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The hierarchical organization of life

Those who develop theories about the basic structure of living things are struck by life’s apparently hierarchical organization.  A human is a complete entity—an organism, an individual, a person.  At the same time a human is a machine-like integrated system of systems, replete with vessels, pumps, filters, generators, waste disposal units and command and control centers.  At the same time it is a collection of billions of cells.  At the same time it is a series of chemical networks that exist in every one of those billions of cells.

How did this extraordinary conglomeration get put together?  How, against all odds, does it work so well?  How does the cell emerge from the molecule, the tissue from the cell, the organ from the tissue, the organ system from the organ, and the organism from the organ system?  What agency manages the apparent intense cooperativity observed among so many diverse entities over so many temporal and spatial scales?

Hierarchies and Granular layers

Entities in the structural hierarchy of the human commonly include; molecule, organelle, cell, tissue, organ, organ system and organism.  There is no arguing against the existence of these entities, and clinical and scientific disciplines such as anatomy, physiology, cell biology, cardiology, neuroscience, urology, microbiology, immunology and etc. have coalesced around the study of particular structures or systems.  There are those who view each of the entities listed above as a separate granular layer.  I will argue against this view.

The concept of granular layer was introduced to articulate a particular perspective of biological reality.  It appears to be the case that in the world of the living, entities of a certain size, called grains, are associated in a way that forms a horizontal layer that is distinct from horizontal layers above and below.  I believe there is lack of clarity concerning the nature of hierarchy and granularity.  They are not the same, and conflating the two leads to confusion detrimental to accurate ontology building.

A brief history of the domain in question: the world of life

There are three epochal events in the history of life and each one has a direct relationship to the formation of granular layers in biology.  The first was the appearance of a one micron diameter phospholipid enclosed sac, the cell, filled with a network of molecules that carried out what we now call life processes, examples of which are respiration, metabolism, reproduction and the assembly of biomolecules.  The second was the formation of collections of cells into multicellular organisms, and the third was the formation of a collection of human utterances into language.

1.  The emergence of the cell and its molecular networks

The starting condition for our purposes is earth’s early oceans.  There was no life in them until the appearance of cells approximately 3.5 billion years ago.  The cells contained a set of molecular networks within the confines of a plasma membrane.

The plasma membrane was necessary because without it the molecular network could not retain its integrity given the chemical conditions in the oceans.  The plasma membrane also had the right kind of filtering capabilities because the networks require the controlled intake of material from the environment and the release of waste and other material back into the environment.  The phospholipid plasma membrane continues to surround the molecular networks of every living cell.

There is no cell without the molecular network, and there is no molecular network without the cell.  There is, of course, a great deal of speculation concerning how these two entities co-evolved from material present in the oceans.  But this is not our problem.  Evolve they did and then quickly spread.  So prolific were these cells they that their actions lead, in one instance, to a dramatic change in the composition of the earth’s atmosphere.

These first cells are called prokaryotes.  Prokaryotes are free-living, which means they do not form continuing associations with other cells. They do not join in the formation of  complex, stable networks.  Prokaryotes, such as bacteria, are still very much with us.  

2.  The emergence of multicellular organisms

Approximately 500 million years ago, a full three billion years after the emergence of cells, multicellular organisms, also known as metazoans, appeared.  Each multicellular organism contains hundreds of thousands to billions of cells.  The cells within the bodies of multicellular organisms are not free-living.  They are tightly enmeshed in elaborate cooperative networks. 

3.  The emergence of language

Five hundred million years after the appearance of the first metazoan, language emerged from the metazoan, human. 

Compartmentalization and hierarchy in biology

Before discussing these epochal events in the context of granular layer formation I will first examine the hierarchical organization of biological organisms.  Such hierarchies are familiar and will provide a stark contrast to the nature of granular layers.

I will attempt to show that in the evolution of ever more complex multicellular organisms there is continuous elaboration of functional capability, but there is no emergence.

I will contrast this with the appearance of granular layers, in which there is emergence, but no evolution of function.

Prokaryote to eukaryote



In prokaryotes the molecular network is not compartmentalized.  That is not to say that the network is unorganized.  Chemical pathways within the network imply a series of paths or channels and they do exist.

Eukaryotic cells evolved from the prokaryotes approximately 2.5 billion years ago.  There are on the order of nine intracellular compartments known as organelles, in eukaryotic cells, each one enclosed in its own plasma membrane.  Each compartment contains a set of molecular pathways that engage in life processes such as, reproduction, protein assembly, metabolism, respiration and digestion.  It is generally believed that compartmentalization of this sort makes the overall system more efficient. The life processes described above, in this view, are subsystems in the overall molecular system of the cell.  The segregation of the subsystems into separate compartments prevents cross subsystem interference and makes the whole chemical apparatus work more efficiently.  This is analogous to the insulation that myelin sheaths provide in advanced nervous systems.  They permit adjacent subsystems with distinct functions to operate simultaneously without interfering with the effectiveness of each subsystem’s performance.

Compartmentalization in multicellular organisms

The invertebrate zoologists, Ruppert et, al., (2004) had the following to say about compartmentalization:

“The still‑larger metazoans inherited the organelles of the eukaryotic cell, but then evolved a new level of compartmentalization—the specialization of cells within the multicellular body. At the next higher level, functions such as skeletal support became associated with aggregates of similarly specialized cells known as tissues. Eventually, in the largest, most active animals, the hierarchy of functional compartments included not only organelles, cells, and tissues, but also organs and organ systems.” 

Sponges are considered to be the first multicellular organism.  They have no tissues, no organs, and no permanent cellular differentiation.  Cells in particular locations have particular functions but all cells in sponges are, in a sense, stem cells and can change shape and function.

Focus for a moment on the process of circulation.  To continue to remain operational, the molecular networks of the eukaryotic cells in sponges require the ongoing availability of material found in the surrounding water.  Cells in the center of the sponge, far from the materials it needs, must have water and the materials it contains transported from the sponge’s exterior to the immediate vicinity of their membranes.  Hence the need for a circulatory system.

The circulatory system of the first, thin-walled sponges were simple, however, sponges managed to evolve into organisms several orders of magnitude larger than the original.  One can observe the evolution of the simple, early model circulation of the small sponge into the complex circulatory networks in the large sponge.  A more sophisticated circulatory network was required to service the hundreds of thousands of cells distributed throughout the thick walls of the large-bodied sponges.

The circulatory system of the human performs the same fundamental function that it does in the sponge.  Zoologists have traced the evolution of the human circulatory system through the various models of multicellular organisms that have evolved over the past 500 million years.

The forms that the circulatory system takes to perform its function in organisms of different sizes and shapes and living in different environments is a straightforward engineering problem.  Every system in the human body, such as the respiratory and urinary systems, has a similar history of engineering design and development.

The engineering view of life is clearly stated in the introduction to a book on feeding behavior  (Stephens and Krebs, 1986):  

“This book analyzes feeding behavior in the way an engineer might study a new piece of machinery.  An engineer might ask, among other questions, about the machine’s purpose: is it for measuring time, wind speed, or income tax?  This is a worthwhile question for the engineer because machines are built with a purpose in mind, and any description of a machine should refer to its purpose.”

This is the mechanical, machine view of life and is a natural outcome of the scientific study of the compartmentalization process that accompanies the structural evolution of complex organisms.  

The chemical variation on the machine view of life is presented in a recent book, Ecological Stoichiometry (Sterner and Elser, 2002),

“..organisms can be thought of as complex evolved chemical substances that interact with each other and the abiotic world in a way that resembles a complex, composite, chemical reaction. Ecological interactions invariably involve chemical rearrangements.”

And in a forceful statement of fundamental principles, Sterner and Elser (2002) write,

“This book starts with the basic physical chemistry of the elements and progresses in a linear fashion from atoms to ecosystems with an utter disregard for where chemistry ends and biology starts, or where evolution starts and ecology ends, and so forth.  Deep philosophizing aside, all organisms must obey the principles of conservation of energy and mass, and it is time we put these principles to new ecological uses.”

A combination of the mechanical and chemical machine view is the way biomedicine is taught, and the way, by in large, medicine is practiced.  I have no complaints with this view.  It reflects the observation that evolution is the progressive, thermodynamically constrained elaboration of functional systems designed to service the molecular pathways that are the structural and functional core of every cell.

Many believe, however, that this highly reductionistic view of biological system operation fails to capture other crucial, fundamental and essential features of life.  Granular layer emergence is an essential aspect of life which has so far escaped traditional reductionist explanation.

The molecular granular layer

Albert et al., (2002), in a classic textbook on molecular biology, referred to the cell as a coordinated chemical system.  This is not the case.  The designation, coordinated chemical system, should be reserved for the molecular chemical network that operates within the protective boundaries of the cell’s plasma membrane.

What is a coordinated chemical system?  It is a network composed of pathways along which run chains of chemical reactions.  The grains of this network are molecules.  Their dimensions are measured in nanometers.

Grains, in and of themselves, do not form a granular layer.  Organic molecules in a test tube, or randomly distributed throughout the ocean, are not grains in a granular layer.  Granular layers can only be formed by grains that have the capacity to organize themselves into stable, cooperative networks which guide highly routinized dynamic processes.  Such grains must have particular attributes.  The nature of these attributes are beyond the scope of this paper. 

The molecular network in cells has structure.  The inside of the cell, the cytosol, is not a water filled test tube with molecules randomly distributed throughout.  The cytosol is a gel packed with molecules.  The molecules participating in a particular pathway are located in close proximity.  Over these pathways repetitively and routinely run chemical reactions that have specific outcomes.
The cellular granular layer

Even though it is probable that the molecular and cellular layers coevolved, they still form two distinct layers.  The cell is composed of the same material (atoms and molecules) found in the molecular layer.  What then distinguishes the two layers and what is the relationship between them?  How does the cellular emerge from the molecular?

Structures that characterize the entity, cell, are composed of molecules in the molecular layer that have become organized into extensive, stable assemblies that do not engage in chemical interactions with molecules in the environment.

The first structure of the cellular level is the plasma membrane.  The plasma membrane, which composes the boundary of all cells, must have coevolved with the molecular layer which is contained within that boundary.  The plasma membrane is a phospholipid bilayer.

There are two important points to be made here: 1)  the phospholipid molecule, as a sub-unit of the membrane, does not enter into chemical reactions with its neighbors or with the surrounding medium.  2) the association of countless phospholipid molecules results in the formation of a super-entity, the plasma membrane, which becomes an essential structure of the cell.

The plasma membrane has a width of 5 nanometers, clearly in the dimensional range of the molecular layer.  However, the plasma membrane encloses cells that have diameters in the 10 micron to 1 mm range.  The plasma membrane is a sheet composed of an assembly of countless phospholipid molecules.  It is the sheet-like characteristics of the plasma membrane with its large surface area that makes it a distinct structure in the cellular, not molecular, layer of granularity.  

Another example of an early structural entity at the cellular granular layer is the flagellum.  The flagellum, as is the case with the plasma membrane, is constructed of molecules from the molecular layer that have coalesced into a stable form.  The molecules in the flagella retain their position in the assembly and do not chemically react with neighboring water molecules or other atoms dissolved in the water.  This means that flagella have a mechanical, not chemical, relationship to the water which it physically compresses when it oscillates, resulting in movement of the cell to which it is attached.

The rotation of flagella results in movement of the cell through its aqueous environment.  No molecular layer is in evidence.  The cell moves not at the picosecond transactional rates of the molecular layer but in times measured in seconds.  The flagella rotates at rates of 5-10 cycles/sec.  The cells moves at speeds measured in mm/sec.  We are now in the domain of the entities and processes of the cellular granular layer.

The cell, as a structural and functional entity emerges into a domain different from that in which molecular network operates.  This apparent lift-off from the layer below into a new, distinct domain, is a characteristic of granular layer formation.

The multicellular granular layer

Multicellular organisms are the grains of this layer and they include all fungi, plants and animals.  

It is assumed that in the two billion years after the appearance of eukaryotes a great deal of experimentation into the possibilities of cellular interaction went on.  During this period of experimentation, a particular type of motile eukaryotic cell, called protozoa, formed a cooperative network of cells.  The protozoa solved two fundamental problems, the first was the formation of stable, cooperative networks composed of thousands of cells, and the second was the routine reproduction of these networks from scratch; scratch being a single fertilized egg. 

Startup.  There are no successful explanations of either the startup of reproducing multicellular organisms from free-living cells, or the startup of cells from a lifeless ocean.  Nevertheless, soon after multicellular organisms emerged they exploded in form and number and spread out over nearly all of the earth’s surface.  “Once the door opened and metazoans evolved, there followed …a prolific evolutionary radiation…an estimated 1 million to 30 million species in 29 major taxa…” (Ruppert et al., 2004)

This evolutionary radiation is a story of compartmentalization, an evolutionary story of engineering without agency.  A story of auto-design, development and implementation.

The function of circulation.  In the evolution of the circulatory system a core problem can be identified.  This is a transportation problem associated with supplying the needs of cells.  The solution to that problem can be observed, and the evolution of more complex variations of system design themes can be tracked over evolutionary time.

The emergence of cells from an ocean devoid of life is a completely different phenomenon.  It is not an evolutionary phenomenon, as evolution in biology is reserved for the process of adaptation of biological organisms to environmental vicissitudes.  There were no biological organisms in the early oceans from which the first cells could evolve. Cells and their molecular networks emerged for the abiotic ocean.  Emergence is not evolution.

Furthermore, as opposed to circulatory systems, cells fulfill no observable function.  Cells have no purpose.  They simply persist in the world and do those things that cells do.

At t1 there are no multicellular organisms, at t2, there are.  Again, multicellular organisms are not the solution to any observable problem.  It is not as though the existence of free-living cells were threatened and so the emergence of multicellular organisms was the solution to their extinction.  Free-living cells are still with us in all their vigorous multitudes.

Here again the phenomenon of lift-off from the granular layer below is evident.  Multicellular organism are able to move into domains not available to the cells which form the networks which make multicellular organism existence possible.  

Since granular layers have no function they cannot malfunction.  Malfunction is reserved for the machine systems that exist in multicellular organisms to serve the needs of the cell.   If design features of the circulatory system in humans include a heart, arteries, veins and capillaries then malfunction of the circulatory system can reside in failure (breakdown) of any of these component parts of the system.  

What can be said about the nature of the persistence of granular layers in biology?  The cellular granular layer does not function to maintain various gases in the atmosphere at current levels.  The purpose of pathogenic bacteria is not to figure out clever ways to defeat antimicrobial drugs.  The purpose of eukaryotic cells in human organisms is not to eliminate the threat of nuclear weapons or promote dictatorships.  Without function it is difficult to assign purpose and without purpose it is difficult to distinguish the particular activities of granular layers in biology from the particular activities of weather, galactic, or plate tectonic systems in the abiotic world.

The language granular layer

The language layer of granularity emerges, in a general sense, from the multicellular granular layer.  It emerges from humans, a particular form of multicellular organism, as multicellular organisms emerged from cooperative networks formed by a particular variety of free-living cells, the protozoan eukaryote.

The grains of the language layer are words.  A collection of grains, of course, does not make a granular layer.  Layers emerge from the formation, by the grains, of stable, reproducible networks.  Deacon (1997), puts it thusly, “…the words and rules that constitute a language are not simply members of a collection, they are as highly organized and interdependent as are the genes and organs of an organism…”

There is no successful explanation for the startup of language from multicellular organisms.  Deacon (1997) gives an excellent account of the structural modifications in brain and body that had to take place for speech to occur.  Nevertheless, he clearly states his belief that language does not reside in the human brain.  Language is not reducible to the actions of nerves cells, as multicellular organism are not reducible to the actions of cells, and cells are not reducible to the actions of molecules.

Deacon (1997) writes that, 

“The source of symbolic process is not in the brain at all.  This is why it is pointless to look for the basis of symbolic consciousness in a lower-level essence that is only associated with brains, or to invoke special physical laws that undermine the deterministic character of neural mechanisms in order to explain intentional consciousness.  Symbolic reference does not derive from anything particularly special about the brain, but from a special sort of relationship that can be constructed by it.”

What is the relationship of language to the layer below?  Deacon (1997), puts it this way, “Of course, languages are entirely dependent on humans, and are not separate physical organisms…”.  Using the same logic we could say that multicellular organisms are entirely dependent on cells.

Nevertheless, language, although dependent on humans, appears, paradoxically, to also be independent of humans.  Deacon (1997) states that even though there is a, “co-evolutionary dynamic between language and its host,”… “In some ways it is helpful to imagine language as an independent life form that colonizes and parasitizes human brains, using them to reproduce.”…“Languages are inanimate artifacts, patterns of sound and scribblings on clay or paper, that happen to get insinuated  into the activities of brains which replicate their parts, assemble them into systems and pass them on.” 

This is an interesting phenomenon that is characteristic of the emergent nature of granular layer formation.  The layer above is, at the same time, entirely dependent on the layer below and yet entirely independent of it.  The layer above is not reducible to the layer from which it emerges.  Deacon again, “Symbolic reference…cannot be an intrinsic quality.  That is why Searle can claim that there can be no “eliminative” strategy that can reduce intentional (read “symbolic”) processes to neural programs.”

The same can be said for the irreducibility of the multicellular to the cellular, the cellular to the molecular, and the molecular to the random chemistry of the lifeless ocean.  This produces a discontinuity between granular layers.  Discontinuities are not observed in the evolution of the functional, hierarchical systems of multicellular organisms.

Concluding thoughts

Every granular layer in biology that has come into existence still remains.  In this sense, no granular layer has as yet gone out of existence.  The same cannot be said for the grains of granular layers.  Multicellular organisms come and go.  Where they go is back to the atomistic pool, the venerable ashes to ashes, dust to dust.  Where do they come from?  In some sense they climb the ladder of granularity.

Every human literally starts in the molecular and cellular layers as a fertilized egg.  We then quickly climb into the multicellular layer, immersed in the bewildering complexity of the reproduction of every engineering innovation that lead to the human body and brain, and finally we emerge as a carrier of the granular layer, language.

Is there a place in this narrative for the massive computer-based biomedical ontologies that are now being created?  We are coding the thing itself, life, and we want to get it right.  We want there to be meaning in these databases.  If a code is a grain, and if grains reside in the computer, how will they become more than just a collection of grains?  For meaning to be present the grains, as Deacon (1997) wrote of words in language, must be as “highly organized and interdependent as are the genes and organs of an organism…”

If we ask the database an intelligent question will it give us an intelligent answer?  Maybe we don’t expect intelligent answers, simply accurate responses that will contain summaries of massive amounts of instances that we cannot otherwise maintain in one, accessible place.  Will it simply count for us?  Will it eventually tell us, in terms of probabilities, the kind of medical treatment we should choose, or will it tell us the treatment that has been chosen for us?

Is there another granular layer on the horizon, and if so what will it be?  The most popular candidate is a free-standing language not connected to the multicellular organism from which it emerged.  In the free-standing language scenario the language network would exist and be perpetuated by carriers that are not biological.

Even for a biologist like Deacon (1997), there is the sense that language has come from a distant place to take up residence, at least for the moment, in our brains.  We dutifully carry it with us and reproduce it in each new generation, but will we ultimately be inadequate for the task?  Must it leave us behind, as cells left molecules behind, and multicellular organisms left cells behind?
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