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Enosis: Life Uniting to Prosper and Kill 

Yuri Lazebnik 

Independent researcher, New Haven, CT, USA; yuri@lernaconsulting.com 

Abstract 

This article introduces the concept of enosis – the ability of life forms to adapt by accessing each 

other’s molecules, structures, information and other contents – and discusses the roots and 

implications of this concept using cancer and cancer therapy as a case study. 

Keywords: cell theory; cell-cell communication; cancer; intercellular bridges. intercellular exchange; 

history of science; basic properties of life 

 

“The problem of malignant cells is still one of the greatest challenges in biology.”   

The first sentence of an article published 101 years ago (A. Fischer, 1925).  

 

The main approach of cancer therapy and underlying research has been to find and exploit 

differences between cancerous and normal cells (National Cancer Institute, 2015). For example, the 

discovery that some cancers are deficient in DNA repair proteins has been exploited to kill their cells 

selectively by causing DNA damage (Bryant et al., 2005; Farmer et al., 2005; Lord & Ashworth, 2017; 

Wicks et al., 2022), while the quest for “the holy grail of cancer: an antigenic target that is 

simultaneously abundant in cancerous cells and absent in normal tissues” has been waged to benefit 

cancer immunotherapy (Zamora et al., 2018).  

As logical as targeting such differences is, this logic relies on the tacit assumption that cancer 

cells cannot acquire components that enable normal cells to survive therapy. For example, targeting 

a deficiency in DNA repair proteins would lose its premise if cancer cells could acquire these proteins, 

or genes that encode them, from their normal neighbors (Lazebnik, 2019). Likewise, the quest for “the 

holy grail of cancer” would make sense only if normal and cancerous cells do not exchange their 

antigens.  

Yet, such acquisitions and exchanges have been documented by an increasing number of reports. 

For example, cancer cells can recover from irradiation (Sarkari & Lou, 2024; X. Wang & Gerdes, 2015), 

acquire multiple drug resistance (Del Vecchio et al., 2024), grow faster (Watson et al., 2023) and 

metastasize quicker (Hoover et al., 2025) by importing mitochondria and other components from 

normal and neoplastic neighbors (Berridge et al., 2025). Cancer cells can also overcome metabolic 

shortcomings by exchanging metabolites with normal cells (Monterisi et al., 2022; S. Shin et al., 2025; 

Swietach & Monterisi, 2019), can become more aggressive by acquiring components of signaling 

pathways from normal cells (Portela et al., 2019), can benefit from merging into networks with normal 

and neoplastic neighbors  (Osswald et al., 2015, 2016; S. Shin et al., 2025; Venkataramani et al., 2022; 

Venkatesh & Lou, 2019), and can evade immune surveillance by depleting immune cells of 

mitochondria (Saha et al., 2022), by injecting these cells with “cancerous” mitochondria (Ikeda et al., 

2025), by stealing their surface markers to disguise themselves as normal cells (Campana et al., 2015; 

Matkó & Tóth, 2021; J. H. Shin et al., 2021; Zaccard et al., 2016), and by fusing to each other to 

reshuffle their genomes and changing gene expression patterns (Duelli & Lazebnik, 2003, 2007; 

Lazebnik, 2014) while silencing gene expression in the process (Foidart et al., 2026)    

These feats of adaptation have revealed an unwelcome paradox (from the Greek for contrary to 

expectations): the very cells that cancer therapy aims to save are saving the cells that this therapy aims to kill. 

To put it differently, future victims let a serial killer survive by becoming his live organ donors. 
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Given that even a single surviving cell can seed a new tumor (Furth et al., 1937; Landau et al., 

2020; Quintana et al., 2008) and that relapses are a plague of cancer therapy, finding whether the killer 

paradox is relevant to human disease and learning how to deal with the sabotage it reveals is not a 

purely academic problem. 

As a search for an answer is still in its early stages  (Brestoff et al., 2025; Lou et al., 2024; Maurais 

et al., 2026; Venkataramani et al., 2025) and thus still faces the headwinds of disbelief and dismissal 

(Fleck, 1981), it may benefit from concepts that can reveal the nature of the observed phenomena, 

explain their relationships, and bridge the expertise of diverse fields for the common good.  

To this end, I would like to propose that the phenomena that involve component transfer, 

including those underlying the killer paradox, are manifestations of a basic property of life defined 

as the ability of life forms to adapt by accessing each other’s contents and suggest calling this property enosis, 

from the Greek ένωση for union. 

Let me overview the roots of the concept, outline the evidence that has prompted it, and discuss 

its implications. Since the terminology related to enosis is still incomplete and yet to be harmonized 

across fields  (Brestoff et al., 2025), I will be introducing terms as needed and have them compiled 

for your convenience in a glossary at the end of this article. 

ENOSIS – Roots and Background 

Researching the roots of enosis made me realize that its manifestations had already been 

discussed in textbooks a century and a half ago, occupied the minds of researchers for decades, but 

then were forgotten well enough to be rediscovered decades later, a process that has accelerated 

within the last decade. I thought that outlining this evolution, even if as superficially as a non-

historian can do, would introduce background and terminology required for our discussion and 

serve as a reminder that the observations and concepts now viewed as a novelty by some and 

dismissed as curiosities by others are rightful heirs of deep and illustrious ancestry.  

Conveying Juices 

The concept that cells can exchange their contents and  properties was proposed a century and 

a half ago by Rudolf Virchow (Silver, 1987), “the father of modern pathology” (Rubin et al., 2008) 

who earned this title by aligning pathology with cell theory (Silver, 1987; Virchow & Chance, 1860), 

a revolutionary at the time idea that cells are the atoms of life (H. Harris, 2000; Schwann & Schleyden, 

1847). Virchow has also been credited with popularizing the concept that each cell is a product of 

another (H. Harris, 2000) and for postulating that cells in an organism act as citizens of a “well-

ordered state” (Reynolds, 2007; Virchow, 1958), that is as individual self-contained units which 

communicate through extracorporeal space. This doctrine still governs cancer research and its 

applications.  

Yet, Virchow already concluded in his Cellular Pathology, published in 1858, that cells of some 

tissues “anastomose with one another” by “anastomosing processes” into “a reticular arrangement 

[…] similar to that which we see in capillary vessels”. In these arrangements, or “anastomosing 

networks,” as he also called them, cells exchange their “juices” while retaining “a certain 

independence” (Virchow & Chance, 1860).  

By anastomoses Virchow meant “[S]pots […] at which it is no longer possible to say where the 

one cell ends and the other begins” (Virchow and Chance, 1860). Let us define an anastomosis as a pore 

resulting from fusing the membranes of two cells in one spot, and an anastomotic bridge as any 

structure that uses membrane anastomosis to transfer cellular components (Figure 1, Glossary). 
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Figure 1. Anastomotic bridge. This bridge, formed by local merger of cell membranes, can join cell bodies 

(shown), cell protrusions to cell body, or protrusions to each other. Note that anastomotic bridges enable the 

continuity of cell membranes, shown by the striped pattern to indicate intermixing of membrane components, 

and of cytoplasms. Please see Glossary for examples and more information. 

 

Figure 2. Virchow: Cancerous “juices” make a normal cell cancerous. Please see text for explanation. 

Of course, Virchow could not see cell membranes and verify their anastomoses in human tissues 

because the electron microscopy required to do so and the current understanding of what membranes 

look like were nearly a century away (Lombard, 2014; Robertson, 1960), but let us follow his logic 

nonetheless, as in essence he has been proven right. 

A Distinct Way to Regulate 

Virchow already recognized that a member of an “anastomosing network” can be regulated by 

“something which lay who knows how far off” (Virchow & Chance, 1860), or, to use modern parlance, 

that regulatory molecules, including genes (Maurais et al., 2026), can act non-cell-autonomously by 

traveling between cells.  

Because Virchow thought that “there is manifestly a contagious matter formed in the tumour 

itself,” he proposed that “the cells, which are in its [tumor’s] immediate neighbourhood and are 

connected by anastomoses with the diseased cells, likewise enter upon the heterologous proliferation,” 

that is become neoplastic. This phenomenon would be reported a century later as horizontal 

oncogenesis and the cells it produces named adopted neoplastic cells more recently (García-Olmo et 

al., 2012; Goldenberg & Pavia, 1982; Lazebnik, 2023). 

Overall, unlike some of our contemporaries (Baker, 2017), Virchow saw no contradiction 

between the notions that cells are the atoms of life and that they function not only as individuals. This 

opinion was shared and expanded by his fellow pathologists. 

Higher Elementary Parts 

In 1859, Alfred von Kölliker (JAMA, 1968), who discovered that spermatozoids are not animals 

but cells that come from testes (Birkhead & Montgomerie, 2009), published A manual of human 

microscopic anatomy (Kölliker, 1860) in which he classified “elementary parts” of tissues into simple 

and compound.  
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Simple parts are individual cells, which we will define as the smallest self-replicating parcels of 

life or, in practical terms, single mononucleated cells.  

The compound, or “higher elementary parts,” as Kölliker also called them, include two types 

that differ in whether cells retain their identity upon entering a union (Figure 3). In some unions, cells 

“retain their cell-nature and in part also their independence”. We will call these unions symplasts 

(Glossary). If cells “coalesce,” or as we now say fuse (cell fusion, Glossary),  “entirely loose their 

independence on union” to form syncytia (Glossary).  

 

Figure 3. Elementary parts of tissues according to Alfred von Kölliker. Please see text for explanation. 

Kölliker’s inventory implied that understanding how a tissue or an organism functions one 

needs to know the properties, functions, and contributions not only of individual cells but also of 

symplasts and syncytia, or at least be aware whether they are present. 

One pathologist proposed, however, that solid tissues have no individual cells at all. 

Organism as a Symplast 

In 1873, Carl Heitzmann, a pathologist who a year earlier had discovered the hematoblast and 

three years later co-founded the American Dermatology Association (Fatovic-Ferencic, 2000), 

concluded that “in no tissue whatsoever are “cells” present as isolated individuals. Every tissue […] 

represents a cell colony in which one “cell” stands in uninterrupted connection with all others, and 

all with one, a connection mediated by living matter. However, each cell colony is, in turn, connected 

without interruption to its neighboring colonies, such that the entire animal body may be regarded 

as a single cell colony.” (Heitzmann, 1873) 

This concept, which raises some eyebrows even a century and a half later (Baker, 2017), already 

had what is now called supporting functional evidence, although the dots were connected only 

decades later (A. L. Harris, 2018).  

Pinching the Ureter and Slicing the Heart. 

In 1869, Theodor Engelmann, a co-founder of the current model of how and why our heart beats 

(Kuhtz-Buschbeck et al., 2021), reported that “[i]f one presses or pinches the ureter of a dog, rabbit, 

cat, or rat, a contraction ensues that propagates from the stimulated site in both directions” 

(Engelmann, 1869). According to the then prevailing view, this contraction was mediated by the 

ganglion cells and nerve fibers. As Engelmann found none in the ureter, he concluded “that the 

stimulus propagates directly from one muscle cell to another” through contacts “so intimate that it 

amounts to a physiological continuity” and proposed that this continuity works in other organs, 

including the heart. 

To test his hypothesis, Engelmann cut a ventricle of a frog’s heart to keep two or more fragments 

connected by “a very narrow bridge of muscular tissue”. As his hypothesis predicted, stimulating 

one fragment caused others to contract no matter where the cuts were made, as long as they remained 

connected and their cells alive (Engelmann, 1875). 
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Five years later, the “physiological continuity” Engelmann found in the ureter was discovered 

in plants.  

Like Animals, Like Plants 

Unlike animal cells, plant cells are surrounded by cell walls. That these walls should have some 

“valves, or diaphragms” to let “juices” circulate was already acknowledged by Robert Hooke in 1665, 

in the book in which he introduces the term cell. Hooke’s microscope, however, was still too simple 

to allow him to see the valves his mind envisioned (Peters, 2024).  

A mere two centuries later, Eduard Tangl reported “a system of connecting channels, through 

which an open communication between neighboring cell elements and a continuous connection of 

their protoplasmic bodies is established” (Tangl, 1880). Although channels between plant cells had 

been noted previously (Carr, 1976a; Hanstein, 1864), Tangl is credited for recognizing that they “play 

an important role in the physiological processes” by enabling transfer of contents between cells and 

by joining individual cells into “a unit of a higher order” (Carr, 1976a; Tangl, 1880).  

Within two decades, Tangl’s channels, named plasmodesmata (Glossary) from the Greek for fluid 

bridges, were found to be ubiquitous in plants and to arise by two mechanisms: by incomplete cell 

division and by cell anastomosis (Carr, 1976a). 

Let us call bridges formed by incomplete cell division familial bridges (Figure 4 and Glossary) 

because, unlike anastomotic bridges, they connect only daughter cells. We will call the union of cells 

interconnected by familial bridges familial symplast (Glossary). 

 

Figure 4. Familial bridge. Familial bridges result from incomplete cell devision or incomplete cell fission 

(division without prior cell duplication). Like anastomotic bridges, familial bridges result in continuity of cell 

membranes and cytoplasms but can connect only related cells. Please see Glossary for examples. 

The discovery of plasmodesmata prompted a hypothesis that all cells of a plant, as Heitzmann 

had envisioned for animals, are bridged into one symplast. 

All Difficulties Vanish 

In 1930, Ernst Münch, who described himself as a forest botanist, reported a solution to a 

problem that had been perplexing his predecessors – how nutrients made by photosynthesis in the 

leaves are distributed to the rest of a plant (Knoblauch & Peters, 2017). Münch realized that “all 

difficulties vanish” if one assumes that all cells in a plant function not as individual units but as “the 

symplast—the entirety of living cells interconnected by permeable plasmatic links,” that is by 

plasmodesmata (Münch, 1930)  

Münch presciently concluded: “The fusion of all living cells into a symplast—effected through 

plasmatic connections—transforms them into a unified organism which, with regard to sap flow, 

functions as a single cell; enclosed by a common outer plasma membrane, it permits the translocation 
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of nutrient solutions in all directions via unilateral positive pressure, yet offers sufficient resistance 

within the plasmodesmata to ensure that the individuality of the individual cells is not lost.”  

A condescending review of Münch’s book, published in Nature the following year, mentions that 

his “distinctly unusual conceptions of solute movements are accompanied by calculations […] which 

involve so many assumptions that their value is doubtful” and concludes that “his monograph will 

probably not convey to most readers the impression that […] the physical mechanism of movement 

of substances in the phloem now placed beyond doubt.”(“Movement of Solutes within the Plant,” 

1931)  

In some way the reviewer was right, as after a few decades of neglect “[t]he Münch hypothesis 

has gained wide acceptance based to a large extent on its simplicity and plausibility, rather than on 

experimental evidence” (Knoblauch et al., 2016) and as such is still being tested (Peters and 

Knoblauch, 2022). 

As if to illustrate again that plants and animals are more alike that it might appear, a 

contemporary of Münch made symplasts visible in an animal tissue by using a technique that would 

be reinvented for this purpose decades later. 

Mapping Symplasts 

In 1925, Martha Schmidtmann, who would go on to become the first woman in pathology in 

Germany, direct a pathology institute, and have a street named after her in the city were she 

graduated (“Martha Schmidtmann,” 2025), reported an accidental and presciently interpreted 

observation.  

While injecting a dye to measure the acidity of the cytoplasm in squamous epithelial cells of 

human oral mucosa, she found that the dye injected into one cell “spreads not only within the cell 

into which the deposition has occurred, but also very rapidly extends to the protoplasm of the 

surrounding cells. […] The boundary between the stained and unstained regions is irregular, 

resulting in a map-like appearance”. As far as I am aware, this was the first map of a symplast in an 

animal tissue. 

After ruling out alternative explanations, she concluded that “ [w]hile we are accustomed, from 

a histological standpoint, to viewing the cell as a self-contained unit, experiment here demonstrates 

that, for certain physiological functions, no such separation of cells exists” (Schmidtmann, 1925; 

Harris, 2018a). 

While symplasts in animal tissues still remain invisible to light microscopy without approaches 

that Martha Schmidtmann introduced, cell fusion and the resulting syncytia could be observed even 

with relatively simple microscopes. These observations led to two concepts of carcinogenesis. 

Coalescing Into Cancer 

A commonly known example of cell fusion is fertilization, “one of the most dramatic and 

complex cell transformations in human biology: two highly differentiated gametes fuse, and the 

resulting cell, the zygote, is capable of dividing to generate all the cells of the human body” (Clift & 

Schuh, 2013). Fittingly, this process inspired two concepts of the most dramatic and complex disease 

today, cancer (Figure 5). 

One concept (Figure 5, top) was articulated in 1914 by Theodor Boveri, a zoologist who 

discovered the centrosome as a coordinator of cell division and postulated that chromosomes carry 

genetic information (Ried, 2009). Bovery noticed that fertilization of sea urchin eggs is sometimes 

followed by abnormal distribution of chromosomes, and thus properties, between dividing cells, an 

observation that led him to propose that cancer is a result of an abnormal assortment of chromosomes 

(Boveri, 2008), a condition later named later aneuploidy by a plant biologist (Santaguida & Amon, 

2015).  
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Figure 5. Fertilization inspires two models of carcinogenesis. 

A contemporary review of Boveri’s monograph in Science concluded that “[f]rom the nature of 

the case the theory is difficult if not impossible to analyze by direct experiment, and for this reason, 

as well as for its impracticability, it is probable that the hypothesis will not be favorably received by 

the medical profession” (Calkins, 1914). This prediction held true for almost a century (Weinberg, 

2008), but by the centennial of Boveri’s publication his concept became a part of “basic tenets of 

tumour biology”  (Wright, 2014). 

The second concept inspired by fertilization (Figure 5, bottom) is still a stranger outside of a 

group of enthusiasts but supporting evidence and the consequent awareness have been accumulating 

steadily (Cozzo et al., 2023; Platt & Cascalho, 2024; Shultes et al., 2024; Weiler & Dittmar, 2026; Whalen 

et al., 2024).  

This concept, proposed by Otto Aichel in 1908 and detailed in 1911 (Aichel, 1908, 1911), was an 

outcome of a mental experiment to test what would happen if a lymphocyte, a cell which can migrate 

freely throughout the body,  fuses with a cell which proliferates at will. Aichel concluded that “if 

we examine the properties and capabilities of the malignant cell on the one hand, and supplement 

the properties and capabilities of the somatic parent cell [Aichel points to “a persisting embryonic 

cell” as a suspect] with those of the leukocyte on the other, we arrive at the conclusion that the product 

of this fusion corresponds exactly to the malignant cell”. Additional variation in the properties of 

these hybrids, Aichel argued, would result from “various modes of chromosome distribution” as 

Boveri proposed (Aichel, 1911). 

This “think out of a single cell” concept and the notion that somatic cells can fuse were forgotten 

accidental observations revealed that somatic cell fusion does happen (Barski et al., 1961; H. Harris, 

1971), provided evidence in support of Aichel’s hypothesis (Pawelek & Chakraborty, 2008), and 

demonstrated that fusion between different cells can produce malignant progeny (Brito et al., 2021; 

Duelli & Lazebnik, 2007; Merle et al., 2021) for reasons that are intrinsic to how cells are organized as 

systems (Koulakov & Lazebnik, 2012; Lazebnik, 2014).  

But this would happen nearly a century later, after the notion that cells act solely as atoms 

evolved into a doctrine which defined for decades how one should think about organisms. 
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Out of Fashion 

Considering the observations and concepts that we have discussed, it is hardly surprising that 

by the beginning of the 20th century the notion that cells exchange components and form symplasts 

and syncytia  was routinely kept in mind while investigating biological and medical phenomena. 

For example, The Cell in Development and Heredity, a textbook published in 1925 and still 

considered “the founding document” in the field of cell biology (Maienschein et al., 2024), mentions 

that “it is probable that an important part in the coordination of the cell-activities is played by direct 

protoplasmic connections between cells (“cell-bridges,” “plasmo-desms”)” and that “[i]n animal 

tissues the existence of both cell-anastomoses and of intercellular bridges is now well established for 

many kinds of cells. […] The facts thus briefly reviewed have led some important modern writers to 

accept Heitzmann’s general conclusion almost in its entirety” (Wilson, 1925). 

Then, for reasons which I leave to historians to explain (Carr, 1976a; H. Harris, 2000; Maienschein, 

2017; Nicholson, 2010; Reynolds, 2007), the doctrine that cells act solely as atoms took over the minds 

of biologists, as if to demonstrate, as a plant biologist put it, “how strongly the consensus of opinion 

affects discovery and the retention of the corpus of discovered knowledge.”(Carr, 1976a) and to 

remind us that science, including cancer research (H. Harris, 2005), is as susceptible to changes in 

fashion as other human activities. 

A revival began several decades later thanks to contrarians who kept the flame alive, to new 

technologies able to unambiguously visualize intercellular channels and detect component transfer, 

and to accidental observations that were reported despite being contrary to prevailing doctrines.  

Accepting What Everyone Can See  

The development of electron microscopy made the ubiquitous presence of plasmodesmata in 

plants difficult to ignore, but it took decades to acquiesce to their existence and to accept that these 

channels form symplasts (Carr, 1976a). “Still in 1967, [a plant biologist] vehemently rejected the 

[Münch’s] idea of mass flow on the grounds that “forest botanists” […] had ignored the fact that cell 

anatomy was “the alpha and omega of all physiological research”” (Knoblauch & Peters, 2017).  

I get an impression that cancer biology is at this stage now, even though cell anatomy is studied 

by sophisticated single-cell analyses which overlook symplasts by design, but let us return to plant 

biology to see what advances it has made.  

Today, the notions that plasmodesmata unite nearly all  cells into symplasts (Kirk & Benitez-

Alfonso, 2022), that these symplasts rather than individual cells are the primary operational units of 

a plant (Lucas et al., 1993; Lucas & Lee, 2004), and that plant cells exchange signals both through the 

extracellular space (apoplastic signaling) and plasmodesmata (symplastic signaling)  (Li et al., 2021; 

Otero et al., 2016) have all returned to textbooks (Raven et al., 2013), with research in these areas 

ongoing actively (Bayer & Benitez-Alfonso, 2024; Tee & Faulkner, 2024). 

As if to remind us again that plants and animals are not that different  (Lucas & Lee, 2004; J. 

Pitts et al., 1987), the revival of plasmodesmata research was helped by discovering intercellular 

bridges in animals (Carr, 1976b) as we are about to discuss. 

Germ Cells in Chains 

Animal counterparts of primary plasmodesmata, which are a product of incomplete cell division, 

were reported in 1955 as a result of applying then still nascent electron microscopy to studying cat 

spermatogenesis (Burgos & Fawcett, 1955). The discoverers noticed that spermatids, the precursors 

of sperm, were often connected into pairs or groups of four by “protoplasmic bridges” about a micron 

wide. They considered this observation “one of the most puzzling problems” to interpret because 

such connections were not supposed to exist in the world of single cells, but correctly concluded that 

these connections were not an artifacts but a result of incomplete cell division and predicted “that 

future studies of other species with the electron microscope will reveal that intercellular connections 

between developing germ cells are a rather general phenomenon.” Within a few years these familial 
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bridges were indeed found in species ranging from hydra to humans (Fawcett, 1961) and are now 

considered “an ancient feature that is fundamental for the development and function” of germ cells 

(Figure 6) (Brubacher, 2024; Chaigne & Brunet, 2022; Gerhold et al., 2022).  

 

Figure 6. An example of a familial symplast: oocyte cyst in Drosophila. This structure results from subsequent 

mitoses followed by incomplete cytokinesis, thus producing a symplast in which cells are connected by familial 

bridges known in this organism as ring canals. Only one of 16 cells in this symplast, known as a cyst, becomes 

an oocyte (indicated by a dark nucleus), while other 15 become nurse cells which feed the growing oocytes their 

contents and then die. All these activities are apparently regulated by a specialized organelle, the fusome (shown 

in orange). 

The discovery of the “intimate connections” predicted by Theodor Engelmann from observing 

the contraction of the ureter was next. 

From the Ureter to Biological Computers 

The connections Engelmann predicted in 1869 were discovered in 1969, again thanks to electron 

microscopy, and named gap junctions (Payton et al., 1969; Revel & Karnovsky, 1967). Over the 

subsequent decades they were found to be clusters of transmembrane channels which bridge 

“virtually all cells in solid tissues” (D. A. Goodenough & Paul, 2009) and  transmit components 

ranging from ions to small nucleic acids and proteins (Cieniewicz & Woodruff, 2010).  

We will call the structures that transmit components between cells across their plasma 

membranes transmembrane bridges (Figure 7 and Glossary), and symplasts formed by these bridges 

transmembrane symplasts (Glossary). 

 

Figure 7. Transmembrane bridge, a bridge that joins the cytoplasms but keeps the membranes discontinuous 

by piercing them. Please see Glossary for examples. 

Among its other consequences, the discovery of gap junctions explained the phenomena of 

metabolic cooperation, a process by which cells acquire from their neighbors metabolites that they 

cannot make themselves (Friedmann et al., 1968; Subak-Sharpe et al., 1969) and ionic coupling, that 

is unimpeded transmission of electric current between adjacent cells  (Gilula et al., 1972; 

Loewenstein et al., 1965), a phenomenon observed by Theodor Engelmann and then forgotten. 

Mapping ionic coupling in various tissues revealed a “ cell system with fairly continuous interior, 

at least as far as much of its ion content is concerned, bounded by a diffusion barrier which extents 
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and is continuous along the entire surface of the system. The system rather than individual cell 

components constitute the unit of ion environment [where] ions, metabolites, and, perhaps, hormonal 

and genetic information may conceivably flow from one cell to another, with the economy of external 

nervous and humoral controls” (Loewenstein et al., 1965). Some of these transmembrane symplasts 

involved few cells, others formed “tortuous channels” or comprised an entire tissue. 

These symplasts may be related to recently discovered “bioelectric compartments” and the 

concept that tissues other than the nervous system can compute using gap junctions as “biological 

transistors” (Landau et al., 2020; Levin, 2021; Palacios-Prado & Bukauskas, 2009) because gap 

junctional channels, like transistors in computational devices, can both conduct electric current and 

be regulated by it. 

Overall the discovery or gap junctions and their role in the human body has validated Virchow’s 

vision of a “juice-conveying system of tubes or canals” and Heitzmann’s hypothesis of an organism 

as a symplast, even if anastomoses they thought to enable these connections did not exist. However, 

anastomoses were also discovered in due course. 

From Giant Axons to Nanotubes 

In 1924, George Edwin Johnson reported “a strikingly unique alliance between neurons” in 

shrimp and crayfish (Johnson, 1924). This emphatic reaction, which was not as common then as it is 

now, was echoed fifteen years later by John Zachary Young (LaTourelle, 2016; Maxson Jones, 2022), 

who found in the nervous system of squid “an arrangement […] so strange that it requires careful 

description” (Young, 1939).  

Both scientists were surprised because they found that neurons could communicate through 

anastomoses (Figure 8, A), which was “inconsistent with the orthodox neuron theory,” as Young put 

it, because according to this theory neurons are independent cells that communicate only through 

synapses.  

 

Figure 8. Examples of anastomotic symplasts in the nervous system. 

The first case involved two neurons whose axons cross in the middle of the body, as in animals 

each side of the brain controls the opposite side of the body (Vulliemoz et al., 2005). These two axons 
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anastomosed at the crossing, apparently to ensure that both sides of the body react to a sensory signal 

whether it comes from the right or left side. Young was able to demonstrate the continuity of the 

cytoplasms and membranes at the anastomosis “with great clarity” because these axons in the squid 

are unusually large, up to 150µ in diameter (Young, 1939). 

Both researchers also discovered that the axons of multiple neurons can anastomose into one, 

thus creating an anastomotic symplast with multiple “heads” (Figure 8, B). In the squid, these 

symplasts were “formed by the fusion of many axons, several hundreds probably collaborating to 

make up the larger fibres [which] conduct like other single nerve fibres as units, although they arise 

as the processes of a number of separate nerve cell bodies.” The size of the giant axons, as they were 

named, made them an amenable model to study the propagation of nerve impulses, the research that 

earned a Nobel Prize in 1963 (Hodgkin, 1963).   

I mention this prize because I find it remarkable that despite the publicity it gave to anastomosed 

axons, the notion that neurons act solely as independent cells remained so dominant that five years 

after the prize was awarded a group of researchers “were startled to see areas of cell contact between 

axons and sheath glial cells in which the two plasma membranes appeared to fuse forming clear 

images of membrane pores” (Eugenin et al., 2022). They “felt that the pores were probably a fixation 

artifact and decided not to publish these data” until a communication from another group prompted 

them to reconsider. As a result, a picture of the anastomosis was featured on the cover of Nature 

(Eugenin et al., 2022; Peracchia, 1981)  

This publicity, however, also did not help. As the authors of the article recalled four decades 

later, “for several decades the possibility that some cells might be able under special conditions to 

directly communicate via membrane pores was by and large ignored” (Eugenin et al., 2022). Until the 

discovery of nanotubes broke the ice. 

From Conveying Juices to Clinical Trials 

In 2004, the long forgotten “anastomosing processes” Virchow envisioned were discovered, 

documented to transfer the “juices,” including organelles, and aptly named tunneling nanotubes  

(Rustom et al., 2004). These nanotubes were then found to correct cell deficiencies by transferring 

mitochondria (Spees et al., 2006), a discovery that led to clinical trials merely two decades later 

(Brestoff et al., 2025; Gomzikova et al., 2021) and to “potential therapeutic opportunities” for treating 

cancer (Berridge et al., 2025),  and became the founding member of a growing family of structures 

which have been discovered across the species, from archaea to humans and have been explored in 

cancer therapy (Berridge et al., 2025; Sarkari & Lou, 2024).  

Are These Phenomena Related? 

The fact that organisms as different as plants, bacteria, mammals, and protists use intercellular 

bridges and these these bridges are functionally related revived a  discussion which began a century 

and a half ago about whether direct transfer of components between cells is a rule rather than an 

exception. 

An open question is whether the bridges independently across the tree of life and “different 

groups of organisms found different answers to this task” (Bloemendal & Kück, 2013), as is 

commonly held (Bloemendal & Kück, 2013; Demin et al., 2021; Matkó & Tóth, 2021; J. D. Pitts, 

1990; Rustom, 2009, 2016), or these “answers” come from the same source, as the concept of enosis 

implies. 

Let me outline the observations that prompted this hypothesis.  

Enosis – A Case for Its Existence 

The concept of enosis posits that the ability of life forms to access each other’s contents is as basic 

as is their ability to proliferate (Soto et al., 2016). This hypothesis implies that enosis should be a 

feature of life from its beginning, or at least since as early as we can reliably discern. 
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Enosis Is Primordial 

To look back to the early days of life we will use cyanobacteria, as they have earned the title of 

“the ultimate in ‘living fossils’“ (Butterfield, 2007), and mitochondria, the descendants of a 

bacterium adopted by our ancestor when life was still young. 

Cyanobacteria live as symplasts. Cyanobacteria are ubiquitous unicellular and multicellular 

organisms that emerged 3.5 billion years ago (Fournier et al., 2021; Garcia-Pichel et al., 2019; 

Schirrmeister et al., 2015) and over the subsequent billion and a half years invented photosynthesis, 

the process which packs solar energy into carbohydrates and releases oxygen (Herrero et al., 2016), 

filled with this oxygen the primordial oceans and the atmosphere (Schirrmeister et al., 2015), gave 

rise to plastids, the organelles responsible for photosynthesis in plants (W. Martin & Kowallik, 1999; 

Renna et al., 2025), were among the earliest to learn how to fix nitrogen, that is incorporate this 

otherwise inert gas into precursors of amino acids, nucleotides, and other molecules required for life 

(Chen et al., 2022; Latysheva et al., 2012; Pi et al., 2022; Rucker & Kaçar, 2024), and have been vital 

to life on this planet ever since. 

This track record is relevant to our discussion because some groups of cyanobacteria evolved so 

little over the last two billion years that their “fossils are indistinguishable from members of extant 

cyanobacterial taxa, not only in their morphology and cellular structure but also in their life cycles 

and inferred processes of cell division as well as their ecological setting, the biotic structure of the 

communities in which they occur, and the types of stromatolites [sediments] they produce” (Schopf, 

2012). In other words, some groups of modern cyanobacteria can tell us how their ancestors 

functioned at least two billions years ago.  

One of these groups is known as heterocyst-forming cyanobacteria (Figure 9) because these 

filamentous multicellular organisms respond to a deficiency in fixed nitrogen by inducing every tenth 

or so cell in a filament to convert into heterocysts, the cells specialized in fixing nitrogen (Herrero et 

al., 2016). This conversion involves shutting down photosynthesis, to prevent oxygen it produces 

from inactivating the enzyme that fixes nitrogen, and building a thick capsule which isolates the 

heterocyst from external oxygen and makes these cells recognizable. As a result of creating 

heterocysts, the organism can fix nitrogen and use photosynthesis at the same time, both for its own 

benefit and for that of organisms up the food chain, including us. 

 

Figure 9. Cyanobacteria filament is a symplast which enables cell specialization. Please see text for 

explanation. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2026 doi:10.20944/preprints202608.1332.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202608.1332.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 43 

 

Creating heterocysts, keeping them alive, and distributing their products to other cells is 

possible because each filament is a symplast whose cells are connected by transmembrane and 

familial bridges (Figure 9). 

Adjacent cells in a filament are bridged by septal junctions (Flores, 2025; Kieninger & Maldener, 

2021), which are transmembrane bridges “mechanistically similar” to gap junctional channels of 

metazoans (Weiss et al., 2019). Septal junctions are required to initiate the differentiation (Janović et 

al., 2024; Zeng & Zhang, 2022), to transport nitrogen-containing molecules from heterocysts to other 

cells, and to feed heterocysts with carbohydrates, as their own photosynthesis is shut down (Herrero, 

2025; Herrero et al., 2016).  

The regulatory circuit which ensures that only some cells are converted into heterocysts relies 

on transmitting a peptide through the periplasm (Figure 9) and on the continuity of periplasm along 

the filament (Flores et al., 2006; Mariscal et al., 2007; Xu et al., 2026). This continuity, in turn, results 

from specialized cell division which leaves the outer cell membranes of the daughter cells continuous, 

thus creating a diderm variation of a familial bridge (Figure 9, top) (Herrero, 2025). Besides their role 

in transporting cellular components, familial bridges and septal junctions enable the structural 

integrity of filament (Herrero, 2025; Janović et al., 2024).  

The finding that genes required to build septal junctions are present across all filamentous 

cyanobacteria, of which heterocyst-formers are a part, led to a conclusion that “regulated intercellular 

exchange was a feature of filamentous cyanobacteria since they first evolved in the Archean” (Boden 

et al., 2025), that is  2.5 billion years ago or earlier. Filamentous species, however, are not the only 

group of cyanobacteria that form symplasts. 

A recent discovery revealed that two genera of unicellular cyanobacteria which share a 3-billion 

year ancestry (Dvořák et al., 2014) and are the most abundant photosynthetic organisms in the ocean, 

also make symplasts (Angulo-Cánovas et al., 2024). They do so by connecting through nanotubes 

which merge the membranes, periplasmic spaces, and cytoplasms of the bridged cells (Figure 10). 

The nanotubes are wide enough to enable the exchange of most structural and regulatory 

components within and across species with the “implications for the evolution and ecology of 

microbial life in the open ocean”  (Angulo-Cánovas et al., 2024).  

 

Figure 10. The complexities of anastomosing cyanobacteria, mitochondria, and other diderms, that is cells, 

organisms, and organelles with two membranes. The details of this process are practically unknown, but the 

complexity of the surgery to merge inner and outer membranes, periplasmic space with its proteoglycan layer, 

and cytoplasms without killing the cells by spilling their guts, so to speak, is apparent. 

Given that cyanobacteria and heterotrophic bacteria are thought to diverge more than three 

billion years ago and both use nanotubes, it is reasonable to assume that these structures are as old. 

This conclusion is consistent with the features of our next guest from primordial times, mitochondria. 

Mitochondria are commonly viewed, albeit not by all (Harish & Kurland, 2017), as the 

descendants of a bacterium captured by an ancestor of modern eukaryotes about two billion years 

ago (Geiger et al., 2023; Sagan, 1967; Vosseberg et al., 2024). The descendants of this putative captive 

adapt to their environment by exchanging components through anastomotic bridges (mitochondrial 

kiss-and-run or transient fusion (Arimura et al., 2004; X. Liu et al., 2009) and nanotunnels (Tábara et al., 

2025; Vincent et al., 2017)), by fusion (Carmichael et al., 2023; X. Liu et al., 2009; Møller et al., 2021; 
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Ono et al., 2001; Youle & van der Bliek, 2012), by incomplete mitochondria fission which results in 

familial bridges known as mitochondria-on-a-string phenotype (Zhang et al., 2016) and a hexokinase-

ring constriction (Pilic et al., 2024), and by bridging into networks (Mitra et al., 2009; Singh et al., 2025).   

Given that modern free-living bacteria also respond to stress through the same mechanisms (Z. 

Liu et al., 2013; Meysman, 2018; Vassallo et al., 2015) despite living outside of bondage for the last 

two billion years, it is plausible that mitochondria and modern bacteria inherited enosis from their 

primordial ancestors rather than developed it independently. 

If enosis is indeed primordial, it would be expected to manifest itself in all domains of life. 

Enosis Across All Kingdoms of Life 

Bacteria rely on enosis to survive starvation, sporulate (Morlot & Rodrigues, 2018), fix nitrogen, 

form multicellular organisms, acquire new properties (Virolle et al., 2020), including antibiotic 

resistance (Álvarez-Rodríguez et al., 2020), recombine their genomes (Choufa et al., 2024), build 

electric batteries to have unlimited source of energy (Meysman, 2018), rejuvenate their kin (Sah & 

Wall, 2020), kill other bacteria or us (Granato et al., 2019), establish symbiotic relationships (Z. Liu et 

al., 2013; Wanner et al., 2008), and adapt in many other ways.  

Archaea, “the most recently discovered and the least understood of life’s domains”  (Hedlund 

et al., 2021), have nonetheless already provided enough information to reveal their reliance on enosis 

(Comolli & Banfield, 2014; J. Liu et al., 2021). For example, a group of archaea, which “accounts for 

half of all the archaea diversity” (M. D. Johnson, Shepherd, et al., 2024) despite its inability to make 

many components required for life, survives by importing what they need from their archaean hosts 

via bridges they build together (Gaisin et al., 2024; M. D. Johnson, Sakai, et al., 2024). Some archaea 

bridge in response to stress or in its anticipation to exchange genomes and their fragments (Ajon et 

al., 2011; Rosenshine et al., 1989; Sivabalasarma et al., 2020; Wagner et al., 2017; Wu et al., 2025), while 

others form cellular networks, with potential advantages the resulting multicellularity brings 

(Rodrigues-Oliveira et al., 2023). These networks are reminiscent of that formed by filamentous fungi 

(Fricker et al., 2017). 

In fungi, familial bridges known as septal pores enable the transport of components and nutrients 

throughout a mycelium of filamentous species while anastomoses between the mycelia help genomic 

and epigenetic diversification and expand areas accessible for foraging (Fricker et al., 2017). Spores 

of filamentous fungi, conidia, mate by establishing conidial anastomoses (Gabriela Roca et al., 2005), 

while spores of budding yeast mate by first building an anastomotic bridge which enables 

asymmetric distribution of some components (Cooperman & McMurray, 2024; Spiliotis & McMurray, 

2020), a function accomplished during yeast budding by the mother-bud neck, a familial bridge 

(Cooperman & McMurray, 2024; Spiliotis & McMurray, 2020).  

In plants, as we already discussed, most cells are connected to their neighbors by familial 

(primary plasmodesmata) or anastomotic (de novo secondary plasmodesmata) bridges, which link 

their cytoplasms, cell membranes, and endoplasmic reticula into networks known as symplastic 

domains (K. Fischer et al., 2021; Kurotani & Notaguchi, 2021; Sager & Lee, 2018). Some cells also 

connect through other types of anastomotic bridges, such as cytomictic channels  (Fuentes et al., 

2014; Mursalimov et al., 2021) and anastomoses between laticifers, the cells that produce compounds 

ranging from opium to natural rubber (Hagel et al., 2008). The exchange of molecules and structures 

through all these bridges is a requisite part of plant development, functioning, and evolution (Bayer 

& Benitez-Alfonso, 2024; Brunkard & Zambryski, 2017). 

In protists, manifestations of enosis have been known for more than a century as somatogamy, 

“the mainstream strategy of survival and biodiversity maintenance among unicellular organisms.” 

(Demin et al., 2021). Protists engage in somatogamy by building anastomotic bridges (incomplete 

somatogamy, or pseudoconjugation) in response to starvation (Gao et al., 2025), or, if the bridges 

expand, by fusing into syncytia (complete somatogamy) which then remain as such or break into 

multiple cells by fission (Demin et al., 2021). Some protists, as is common across eukaryotes, form so-

called clonally multicellular organisms by keeping clonally related cells connected by familial bridges 
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to enable exchange of components and regulatory factors, as happens in germ cysts in animals 

(Chaigne & Brunet, 2022).  

In animals, as we also discussed, gap junctions connect virtually all cells in solid tissues to play 

roles ranging from exchanging metabolites to making our heart beat. Likewise, in “virtually every 

animal species investigated so far” germ cells – male, female, or both – are linked by familial bridges 

into groups while they mature into gametes, thus enabling them, among other adaptive benefits, to 

remain phenotypically diploid while having haploid genomes (Brubacher, 2024; Chaigne & Brunet, 

2022). Finally, widespread exchange of genes and organelles that are too large to pass through gap 

junctions (Gutierrez et al., 2022; Korenkova et al., 2024) point to the existence of anastomotic 

symplasts whose role in tissue homeostasis and disease is yet to be understood. Many adaptive roles 

of cell fusion and syncytia it produces are already well known and range from fertilization to building 

muscles and bones, albeit its molecular mechanisms in animals are only beginning to emerge from 

obscurity (Shultes et al., 2024).   

Such diversity of enotic phenomena, of which I have mentioned only a fraction, is consistent 

with the primordial origin of enosis and its retention during subsequent evolution. If, however, 

enosis indeed emerged independently multiple times during evolution, then the individuals in which 

this event would happen had to be able to procreate as otherwise the newly acquired feature would 

die with them.   

Enosis Is Required for Life as We Know It 

Since “[s]ex is a ubiquitous, ancient, and inherent attribute of eukaryotic life” (Speijer et al., 2015) 

and involves “reassorting and recombining chromosomes in a process that entails regulated fusions 

of haploid gametes” (U. Goodenough & Heitman, 2014), it follows that sex is a manifestation of enosis 

and that without enosis there would be no eukaryotes as we know them. 

For animals, sex would be futile anyway because their germ cells would not mature 

properly outside of symplasts formed by familial bridges (Brubacher, 2024; Chaigne & Brunet, 

2022) and their oocytes would not become ready for fertilization without components, nutrients, and 

signals they receive from other cells through gap junctions (Clarke, 2018).  

An alternative to sex, known as somatic sex or parasex, is “a non-meiotic process of ploidy 

reduction that produces genetically diverse progeny” (Mishra et al., 2021) that was discovered in 

fungi (Pontecorvo, 1956)  and then found in normal (G. M. Martin & Sprague, 1969) and cancerous 

human cells (Haas, 2021; Miroshnychenko et al., 2021). However, parasex also uses anastomotic 

bridges or cell fusion to increase ploidy before reducing it and thus also would not be available 

without enosis. The ploidy can be doubled by skipping cytokinesis, but this mechanism is not as 

consequential as that caused by joining different cells (Lazebnik, 2014).  

Without gap junctions, which are ubiquitous in metazoans and have multiple regulatory 

and structural roles, multicellular animals would not exist in their present form, even if they 

were to learn how to procreate and diversify without sex or parasex. The cells of clonal 

multicellular organisms communicate through familial bridges (Chaigne & Brunet, 2022), but 

these bridges also would not be available.  

Plants, as they are, would not exist without plasmodesmata, while filamentous 

cyanobacteria, along with nitrogen, carbohydrates, and oxygen they have contributed to life since 

its early days, would also vanish without septal junctions and familial bridges. How their unicellular 

brethren, which release more oxygen than all of the tropical rainforests combined (How Much Oxygen 

Comes from the Ocean?, 2025),  would manage without exchanging their contents through nanotubes 

(Angulo-Cánovas et al., 2024) is too early to tell as their presence in these organisms was discovered 

only recently, but nanotubes do have a notable role in heterotrophic bacteria as does conjugation, the 

transmission of genes through specialized transmembrane bridges (Wachino, 2025). 

This dystopian vision of life without enosis makes it difficult for me to envision how enosis 

would emerge anew multiple times, if only because the existence and procreation of individuals in 

which this emergence were to take place would be doubtful without enosis.  
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This conclusion prompted me to ask: What makes enosis so irreplaceable as an adaptive process?  

Enotic Ways to Adapt 

Enosis can enable otherwise difficult or impossible feats of adaptation thanks to its three features. 

First, cells can access and use each other’s molecules, structures, genomes, gene expression patterns, 

and other information. Second, this access can enable required changes nearly instantaneously or set 

to occur recurrently for a long time, say by inducing genomic instability. Third, enosis is a regulated 

process, which means it can be deployed when and where adaptation is needed to meet the needs 

now and then, rather than waiting for a lucky random mutation. These three features work in synergy 

to enable at least four types of adaptive processes (Figure 11): enotic complementation, creation of 

enotic structures, enotic reprogramming, and enotic regulation .  

 

Figure 11. Adaptation mechanisms enabled by enosis. Enotic complementation (top left) is a process of acquiring 

a component, a function, or information from another cell or organism without exposing the required items to 

the extracellular space, as shown for transfer of antibiotic resistance between bacteria through various conduits. 

Enotic reprogramming (bottom left) is reprogramming consequence to cell bridging or fusion. Enotic structures 

(bottom left) are structures created by cell bridging or fusion that have emergent properties. Please see text for 

examples and how this feature of enosis is related to atoms and molecules. Enotic regulation (bottom right) is that 

mediated through bridges or ferries, thus enabling regulatory molecules made in one cell affect others without 

the need for signal transduction across cellular membranes. 

Enotic complementation (Figure 11, top left) is a regulated process of acquiring from others what 

cannot be made “in house” or obtained by other means, either in time required to adapt or at all. For 

a patient, this could be a heart sent in a special package or a body-to-body blood transfusion, for a 

bacterium, an essential amino acid (Pande et al., 2015) or an antibiotic resistance gene sent in a vesicle 
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or injected through nanotubes or transmembrane channels (Wachino, 2025), for a fungus an 

additional foraging area obtained by anastomosis to a neighbor (Mela et al., 2020), for a plant a 

transferred nucleus to originate a new species (Fuentes et al., 2014), and for a cancer cell donated or 

“vampirized” (Portela et al., 2019) proteins, genes, mitochondria, nuclei, or whatever else that can 

enable their survival and predation (Berridge et al., 2025; Osswald et al., 2016).  

Unlike organ transplantation in human patients, complementation in other settings can involve 

practically any number of cells or organisms, multiple components, mutual exchanges, and can 

provide a saving hand, a mortal strike, or both at the same time (Stempler et al., 2017).  

For example, by temporarily merging their outer membranes, a swarm of clonally related 

predatory myxobacteria heal membrane wounds by exchanging membrane components, replenish 

missing or damaged proteins in ailing individuals, and kill interlopers by sharing a toxin to which 

the members of this clone are immune. This transient symplast then breaks into single rejuvenated 

bacteria whose reacquired rigor and uniformity help them to hunt and sporulate,(Cao et al., 2015; 

Sah & Wall, 2020). 

Enotic reprogramming (Figure 11, top right) is a process of changing properties of individual cells 

by letting them access each other’s contents.  

For example, two bacteria species placed into a medium that only one of them can consume react 

by forming an anastomotic symplast (Benomar et al., 2015; Charubin et al., 2020; Foster et al., 2021) 

whose metabolism is reprogrammed using “the same strategy that a biotechnologist would follow” 

(Benomar et al., 2015). This reprogramming changes the processing of nutrients, makes it more 

efficient, and enables the use of media in which neither of the species is able to grow by themselves. 

The symplast then breaks into individual cells which live their new life endowed with the acquired 

properties and transferring them to their progeny (Benomar et al., 2015; Charubin & Papoutsakis, 

2019).  

We previously suggested that such rewiring is an intrinsic outcome of how cells are organized 

as systems and what the consequences of merging such systems, known as attractor networks, are 

(Koulakov and Lazebnik, 2012; Lazebnik, 2014). This type adaptation can be achieved without 

altering the genomes of the bridged cells and thus would go undetected by phylogenetic analysis. 

Enotic structures (Figure 11, bottom left) are those  made by bridging or fusing cells or 

organisms, like the filaments of cyanobacteria or our heart, the examples we discussed. An example 

that surprised me by its innovation even more is that of cable bacteria.  

Cable bacteria have this name because they form filaments which conduct electricity through 

wires sheathed by continuous periplasm and outer membrane (Cornelissen et al., 2018; Meysman, 

2018). Like in cyanobacteria, this continuity is an outcome of incomplete cell division and familial 

bridges it leaves behind. By connecting two spatially distant minerals, sometimes thousands of cell 

lengths apart, these cables literally make an electric battery and use it as a practically unlimited 

supply of energy (Meysman, 2018).  

What these example demonstrate is that bridging cells in certain way endows the resulting 

structures with emergent properties, that is those absent in the contributing members. This ability is 

fundamental to enosis and may extend even beyond life. 

Let me use an analogy to explain why. If cells are atoms of life, then the compound parts, 

symplasts and syncytia, can be considered as molecules of life as they are made by joining the atoms 

(Figure 11, bottom left). This analogy is meaningful for several reasons. First, like atoms, which form 

a molecule by establishing chemical bonds as a result of donating or sharing electrons, cells form the 

compound parts by building bridges together to exchange components. Second,  emergent 

properties of molecules – a molecule of water has properties absent in atoms of oxygen and hydrogen 

– are an outcome of merging atoms, which is also true for symplasts whose properties emerge from 

merging cells. Third, both molecules and symplasts can break into free members. Finally, by 

combinatorial association, both atoms and cells can create a diversity of building blocks that exceeds 

what single cells or single atoms can provide. An additional layer of diversity for the atoms and 
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molecules compared to their non-italicized counterparts is in the ability to change their properties over 

time and to retain them after leaving a union.  

Enotic regulation (Figure 11, bottom right) is a process by which regulatory elements – genes, 

proteins, metabolites, or electric currents – produced in one cell or organism are transmitted to others 

without being exposed to the extracellular milieu (Figure 10, bottom right). This mode of regulation 

protects the regulatory elements from destruction and unwanted modification, bypasses the need to 

create signal transduction pathways for each element, enables regulatory elements to act across cell 

types and species, and can direct a signal to a cell or a group of cells by building and disconnecting 

bridges.    

What we have discussed so far is that enosis is primordial, that its manifestations are present 

across all kingdoms of life, that these manifestations are required for life as we know it, and that this 

requirement can be explained by the uniqueness of the adaptation mechanisms that bridging cells 

provides.  

What also unites manifestations of enosis are the conduits they use. Let us look at them closer. 

Three Puzzles of Enotic Conduits 

The apparent diversity of enotic bridges can be reduced to three basic types which correspond 

to the three available ways to merge cell contents. Transmembrane bridges pierce cell membranes, 

anastomotic bridges merge them, and familial bridges keep the membranes of daughter cells 

continuous. 

How and, perhaps, why these types are interrelated despite the distinct underlying mechanisms 

can be gleaned from the following three puzzles. 

The first puzzle is that plasmodesmata, the bridges that join plant cells, can be made by two 

distinct mechanisms with produce indistinguishable outcomes (K. Fischer et al., 2021).  

Primary plasmodesmata result from incomplete cell division and thus join only daughter cells. 

Secondary plasmodesmata, however, can join unrelated cells, such as that of a grafted plant and its 

host, and thus must be made by a different mechanism. This mechanism is yet to be discovered, but 

it is reasonable to assume that it involves anastomosis of plasma membranes or another process that 

makes them continious.  

To emphasize, plasmodesmata are not merely holes between two cells but complex, regulated, 

and regulatory structures that establish the continuity of plasma membranes, endoplasmic reticula, 

and cytoplasms, control transport through these continuities and the channels they form, and are an 

integral part of plant tissues and the plant as a whole (Bayer & Benitez-Alfonso, 2024).  

How could it happen that this complex structure can be produced by processes as distinct as 

incomplete cell division and cell anastomosis?  

A similarly puzzling case is that of gap junctional channels. These channels are ubiquitous in 

metazoans and are “remarkably similar” both structurally and functionally between vertebrates and 

invertebrates (Skerrett & Williams, 2017; Welzel & Schuster, 2022). This similarity would hardly be 

surprising given that vertebrates evolved from invertebrates (Xu et al., 2019), had it not been for the 

fact that the primary sequence of connexins, the family of proteins that form gap junctional channels 

in vertebrates, is unrelated to that of innexins, the counterparts of connexins in invertebrates, and 

neither are the sequences and structures of their genes (Skerrett & Williams, 2017; Welzel & Schuster, 

2022). Why vertebrates had to reinvent a family of proteins to build gap junctions and how exactly 

they achieved this feat is still unclear (Welzel & Schuster, 2022).  

Reinventing the wheel, so to speak, is also the topic of the third puzzle, which relates to the 

procreation of humans and  other animals who have a placenta, the organ required for embryonic 

development. A part of placenta is the syncytiotrophoblast, which in humans is formed by the fusion 

of about 60 billion cells to serve as an interface between the mother and the fetus (Renaud & Jeyarajah, 

2022; Simpson et al., 1992). This fusion is executed by syncytins, the proteins of endogenous viruses, 

that is viruses that became part of mammalian genomes at some point during mammalian evolution 

(Lavialle et al., 2013; Shimode, 2023).  
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One would expect that given the common origin of placental animals, proteins required for their 

procreation would be as conserved as is the syncytiotrophoblast. However, the primary sequences of 

syncytins differ between species, which has been explained by a hypothesis that, say mice and 

humans, captured different viruses during their evolution and integrated them to enable their 

expression only in the placenta. This may be a naive question, but how had these species and their 

ancestors procreated before they captured their own virus? 

Altogether, these three puzzles are commonly explained as a result of converging evolution 

driven by random genomic changes, be they mutations or viral integration, whose outcome is then 

selected by environmental pressure. While this concept can explain some observations, I feel that 

accepting it as an explanation for the puzzles we have just discussed would require such a leap of 

faith over counterintuitive assumptions that alternative explanations seem more attractive to a 

skeptical mind.  

One alternative is offered by the concept that the selectable unit of evolution is a function and 

that functions emerge not only from random events but also, and perhaps mainly, as a product of 

natural laws that we are yet to learn (Wong et al., 2023). To quote the authors, “all evolving systems—

including but not limited to life—are composed of diverse components that can combine into 

configurational states that are then selected for or against based on function. […] [w]e propose an 

approach based on identifying multiple examples of disparate, ostensibly evolving macroscopic 

phenomena that exhibit striking conceptual similarities, strongly suggesting the possibility of an 

underlying, law-governed conceptual equivalence” (Wong et al., 2023)”  

I would like to suggest that the primordial origin of enosis, the conceptual and mechanistic 

similarities in its manifestations across species, and the otherwise puzzling relationships between 

bridges point to such yet to be discovered laws which would make the differences in genes and 

proteins that enable the primary function of the bridges – to join cell contents – secondary.  

The recent discovery that an organism can synthesize DNA using a protein rather than a nucleic 

acid as a template (Deng et al., 2026), a process which had been considered impossible, gives a 

glimpse of how functions can be converted into genes and not only the other way around. This 

conceptual shift would not be without a relevant precedent, as the concept that retroviruses make 

DNA using RNA as a template was also revolutionary for some and blasphemous to most until the 

reverse transcriptase was identified (Coffin, 2021). 

The notion that functions are the units by which life operates makes other instances of 

cooperation and complementation between intercellular bridges natural.  

Conduits from the Same Toolbox 

As we have discussed (Figure 9), the filaments of cyanobacteria are created by cooperation of 

transmembrane channels (septal junctions) and continuous periplasm and outer membrane (familial 

bridges). Likewise, brain tumor cells form symplasts in which some cells are bridged by gap junctions 

while others by anastomoses through a distinct type of bridging tubes (Venkataramani et al., 2022). 

Normal cortical glial cells in Drosophila form familial symplasts which can reversibly anastomose 

with each other to “generate connected areas from different origins, leading to exchange of 

subcellular compartments and associated signals at larger spatial scale” (Rujano et al., 2022), a 

strategy reminiscent of filamentous fungi, whose cells are joined by familial bridges known as septs. 

These fungi also anastomose with each other to acquire access to spatially larger areas of foraging, 

while functional gap junction channels, transmembrane bridges, are required for component transfer 

through anastomotic nanotubes in mammalian cells (Ariazi et al., 2017; Islam et al., 2012). 

Bridges that involve membrane anastomoses can morph into each other. Anastomoses between 

cell bodies can expand to result in cell fusion or morph into bridging tubes (Rustom, 2009; Staufer et 

al., 2018). These tubes, in turn, can merge laterally to make thicker tubes (Soto et al., 2016) similarly 

to the squid axons we have discussed (Figure 8), resolve into cell fusion (Sivabalasarma et al., 2020; 

Takito & Nakamura, 2020), or break into extracellular vesicles (Gill et al., 2019; J. Liu et al., 2021). 

Extracellular vesicles, in turn, can merge their membranes to form bridging tubes in mammalian cells 
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(Rustom, 2016), are thought to do the same in archaea (J. Liu et al., 2021) and bacteria (Gill et al., 2019), 

and can deliver their cargo by merging their membrane to that of the target cell (Gurung et al., 2021; 

O’Donoghue & Krachler, 2016).  

Even such seemingly unrelated mechanisms as piercing membranes and merging them are not 

complete strangers, as they can be part of the same structure. For example, the proteins of a bacterial 

secretion system, a transmembrane bridge that delivers DNA and proteins to other cells by piercing 

a target membrane, also fuse plasma membranes of adjacent mammalian cells to enable bacterial 

spread (Kostow & Welch, 2022; Toesca et al., 2014). Likewise, components of another bacterial 

secretion system have been proposed to deliver DNA and proteins by facilitating the fusion between 

the membranes of the donor and recipient cells (Cabezón et al., 2015; Chang et al., 2018).  

Overall, functional and structural similarities between  enotic conduits are an illustration of the 

concept that “evolving systems—including but not limited to life—are composed of diverse 

components that can combine into configurational states that are then selected for or against based 

on function.” (Wong et al., 2023).  

How are enotic conduits selected and coordinated to achieve a desired outcome?  

A Systemic Process with Common Logistics 

It is difficult not to conclude that manifestations of enosis rely on spatial and temporal 

coordination of multiple events and require integration with such basic features of cells and 

organisms as proliferation, survival, differentiation, and motility (Figure 12). Let us consider two 

examples of how involved this coordination is.  

A bacterium deprived of an amino acid that it cannot make survives by sprouting a protrusion 

that taps this nutrient from a bacterium of another species (Pande et al., 2015; Shitut et al., 2019). This 

emergency “blood transfusion” is arranged if the amino acid is absent and a donor is present (Pande 

et al., 2015), which implies the existence of a process that senses the deficiency of the nutrient, 

determines that bridging to another cell as a solution to solve the problem, finds a donor, reaches an 

agreement to bridge, bridges the contents of the two cells, transfers the needed component, and 

disconnects when the transfer is accomplished.  

Likewise, to execute the horizontal transfer of plastids between plant cells to create a plant with 

new properties (Hertle et al., 2021), the walls between the donor and acceptor cells are drilled to 

produce holes of a certain size, the cells insert their protrusions into the holes where they anastomose, 

and plastids differentiate into their smaller motile amoeboid versions which fit the size of the hole 

and can crawl through the bridge.  

However different these and other manifestations of enosis are, we may notice that they involve 

a stereotypic set of steps which are similar to that of organ transplantation in medicine, perhaps 

because this medical procedure can be considered as a manifestation of enosis enabled by humans.  

These steps are (Figure 12):  
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Figure 12. The logistics of enosis as a system. 

1. Evaluate and integrate external and internal signals and translate them into a decision to request 

a transplant when needed.  

2. Find a donor who has the needed component or information. 

3. Discuss whether the donor is capable and willing to donate, a process known in fungi research 

as cell-to-cell dialogue  (Wernet et al., 2023), a term which implies that the partners have a 

common “molecular language” (Haj Hammadeh et al., 2022). 

4. If an agreement is reached, choose a conduit – a bridge or a ferry – that can deliver the required 

component or enable access to it. 

5. If needed, drill tunnels in cell walls.  

6. If the donor is remote, reach out with a protrusion or use ferries. 

7. Prepare component(s) for transfer. 

8. Transfer or access what is required. 

9. Evaluate if the need is met. 

10.  Once the effectiveness of the transfer and the consequent adaptation is confirmed, disconnect 

if needed. 

11. Throughout the process coordinate it with basic cell functions to avoid death or unauthorized 

change in properties. 

This overview of logistics is as rudimentary as is specific knowledge about the involved 

processes, but it might serve as a map to plan future research and to understand potential 

complexities of manipulating enosis for therapeutic needs, including cancer therapy and prevention. 

Enosis and Cancer  

However convincing the prevailing view of cancer might be while listening to a keynote address 

or reading reviews and public releases, some doubts might creep in after one walks into a cancer 

center, this time as a patient, and realizes with the acuity that mortal danger tends to awaken that 

early detection and timely surgery are still the best bets in this still statistical game of survival.   

Contemplating this reality as an outcome of the immense effort to find a cure prompts one to 

wonder if the problem lies in relying on wrong assumptions, as  has happened many times in the 

history of science and medicine.  
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A recent example is the quest to cure peptic ulcer, a common, debilitating, and sometimes lethal 

condition.  This quest was futile for decades because it relied on the assumption that the cause of 

the disease was stress and the so-called “peptic ulcer personality” (Roth, 1955) which was somewhat 

different from the real culprit – a bacterial infection. A particularly relevant part of this story is that 

bacteria had been considered as a culprit by researchers and doctors alike for a century (Kidd & 

Modlin, 1998), including a doctor was was indicted for treating thousands of his ulcer patients with 

antibiotics (“John Lykoudis,” 2026; Rigas et al., 1999), the standard of care today. This doctor died 

a “disappointed man” (Rigas et al., 1999) only four years before the discovery of Helicobacter pylori, 

the bacterium which causes peptic ulcer, was published by Barry Marshall and Robin Warren (B. 

Marshall & Warren, 1984).  

Barry Marshall summarized his experience of convincing the medical establishment to consider 

Helicobacter with a quote: “The greatest obstacle to knowledge is not ignorance; it is the illusion of 

knowledge” (B. J. Marshall, 2005). 

A key assumption underlying the prevailing view of cancer is that cells, and cancer cells in 

particular, function solely as Virchow’s self-reliant atoms which survive all assassination attempts by 

relying on random changes in their genomes and on communicating with their equally self-contained 

peers, enemies, and victims solely through the extracellular environment.  

The concept of enosis and the evidence that we have reviewed imply that this view is an illusion 

and thus is bound to enable failure because having an adequate representation of reality is the 

minimal requirement for achieving one’s goal, whether it is to cross a street or to cure cancer. 

As happens with illusions, however, they are pursued by disregarding even established facts. 

For example, the notion that cells act solely as atoms still guides the minds of cancer researchers even 

though it contradicts a decades-old and widely accepted fact that gap junctions bridge virtually all 

cells in solid tissues (D. A. Goodenough & Paul, 2009) and despite realizing “that some of the 

apparently successful connexin-based anticancer treatment modalities [...] are based on blocking 

connexin and gap junction activity in advanced disease, a concept inconsistent with the mainstream 

beliefs [that cancer cells are disconnected from each other and other cells] of the field over the past 50 

years” (Aasen et al., 2017).  

What, then, has been learned over these decades?  We know the proteins which make gap 

junctions, connexins, down to atomic details, we know what happens if some of these proteins are 

deleted, mutated, or abnormally expressed.  We also know that they have functions unrelated to 

gap junctions, and that they can transmit about 40 thousand metabolites as well as regulatory nucleic 

acids, peptides, and some proteins (Cieniewicz & Woodruff, 2010; Aasen et al., 2017; Mulkearns-

Hubert et al., 2020). 

I am not aware, however, of a systematic effort to find why gap junctions bridge cells in tumors 

and what are the entities that these bridges create.Indeed, if tumor cells act solely like atoms, then 

why are they bridged? If they are bridged, then why are single cells still considered as the operational 

units of tumors while the symplasts that these bridges create are overlooked (Monterisi et al., 2022)? 

What types of neoplastic and normal cells do these symplasts involve? Are they permanent or 

transient? How do they affect tissue structure and organization? Do these symplasts have anything 

to do with the phenomenon of field cancerization (Curtius et al., 2018) and the theory linking tissue 

organization to cancer (Soto & Sonnenschein, 2011)? Do these symplasts contribute to how malignant 

or drug-resistant a tumor is? Do symplasts also form in tissue culture, organoids, and other 

experimental models used in drug discovery? If they do, do they faithfully represent the symplasts 

formed in human cancers?   

A century after Martha Schmidtmann visualized symplasts and their complexity in human 

tissue (Schmidtmann, 1925), is it still sensible to ask questions like “Connexins in Cancer: Jekyll or 

Hyde?” (Mulkearns-Hubert et al., 2020), especially given the concept that gap junctions function as 

transistors in the symplasts known as bioelectric compartments (Levin, 2023)? Can one understand 

computers by studying only the structure of transistors and by shutting them all down? 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2026 doi:10.20944/preprints202608.1332.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202608.1332.v1
http://creativecommons.org/licenses/by/4.0/


 23 of 43 

 

Given the conceptual confusion these unanswered or  unasked questions reveal, the failure to 

understand whether or how gap junctions can be targeted is hardly unexpected. This confusion is not 

limited to one field, of course, but our discussion has already been going for a while, so let us now 

begin to summarize what we have learned this time. 

If the concept of enosis is correct, then cancer relies for its survival on primordial forces which 

have helped life prosper by enabling otherwise impossible feats of adaptation for more than three 

billion years.  Most opponents of this disease, however, are under the spell of a doctrine 

incompatible with facts. This is not a fair fight in any sense, and I hope that our discussion will help 

to wake them up. It is time to pick up where Virchow and other pioneers we have discussed left off, 

this time with technologies they could only dream about and, I hope, with the conceptual framework 

that our discussion has provided. 

While I have used the failures of cancer therapy to illustrate the concept of enosis, I have also 

tried to convey its broader implications. To summarize what they are, let me finish our discussion 

with a quote, as I could not articulate the idea it expresses better. 

“The prevailing model of life as a collection of well-defined individuals may need revision [...]. 

We anticipate a biological paradigm shift analogous to the leap between classical mechanics and 

quantum mechanics: just as we replaced localized individual particles and discrete electron orbitals 

with wavefunctions and electron clouds, we may one day replace biological individuals with a 

“fuzzier,” networked picture of life. Such a view might still permit the existence of individual units 

but would stress the relationality among them” (Wong et al., 2023).  

I hope that the concept of enosis will accelerate this  shift to bring to our lives all the benefits 

that an adequate representation of reality can provide. 

Glossary 

The concept of enosis integrates observations made in fields ranging from the biology of green 

algae to the biology of cancer, which have their own, often still evolving terminologies. As a result, 

the same term can be used to describe the same entity and an entity can have multiple names. To 

facilitate collaborations across the fields and to guide our discussion, I suggest to use the following 

definitions as a step to a systematic and unifying terminology. 

Intercellular bridge: a structure that enables content transfer between living cells by making their 

cytoplasms, membranes, or both continuous (Figure 13). Depending on how this continuity is 

established, intercellular bridges can be transmembrane, anastomotic, or familial, with each of these 

types including a family of diverse, regulated, and mostly still enigmatic structures (Wegner et al., 

2023).  

Transmembrane bridge: a structure that establishes cytoplasmic continuity by piercing adjacent 

cell membranes and transfers cytoplasmic components through its lumen or by other means (Fg. 13, 

left). The extent of this continuity varies with a bridge. Examples are gap junctional channels of animals 

(D. A. Goodenough & Paul, 2009; Laird & Lampe, 2018; Lampe & Laird, 2022), septal junctions of 

cyanobacteria (Kieninger & Maldener, 2021; Weiss et al., 2019), some bacterial  (Choufa et al., 2024; 

E. R. Green & Mecsas, 2016) and archaeal (Wu et al., 2025) secretion systems, as well as archaeal  

proteinaceous nanotubes (M. D. Johnson, Shepherd, et al., 2024) and attachment organelle (Gaisin et al., 

2024). Transmembrane bridges can transfer component from ions to proteins, nucleic acids, and 

chromosomes (Choufa et al., 2024; Cieniewicz & Woodruff, 2010; M. D. Johnson, Shepherd, et al., 

2024; Peterson et al., 2020). Another group of ubiquitous archaea respond to DNA damage by 

chromosomal DNA exchange through a transmembrane bridge akin bacterial T4SS, with the 

subsequent DNA repair and recombination that this exchange enables (Ajon et al., 2011; Wagner et 

al., 2017; Wu et al., 2025).  

Anastomotic bridge: a structure that establishes cytoplasmic and membrane continuity by 

merging adjacent membranes to create a regulated pore (Figure 13, center). The size (aperture) of the 

pore, its regulated flexibility, and membrane continuity enable the transfer of most cellular 

components, including nuclei (Fuentes et al., 2014; Mursalimov et al., 2021; Pennanen et al., 2017). 
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Examples are secondary plasmodesmata  (K. Fischer et al., 2021) and connective pores (Hertle et al., 2021) 

in plants, various bridges between animal cells reported as true protoplasmic bridges  (Young, 1939)  

the nexus (Dewey & Barr, 1962), membrane pores (Peracchia, 1981), passageways in the membranes (Witkin 

et al., 1995), [transient pores, fusion events or kissing junctions (Carmichael et al., 2023), kiss-and-run 

fusion in plant (Arimura et al., 2004) and animal  (X. Liu et al., 2009) mitochondria], partial fusion 

(Driesen et al., 2005), transient or atypical cell fusion (Rujano et al., 2022), epithelial cell bridges (Zani & 

Edelman, 2010), as well as nanotubes (Angulo-Cánovas et al., 2024; Baidya et al., 2018) in bacteria, 

synapse-like structures (Comolli & Banfield, 2014) and cell-cell bridges (Sivabalasarma et al., 2020) in archaea, 

fusion bridges in fungi (Mela et al., 2020, p. 202), and incomplete somatogamy in protists (Demin et al., 

2021). Anastomotic bridges allow cells to exchange components without losing their identities, such as shape 

and cell type, which are 9recombined if cells a bridge too far to end up in cell fusion. retention of identities 

emphasized by (Arimura et al., 2004) who discovered kiss-and-run in mitochondria. cytomictic channels  

(Mursalimov et al., 2021) or or cytoplasmic channels (Hertle et al., 2021)  in plants  

 

Figure 13. A visual guide to enotic bridges, ferries, unions, and their relationships mentioned in the Glossary. 

Familial bridge: a structure that maintains cytoplasmic and membrane continuity between 

daughter cells by preventing the cells from separating completely at the end of mitosis, meiosis, or 

cell fission (Figure 13, right). Like anastomotic bridges, familial bridges can transfer components as 

large as cell nuclei (Mursalimov et al., 2021). Examples are primary plasmodesmata of plants and 

algae (Sager & Lee, 2018), septal pores of fungi (Fricker et al., 2017), bridges that link germ cells in 

practically all Metazoans (Gerhold et al., 2022) and known as ring canals (Haglund et al., 2011; Price 

et al., 2023), stable intercellular bridges (Haglund et al., 2011), true intercellular bridges (Fawcett, 1961), and 

cytoplasmic bridges (Chaigne & Brunet, 2022), and germline intercellular bridges (Korenkova et al., 2020). 

Familial bridges between somatic cells are also called cytoplasmic bridge system in green algae (K. J. 

Green et al., 1981; Iida et al., 2013), cell division remnants in C. elegans (Haglund et al., 2011), 
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mitochondrial fission arrest (mitochondria-on-a-string) phenotype (Pilic et al., 2024; Zhang et al., 2016) and 

nanotunnels (Vincent et al., 2017) in mitochondria, cell junctions in cable bacteria (Geerlings et al., 2021), 

pit connections in red algae (Kim et al., 2022; Wetherbee & Quirk, 1982),  cytokinetic bridges in zebrafish 

(Korenkova et al., 2024), and somatic intercellular bridges (Korenkova et al., 2020), as well as unnamed 

bridges between various cells (Haglund et al., 2011). Fission arrest in plastids resulting in 

“chlorophyll chains” which are chloroplasts connected by “isthmuses”  (Schattat et al., 2015) .  

mother–bud neck in budding yeast  (Spiliotis & McMurray, 2020). Trophic cord (in some insects)  

(Brubacher, 2024) 

Bridging tube: a cellular protrusion bridged to a cell body or to another protrusion, thus 

connecting cells whose bodies are remote or (and) are separated by cell walls. Examples are conidial 

anastomosis tubes of fungi (Gabriela Roca et al., 2005), tunneling nanotubes (TNT) (Driscoll et al., 2022; 

Korenkova et al., 2024, p. 202; Rustom, 2016; Rustom et al., 2004), epithelial bridges (Zani et al., 2010; 

Zani & Edelman, 2010), tumor microtubes (Lou et al., 2024; Osswald et al., 2015; Venkataramani et al., 

2022), airinemes (Eom, 2020), and micrometer-level-tubes (Pennanen et al., 2017) of animal cells, 

periplasmic tubules of bacteria (Z. Liu et al., 2013, p. 201; Wanner et al., 2008), nanotubes (J. Liu et al., 

2021) of archaea and bacteria (Angulo-Cánovas et al., 2024; Baidya et al., 2018), tubular structures 

(Comolli & Banfield, 2014), membrane tubes (M. D. Johnson, Shepherd, et al., 2024), some cannula 

(Nickell et al., 2003), and cell-cell bridges (Sivabalasarma et al., 2020) in archaea, tubules (C. Wang et al., 

2015), mitochondrial tubules (Tábara et al., 2025; C. Wang et al., 2015) and nanotunnels (Vincent et al., 

2017) of mitochondria. cytokinetic bridges of zebrafish embryo (Caneparo et al., 2011; Korenkova et al., 

2024). membranous tubes of bacteria (Chang et al., 2018). Bridging tubes also include organelle 

extensions such as nanotubes of mitochondria and, potentially, stromules of plastids (Mathur, 2021). 

Symplast: This term (from the Greek sym/syn for together, and the term protoplast for a cell 

(SYMPLAST Definition and Meaning | Collins English Dictionary, 2025)) was introduced by Hanstein 

(Hanstein, 1879) and has been used in plant biology to describe groups of two or more cells bridged 

by plasmodesmata (Brunkard & Zambryski, 2017). A symplast formed by all cells of a plant is called 

the symplast. For the sake of uniformity and clarity and because bridged cells unrelated to plants 

have no term to describe them as a class I suggest to extend the term symplast to cells of any origin 

and regardless of the types of bridges used. Depending on the bridge involved, symplasts can be 

transmembrane, anastomotic, familial, or, if multiple bridge types involved, composite (Figure 13). 

The absence of a term for bridged cells has caused confusion by conflating symplasts with syncytia, 

which have distinct properties and origin. The term supracellular structures which is sometimes used 

to describe symplasts is ambiguous because it also applies to associations of individual cells that do 

not involve cell bridging. 

Examples of symplasts are functional (Carmeliet, 2019) or gap junction syncytia (Smythies & 

Edelstein, 2014), bioelectric compartments (Levin, 2021), astrocyte syncytia (Kiyoshi & Zhou, 2019), 

astroglial networks (Giaume et al., 2010),  neuro–glial syncytium (Liang et al., 2020) in mammals, and 

cortical glia units and connected areas in Drosophila (Rujano et al., 2022), syncytial groups or cysts formed 

by familial bridges between germ cells (Greenbaum et al., 2011), supracellular structures in fungi (Haj 

Hammadeh et al., 2022),  multicellular tumor networks (Osswald et al., 2015; Venkataramani et al., 

2022), and electrical or functional syncytia of neurons bridged by cell junctions (Bennett, 2002). 

Symplasm: the cytoplasm of a symplast. 

Symplastic connection: connection established by intercellular bridges. 

Symplastic transport: the transfer of ions, molecules, and structures between living cells 

accomplished without releasing them beyond cellular membranes (Eugenin et al., 2022; Niu et al., 

2009). This term comes from plant biology where transport through the extracellular space is called 

apoplastic. 

Apoplastic transport: the transfer of cellular components through the extracellular space. 

Symplastic domain: a symplast surrounded in a tissue by other symplasts, by single cells, or 

both.  
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Cell fusion: “[t]he merging of the plasma membranes of two independent cells with the 

subsequent formation of an individual cell containing both cytoplasmic contents mixed” (Brukman 

et al., 2019). This cell is known as syncytium.  

Syncytium (plural syncytia): “a inultinucleate cell formed by the fusion of previously separate 

cells,”(Poste, 1970) Examples are fertilized egg, osteoclasts, muscle fibers, and the 

syncytiotrophoblast, and cells produced by fusogenic viruses in the human body. Syncytia differ 

from symplasts in two functionally consequental ways: i) cells bridged into a symplasts can retain 

their identities (cell types) and divide independently (Caneparo et al., 2011), while cells fused into a 

syncytium have their identities (re)combined or extinguished; ii) cells of a symplast can disconnect 

from each other, while cells fused into a syncytium become one, albeit some exceptions do exist. 

Coenocyte: a multinuclear cell produced by mitosis or meiosis that are not followed by 

cytokinesis (Daubenmire, 1936). A coenocyte may be undistinguishable from a syncytium 

morphologically and thus unless the origin of a multinucleated cell is known it is called such.  

Cell fission: the process by which multinuclear cell splits into cells with fewer nuclei without 

undergoing mitosis or meiosis (Jansen et al., 2012), Examples are cellularization, a process in which 

multinuclear cells, such as muscle fibers of animals, embryos of insects, endosperm in plants, or entire 

organisms in protists fission into mononuclear cells (Demin et al., 2021; McCartney & Dudin, 2023; 

Um et al., 2017), and mammalian myotube cleavage, which splits myotubes into cells with fewer nuclei 

(Hjiantoniou et al., 2008; McGann et al., 2001; Odelberg et al., 2000). 

Cell-to-cell dialogue:  signaling exchange between cells that negotiates their bridging. (Wernet 

et al., 2023). 

Cell: As it happens with fundamental concepts, definitions of the cell are many and they are 

descriptive or not entirely satisfying. “A cell is a mass of cytoplasm that is bound externally by a cell 

membrane” Harvey Lodish (Lodish, n.d.) or “t]he cell is the basic structural and functional unit of all 

forms of life or organisms.” (“Cell (Biology),” 2026)” and “the smallest unit that can live on its own 

and that makes up all living organisms and the tissues of the body.” (Definition of Cell - NCI 

Dictionary of Cancer Terms - NCI, 2011). A suggest that a cell is a minimal self-replicating unit of life. 

Ferry: a vesicle, a virus, or another package designated to transfer components between cells 

without establishing continuity between their membranes or cytoplasms.  
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