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Abstract The phylogenetic trees reconstructed from

molecular data have led to the discovery that all living

creatures belong to three primary kingdoms, or domains,

because there are three types of cells in nature. The primary

kingdoms are referred to as Archaea, Bacteria, and Eukaya,

and their first representatives were the first modern cells

that appeared on Earth. All known cells, on the other hand,

contain a virtually universal genetic code, and this implies

that the code evolved in a population of primitive systems

that preceded the first modern cells and is collectively

known as the common ancestor of all life. This gives us the

problem of understanding how the descendants of the

common ancestor gave origin to the first modern cells. In

this article it is argued that the appearance of the genetic

code allowed the ancestral systems to translate genes into

specific proteins, but their behavior was still ambiguous

because they were unable to produce specific responses to

the signals from the environment. To that purpose they

needed to evolve signal processing codes, and here it is

proposed that the development of these codes was a crucial

step in the evolution of the first modern cells.
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Defining the Problem

In Origin of Species, Darwin (1859) described evolution as

a process that started ‘‘from simple beginnings’’ and gave

origin to increasingly diverse ‘‘most beautiful forms,’’

much like a tree that grows and divides into countless

branches. At the base of the tree there are the first ‘‘pri-

mordial forms’’ and out of them grows a trunk that splits

again and again to create an ever-expanding tree. Each

branch represents a species, and the branching points are

where a species splits in two. Most branches come to a

dead end, signifying extinction, but some go all the way up

to the top and represent today’s organisms. This is the tree

of life, the graphic description of the relationships that link

together all creatures of the present to all those of the past.

The reconstruction of the tree of life has been a holy

grail for generations of naturalists, and traditionally it has

been conducted with the methods of comparative anatomy

combined with the results of paleontology. Ever since the

pioneering work of Zuckerkandl and Pauling (1965),

however, it has become increasingly clear that the

sequences of genes and proteins provide an additional

source of information. The protein citochrome-c, for

example, has a sequence of amino acids that varies among

species in a way that appears to be related to the evolu-

tionary distance that separates them. Between humans and

monkeys, for example, the differences are small, and so are

those between ducks and pigeons, but between humans and

ducks or between monkeys and pigeons they are signifi-

cantly greater. The numerical values of these differences

can be used to build a diagram, and what comes out is

remarkably similar to the genealogical tree obtained with

traditional methods, thus confirming that molecular

sequences contain phylogenetic information. What is par-

ticularly important is that the molecular method can be
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applied to single cells, and this enormously extends the

dimensions of the tree.

It must be underlined, however, that the reconstruction

of the tree of life takes place in a theoretical framework

that is based on three major biological discoveries.

The greatest generalization of biology is the cell theory,

the idea that all living organisms are made of cells and that

cells derive from preexisting cells. This implies that all

cells of the present are linked to all cells of the past by an

uninterrupted chain of descent that goes all the way back to

the first cells that appeared on the primitive Earth.

The greatest discovery of paleontology is that our planet

has been inhabited exclusively by free-living cells, or

microorganisms, for the first three billion years of evolu-

tion. For more than 80 % of the history of life, in other

words, the microorganisms have been the sole living

creatures on Earth and the sole protagonists of evolution.

The greatest discovery of molecular biology is that all

known cells contain a virtually universal genetic code, a

fact that implies that the code evolved in a population of

primitive systems that preceded the first cells and that is

collectively known as the common ancestor of all life.

We have therefore three distinct problems before us: (1)

What do we know about the common ancestor? (2) What

were the characteristics of the first cells? And, most

importantly, (3) how did the common ancestor give origin

to the first cells?

Three Primary Kingdoms

The greatest divide of the living world is not between

plants and animals, as has been thought for centuries, but

between cells without a nucleus (prokaryotes) and nucle-

ated cells (eukaryotes).

Prokaryotes, or bacteria, have a single DNA molecule, a

single cytoplasmic compartment, and the form of the cell is

due either to a rigid external wall around the cell mem-

brane or to a rigid cell membrane.

Eukaryotes have various DNA molecules that are

repeatedly folded into highly organized chromosomes, a

cytoplasm divided in compartments, a variety of organelles

(mitochondria, chloroplasts, lysosomes, Golgi, endoplas-

mic reticulum, etc.), and the form of the cell is not due to a

surrounding wall but to an internal cytoskeleton made of

three types of filaments (microtubules, microfilaments, and

intermediate filaments).

In 1866, Haeckel proposed a phylogenetic tree where

the first forms of life were cells without a nucleus (which

he called monera), which later generated nucleated cells

(protista) that in turn gave rise to all multicellular organ-

isms. In 1883, Schimper proposed that the chloroplasts in

the plant cells had once been free-living bacteria that

became incorporated, by a kind of internalization, or en-

dosymbiosis, into other cells; later on, Mereschowsky

(1910), Portier (1918), and Wallin (1927) also proposed

this hypothesis for the origin of mitochondria.

The endosymbiosis hypothesis was ignored for decades

but in 1970 it was forcefully re-proposed by Lynn Mar-

gulis, and within a few years it received the support of an

astonishing amount of experimental data. It was found that

mitochondria and chloroplasts are still carrying fragments

of their ancient bacterial DNA, and have 70S ribosomes

which are typical of bacteria, all of which leaves little

doubt about their origin.

Today it is universally acknowledged that mitochondria

and chloroplasts were acquired by symbiosis, but that tells

us nothing about the cells that engulfed them, and on this

issue biologists have been divided into opposing camps.

Some, like Margulis (1970), maintained that the cells that

engulfed bacteria were themselves bacteria, whereas others

insisted that they must have been nonbacterial cells.

A major turning point in the reconstruction of cell his-

tory came in 1977, when Carl Woese and George Fox

discovered that the phylogenetic tree obtained from ribo-

somal RNAs divides all living creatures not in two but in

three groups: two different types of prokaryotes that Woese

and Fox (1977) called archaebacteria and eubacteria, and

a third group containing the ancestors of the eukaryotic

cytoplasm that they called urkaryotes.

This discovery has two outstanding implications:

1. Bacteria do not form a monophyletic group but two

distinct kingdoms (archaebacteria and eubacteria).

2. The phylogenetic distance between the two bacterial

kingdoms is comparable to the distance that separates

any of them from the third kingdom of the urkaryotes,

which means that all three groups of cells evolved

independently from the common ancestor.

Later on, Woese renamed the three groups and proposed

that all cells belong to three distinct primary kingdoms, or

domains, that were called Archaea, Bacteria and Eucarya

(Woese 1987, 2000; Woese et al. 1990).

This proposal was strongly opposed by Mayr (1998)

who argued that from a morphological and physiological

point of view archaebacteria and eubacteria are

undoubtedly prokaryotes, and their molecular differences

cannot be enough to classify them into two distinct

kingdoms. Woese (1998) replied that the history of cel-

lular life can only be reconstructed from molecular data,

and these data tell us that there have been three distinct

types of ancestral cells, not two. The ribosomal RNAs,

furthermore, are universal molecules, which means that

the tree reconstructed from them embraces all past and

present creatures and is therefore a truly universal phy-

logenetic tree (Woese 2000).
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Blurring the Tree of Life

The universal phylogenetic tree was first reconstructed

from ribosomal RNAs, but in principle it should also be

recovered from proteins because they too should carry the

signs of what happened in the history of life. When the

techniques of molecular phylogeny were applied to pro-

teins, however, the results turned out to be much more

complex than expected and provided contrasting phyloge-

netic information. Some proteins (for example ATPases,

RNA polymerases, and ribosomal proteins) confirmed the

three domains obtained from the ribosomal RNAs, but

other proteins (in particular many enzymes of the meta-

bolic pathways) led to different phylogenetic trees (Brown

and Doolittle 1997). The crucial point is that the discordant

protein trees do not represent real alternatives because they

disagree not only with the RNA tree but also with each

other.

The solution to this mystery came from the discovery, in

the 1990s, that bacteria routinely swap genetic material in a

process called horizontal gene transfer (Miller 1998).

The pattern of a tree is realized when genes are trans-

mitted from one generation to the next, i.e., when descent is

vertical. When genes instead are swapped horizontally in

every generation they become part of many branches

simultaneously, and the resulting pattern is no longer a tree

but a web (Doolittle 1999; Doolittle and Bapteste 2007).

Most importantly, it turned out that horizontal gene

transfer is by no means a secondary process. In prokaryotes

it can account for as much as 80 % of the genes (Dagan

et al. 2008), and this immediately suggests that in the early

stages of evolution most genes were transferred horizon-

tally and the dominant pattern was that of a vastly inter-

connected web. A treelike pattern probably began to

emerge only later, when vertical descent managed to con-

trast the leveling effects of horizontal gene transfer.

These discoveries have shown that genes are transmitted

both vertically and horizontally, but the key point is that

they are not equally affected by the two types of trans-

mission. Some are frequently involved in horizontal

transfer whereas others are almost exclusively transmitted

by vertical descent, and a few of them have been highly

conserved in evolution. It is these conserved molecules that

maintain a record of what happened in the past and allow

us to reconstruct the universal phylogenetic tree.

It is true, therefore, that the tree of life has been heavily

blurred by horizontal gene transfer, but it is also true that

the highly conserved molecules still document its existence

and confirm its subdivision into three cellular domains.

This conclusion was originally obtained from highly con-

served individual molecules, but later it was also confirmed

by higher-order trees that were reconstructed from whole

genomes (Simonson et al. 2005; Snel et al. 2005; Jun et al.

2010). Some differences do remain between the trees of

genome phylogeny and those of molecular phylogeny, but

both methods converged to the same overall conclusion

that the universal phylogenetic tree exists and is split into

three primary kingdoms (Harold 2014).

All three kingdoms received the genetic code from the

common ancestor, and for this reason that ancestor repre-

sents the root of the universal tree of life. But what do we

actually know about that distant progenitor?

Ancestral, Ancient, and Modern Genetic Code

The genetic code is an integral part of the apparatus of

protein synthesis, and this implies that the common

ancestor is the population of primitive systems that evolved

not only the genetic code but the entire apparatus of protein

synthesis. This extended definition is not only more general

but also more useful, because it allows us to divide the

evolution of the common ancestors into a sequence of

logical steps.

The modern genetic code is a mapping between 64

codons carried by transfer RNAs and 20 amino acids car-

ried by 20 aminoacyl-tRNA synthetases, each of which

attaches one amino acid to one or more tRNAs. The syn-

thetases are specific proteins that can be produced only

when a genetic code already exists, and this implies that the

modern apparatus of protein synthesis was preceded by an

ancient apparatus where the amino acids were attached to

the transfer-RNAs not by specific proteins, that did not yet

exist, but probably by RNAs (Maizels and Weiner 1987).

The modern genetic code, in other words, was preceded

by an ancient genetic code, probably based on RNA syn-

thetases that later became replaced by protein synthetases.

The ancient genetic code, in turn, was the result of a pre-

vious round of evolution that started when the very first

genetic code appeared on the primitive Earth. But what can

we say about that first code?

The ribosomal RNAs are among the most conserved

molecules in evolution (Woese 1987, 2000), and this

means that they appeared very early in the history of life. It

is also known that they contain regions that have the ability

to form peptide bonds (Nitta et al. 1998), and this means

that some primitive ribosomal RNAs could stick amino

acids together at random and produce statistical proteins.

These proteins did not have biological specificity but could

still be useful because the RNAs can barely work on their

own. They need groups of amino acids to maintain

stable conformations and their functions are greatly

enhanced by the attachment of peptides and small proteins

(Orgel 1973). This is why an apparatus of protein synthesis
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started evolving from pieces of ribosomal RNAs, possibly

stabilized by random polypeptides.

The next step in the evolution of this apparatus was the

acquisition of transfer RNAs, molecules that have the ability

to deliver amino acids to the ribosomal RNAs. The contri-

bution of these molecules to protein synthesis, on the other

hand, was greatly enhanced by a third type of RNAs,

because at the site of synthesis it is necessary that the amino

acids are kept in place for a long enough time to allow the

formation of a peptide bond (Wolf and Koonin 2007; Fox

2010). This means that the transfer RNAs required tempo-

rary anchoring sites, and in primitive systems these were

provided by anchoring RNAs, the ancestors of the messen-

ger RNAs (Osawa 1995).

The combination of ribosomal RNAs, transfer RNAs,

and anchoring RNAs gave origin to an apparatus of protein

synthesis where the transfer RNAs were automatically

creating a bridge, or a mapping, between codons and amino

acids, and any such mapping is, by definition, a genetic

code.

This amounts to saying that the first genetic code

appeared on Earth when transfer RNAs and anchoring

RNAs joined the ribosomal RNAs and became an integral

part of the apparatus of protein synthesis. Here, this first

code is referred to as the ancestral genetic code.

We come in this way to the conclusion that there have

been three distinct genetic codes in the evolution of the

common ancestor: the ancestral code, the ancient code, and

the modern code (Barbieri 2015).

Woese’s Theory on the Origin of the First Cells

The population of primitive systems that last appeared at

the root of the universal phylogenetic tree is usually

referred to as the last common ancestor. After that popu-

lation, the tree split into three great branches, and the

descendants of the last common ancestor independently

gave origin to the first modern cells, i.e., to the first Bac-

teria, the first Archaea, and the first Eukarya. But how did

they do it? Carl Woese was the first who addressed this

problem and proposed that horizontal gene transfer has

been the major driving force in the evolution of the

ancestral systems. Let’s use Woese’s own words to illus-

trate his theory.

The universal phylogenetic tree based on ribosomal

RNAs is unlike any other phylogenetic tree because it

transcends the era of modern cells. Its deepest bran-

ches extend back in time to an era when cellular

entities were considerably more primitive than cells

are today…. When cells are simple enough, hori-

zontal gene transfer is the major, if not the sole,

evolutionary source of true innovation and all life

becomes a single diverse gene pool…. At such stage

evolution was in effect communal: there was a pro-

gressive evolution of the whole, not an evolution of

individual lineages…. It is only in this way that the

radical novelty needed to boot-strap primitive cellular

entities into modern cells can occur…. In this pro-

cess, a stage inevitably will be reached when some

cellular entities become complex enough that their

cell design starts to become unique. (Woese 2000,

p. 8395)

Biologists have assumed that the ‘‘organism’’ repre-

sented by the root of the universal tree was equivalent

to a modern cell, in effect it was a modern cell. That

is not a scientifically acceptable assumption…. There

is evidence, good evidence, to suggest that the basic

organization of the cell had not yet completed its

evolution at the stage represented by the root of the

universal tree…. Because of their loose construction,

primitive cells initially did not have stable genealog-

ical records…. Individual lineages (species) emerged

from this common ancestral chaos only when cellular

organization achieved a certain degree of complexity

and connectedness…. As a cell design becomes more

complex, a critical point is reached where a more

integrated cellular organization emerges…. This

critical point is called the ‘‘Darwinian Threshold.’’

(Woese 2002, p. 8742)

Early evolution was dominated by horizontal gene

transfer and led to the emergence of modern cell

designs from a communal state, not a unique ances-

tor. Such a communal state existed before the point of

emergence of vertical evolution, which has been

termed the ‘‘Darwinian transition.’’ The defining

property of the communal state was that it was cap-

able of tolerating and using ambiguity, as reflected in

the pervasive role of horizontal gene transfer.

A Darwinian transition corresponds to a state of

affairs when sufficient complexity has arisen that the

state is incapable of tolerating ambiguity and so there

is a distinct change in the nature of the evolutionary

dynamics (to vertical descent). We envision that such

Darwinian transitions occurred in each of the three

major lineages. (Vetsigian et al. 2006, p. 10697)

Let us summarize. The evolution of the genetic code

took place in the populations of the common ancestor but

did not produce a modern cell design. Carl Woese has

convincingly argued that the last common ancestor was

still a premodern system and its descendants had to go

through other rounds of evolution before they could

acquire a modern cell organization. But what did they
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actually have to do to become fully modern cells? A pos-

sible answer is that they had to evolve other organic codes,

because the genetic code was not enough to create a

modern cell. But is this a realistic idea? Do we have any

evidence that the cell contains other codes in addition to

the genetic code?

The Presence of Codes in the Cell

A code is a set of rules that establish a mapping between the

objects of two independent worlds. The Morse code, for

example, is amapping between the letters of the alphabet and

groups of dots and dashes. The highway code is a mapping

between street signals and driving behaviors, and so on.

What is essential in any code is that the coding rules are not

dictated by the laws of physics and chemistry. In this sense

they are arbitrary, and the number of arbitrary relationships

between two independent worlds is potentially unlimited. In

Morse code, for example, any letter of the alphabet can be

associated with countless combinations of dots and dashes,

which means that a specific mapping can be realized only by

selecting a small number of rules. And this is preciselywhat a

code is: a small set of arbitrary rules selected from a

potentially unlimited number in order to ensure a specific

mapping between two independent worlds.

Organic codes are codes between two worlds of organic

molecules and are necessarily implemented by a third type

of molecule, called adaptors, that builds a bridge between

them. The adaptors are required because there is no nec-

essary link between the two worlds, and a fixed set of

adaptors is required in order to guarantee the specificity of

the mapping. The adaptors, in short, are the molecular

fingerprints of the codes, and we can prove that an organic

code exists if we have three things: (1) two independent

worlds of molecules connected by adaptors, (2) a poten-

tially unlimited number of arbitrary connections between

them, and (3) a selection of the adaptors (a set of coding

rules) that ensures a specific mapping (Barbieri 2003).

In the case of the genetic code, the very first hypothesis

was the stereochemical theory, a model, first proposed by

Gamow (1954) and later re-proposed by many other

authors, that states that the relationships between codons

and amino acids (the coding rules) are determined by

stereochemical affinities. This theory automatically implies

that the genetic code is not a real code because its rules are

the inevitable result of chemical processes and do not have

the arbitrariness that is essential in any code.

It took a long time and much experimental work to

overturn this conclusion. Eventually, however, it was

shown that there are no deterministic links between codons

and amino acids since any codon can be associated, in

principle, to any amino acid (Schimmel 1987; Schimmel

et al. 1993). Hou and Schimmel (1988), for example,

introduced two extra nucleotides in a tRNA and found that

that the resulting tRNA was carrying a different amino

acid. This proved that the number of possible connections

between codons and amino acids is potentially unlimited,

and only the selection of a small set of adaptors can ensure

a specific mapping. This is the genetic code: a fixed set of

rules of correspondence between codons and amino acids

that are implemented by adaptors. In protein synthesis, in

other words, we find all the three essential components of a

code: (1) two independent worlds of molecules (nu-

cleotides and amino acids) connected by adaptors, (2) the

proof that the mapping is arbitrary because its rules can be

changed virtually at will, and (3) the proof that only a small

fixed number of rules has been selected.

The evidence provided by Carl Woese, on the other hand,

has shown that the genetic code was not enough to create a

modern cell, and we need therefore to find out what else was

necessary. To this purpose, let us recall that the cell is a

system that is largely composed of subsystems, or modules,

each of which is specialized in a particular function and has a

substantial degree of autonomy (Schlosser and Wagner

2003; Callebaut and Rasskin-Gutman 2005).

A typical example is the apparatus of protein synthesis,

but there are at least two other subsystems that play

essential roles in all cells, and both of them, as we will see,

are based on organic codes. One is the signal transduction

module, the set of components that receive signals from the

environment and transform them into internal signals. The

other is the signal integration module, the subsystem that

combines all internal signals together and delivers the

result to the genome.

The Signal Transduction Codes

Living cells react to many physical and chemical stimuli

from the environment, and in general their reactions consist

in the expression of specific genes. We need therefore to

understand how the environment interacts with the genes,

and the turning point, in this field, came from the discovery

that the external signals (known as first messengers) never

reach the genes. They are invariably transformed into a

different world of internal signals (called second messen-

gers) and only these, or their derivatives, reach the genes.

In most cases, the molecules of the external signals do not

even enter the cell and are captured by specific receptors of

the cell membrane, but even those that do enter (some

hormones) must interact with intracellular receptors in

order to influence the genes (Sutherland 1972).

The transfer of information from environment to genes

takes place therefore in two distinct steps: one from first to

second messengers, called signal transduction; and a
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second path from second messengers to genes which is

known as signal integration. One of the surprising things

about signal transduction is that there are literally hundreds

of first messengers (ions, nutrients, hormones, growth

factors, neurotransmitters, etc.) but only a limited number

of second messengers: cyclic AMP or GMP, calcium ions

(Ca2?), inositol trisphosphate (IP3), diacylglycerol (DAG),

and a few other molecules.

First and second messengers represent two different

molecular worlds, and this immediately suggests that signal

transduction may be based on organic codes. This is con-

firmed by the discovery that there is no necessary con-

nection between first and second messengers, because it

has been proven that the same first messengers can activate

different types of second messengers, and that different

first messengers can act on the same type of second mes-

sengers (Alberts et al. 2007). The most plausible explana-

tion is that signal transduction is based on organic codes,

but of course one would like a direct proof.

The signature of an organic code, as we have seen, is the

presence of adaptors and the transmembrane receptor

proteins of signal transduction do have the defining char-

acteristics of the adaptors. The transduction system consists

of at least three types of molecules: a receptor for the first

messengers, an amplifier for the second messengers, and a

mediator in between (Berridge 1985). This transmembrane

system performs two independent recognition processes,

one for the first and the other for the second messenger, and

the two steps are connected by the bridge of the mediator.

This connection, on the other hand, could be implemented

in countless different ways since any first messenger can be

coupled with any second messenger, and this makes it

imperative to have a selection in order to guarantee bio-

logical specificity.

In signal transduction, in short, we find the three

defining features of a code: (1) two independent worlds of

objects (first messengers and second messengers) con-

nected by adaptors, (2) a potentially unlimited number of

arbitrary connections between them, and (3) a set of coding

rules (a selection of the adaptors) that ensures the speci-

ficity of the correspondence. The effects that external sig-

nals have on cells, in short, do not depend on the energy or

the information that they carry, but on the meaning that

cells give them with sets of rules that have been referred to

as signal transduction codes (Barbieri 2003).

The Signal Integration Codes

We have seen that there are only a few families of second

messengers in the cell, and yet the reactions that they set in

motion can pick up an individual gene among tens of

thousands. How this is achieved is still a mystery, but some

progress has been made. Perhaps the most illuminating

discovery, so far, is that second messengers do not act

independently. Calcium ions and cyclic AMPs, for exam-

ple, have effects that reinforce each other on some occa-

sions but are mutually exclusive at other times (Alberts

et al. 2007). The cell, in short, can combine its internal

signals in countless different ways, and it is precisely this

combinatorial ability that explains why a small number of

second messengers can generate an extraordinarily high

number of specific genetic responses. The activation of

second messengers, in other words, sets in motion a cas-

cade of reactions that normally ends with the expression of

a target gene, and again we would like to find out if at least

some of them are based on the rules of a code.

One of the most interesting clues, in this field, is the fact

that signaling molecules have in general more than one

function. Epidermal growth factor, for example, stimulates

the proliferation of fibroblasts and keratinocytes, but it has

an anti-proliferative effect on hair follicle cells, whereas in

the intestine it is a suppressor of gastric acid secretion.

Other findings have proved that all growth factors can have

three distinct functions, with proliferative, anti-prolifera-

tive, and proliferation-independent effects. They are, in

short, multifunctional molecules (Sporn and Roberts 1988).

In addition to growth factors, it has been found that

many other molecules have multiple functions. Adrenaline,

for example, is a neurotransmitter, but it is also a hormone

produced by the adrenal glands to spring the body into

action by increasing the blood pressure, speeding up the

heart, and releasing glucose from the liver. Acetylcholine is

another common neurotransmitter in the brain, but it also

acts on the heart (where it induces relaxation), on skeletal

muscles (where the result is contraction), and in the pan-

creas (which is made to secrete enzymes). Cholecystokinin

is a peptide that acts as a hormone in the intestine, where it

increases the bile flow during digestion, whereas in the

nervous system it is a neurotransmitter. Encephalins are

sedatives in the brain, but in the digestive system are

hormones that control the mechanical movements of food.

Insulin is universally known for lowering the sugar levels

in the blood, but it also controls fat metabolism, and in

other less-known ways it affects almost every cell of the

body.

The discovery of multifunctional molecules means that

their function is not decided solely by their structure but

also by the context in which they find themselves. What

matters, in other words, is not their ability to catalyze a

specific reaction, but the fact that they are employed as

molecular labels that can be given one meaning in a certain

context and a different meaning in another one.

The signals of the first messengers, in conclusion,

undergo two great transformations in the cell. First they are

transformed into internal messengers with the rules of the
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signal transduction codes, and then these messengers are

combined together according to the rules of the signal

integration codes (Barbieri 2003).

Combinatorial Codes

The discovery of the genetic code has been facilitated by

two particularly favorable features: (1) by the fact that the

adaptors (the tRNAs) are single molecules and (2) by the

fact that the coding elements form a closed set (64 codons

and 20 amino acids). In the case of signal transduction and

signal integration the situation is different because the

adaptors are often combinations of molecules and the

domain of the process is open and potentially unlimited.

This probably explains why signal transduction and signal

integration are not usually referred to as codes, but this

terminological habit should not obscure the central issue. A

set of relationships is a code when it is made of arbitrary

rules, even when its domain (or alphabet) is open and when

its components are combinatorial sets of molecules (com-

binatorial codes). Such cases have already been described

in the literature, and it may be worth taking a brief look at

some of them.

The Histone Code

In eukaryotes, the DNA filament is wrapped around groups

of histone proteins whose tails are subject to a variety of

post-translational modifications (in particular acetylation,

methylation, and phosphorylation) that have highly

dynamic roles and are involved in the activation or

repression of gene activity (Kornberg and Lorch 1999; Wu

and Grunstein 2000). A crucial breakthrough in this field

was the discovery that the post-translational modifications

of the histones do not act individually. Most of them are

involved in both the activation and the repression of genes

(the phosphorylation of histone H3, for example, takes part

in the condensation as well as in the decondensation of

chromatin), which means that the final result is due to a

combination of histone marks rather than a single one. This

led David Allis and colleagues to propose that the histone

marks operate in combinatorial groups, like letters that are

put together into the words of a molecular ‘‘language’’ that

was referred to as the histone code (Strahl and Allis 2000;

Jenuwein and Allis 2001). The same concept was inde-

pendently proposed by Turner (2000, 2002, 2007) who

argued that there is an epigenetic code at the heart of the

regulation mechanisms that are initiated by histone tail

modifications. Today, in conclusion, a large number of data

support the idea that the regulation of gene activity by

histone modifications is based on the rules of a combina-

torial code (Berger 2007).

The Splicing Codes

The primary transcripts of the genes are often transformed

into messenger RNAs by removing some RNA pieces

(called introns) and by joining together the remaining

pieces (the exons). This cutting-and-sealing operation,

known as splicing, is carried out by molecular structures

that act like adaptors because they perform two indepen-

dent recognition processes, one for the beginning and one

for the end of each exon, thus creating a specific corre-

spondence between primary transcripts and messenger

RNAs. Splicing, in other words, is a codified process based

on adaptors and takes place with sets of rules that have

been referred to as splicing codes (Barbieri 2003; Fu 2004;

Matlin et al. 2005; Wang and Burge 2008). Splicing, on the

other hand, is complicated by the fact that many introns

carry sequences that are similar to exons but translate into

nonsense and for this reason are called pseudo exons or

pseudo genes. They would create havoc if incorporated into

mRNAs and the splicing machinery had to evolve the

means to differentiate real exons from pseudo ones. The

result is that real exons contain internal identity marks that

are known as exonic splicing enhancers (ESEs) and exonic

splicing silencers (ESSs) (Fu 2004; Matlin et al. 2005;

Pertea et al. 2007). The presence of these marks, in turn,

means that the adaptors of the splicing codes are not single

molecules but combinations of molecules, because they

must be able to recognize not only the beginning and the

end of the real exons, but also their internal identity marks.

It has been shown that a large variety of transcriptional

codes are combinatorial codes (Jessell 2000; Marquard and

Pfaff 2001; Flames et al. 2007; Osborne et al. 2008; Allan

and Thor 2015), and combinatorial rules have also been

found in signal processing (Marijuán et al. 2015). We

realize in this way that the signal transduction and the

signal integration codes belong to a highly heterogeneous

family of combinatorial codes with open alphabets.

The Cell Membrane

All living creatures belong to three primary kingdoms,

because there are three types of cells in nature that differ in

a variety of key components such as cell membranes, cell

walls, energy sources, and organelles of movement (Woese

and Fox 1977; Harold 2014).

In Bacteria, for example, the cell membrane contains

phospholipids, whereas in Archaea it contains isoprenoid

lipids. In Bacteria the cell wall is made of peptidoglycans,

whereas in Archaea it is made of proteinaceous material.

Bacteria move by flagella, and these organelles obtain

energy from the circulation of protons or sodium ions,

whereas Archaea move by totally different organelles that
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obtain energy from ATP. Eukarya too have unique features

that separate them from the two other types of cells, but on

top of that they have some characteristics in common with

Bacteria and others in common with Archaea, probably as

a result of horizontal gene transfer.

Of all the above cellular components, the cell membrane

has attracted special attention because it has the remarkable

property of never being constructed de novo. Membranes

always grow from preexisting membranes, and this has led

to the concept of membrane heredity, the idea that mem-

branes are passed down from one generation to the next in

an uninterrupted chain of descent (Blobel 1980; Sapp 1987;

Cavalier-Smith 2000; Harold 2005).

Genes do not transmit three-dimensional information,

and the supramolecular structures of the cell are produced

either by self-assembly from their components or by

growth from preexisting structures. Chromosomes are

produced from preexisting chromosomes and membranes

from preexisting membranes, but they carry two very dif-

ferent types of information. Chromosomes transmit genetic

instructions, whereas membranes transmit architectural

order.

The universal phylogenetic tree tells us that the first

modern cells were the first representatives of the three

primary kingdoms, and these cells had membranes with

modern characteristics that allow us to recognize them as

Archaea, Bacteria, and Eukarya. This means that the evo-

lution of the modern cell membranes took place in the

descendants of the last common ancestor, but how did that

contribute to the origin of the first modern cells? What was

the role of the cell membrane in the origin of the modern

cell organization?

To this purpose, let us let us keep in mind that the cell

membrane is the seat of three distinct processes: (1) it is the

site where molecules are transported to and from the

environment (molecular transport), (2) it is the site where

energy is obtained from external sources and converted

into internal forms (energy transduction), and (3) it is the

site where signals are received from the outside world and

used to produce internal signals that allow the cell to mount

a response reaction.

The first two processes—the exchange of molecules and

the access to energy—are so fundamental that we can

hardly imagine a common ancestor without them, and this

is why it is very likely that the ancestral populations did

have some kind of cell membranes for those processes. As

for the third process, however, the situation is different.

Signal transduction requires transmembrane receptors that

create bridges between first and second messengers, and

such receptors are proteins that could be produced only

after the origin of the genetic code, when the ancestral

systems became capable of synthesizing specific proteins.

A signal transduction code, in other words, could hardly

be present at the time of the last common ancestor but had

to be present in the first modern cells. This suggests a

potential solution to our problem: it is possible that the cell

membrane had an essential role in the origin of the first

modern cells, because it provided the structure where the

evolution of the signal transduction code could take place.

The Code Theory

The genetic code is a mapping between 64 codons and 20

amino acids and is therefore a many-to-one code. More

precisely, some amino acids are specified by six codons,

some by four, others by two, and only two amino acids are

coded by a single codon. This is expressed by saying that

the genetic code is degenerate (or redundant) but it is

important to underline that it is not ambiguous because any

codon codes for one and only one amino acid.

It has been pointed out, on the other hand, that the first

genetic code on Earth was necessarily ambiguous, because

at such an early stage nothing could prevent a codon from

coding for two or more amino acids (Fitch and Upper 1987;

Osawa 1995). In that case, a sequence of codons was

translated at times into one protein and at other times into a

different protein, and the apparatus of protein synthesis was

inevitably producing statistical proteins (Woese 1965).

The evolution of the ancestral genetic code was therefore a

process that steadily reduced and finally eliminated the

ambiguity of the coding rules (Barbieri 2015). When that

happened, it became possible to translate genes into

specific proteins and life as we know it—life based on

biological specificity—came into existence.

The origin of a nonambiguous genetic code was a major

turning point in the history of life, because it left behind the

old world of statistical proteins and set in motion the new

world of specific proteins, and yet that major transition was

not enough to create a modern cell. The reason is that the

descendants of the last common ancestor could produce

specific proteins, but without a signal transduction code

they could not produce specific responses to the environ-

ment. They had biological specificity in protein synthesis,

but not in their interactions with the world, and it is for this

reason that they had not yet become modern cells.

A response to the environment, furthermore, required

not only a signal transduction code but also a signal inte-

gration code, because it is the combination of these codes,

collectively referred to as signal processing code, that sets

in motion a response reaction to the world.

This is the code theory of the evolution of the first cells,

the idea that the first living systems with a modern cell

organization came into existence when they acquired a
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signal processing code that allowed them to mount specific

reactions to the signals from the environment.

As in the case of the genetic code, we cannot expect that

the rules of the signal processing code appeared all at once;

and this inevitably implies that that code was initially

ambiguous, and its evolution consisted in a steady reduc-

tion of its ambiguity. The appearance of the first modern

cells, in other words, can be attributed to the appearance of

the first nonambiguous signal processing code, because it is

only this code that gives specificity to the behavior of the

cell.

As the genetic code marked the transition from statis-

tical to specific proteins, the signal processing code marked

the transition from statistical to specific cell behaviors, and

was therefore an equally foundational event in macroevo-

lution. It was the event that allowed the descendants of the

last common ancestor to cross what Woese called the

Darwinian threshold, and give origin to the first modern

cells.

Conclusions

The signal transduction system of prokaryotes has long

been regarded as a two-components system made of a

membrane-bound protein and a soluble cytosolic protein.

Each of these proteins, in turn, consists of two domains: the

membrane-bound protein contains an ‘‘input domain’’ that

receives signals from the environment and a ‘‘phosphory-

lating domain’’ that releases a phosphoryl group when a

signal hits the protein; the cytosolic protein contains a

‘‘receiver domain’’ for the phosphoryl group and a ‘‘re-

sponse domain’’ that sets in motion a specific cell reaction.

In 2005, however, came the discovery that the signal

transduction system of many prokaryotes is a one-compo-

nent system where the input domain and the response

domain are no longer located on two different proteins but

on a single one (Ulrich et al. 2005). In the same paper,

Ulrich and colleagues pointed out that the one-component

systems are probably evolutionary precursors of the two-

components ones:

the modular design of one-component systems is

obviously simpler than that of two-components sys-

tems…. Therefore it is possible that the last common

ancestor of archaea and bacteria (i.e., the last com-

mon ancestor of all modern life forms) did not have

two-component systems, but encoded several one-

component regulators. Two-component systems

appear to be a subsequent bacterial innovation that

emerged as a result of insertion of histidine kinase

domains and receiver domains into one-component

regulators. (Ulrich et al. p. 55)

This is probably the first model that has been proposed

on the evolution of signal transduction, but it must be

pointed out that even a one-component transduction system

could not have sprung fully formed into existence. It must

have been the result of a prior evolutionary process, and we

have therefore the problem of finding out, at least in

principle, how that ancestral evolution took place. This is

the problem addressed by the code theory. The basic goal

of the apparatus of protein synthesis was to produce

specific proteins and was achieved by the evolution of the

genetic code. In a similar way, the basic goal of the signal

transduction system was to allow the cell to mount specific

reactions to the environments and was achieved by the

evolution of signal processing codes.

For a long time it has been assumed that there are only

two types of codes in nature: the genetic code that appeared

at the origin of life, and the cultural codes that arrived

almost four billion years later, but in recent years many

other codes have been discovered (Barbieri 2015). What is

slowly coming to light, in other words, is that many organic

codes exist in living systems and have appeared throughout

the history of life together with the great novelties of

macroevolution.

In this larger framework, the existence of signal trans-

duction and signal integration codes becomes an entirely

natural phenomenon, because codes are no longer

extraordinary exceptions but normal components of life.

The great evolutionary potential of the codes is that they

can bring absolute novelties into existence because they are

not dictated by physical necessity and can establish rela-

tionships that have never existed before in the universe.
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