® Even smaller are nanobacteria which are about 30-100 nm in diamerer. These tiny
spheres are predicted to cause several human diseases.?! The bacterium Spiroplasma is one of the
smallest of cells, comparable in size to the diameter of a bacterial flagellar bundle. Despite its ex-
tremely small size, it is equipped with a quire complex cytoskeleton.?? On the other hand, there are
some viruses which are larger than the smallest bacteria.>® Even more, there are large eukaryotic cells
which are visible to the naked eye. Avian egg cells are the largest cells by volume organized by a single
nucleus. Plant pollen cells grow several centimeters in length to deliver sperm cells to ovules deeply
buried within flower tissues, and multinucleate laticifers may extend the whole length of a Fuphor-
bia plant. The marine algae, Caulerpa and Acetabularia, are single cells which can attain up to several
meters in length (in the case of Caulerpa). They are filled with numerous nuclei, each organizing its
own microtubular array and cytoplasmic domain. One of the most dramatic examples of huge cells
is the mammalian placental syncytiotrophoblast whose surface area can reach up to ten square meters.>!

In the classical cell concept, the limiting membrane plays the dominant role whereas the internal
parts are not as important and vary from having no DNA, such as in the above-mentioned mitosomes
and some hydrogenosomes, to having just a few DNA molecules encoding several proteins within
highly reduced organelles, up to the extremely complex cellular interiors encompassing hundreds of
nuclei and enormous numbers of other organelles (also cells) with a cytoplasm. In contrast to this
diffuse and vague situation with cells, the structure and morphology of the Energide (Cell Body)
units are essentially the same throughout the eukaryotic superkingdom (see below), implying that
they are much more useful for defining the basic vital units of supracellular eukaryotic life. As we
discuss below, cell-cell channels are inherent for all these cell types, starting with the prokaryotic
cells and symbiotic cellular organelles, up to eukaryotic cells covering all kingdoms including fungj,
plants and animals. If we really need a basic unit of supracellular eukaryotic life, then we must define
a new one.

Julius Sachs: Energide as the Basic Unit of Eukaryotic Life Endowed

with Vital Energy

Julius Sachs was well aware of all these problems of Cell Theory 110 years ago. He proposed the
Energide concept in which it was not the cell, but rather the nucleus with a surrounding sphere of
protoplasmic influence (“Wirkungssphire’) that defined the autonomous vital unit bearing all the
attributes of life.”>?? Energide does not encompass the plasma membrane (‘Zellhaut’) and cell wall
which, in contemporary cells, are postulated to be of a secondary nature produced by the active
Energide to protect itself from the hostile environment.”> Importantly, while the Energide contains
the ‘vital energy’ (‘Lebenskraft’) and divides by a template-based duplication followed by fission, the
cell periphery cannot multiply in this way and grows rather via fusion of vesicles generated by the
secretory activities of the Energide (‘...von ihm selbst erzeugten Gehiuse’). For Julius Sachs, the cell
is only a chamber (“Zellstoffkammer’) which can harbour one, several, or many Energides. Recently,
we discussed numerous modern data confirming most of the predictions made by Julius Sachs more
than 100 years ago.>?" In order to convey his line of arguments to contemporary cell biologists as
well as to a broader community of scientists, we translate from German into English the most
important parts of his text.
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Julius Sachs, Flora 1892; 75:57-67.

Pages 57, 59:
Unter einer Energide denke ich mir einen einzelnen Zellkern mit demvon ibm beberrschten
Protoplasma, so zwar, dass ein Kern und das ihn umgebende Protoplasma als ein Ganzes
zu denken sind und dieses Ganze ist eine Organische Einbeit, sowohl im morphologischen
wie im physiologischem Sinne. Den Namen Energide wihle ich, um damit die
Haupteigenschaft diese Gebildes zu bezeichnen: dass es nimlich innere Thatkrafi, oder
wenn man will: Lebenskraft besitzt.”"...die einzelne Energide flir sich frei leben kann, obne
von einer Zellhaut oder Zelle umgeben zu sein...” Zum Begriff der Energide gehort also die
Zellbaut nicht; die Sache liegt vielmebr so, dass jede einzelne Energide sich mit einer
Zellhaut umgeben kann, oder aber mebrere Energiden zusammen bilden eine Zellbaut ...

‘Energide is represented by a nucleus associated with its protoplasm in such a way that the
nucleus and surrounding protoplasm form an organic unit, both from the morphological
and physiological perspectives. The name Energide is chosen to stress the major property of
this structure: endowment with the inner power for action o, if one wants: endowment
with a vital power.” ... an individual Energide is capable of living freely, without being
enclosed within the cell skin or cell chamber. ..’ “The term Energide does not encompass the
cell skin; the case is more that each individual Energide is able to enclose itself by a cell skin,
or that several Energides together can enclose themselves with one single cell skin ...~
Page 60:
“...dagegen beginnt die Wissenschaft von den lebendingen Dingen mit einem Wort, welches
vor mebr als 200 Jabren infolge eines Irrthums entstanden und dann beibehalten worden
ist: dem Wort Zelle.

Bekantlich ist das Wort Zelle als Terminus technicus der Botanik nur historisch zu verstehen,
insofern Robert Hooke 1667 die innere Configuration des Korkes und der Holzkohle eine
zellige, im Sinn einer Bienenwabe, nannte. Auch die Zootomie hat spiiter dieses ungliickliches
Wort aufgegriffen und fiir die Elementartheile des thierischen Organismus verwendet,
obgleich es dort noch weinger Sinn hatte, als bei denn Pflanzen. — In der 40er Jahren
erkannten die Botaniker, dass das Wesentliche der Pflanzenzelle nich ihr Gebéuse, sondern
ihr Inbalt, wie wir jetzt sagen, das Protoplasma mit dem Kern ist, und so unterschied man
Zelle und Zellinbals.”

..the science which deals with living matter commenced with a controversial word,
originating as a mistake more than 200 years ago, and then maintained up to the present
day: it is the word Cell.’

Tt is well-known that the word Cell should be understood only from a historical perspective
as Robert Hooke referred to the inner structures of cork as being cellular because they closely
resembled hexagonal wax cells of honeycomb. Later, zoology also accepted this unfortunate
term, despite this word being even more controversial when applied to animals. In the
Jorties [i.e., 1840s], botanists realized that the true living matter is not the shell, but that
it resides inside the Cell, and is called protoplasm and nucleus. One should therefore be
careful in distinguishing the Cell’s interior from its external boundary’

Energide versus Cell Periphery

Julius Sachs stressed that although the Energide can undergo autonomous template-based growth
followed by binary fission, its boundary structures (‘Gehiuse’ or “Zellstoffkammer’) can divide only
after the accomplishment of Energide-based growth and Energide-instructed division. Importantly,
Energide division does not need to be followed by cell periphery division, and this results in the
formation of coenocytes. Even more importantly, the opposite situation, that cell divison could
occur without a preceding mitosis, was never recorded. Moreover, ‘cells’ lacking their Energides,
so-called cytoblasts, cannot divide. On the other hand, Energides can be released from ruptured
coenocytic algae, whereupon each Energide regenerates both its plasma membrane and cell wall to
form a new complete cell.” The Energide is the primary unit of supracellular life as it can escape
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from its cellular boundaries and, later, it can autonomously regenerate these boundary structures.
Cell periphery structures can not undergo sustained growth and binary fission without being sup-
ported by an Energide.

Recently, we have discovered that cytokinesis in plant cells is driven by the fusion of endosomes
which are enclosed by the plasma membrane-derived membrane and enriched with cell wall
pectins.as’g'6 These endosomes are recruited to the division site by the Energide (Cell Body)
microtubules.3® In animal cells, too, Energide microtubules specify cytokinesis both spatially and
temporally.?’ Similarly, sporulating yeast cells generate their plasma membrane de novo from early
endosomes enriched with PI(3)P3¢ Also, in this situation, the Energide and its microtubules play the
essential role of enclosing the cell with a plasma membrane.3 Last, but not least, de novo formation
of the plasma membrane was demonstrated during the fragmentation of coenocytic algae, releasing
‘naked’ Energides which then enveloped themselves with boundary structures, thus regenerating
new cells.® All these examples, from throughout the eukaryotic superkingdom, convincingly docu-
ment the secondary nature of the boundary structures, including the plasma membrane and cell
wall/extracellular matrix. This is evident also from the mode of their growth and division. In
contrast to the Energide, cell periphery grows and divides by fusion of vesicles.

Adaptability versus Complexity in Cellular Evolution

The formation of eukaryotic cells represented a great leap forward in cellular complexity.*’ The
Darwinian selection-based evolution towards increased fitness, which acted even on ancient proto-cells
early in the development of life, ##2 cannot explain the dramatic increase in cellular complexity.*® In
fact, both viruses and prokaryortic cells are far better adapted to harsh environments, and this is the
reason why they have been so successful up to the present time. They have been selected by their
environment to be efficient mutators and replicators. In several aspects, these simple cells are not
primitive at all, and they clearly dominate the biosphere of the Earth. Darwinian evolution is strong
in explaining how their adaptability comes about, driven by variation, competition, and selection.
However, Darwinian adaptive evolution is weak in explaining satisfactorily why cells should proceed
from the less complex towards the more complex forms of cellular organization. It may be a question
of selection creating the most efficient combinations of molecular modules at the subcellular level, %
whereas at the cellular level evolution is a question of finding the best combination of symbiotic
associations.

In fact, we know several examples where complex cells undergo ‘regressive’ evolution towards a
less complex type of cell if they are enslaved by other cells or exposed to extremely challenging
environments. Recent advances in the study of symbiogenesis and its role in cellular evolution al-
lowed a breakthrough in our understanding of this paradigm. It was A)rimarily Lynn Margulis'>%5-48
who revived this old concept, after more than 70 years of oblivion.* It appears that the most pow-
erful source of innovation with regard to cellular complexity is the merging of individual cells."® Of
course, this cellular merging is a by-product of cellular competition. But this time it is not the
adaptive competition in the sense of Darwinian adaptive evolution, but it rather is predative
competition’ in the sense of Margulisian symbiortic evolution which is based on setial endosymbio-
sis.1>48 In other words, adaptive evolution towards increased fitness is driven by the conflict of
organisms within a harsh selectionist environment, whereas predative evolution that drives towards
increased cellular complexity is powered by nutritive conflicts between heterotrophic unicellular
organisms entertaining a predator/prey based life style. Sometimes, a balance of ‘forces’ is reached
between predator and prey cells allowing the development of stable symbiotic relationships between
the host and its guest. This ultimately leads to the generation of more complex cells.!>%®

Recent analysis of genomes and their genes have revealed that the last universal common ances-
tor of eukaryotic cells was formed by cell-cell fusion.'**® This universal ancestor enslaved endosym-
biotic cells (organelles) via predatory phagocytosis.>5-204548:5052 s there are two processes which
pave the way towards more complex eukaryotic cells and which disobey Darwinian evolution: lateral
gene transfer and endosymbiosis.'**? Both these processes played a crucial role in evolution of
complex eukaryotic cells endowed with nuclei and Energides.”"
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Recently, even viruses have come into consideration as having invented the first nucleus in
ancient protocells. Viruses have the inherent ability to invade cells and there are several intriguing
similarities between nuclei and viruses.”> Nuclei and viruses lack the protein synthesis machinery
and lipid-producing pathways; both transcribe DNA but do not translate RNA, and they contain
linear chromosomes equipped with primitive telomeres rather than the circular chromosomes found
in bacteria, mitochondria, and pla.stids.52 Furthermore, viruses are well-known for their ability to
induce cell-cell fusion,’® a phenomenon which was essential for the early events required for the
formation of ancient eukaryotic cells.!

Duality of Eukaryotic Cells

Eukaryotic cells are characterized by a distinct duality at the structural level (Energide and cell
periphery), at the level of genome organization (eubacterial and archacebacterial features), cytoskeleton
(actin and tubulin), membrane flow (exocytosis and endocytosis), and cell division (mitosis and
cytokinesis).” These features strongly suggest that the most ancient eukaryotic cell was generated
from at least two cellular organisms fusing together and generating the ancient nucleus by transfor-
mation of the host cell via recruitment of all the host DNA.? Recent analysis of diverse genomes has
revealed that the eukaryotic genome was, in fact, generated from a fusion of at least two prokaryotic-like
genomes, an event which massively speeded-up horizontal gene transfer.'*** Due to this, all host
DNA was transferred into the guest cell which was then transformed into a eukaryotic nucleus.”'®
Moreover, some mitochondria-related hydrogenosomes have also lost all of their DNA.?” This new
twist in the evolutionary origin of the contemporary eukaryotic cell is in accordance with the
symbiotic origin of eukaryotic nuclei,”*2% and it can also explain the absence of DNA from the
plasma membrane. Very convincing examples of the complete loss of DNA from endosymbiotic
cells are mitosomes.”® In fact, any DNA introduced into a eukaryotic cell is transported into the
nucleus and integrated into the genome, allowing for the easy transformability of eukaryotic cells.

As mentioned above, endosymbiosis and lateral gene transfer are not only the most important
processes shaping evolution of complex eukaryotic cells, but also these are phenomena which
disobey Darwinian evolution.®” Thus, the mechanisms shaping the evolution of eukaryotic cells are
extremely important for understanding biological evolution in a much broader perspective. Evolu-
tion of complex eukaryotic cells provides us with an important paradigm for the elusive nature of
living matter and why it should evolve from low to high complexity. The next big issue to be solved
by cell biology is the topic of this book—cells at all levels of complexity are characterized by cell-cell
channels. Why and what for? This feature must be very ancient and of extreme importance because
it is evident in all contemporary cellular organisms, at all levels of cellular complexity. It seems that
both RNA and DNA molecules could be relevant in this respect. Importantly, viewing nuclear pores
as cell-cell channels not only supports the endosymbiotic origin of nuclei bur also explains the
perplexing similarity between nuclear pores and plasmodesmata.’

Cell-Cell Channels: Supracellularity Is Found at All Levels
of Cellular Organization

As is apparent throughout this book, cells which have been created by division also seem to have
an inherent tendency to fuse into supracellular assemblies. The first breakthrough in this respect was
the early discovery of plasmodesmata by Eduard Tangl in 1867.% It is perhaps typical of biology that
this discovery was not fully accepted until some 100 years later when electron microscopy allowed
the submicroscopic resolution of these cell-cell channels.”> Much more recently, cell-cell channels of
animal cells have been discovered.!>>*38 Hopefully it will not take a further 100 years to have this
discovery accepted (or definitely rejected) by mainstream biology.

Cell-Cell Channels in Viruses, Prokaryotes and in Eukaryotic Organelles:
Something Special about Cellular End-Poles

Cell-cell channels can be found at all levels of cellular complexity, suggesting that this feature is
inherent to cellular organization. Bacterial viruses inject phage DNA into host cells via a channel
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which s still not characterized in detail (Fig, 1A).>® This ability of viruses suggests that they should
be considered as highly reduced cells specialized for a unique form of cellular parasitism. Bacteria
also develop a wide spectrum of transcellular injection machines for cell-cell delivery of their virulence
factors into host cells (Fig. 1B).%° Interestingly, the nongrowing cellular end-poles assemble these
injection organelles which export DNA to other prokaryotic or eukaryotic cells.®6 In Strepromyces
colonies, pore-like structures assemble at end-poles for the conjugative spread of plasmids throughout
the colony.® These cells interacting via their end-poles are also equipped with pores secreting slime
and motile hair-like filaments known as pili.>%® Could this polarisation of cell-cell interactions at
the end-poles have implications for the siting of plant plasmodesmata?

Dynamic pili protruding from the bacterial end-poles can rapidly extend and then retract,
exerting pulling and pushing forces.6 These might contribute to the alignment of cells into fila-
mentous rows® >’ resembling the cell files of plant tissues.®® In the cyanobacteria, Phormidium
and Anabaena, junctional pore complexes are similarly formed at the end-poles of cells which are
also arranged into cell files.”” These end-poles are traversed by cell-cell channels which allow
direct transport of metabolites as well as communication between heterocysts specialized for nitro-
gen fixation and other cells accomplishing photosynthesis.® Similarly, end-poles/cross-walls of
plant cells are abundantly traversed by plasmodesmata.®’ Intriguingly, prokaryotic cell-cell
channels can be targeted by movement proteins of plant viruses which then modify these prokary-
otic cell-cell channels in a manner known from virus-affected plant plasmodesmata.”! This finding
strongly suggest that prokaryotic and eukaryotic cell-cell channels are evolutionarily related. In-
triguingly in this respect, nongrowing end-poles traversed by cell-cell channels, play a central role in
polarity of both bacteria and plant cells.®’ Furthermore, viruses are well-known to induce cell-cell
channels and cell-cell fusions in eukaryotic cells.”

In conformity with free-living bacteria, bacteria-like descendent organelles of eukaryotic cells,
such as plastids, mitochondria, and peroxisomes, are all known to fuse together, an event which
necessitates the existence of fusion channels. Plastids generate stroma-filled long tubules, so-called
stromules. These are highly dynamic structures interconnecting adjacent plastids and allowing an
exchange of molecules as large 560 kDa.”>7® Mitochondria are also well-known to undergo fusion
and fission processes.””-82 The fusion machinery for plastids are not known yet, but there are data
accumulating on the fusion machineries of mitochondria®® and peroxisomes.® It is obvious that
these ‘cell-cell’ fusion mechanisms differ from those which drive membrane fusion in exocytic and
endocytic pathways.®

The outer leaflet of the nuclear envelope extrudes endoplasmic reticulum (ER) whereas the inner
leaflet is anchored via the nuclear lamina, to the chromarin complex. ER pervades the whole
cytoplasmic space, budding as a Golgi Apparatus (GA) and secretory vesicles (Fig. 3), as well as
interacting with other organelles.®® In plants, ER elements extend from cell-to-cell across the
plasmodesmata,*> but this is likely to be a secondary event following from the primary contact
and fusion of adjacent cell peripheries. Microinjection of 3 kDa dye into the lumen of ER enables
visualization of dye movement into adjacent cells where it first appears within the nuclei.¥ Obviously,
Energides from adjacent plant cells are now able to interact via the physical continuity of their ER
membranes.

Nuclear Pores as Prototypic Cell-Cell Channels

If the endosymbiotic origin of nuclei can be definitely confirmed, then nuclear pores also can be
viewed as specialized cell-cell channels resembling plant plasmodesmatal cell-cell channels.’ These
are optimized for effective cell-cell transport of proteins, as well as RNA and DNA molecules.
Intriguingly, nuclear pores are highly selective with respect to the macromolecules which they
transport. Particles as large as ribosomes can pass through nuclear pores whereas much smaller
molecules may be actively excluded.’®®! Similarly, plant plasmodesmata support transport of
certain large proteins whereas the small auxin molecule, for example, is excluded from direct cell-cell
transport.” Recently, both plasmodesmata®> and nuclear pores””” were revealed to be closely
associated with molecules driving endocytosis. Viruses, RNA and DNA molecules all are internalized
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Figure 3. Energide (Cell Body), shown in continuous lines, settled within a highly reduced guest cell, shown in
dotted lines, which serves predominantly as a shelter. ER: endoplasmic reticulum, GA: Golgi apparatus, SV:
secretory vesicles, EV: endocytic vesicles.

into endosomes which then deliver them into cither the ER or the nuclear pores.”®*® Many cell
periphery and endocytic proteins use this endosomal route for their transport into and out of the
nucleus.!%1%? Interestingly in this respect, endosomes are the only type of organelle which invades
and travels through cell-cell channels of animal cells.!® Furthermore, the acrosomal compartment
which drives the cell-cell fusion between sperm cells and oocytes, has endosomal features; and it is
also enriched with synaptic molecules which recycle via secretory endosomes.'0>1%4

Cell-Cell Channels in Filamentous Fungi, Plants and Animals

Cell-cell channels are found in all multicellular organisms, including filamentous fungi, plants
and animals. As their presence, structure, and functions are extensively discussed in several chapters
of this volume, we limit ourselves to just some basic informarion. Fungal hyphae are tip-growing
tubules which inherently fuse together. As a result, complex mycelial networks are formed to allow
the exchange of large masses of protoplasm, organelles and, importantly, the highly motile
Energides.'1% All cells of plant bodies are well-known to be interconnected via plasmodes-
mata,”>’ "% and if they are not formed as an accompaniment of cytokinesis, they can form later as
so-called secondary plasmodesmata. But plant tissues also form much larger cell-cell channels, known
as cytoplasmic channels or intercellular bridges."'*!"! These macro-channels allow transfer not only
of large organelles but also of nuclei (Energides). This spectacular process was documented both in
situ'1%112 and in vivo.!'? In addition, plasmodesmata can be transformed into the massive pores of
sieve plates, thus allowing the mass flow of metabolites along phloem elements.!!4

There are numerous examples of cell-cell channels in animals. Well studied are fusomes and
intercellular bridges of germinal cells of numerous taxa. They form as a result of incomplete cytoki-
nesis. > 118 Fusomes develop from spherical vesicular compartments into large cell-cell channels
which not only nurse developing oocytes but also determine their polarity due to the anchoring of
the Energide microtubules.''? Similar to plasmodesmata of plant cells, fusomes provide direct
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Energide-Energide connectivity via ER elements.'?® Recently, exciting observations have revealed
thin (50-200 nm) nanotubules between cultured PC12 rat neural cells and kidney cells.'® These
actin-based cell-cell channels allow transcellular transport of myosin-associated endosomes. Similar
nanotubes were found also at immunological synapses where exchange of GPI-anchored proteins
and class ] MHC protein was noted.”®>” Even larger (100 nm-5 pm in width, and up to 100 pm in
length) cell-cell tubules were reported between DU 145 human prostate cancer cells. These are
positive for alpha-tubulin and transport very large membrane vesicles (up to 3 um in diameter).’®

Cell-Cell Channels and the Energide: Implications for Cell Theory

Microtubules radiating from the Energide/Cell Body represent an ideal instrument by which to
delimit the cytoplasmic, cellular boundary. Moreover, this limit is somehow controlled by the DNA
mass, or amount, stored within the nucleus.? The dynamic instability of microtubules allows the
Energide to measure continuously the size and shape of its ‘sphere of influence’ (cell). Also, the
microtubules collectively serve as a highly effective tool for Energide motility within the confines of
its cell.>'?? But it is mysterious how DNA, irrespective its coding information, can determine both
the size of the nucleus (Energide) and the size of its cell. Concerning the DNA amount/size of the
nucleus correlation, the skeletal DNA hypothesis has been proposed121 while the Energide/Cell
Body concept can explain the tight correlation between DNA amount and cell size.>'??

Energide/Cell Body Microtubules Act as a Tool to Prevent Their Fusion,

to Obtain Information Which Is Acquired and Processed at the Plasma Membrane,
to Explore the Cellular Space and to Invade Adjacent Cells, as Well as to Repair
Old and Generate New Cell Periphery

What features are so special about the Energide (Cell Body) that confer upon it properties which
have allowed the Energide to act as the vital unit of supracellular eukaryotic organisation involving
constructions composed of millions of Energides? We argue that this feature is due to the unique
association between the DNA-based nuclei and the tubulin-based microtubular cytoskeleton.? Julius
Sachs obviously could not incorporate microtubules into his Energide concept. So, by merging the
Energide concept with the Cell Body concept,”?! we should be able to unravel the full scope of the
unique properties of the Sachsian Energide.

First of all, whereas cells show an extremely wide range of sizes and structural organizatons,
Energides are basically constant structures, always consisting of nucleus sheathed within perinuclear
radiating microtubules. These are instrumental for numerous properties of a vital Energide. Energide
microtubules are essential for preventing accidental nuclear fusions which would easily happen either
during cytokinesis or after cell-cell fusions.” In fact, depolymerization of Energide microtubules
during mitosis results in the immediate fusion of daughter Energides and the subsequent formation
of a polyploid nucleus.'? This inherent tendency of adjoining nuclei to fuse together, if they are not
ensheathed with microtubules or cell periphery boundaries, is a very strong argument for cellular
nature and endosymbiotic origin of nuclei. Energide-Energide fusions can be observed in some
ephemeral plant tissues like endosperm.?'23-12> This is because radiating microtubules from
adjacent Energides, which interact via plus ends of their microtubules so that they usually keep their
distance from each other, under some circumstances can fail to be effective organizers of their
cytoplasmic ‘spheres’ of influence.”?!

Next, Energides of syncytial and coenocytic cells are regularly distributed in their cytoplasmic
space. This is also due to the physical interactions between plus ends of microtubules from the
adjacent Energides.”?' The claim upon protoplasmic space, the volume of which is directly related
to the amount of DNA stored within a given nucleus, leads to the phenomenon known as the
nucleo-cytoplasmic ratio.”'?*> However, also important is the way in which DNA is packed within
the nuclei: highly condensed generative nuclei of pollen grains form small Energides whereas
decondensed large vegetative nuclei form large Energides, despite the fact that the DNA amount in
both these nuclei can be the same.'”® The mechanisms behind these phenomena include both
nucleus-stored molecules having MTOC properties'? and the Energide’s ability to generate longer
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microtubules when more MTOC molecules are available.”?! Microtubules initiated at the nuclear
surface, and having their dynamic plus ends interacting with the plasma membrane, are ideally
suited for the transfer towards the Energide nucleus of information acquired and processed at the
cell periphery and plasma membrane. Importantly, Energide-associated dynamic microtubules can
act as vehicles allowing the movement of whole Energides/Cell Bodies through cellular space.!'?

Finally, these microtubules can gain control over the distribution of cell periphery-derived
endosomes filled with internalized cell wall material and enclosed by a membrane, which are ideally
suited for cell periphery repair or for rapid generation of a new cell periphery.3*2%% In plants,
Energides are actively recruited to cell periphery sites which have been compromised by pathogen
atrack or which accomplish rapid and highly polarized cell growth via tip-growth.!26127 Similar
tipward localization of Energides is typical also of filamentous fungj.!%%12812

Energide/Cell Body Can Use Cell-Cell Channels to Travel
across Cellular Boundaries

As briefly mentioned above, Energides (Cell Bodies) not only explore the confines of their own
cells'** but can also move to an adjacent cell if the connecting channels are sufficiently large. This
phenomenon, which is clearly incompatible with the current version of Cell Theory, is the final
proof for the autonomous primary nature of the Energide. In plants, there are numerous ultrastruc-
tural observations of this process, known also as cytomixis.''®!2 However, these findings have been
criticized as representing nothing more than aberrant cytokinesis where daughter nuclei have been
squeezed through a maturing cell plate. But in vivo studies provided the final proof for a genuine
cytomixic cell-cell movement of nuclei (I'Encrgides).ms’10 +109.113 Moreover, other well scudied
examples of nuclear transfer involve a structure called the conjusome, a cell-cell channel specialized
for conjugation in Tetrabymena.>%13!

A rather exotic cell-cell transfer of nuclei occurs between the parasitic alga, Choreocolax, and cells
of its red-alga host, Polysiphonia.'® This resembles the situation in fusing fungal hyphae in which
genetically different Energides co-exist and are exchanged.'?1%13313% Inriguingly, the fungal
Energides can recognize their respective mating Energide partncrs.la5 This mysterious process is
accomplished via a pheromone/receptor system operating at the level of Energides (Cell Bodies) of
the opposite mating types.'**'>” This pheromone-like communication between individual Energides
is a further very strong argument for the cellular and endosymbiotic nature of nuclei. When a
spindle pole body is inserted into the nuclear envelope, it acts as an MTOC and interacts with the
DNA. This DNA-spindle pole body complex was proposed to be responsible for the recognition of
self and nonself at the level of individual Energides.!*®

Energide microtubules are extremely sensitive to mechanical treatments. Thus, it is not surprising to
find an extremely low (typically between 0-4%) success rate in experiments of animal cloning which
have involved nuclear transfer.!*>1*! We can safely envision that if more care were taken over the
intactness of the whole Energide during this process,the success rate (as judged by the frequency of
developing embryos) would increase considerably and would help optimize the cloning process. To
achieve this, one needs to be aware that the whole intact Energide (Cell Body), including its
ensheathing microtubules, must be transferred into the recipient cell, not just the nucleus alone.

Impacts of Cell-Cell Channels on a Hypothetical Scenario of Eukaryotic
Cell Evolution

From the currently available data, two major phases in the evolution of complex eukaryotic cells
can be envisioned. An initial ‘communal’ phase!**'#*> dominated by repeated fusion events between
proto-cells allowed the early cells to increase their amounts of DNA. As a vestige of this primordial
phase, the cell periphery of contemporary cells still shows an inherent tendency to fuse together
thereby forming cell-cell channels. Some ancient proto-cells were more effective in this fusion
process than others, which resulted in their larger cell size. These large cells suffered from osmotic
imbalance resulting in the rupture of the early plasma membrane.!*!%° The frequent bursting of
these proto-cells forced them to develop a means of rapid repair of the cell periphery as well as an
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ability to assemble more robust peripheries by enveloping the plasma membrane with a cell wall.
These events heralded the second ‘predatory’ phase which, in fact, continues up to the present time.
A convincing example of this is, the mutual enslavement of eukaryotic algae thereby generat-
ing eukaryote-eukaryote chimaeras.?4%

The onset of the ‘predatory’ phase was preceded by the generation of the most ancient eukaryotic
cell. Now it is clear that this last common ancestor of eukaryotic cells was a complete cells equipped
with nucleus, cytoskeleton, mitochondria, endoplasmic reticulum, Golgi apparatus, and vesicle traf-
ficking. 46147 Merging of cells was accomplished presumably with the invasion of a large and
soft-periphery host cell, still suffering from the frequent bursting events, by a more advanced smaller
guest cell already equipped with a more rigid-periphery.® These ancient nucleated proto-cells then
went on to ‘invent’ actin-based phagocytosis which allowed them not only to initiate an active
predatory lifestyle but also to accomplish a very efficient cell periphery repair process using recycling
secretory endosomes filled with extracellular matrix components and enclosed by a plasma
membrane-derived membrane. >3 Similarly, a phagocytosis-like process is known to be accomplished
in the bacterium Bacillus subtilis during the formation of spores.!**1%? The cellular prey internalized
by these proto-cells active in phagocytosis, and perhaps not fully equipped with all the enzymes
needed to digest prey, often survived and developed into organelles such as peroxisomes, mitochon-
dria, and plastids which are now features of eukaryotic cells.” During evolution, lateral gene transfer
resulted in loss of DNA from developing organelles (DNA-losing ancient guest cells) and their
accumulation within nuclei (DNA-gaining ancient guest cells). In some situations, all DNA can be
lost: for example, mitosomes are remnants of mitochondrion-related organelles that lack any detect-
able DNA.?8 Furthermore, some hydrogenosomes also lost all of their DNA. Similarly, all DNA
from the host cell (the cell contributing the plasma membrane) was transferred into the guest cell
(the cell which became the nucleus), and it might well be that peroxisomes and centrosomes also
represent highly reduced guest cells, having lost all DNA via lateral gene transfer.!*® For instance,
the cell wall of plant cells appears to be descended from endosymbiotic cyanobacteria which, during
their evolutionary transformation into plastids, have donated their cell wall genes to the guest cell.'!

Conclusions and Outlook

The most important message of this chapter (and the whole book) is that cell-cell channels are an
inherent feature of cells at all levels of complexity, from relatively simple bacteria up to large and
complex plant and animal cells. In fact, plants are supracellular organisms because most of their cells
(Energides) are interconnected by plasmodesmatal channels.>>*” This might turn out to be true for
animals. Conclusive evidence would be if the sensitive and apparently short-lived nanotubes!?>6-58
were found in intact tissues. There are some intriguing generalities with respect to cell-cell channels.
First, viruses and molecules of RNA and DNA seem to have the ability to induce cell-cell channels.
Both viruses and bacteria—and here for plant cells, consider Agrobacterium tumefaciens'>*—
can induce cell-cell channels, enabling them to invade host cells and then to pirate the nuclear pores
and thereby gain access to the DNA replication machinery within the host nuclei. After their repli-
cation, they escape from the nucleus and return to the cytoplasm; they then either kill the cell to
gain access to other cells (animals) thereby inducing new cell-cell channels, or they gate the existing
channels to allow cell-cell spread of virus or bacterium throughout the whole organism (plants).
Besides viruses and bacteria, small RNA molecules also can spread from cell-to-cell, and this ability
is used for transcellular and global silencing of specific genes. This transfer of small RNAs across cell
boundaries is an ancient feature, allowing application of the RNA interference (RNAIi) technology
for both animals and plants.>3'% The original discovery of RNAi was in C. elegans'*® where the
transport of RNAs across cellular borders is dependent on the transmembrane protein SID1.'%7

Darwinian adaptive evolution that tends towards increased fitness is still the major force with
respect to the adaptation of cells and other more complex units of life, like multicellular organisms,
to the ever-changing ambient environment. However, it operates in parallel with the Margulisian
symbiotic evolution which generates an increased complexity of evolving systems such as eukaryotic
cells and their vital units of supracellular life, which are here called Energides. This is true both for
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the evolution of complex eukaryotic cells, as well as for their assembly into multi-cellular or, better,
supra-cellular, organisms. Cell-cell fusion emerges as important factor determining animal cell
behavior."”® Cell-cell channels are inherent not only to plants®” but also to animals.!*5¢%8 Both
unicellular' as well as supra-cellular organisms®” should be considered as complex ecosystems com-
posed of numerous modified cellular micro-organisms.'”> Finally, in contrast to cells which are
widely heterogeneous in their size (ranging from 30 nanometres up to several metres), architecture,
and mechanism of their divisions; Energides are extremely conservative in all these respects. This
makes the Energide an ideal candidate for the universal unit of supracellular eukaryotic life. Appre-
ciation of Energides as vital units endowed with all attributes of life is critical for our understanding
of still enigmatic processes and phenomena of contemporary cell biology,!**1% such as transforma-
tion, plasticity, and cloning of eukaryotic cells.
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