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a  b  s  t  r  a  c  t

Various  independent  discoveries  have  shown  that  many  organic  codes  exist  in  living systems,  and  this
implies  that  they  came  into  being  during  the  history  of  life  and  contributed  to that  history.  The  genetic
code  appeared  in  a  population  of primitive  systems  that  has  been  referred  to as the  common  ancestor,
and  it  has  been  proposed  that  three  distinct  signal  processing  codes  gave  origin  to the  three  primary
kingdoms  of  Archaea,  Bacteria  and  Eukarya.  After the  genetic  code  and  the  signal  processing  codes,  on
the  other  hand,  only  the  ancestors  of  the  eukaryotes  continued  to  explore  the  coding  space  and  gave
origin  to  splicing  codes,  histone  code,  tubulin  code,  compartment  codes  and  many  others.  A first  theo-
retical  consequence  of  this  historical  fact is  the idea  that  the  Eukarya  became  increasingly  more  complex
because  they  maintained  the  potential  to bring  new  organic  codes  into  existence.  A  second  theoretical
consequence  comes  from  the  fact  that  the  evolution  of the  individual  rules  of a  code  can  take  an  extremely
long  time,  but  the  origin  of  a  new  organic  code  corresponds  to the  appearance  of  a complete  set of  rules  and
from a  geological  point  of  view  this  amounts  to  a sudden  event.  The  great  discontinuities  of the  history
of  life,  in  other  words,  can be explained  as the  result  of the  appearance  of  new  codes.  A  third  theoretical

consequence  comes  from  the  fact  that  the  organic  codes  have  been  highly  conserved  in  evolution,  which
shows  that  they  are  the great  invariants  of  life, the sole  entities  that  have  gone intact  through  billions  of
years  while  everything  else  has  changed.  This  tells  us  that the  organic  codes  are  fundamental  components
of life  and their  study  – the  new  research  field  of  Code  Biology  – is  destined  to become  an  increasingly
relevant part  of  the  life  sciences.

©  2017  Elsevier  B.V.  All  rights  reserved.
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. The ontological problem

The International Society of Code Biology was established in 2012
nd in its constitution it is written that “Code Biology is the study
f all codes of life, from the genetic code to the codes of culture, with
he standard methods of science”  (Barbieri, 2014). Code Biology is
herefore a well-defined field of scientific research and like many
ther fields is made of two  complementary parts, one experimental
nd one theoretical.

The experimental part is due to the fact that various inde-
endent discoveries in the recent past have shown that many
rganic codes exist in living systems in addition to the genetic
ode (Barbieri, 2003, 2015a). The theoretical part comes from the
act that these discoveries give new answers to some of the great
roblems of biology, in particular to the problems of biological
omplexity, of cell organization and of the causes of macroevolu-
ion.

Before discussing these problems, however, we must address a
reliminary one. We  must face the ontological problem of the reality
f the organic codes: are they real codes? Do they actually exist in
iving systems? It is a fact that the genetic code has been universally
ccepted into Modern Biology, but let us not be naive about this:
hat has been accepted is the name of the genetic code, not its

ntological reality.
More precisely, the genetic code has been accepted under the

ssumption that its rules were determined by chemistry and do not
ave the arbitrariness that is essential in any real code. The theo-
etical premise of this assumption is the belief that there cannot
e arbitrary rules in Nature, and this inevitably implies that the
enetic code is a metaphorical entity, not a real code. This idea has

 long history and let us not forget that for many decades it has
een the dominant view in molecular biology.

The very first model of the genetic code was the Stereochemical
heory,  an idea proposed by George Gamow in 1954 (Gamow, 1954)
nd later re-proposed by many other authors, which states that
he relationships between codons and amino acids, were the result
f stereochemical affinities. The second canonical model was  the
oevolution Theory proposed by Wong (1975, 1981), according to
hich the genetic code coevolved with the biochemical pathways

hat introduced new amino acids in protein synthesis. Both theories
mply that the rules of the genetic code are chemically determined
nd no arbitrariness exists in them.

It has taken a long time and much experimental work to over-
urn this conclusion, but eventually it has been shown that there
s no deterministic link between codons and amino acids because
ny codon can be associated with any amino acid (Schimmel, 1987;
ou and Schimmel, 1988; Budisa, 2004; Hartman et al., 2007; Ling
t al., 2015; Acevedo-Rocha and Budisa, 2016). This means that the
ules of the genetic code do not descend from chemical necessity
nd in this sense they are arbitrary.

Today, in other words, we have the experimental evidence
hat the genetic code is a real code, a code that is compatible
ith the laws of physics and chemistry but is not dictated by

hem. Our problem, therefore, is to take stock of this reality and
o account for it. How do we explain the existence of arbitrary
ules in Nature? How could arbitrary rules evolve on the primitive
arth?

. The first genetic code

The ribosomal RNAs are among the most conserved molecules

n evolution and have the ability to form peptide bonds (Nitta et al.,
998), which means that they appeared very early on the primi-
ive Earth and could stick amino acids together into peptides and
olypeptides.
 164 (2018) 1–10

The transfer-RNAs too have been highly conserved in evolution,
and their function is to carry amino acids to the ribosomal RNAs,
which means that they too became involved very early in pro-
tein synthesis. A primitive apparatus, on the other hand, required
also a third type of RNAs. When the amino acids are delivered to
the site of synthesis, it is necessary that they are kept at a close
distance for a long enough time to allow the formation of a pep-
tide bond (Wolf and Koonin, 2007; Fox, 2010). This means that the
transfer-RNAs must have temporary anchoring sites, and in primi-
tive systems these were provided by anchoring RNAs, the ancestors
of the modern messenger-RNAs (Osawa, 1995).

We  do not know how the three types of RNAs came into being,
but it is a historical fact that they did because they exist in every
cell and this implies that they were present in the common ances-
tor of all living creatures. It is a historical fact, in other words, that
the common ancestor had a primitive apparatus of protein syn-
thesis where the transfer-RNAs were delivering amino acids to the
ribosomal-RNAs in the order provided by the codons of the anchor-
ing RNAs. This apparatus was  automatically creating a mapping
between codons and amino acids, and any such mapping is, by
definition, a genetic code.

This is how the first genetic code appeared on Earth. It came
into being when primitive ribosomal-RNAs, primitive transfer-
RNAs and primitive anchoring-RNAs came together in the common
ancestor and formed the first apparatus of protein synthesis. But
what kind of proteins were manufactured by that apparatus? Here
is a problem where the answer is strongly dependent on theory.

According to the stereochemical theory and to the coevolution
theory, the evolution of the genetic code consisted primarily in the
introduction of new amino acids in protein synthesis, under the
assumption that by chemical necessity every codon was  translated
into one and only one amino acid. This amount to saying that no
ambiguity ever existed in the genetic code and all proteins manu-
factured in the common ancestor were specific proteins.

The opposite is true if one accepts that the rules of the genetic
code were arbitrary. In this case, there were no necessary rela-
tionships between codons and amino acids and the apparatus of
protein synthesis could not produce specific proteins. In 1965, Carl
Woese made a vivid reconstruction of the situation in the common
ancestor: “ the translation mechanism was a far more rudimentary
thing than at present, in particular far more prone to make translation
errors.  . . We  shall assume that errors in translation were extreme, to
such an extent that the probability of translating correctly any given
messenger-RNA was essentially zero. From this concept of error-ridden
translation in the primitive cell it follows that the proteins produced
by any given gene will have to be statistical proteins.” (Woese, 1965,
pp. 1548–1549).

From this premise Woese proposed an “error-minimization the-
ory”  according to which “. . . the evolution of the genetic code starts
with a primitive cell possessing random, ambiguous codon assign-
ments, and a very error-ridden translation process, and it was the
‘necessity’ of minimizing the effects of translation errors that led to the
highly ordered code that we observe today.” (Woese 1965, p.1550).

Different versions of the error-minimization theory have been
proposed after that, and the overall result, summarized in 2009 by
Koonin and Novozhilov, is that there are three major groups of theo-
ries on the evolution of the genetic code: the stereochemical theory,
the coevolution theory and the error-minimization theory (Koonin
and Novozhilov, 2009). In reality, however, a fourth possibility does
exist.

3. Evolution of an ambiguous code
A genetic code is ambiguous if a codon is translated into two  or
more amino acids, and it has been pointed out that the first genetic
codes that appeared on Earth were necessarily ambiguous (Fitch
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nd Upper, 1987; Osawa, 1995). This means that a sequence of
odons was translated some time into a protein and some other
ime into a different protein, and the ancestral apparatus of protein
ynthesis was inevitably producing statistical proteins.

It must be underlined that the production of statistical proteins
y code ambiguity is substantially different from the production of
tatistical proteins by translation errors. In the first case, the system
s intrinsically unable to produce specific proteins, whereas in the
econd case the system can produce specific proteins but these are
urned into statistical proteins by the translation errors.

The common ancestor, in other words, contained two different
ypes of statistical proteins: those produced by code ambiguity and
hose produced by translation errors. This implies that the evolu-
ion of the genetic code took place by two distinct mechanisms, one
hat reduced code ambiguity and one that minimized the effects of
ranslation errors. For a long time, the evolution of the genetic code
y ambiguity-reduction has only been an abstract possibility, but
ecently one mechanism (the ribosome-oriented model)  has been
roposed (Barbieri, 2015b).

The idea that the first genetic code was ambiguous implies that
ll proteins of the common ancestor were statistical proteins, and
his immediately raises a problem: how could the primitive ribo-
omes work with statistical proteins? It has been shown that the
ey functions in protein synthesis are performed by the RNAs, not
y proteins, and this suggests that ribosomes do not necessarily
eed specific ribosomal proteins.

There are also other clues that point in that direction: (1) the
ibosomal proteins in bacteria have a smaller molecular weight
han in eukaryotes, and this means that their molecular weight is
ot a critical factor; (2) the ribosomal proteins in bacteria are fewer
hat those in eukaryotes, and this means that their number is not

 critical factor; (3) the ribosomal proteins can differ from species
o species, and this means that their composition is not a critical
actor.

The ribosomal proteins, in short, can have different molecu-
ar weights, different numbers and different compositions, and yet
hey all give origin to fully operational ribosomes. This means that
heir functions do not require specific proteins, but only molecules
hat collectively belong to a family. In particular, it means that the
ibosomal proteins of the common ancestor could well have been
amilies of statistical proteins. There was however one condition
hat had to be met.

The ribosomes are formed by self-assembly from their compo-
ents, and their evolution requires that they are re-assembled in
very generation with characteristics that are similar to those of
he previous generation. In the ancestral systems this was  possi-
le only if the statistical differences that existed in each family of
ibosomal proteins were not cancelled out by the ambiguity of the
enetic code and could reappear in every new generation.

The ambiguity of the code, in other words, was  the limiting
actor that determined how many families of statistical ribosomal
roteins could reappear in the descendants. Which means that only
y lowering the ambiguity of the genetic code it was possible to

ncrease the number of ribosomal proteins, to diversify their func-
ions and to improve their performance in ribosome self-assembly.

It will be noticed that the evolution of the ribosomal proteins
as not about this or that protein or this or that protein function.

t was involving all ribosomal proteins and all ribosomal functions
t the same time. The rules of the genetic code were arbitrary in
he sense that anyone of them could have been different because
hat counted were not their individual features but their collective

elationships. It was the evolution of a systems as a whole, an evo-

ution that went on until the ambiguity of the genetic code was
ompletely removed and biological specificity in protein synthesis
ame into existence.
 164 (2018) 1–10 3

4. The modern genetic code

In the modern apparatus of protein synthesis the 20 canon-
ical amino acids are carried by 20 aminoacyl-tRNA-synthetases,
each of which attaches one amino acid to one or more tRNAs. The
synthetases are specific proteins that can be produced only by an
apparatus that already has a genetic code, and this gives us a clas-
sic chicken-and-egg paradox: how could the synthetases be brought
into existence if their production required an apparatus of protein
synthesis in which they were already present?

A possible solution is that the modern apparatus of protein syn-
thesis was preceded by an ancient apparatus where the amino acids
were carried not by protein-synthetases but by RNAs (Maizels and
Weiner, 1987). The modern genetic code, in other words, was pre-
ceded by an ancient genetic code based on RNA-synthetases that
were later replaced by proteins.

Such a replacement, on the other hand, was bound to have major
consequences. Proteins are substantially different from RNAs, and
replacing the RNA synthetases with protein synthetases was bound
to modify the rules of the ancient genetic code. But do we  have any
evidence that such change actually took place?

The idea that the rules of the ancient genetic code were repeat-
edly modified has received a strong support from a variety of
computer studies which have shown that the modern genetic code
performs better than most of its many potential alternatives (Haig
and Hurst, 1991; Freeland and Hurst, 1998; Bollenbach et al., 2007).
The very fact that the genetic code went through an optimization
phase implies that its first rules did change and this means that the
ancient genetic code was effectively replaced by the modern one.

The optimization of the genetic code has often been described as
a novel evolutionary mechanism, but in reality it is only a different
way of describing an error-minimization mechanism. According to
Carl Woese, for example, the evolution of the genetic code was
driven by the need to minimize the translation errors (Woese, 1965;
Woese et al., 1966), and this is equivalent to saying that it was
driven by the need to optimize the results of translation. According
to Gilis et al. (2001) the modern code was optimized in respect to
the stabilization of protein structure, and this is equivalent to say-
ing that its evolution tended to minimize the deleterious effects of
unstable protein structures.

The evidence that we  have, in conclusion, suggests that there
have been two distinct evolutions of the genetic code: one that
reduced the ambiguity of the first genetic codes and one that
improved the efficiency of the translation apparatus until the point
was reached when the accuracy of protein synthesis became so high
as to be virtually error-free.

We have no direct evidence of those two  evolutions, but it
is worth considering the idea that both of them were ribosome-
oriented: the idea that the evolution of the ancient genetic code
went hand in hand with the evolution of the ribosomal proteins,
whereas the evolution of the modern genetic code went hand in
hand with the introduction of modern synthetases in the apparatus
of protein synthesis (Barbieri, 2015b).

5. From the common ancestor to the first cells

The phylogenetic trees reconstructed from molecular data have
shown that all living creatures belong to three primary kingdoms,
or domains, that are referred to as Archaea, Bacteria and Eukaya,
and the first cells that appeared on Earth were the first representa-
tives of these kingdoms (Woese and Fox, 1977; Woese et al., 1990;
Woese, 2000). The three types of cell share a few universal features

that they received from the common ancestor, but most of their
characteristics are unique to each kingdom, which means that they
evolved independently in the descendants of the common ancestor.
The cells of the three kingdoms, in particular, have three distinct
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ypes of cell membrane, and this gives us a major evolutionary
roblem.

The cell membrane is the site where molecules are transported
o and from the environment (molecular transport), and where
nergy is obtained from outside sources and converted into inter-
al forms (energy transduction). These two processes – the exchange
f matter and the access to energy – are so fundamental that we
an hardly imagine a common ancestor without them, and yet
he phylogenetic data tell us in no uncertain terms that ances-
ral membrane was not conserved and the descendants of the
ommon ancestor evolved independently three different types of
embranes.
In order to deal with this problem, let us underline that the

ell membrane is also the site of signal transduction, the process
hat transforms the signals from the environment (first messengers)
nto internal signals (second messengers). First and second messen-
ers belong to two independent worlds and laboratory experiments
ave shown that the same first messenger can activate different
econd messengers and that different first messengers can activate
he same second messenger (Alberts et al., 2007) which means that
here are no necessary connections between them.

The membrane receptors that implement signal transduction,
urthermore, are molecular adaptors that create links between
rst and second messengers just as the transfer-RNAs create

inks between codons and amino acids. In signal transduction, in
hort, we find all the essential components of a code: (a) two
ndependents worlds of molecules (first messengers and second

essengers), (b) a set of adaptors that create a mapping between
hem, and (c) the proof that the mapping is arbitrary because its
ules can be changed in many different ways. All of this amounts to
aying that signal transduction is based on signal transduction codes
Barbieri, 2003), but what was the role of these codes in evolution?

It is a historical fact that the origin of the genetic code was  a
ajor turning point and yet it was not enough to create a modern

ell. The reason is that the descendants of the common ances-
or could produce specific proteins but not specific responses to
he environment because they had not yet evolved a modern sig-
al transduction system. They had biological specificity in protein
ynthesis, but not in their interactions with the world.

This allows us to formulate a hypothesis on the role of the signal
ransduction codes in evolution. As the genetic code was instru-

ental to the transition from statistical to specific proteins, the
ignal transduction codes were instrumental to the transition from
tatistical to specific cell behaviours, and it is precisely the appear-
nce of specific cell characteristics that we associate with the origin
f the first modern cells (Barbieri, 2016). It is an experimental fact,
urthermore, that Archaea, Bacteria and Eucarya have three dif-
erent types of membranes and three distinct signalling systems
Harold, 2014). This suggests that the descendants of the last com-

on ancestor evolved along independent lines and gave origin to
hree distinct types of cells by combining the universal genetic code
ith three distinct signal-transduction codes.

. A multitude of organic codes

In addition to the genetic code it has been found that many
ther organic codes exist in living systems. Among them, the
etabolic code (Tomkins, 1975), the sequence codes (Trifonov, 1989,

996, 1999), the histone code (Strahl and Allis, 2000; Turner, 2000,
002, 2007; Kühn and Hofmeyr, 2014), the sugar code (Gabius,
000, 2009), the splicing codes (Barbieri, 2003; Fu, 2004; Buratti

t al., 2006; Wang and Cooper, 2007; Wang and Burge, 2008; Solis
t al., 2008; Cooper et al., 2009; Tazi et al., 2009), the compart-
ent codes (Barbieri, 2003), the cytoskeleton code (Barbieri, 2003;
imona, 2008), the tubulin code (Verhey and Gaertig, 2007; Janke,
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2014; Raunser and Gatsoiannis, 2015; Barisic and Maiato, 2016;
Chakraborti et al., 2016), the nuclear signalling code (Maraldi, 2008),
the injective organic codes (De Beule et al., 2011; De Beule, 2014),
the molecular codes (Görlich et al., 2011; Görlich and Dittrich, 2013),
the ubiquitin code (Komander and Rape, 2012) and the glycomic code
(Buckeridge and De Souza, 2014).

It must be underlined that the discovery of the genetic code has
been facilitated by two  particularly favourable features. More pre-
cisely, by the fact that (1) the adaptors are single molecules (the
tRNAs) and (2) the components of the code form a closed set (64
codons and 20 amino acids). In many other organic codes, instead,
the situation is more complicated because the adaptors can be com-
binations of molecules (combinatorial codes), and the domain (or
alphabet) of the codes can be open and potentially unlimited. Let us
illustrate the concept of combinatorial codes with two  examples.

[1] In the case of splicing, the existence of a code is suggested by
the fact that the splicing machines, known as spliceosomes, are huge
molecular structures like ribosomes, and that splicing employs
small molecules, called small nuclear RNAs (snRNA), that are com-
parable to transfer-RNAs. What actually proves the existence of
spicing codes is that the snRNAs are real adaptors because they per-
form two independent recognition processes, one for the beginning
and the other for the end of the spliced pieces.

It turned out however that there are two  major complications
in splicing in respect to protein synthesis. One is the fact that the
order in which the exons are joined together can be shuffled in
various ways, an operation, called alternative splicing, that allows
the cell to obtain a whole family of proteins from the same gene. The
other complication is 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;
Barash et al., 2010; Dhir et al., 2010). 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.

[2] Another outstanding example of combinatorial code is the
histone code, due to the discovery that the histone modifications do
not act individually and their final result is due to a combination
of histone marks rather than a single one. This led David Allis and
Bryan Turner to propose that the histone marks operate in combi-
natorial groups, like letters that are put together into the words of
a molecular ‘language’ that was referred to as histone code (Strahl
and Allis, 2000; Turner, 2000, 2002, 2007; Berger, 2007).

7. Two  opposite types of evolution

The reconstruction of the molecular tree of life was obtained
at first by studying the differences that exist between individ-
ual molecules in different species (Zuckerkandl and Pauling, 1965;
Woese and Fox, 1977), but a much more powerful approach became
possible by comparing the differences that exist between entire
genomes (Koonin, 2003; Snel et al., 2005; Simonson et al., 2005;
Jun et al., 2010).

One of the most important results of this extended technology
was the discovery that all modern eukaryotes belong to 5 or 6 major

groups that radiated from a common ancestor (Baldauf, 2003; Adl
et al., 2005; Keeling et al., 2005; Koonin, 2012). This tells us that
there have been two major events in the evolution of the cells. The
first was  the appearance of a population of primitive systems that
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volved the genetic code and has become known as the Last Uni-
ersal Common Ancestor (LUCA); the other was the appearance of
he Last Eukaryotic Common Ancestor (LECA) the population from
hich all modern eukaryotic organisms have descended.

The universal ancestor appeared around 3.5 billion years ago,
hereas the eukaryotic ancestor came into being roughly 2 billion

ears later, about 1.5 billion years ago (Harold, 2014). The crucial
oint is that throughout that period the evolution of the cells took
lace in two completely different way.

The fossil record has revealed the presence of fossilized bacteria
n Precambrian rocks, and has shown that the stromatolites built
y cyanobacteria two and three billion years ago are virtually iden-
ical to those built by their modern descendants (Barghoorn and
yler, 1965; Knoll, 2003). The bacteria, in other words, appeared
ery early in the history of life and have conserved their complex-
ty (in terms of size, shape and number of components) ever since.
his point has been beautifully illustrated by Nick Lane: “. . . the
acteria and archaea have barely changed in 4 billion years of evolu-
ion. There have been massive environmental upheavals in that time.
he rise of oxygen in the air and oceans transformed environmental
pportunities, but the bacteria remained unchanged. Glaciations on

 global scale (snowball earths) must have pushed ecosystems to the
rink of collapse, yet bacteria remained unchanged. . ..Nothing is more
onservative than a bacterium” (Lane, 2015, p. 158).

The eukaryotes, instead, did the very opposite. They repeatedly
ncreased the complexity of their cells and eventually broke the
ellular barrier and gave origin to plants and animals, to nervous
ystems and mind, in short to all living creatures that we see around
s. This gives us one of the major problems in evolution: why  have
he prokaryotes not increased their complexity throughout the his-
ory of life while the eukaryotes have become increasingly more
omplex?

An unexpected solution to this problem has come from the dis-
overy that the eukaryotes evolved many more organic codes than
rokaryotes. The common ancestor gave origin to the genetic code
nd transmitted to its descendants not only the ability to conserve
his code, but also the potential to evolve the new codes that we
nd in Archaea, Bacteria and Eukarya.

The key point is that the organic codes are key components of the
reat apparatuses of the cell (the translation apparatus, the signal
ransduction system, the splicing apparatus, the cytoskeleton, the
istone system and the subcellular compartments), and this exper-

mental fact does suggest a solution to the problem of complexity.
t suggests that the prokaryotes did not increase their complexity
ecause they did not evolve new organic codes whereas the eukary-
tes became increasingly more complex because they maintained
he potential to bring new organic codes into being. But how did
hat happen?

. Complexity and streamlining

In prokaryotes there are only a few organic codes whereas many
ore are found in eukaryotes, and this does have implications. It

uggests that at a very early stage of evolution the prokaryotes
ost the potential to evolve new organic codes and only the ances-
ors of the eukaryotes (the cells that Carl Woese called urkaryotes)

aintained that potential. A natural explanation of this difference
s suggested by the fact that the prokaryotes became increasingly
ommitted to fast replication and adopted a drastic streamlining
trategy in order to achieve that goal. Let us illustrate this point
ith two examples.
In bacteria, the transcription of the genes is immediately fol-
owed by their translation into proteins, but such a fast link is not a
rimitive feature and could hardly have been present in the com-
on  ancestor when the genetic code was still evolving. A direct
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coupling between transcription and translation required the abo-
lition of all intermediate steps and could be achieved only by the
descendants of the common ancestor that adopted a streamlining
strategy. The other descendants maintained a physical separation
between transcription and translation and this allowed them to
gradually introduce in between the operations of splicing. The
prokaryotes, in other words, could not evolve a splicing code simply
because they had abolished the separation between transcription
and translation that is the very precondition of splicing.

As a second example let us consider the histone code. The
ancestral DNAs were negatively charged molecules that inevitably
attracted positively charged ones, but in order to maximize the
replication rate it was necessary to remove any interposition of
material between genes and signalling molecules, and this is why
the streamlining strategy produced genes with no protein wrap-
ping around them. The ancestral systems that did not follow that
strategy, on the other hand, continued to carry genes surrounded by
positively charged molecules and eventually some of these evolved
into histones. The potential to evolve the histone code, in other
words, survived only in the descendants of the common ancestor
that did not adopt the streamlining strategy of the bacteria.

We have in this way a solution to the problem of complexity:
the cells that adopted a streamlining strategy lost the potential to
evolve new organic codes and have conserved the same complexity
ever since; the cells that did not adopt a streamlining strategy main-
tained the potential to evolve new organic codes and gave origin to
increasingly complex systems (Barbieri, 2017).

The existence of many organic codes, in conclusion, tells us that
they appeared throughout the history of life and that each of them
added a new level of complexity to the evolving cells. The com-
plexity of the cell, in other words, is due not only to the number of
its components, but also (and perhaps primarily) to the number of
rules that exist between its components, i.e., to the number of its
organic codes.

9. Codes in multicellular systems

The evolution of life took place exclusively in single cells for
about three billion years, but eventually some eukaryotes gave
origin to multicellular creatures and again we  find that new lev-
els of complexity were associated with new organic codes. Among
them: the Hox code (Paul Hunt et al., 1991; Kessel and Gruss, 1991),
the adhesive code (Redies and Takeichi, 1996; Shapiro and Colman,
1999), the transcriptional codes (Jessell, 2000; Marquard and Pfaff,
2001; Ruiz i Altaba et al., 2003; Flames et al., 2007), the apoptosis
code (Basañez and Hardwick, 2008; Füllgrabe et al., 2010), the bio-
electric code (Tseng and Levin, 2013; Levin, 2014) and the acoustic
codes (Farina and Pieretti, 2014).

With the origin of the nervous systems, a new type of entities
came into being; entities such as action potentials and neuron firings
at the cellular level, and entities such as instincts and feelings at the
organism level. In addition to organic evolution, based on organic
molecules, what came into being was  neural evolution, based on
neural states. The difference between them comes from the fact that
organic molecules are space-objects, in the sense that their prop-
erties come from their three-dimensional organization in space,
whereas neural states are time-objects in the sense that they arise
from sequences of neuron firings in time.

The animal sense organs transform external signals into neural
impulses, and are comparable to the signal transduction receptors
of the cell that transform first messengers into second messengers.

In both cases there is no necessary connection between external
and internal signals and the transductions take place according to
coding rules. It has been discovered, for example, a neural code for
the transmission of mechanical stimuli (Nicolelis and Ribeiro, 2006;
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icolelis, 2011), a neural code for taste in the gustatory system (Di
orenzo, 2000; Hallock and Di Lorenzo, 2006), an odor receptor code
n the olfactory system (Dudai, 1999; Ray et al., 2006), a synaptic
ode for cell-to-cell communication (Hart et al., 1995; Szabo and
oltesz, 2015), and a space code in the hippocampus (O’Keefe and
urgess, 1996, 2005; Hafting et al., 2005; Brandon and Hasselmo,
009; Papoutsi et al., 2009). It may  be worth recalling that John
’Keefe, May-Britt Moser and Edvard Moser won the Nobel Prize

or Medicine in 2014 precisely for the discovery that the cells of
he hippocampus use the rules of a unique space code to build an
nternal map  of the environment.

In the intermediate brain, in other words, the processing of
eural signals takes place according to rules that are the neural
quivalent of the signal transduction and the signal integration
odes of the cell.

In addition to the organic world and to the neural world, fur-
hermore, a third world of objects came into being. A world made
f bows and arrows, of tables and chairs, of houses and cathedrals,
f books and computers, of ships and space stations. It is our famil-
ar world of culture, and in this case we know that it is based on
odes because that is how we made it. The Morse code, the high-
ay code, the articles of law, the rules of chess, the theorems of
athematics, the fairy tales and the value of money are all human

onventions that are based on arbitrary rules and make up much of
he universe in which we live.

There are, in conclusion, three types of objects in life – organic,
eural and cultural objects – and they were the result of distinct
ypes of evolution. For a long time it has been thought that codes
xist only in the human world, but now we realize that they have
een present at all levels in life, from the molecular level of the
enetic code to the higher levels of the neural codes and of the
odes of culture.

0. The definition of code

A code has been defined as “a mapping between the objects of two
ndependent worlds that is implemented by the objects of a third world
alled adaptors” (Barbieri, 2003).

The genetic code, for example, is a mapping between codons
nd amino acids that is implemented by transfer-RNAs; a
ignal-transduction code is a mapping between first and second
essengers that is implemented by molecular receptors; the Morse

ode is a mapping between the letters of the alphabet and groups of
ots-and-dashes that is implemented by neural circuits according
o a set of learned rules.

We  have in this way a clear definition of code, but it must
e underlined that it is by no means the only one and that
ther definitions have been adopted. In communication engineer-
ng, in particular, the transmission of messages is submitted to
nti-noise operations, known as source codes, channel codes and
rror-correcting codes, whose purpose is to spot the errors that
nevitably take place in real situations. One of these codes, for exam-
le, is the rule that every letter is repeated three times; in this way,
he word abc is replaced by aaabbbccc and this allows the machine
o recognize (and correct) a variety of errors. The loss of a letter, for
xample, would transform a triplet (aaa) into a duplet (aa) whereas
he change of a letter would transform a uniform triplet (aaa) into

 non-uniform one (xaa, axa, or aax).
The key point is that the engineering codes transform a lin-

ar sequence (abc) into another linear sequence (aaabbbccc) that
elongs to the same alphabet world, whereas the genetic code, for
xample, transforms a linear sequence of nucleotides into a linear

equence of amino acids that belong to a different alphabet world.
he result is that the genetic code and the other organic codes
equire adaptors to create bridges between two worlds, whereas
o such adaptors are required in the engineering codes.
 164 (2018) 1–10

The actual situation, however, is more complicated than that,
because codes-without-adaptors have been reported in biology too.
In the 1980s and 90s, Edward Trifonov proposed that the genome
carries several codes simultaneously, in addition to the classic
genetic code, and gave them the collective name of sequence codes
(Trifonov, 1989, 1996, 1999). This conclusion is based on Trifonov’s
definition that “a code is any pattern in a sequence which corre-
sponds to one or another specific biological function” (Trifonov, 1996,
p. 424). As in the case of the engineering codes, the sequence codes
transform sequences into other sequence that belong to the same
alphabet world, and no adaptors are required.

In addition to the codes described by Trifonov, furthermore,
various other sequence codes have been brought to light. Among
them, the transcription regulatory codes (Stergachis et al., 2013;
Weatheritt and Babu, 2013), the translation regulation codes
(Kindler et al., 2005), the operon codes (Salgado et al., 2000;
Blumenthal, 2004), the riboswitch codes (Nudler and Mironov,
2004; Vitreschak et al., 2004; Tucker and Breaker, 2005) and the
histidine kinase code (Bilwes et al., 1999).

We must acknowledge, in other words, that codes can be defined
in different ways, and we should not be surprised by this because
the same has happened to other fundamental concepts in science.

The concept of information, for example, in biology has been
defined as the linear order of nucleotides in a gene, whereas in
engineering it has been defined as the probability of extracting a
sequence from a pool of sequences and is expressed by the entropy-
like formula introduced by Claude Shannon (1948). In reality, there
is no contradiction between these two  definitions of information
because they represent two distinct aspects of reality, and the same
is probably true for the different definitions of code.

What is essential in any code is the arbitrariness of its rules, and
we may  well acknowledge that there are arbitrary rules of corre-
spondence between objects that belong to the same world as well
as between objects that belong to two different worlds.

11. The concept of artifact-making

The defining feature of any code is its arbitrariness, the fact that
its rules are not determined by the laws of physics and chem-
istry. But how can arbitrary rules exist in the molecular world?
How could they have come into being? The Stereochemical the-
ory, as we  have seen, claimed that the genetic code is ultimately
a metaphor because its rules were determined by chemistry. Gün-
ther Wächtershäuser expressed this concept in no uncertain terms:
“. . .If  we could ever trace the historic process backwards far enough
in time, we would wind up with an origin of life in purely chemical
processes” (Wächtershäuser 1997, p. 483).

This conclusion is based on the idea that all natural processes
can be described in terms of physical quantities such as space, time,
mass, energy, etc. . .,  but in reality this is strictly true only in pro-
cesses that occur spontaneously, whereas genes and proteins are
not produced by spontaneous operations in living systems. They are
produced by molecular machines that physically stick their sub-
units together and are therefore manufactured molecules,  molecular
artefacts. This in turn means that all biological structures are man-
ufactured, not spontaneous, and therefore that the whole of life is
artefact-making (Barbieri, 2006).

Spontaneous genes and spontaneous proteins did appear on the
primitive Earth but did not evolve into the first cells because they
did not have biological specificity.  They gave origin instead to molec-
ular machines and it was  these machines and their products that

evolved into the first cells.

The simplest molecular machines that appeared spontaneously
on the primitive Earth were molecules that could stick other
molecules together, first at random (bondmakers) and then in
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he order provided by a template (copymakers). These molecules
tarted manufacturing polymers such as polypeptides, polynu-
leotides and polysaccharides, and had the potential to produce
hem indefinitely thus increasing dramatically their presence in the
orld.

Biochemistry has long argued that all organic reactions are cat-
lyzed processes, but molecular biology has discovered that genes
nd proteins require not only catalysts but also templates. The cata-
ysts join the subunits together, and the templates provide the order
n which the subunits are assembled. This is precisely the character-
stic that divides spontaneous molecules from manufactured ones.
n spontaneous molecules the order of the components comes from
ithin the molecules, from internal factors, whereas in genes and
roteins it comes from without, from external templates.

The description of biological processes, on the other hand, does
ot require only space, time, mass, energy, etc., because sequences
nd coding rules are absolutely essential to that purpose. We  sim-
ly cannot describe the transmission of genes or the synthesis of
roteins without their sequences, and we cannot replace these
equences with anything else, which means that using sequences
nd coding rules to describe living systems is perfectly equivalent
o using space, time, mass and energy to describe physical systems
Barbieri, 2015a). Sequences and coding rules, in other words, are
rue observables, like the quantities of physics and chemistry, and
re a sine qua non to the scientific study of life.

What is particularly important, to our purposes, is that the con-
ept of artefact-making explains how it is possible that life evolved
rom inanimate matter and yet it is fundamentally different from
t. Life evolved from inanimate matter because it was chemical
volution that gave origin to the first molecular machines; life is
undamentally different from inanimate matter because the molec-
lar machines gave origin to the new world of molecular artefacts.
he divide between matter and life is real because matter is made
f spontaneous objects whereas life is made of manufactured objects.

2. The concept of codepoiesis

Modern biology describes the cell as an autopoietic system, a
ystem that fabricates itself (Maturana and Varela, 1980; Hofmeyr,
007). The concept of autopoiesis, or self-fabrication, describes the
bility of living systems to produce their own components and
ventually to produce copies of themselves. It must be underlined,
owever, that this is not always what takes place in life. Before the
rigin of the genetic code, for example, specific proteins could not
xist, and the ancestral systems were producing descendants that
ere inevitably different from themselves. They were not autopoi-

tic systems. Autopoiesis, in other words, did not exist before the
rst cells, so it was not the mechanism that gave origin to them.

Before the genetic code, the ribonucleoprotein apparatus of the
ommon ancestor was engaged in the process of evolving coding
ules and was therefore a code exploring system.  After the origin
f the genetic code, on the other hand, the situation completely
hanged. No other modification in the coding rules was accepted
nd the apparatus became a code conservation system.  Another part
f the system, however, maintained the potential to evolve other
odes and behaved as a new code exploring system.  In the ancestors
f the eukaryotes, for example, the cells had a code conservation part
or the genetic code, but also a code exploring part for the splicing
odes and for the histone code.

This tells us something important about life. The origin of the
rst cells was based on the ability of the ancestral systems to gen-

rate the rules of the genetic code, and the subsequent evolution of
he cells was based on two complementary processes: one was  the
eneration of new organic codes and the other was the conservation
f the existing ones. Taken together, these two  processes are the
 164 (2018) 1–10 7

two sides of a biological phenomenon that has been referred to as
codepoiesis (Barbieri, 2012).

In modern biology, the conservation of the genetic code is
explained by saying that any code is a set of ‘constraints’ (Crick,
1968), an idea suggested by the distinction that exists in physics
between the laws and constraints.  All planets, for example, are
formed according to the universal laws of physics, and yet they
are all different because their individual features were determined
by the local constraints that affected their historical development.

The conclusion that the genetic code is a set of constraints is for-
mally correct because it consists in a small number of rules selected
from a large number of possibilities and represents therefore a lim-
itation of the potentialities. It must be underlined, however, that
the rules of the genetic code are biological constraints, not physi-
cal ones. They are biologically generated rules and in no way can be
assimilated to physical constraints. This is because the genes of the
genetic code are constantly subject, like all other genes, to mutation
and neutral drift. They are in a continuous state of flux and the fact
that they have been highly conserved in evolution means that there
is a biological mechanism that actively and continuously restores
their original structure. The conservation of the genetic code, in
other words, is not the passive result of physical constraints that
somehow ‘freeze’ it. It can only be the result of an active biological
mechanism that is continuously at work, the mechanism that has
been referred to as codepoiesis.

The ancestral systems that gave origin to the first cells were not
autopoietic systems but they had to be codepoietic systems, and
this tells us that the deep logic of life is codepoiesis, not autopoiesis.

13. The concept of cell organization

The greatest generalization of biology is the cell theory, the idea
that cells always derive from preexisting cells, and this means that
the information of the genes can only be expressed in the context
provided by a cell. What must be transmitted from one generation
to the next, in other words, is not only the genes but also the cellular
context, or cell organization, that allows their expression (Harold,
2014).

Unfortunately, the concept of cell organization has been
extremely elusive and no general agreement has yet been reached.
It has been pointed out that the cell membrane must have a key
role because it has the remarkable property that it is never con-
structed de novo. Membranes are always grown from pre-existing
membranes, and this has led to the concept of membrane heredity,
the idea that membranes are passed down from one generation to
the next in an uninterrupted chain of descent (Blobel, 1980; Sapp,
1987; Cavalier-Smith, 2000; Harold, 2005).

Many supramolecular structures of the cell are produced by self-
assembly from their components, but two  of them are produced by
growth from pre-existing structures. Chromosomes are produced
from pre-existing chromosomes and membranes from pre-existing
membranes, and they carry two very different types of information:
chromosomes transmit genetic instructions, whereas membranes
transmit architectural order. This makes it likely that membranes
play a role in the transmission of organization, but they seem to
account only for some aspects of it, not for the for the whole of cell
organization.

A new approach to this problem has come from the discovery
that the genetic code has been highly conserved in evolution. The
long term conservation of the organic codes implies that they are
transmitted from one generation to the next more faithfully than

all other cell components, and this means that the highest priority of
a cell is to transmit its codes intact to the next generation; everything
else is not so strictly conserved and can change within much wider
limits.
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Cell organization, on the other hand, is associated with a pattern
f relationships that is faithfully transmitted to the descendants,
nd this amounts to saying that the organization of a cell is primar-
ly due to the network of its organic codes. There may  well be other
omponents that contribute to cell organization, but the role of the
rganic codes is bound to be crucial because it is the codes that cre-
te a long lasting network of relationships between the molecules
f the cell.

We  may  even be tempted to consider a new model of the cell that
akes into account only the components that are highly conserved
n evolution, and which can be expressed in this way: “the cell is

 codepoietic system, i.e., a system that is capable of generating and
onserving its own codes” (Barbieri, 2015a).

4. A biology with codes

The existence of many organic codes in life is first and fore-
ost an experimental fact – let us never forget this – but also more

han that. It is one of those facts that have extraordinary theoretical
onsequences.

The first is the idea that the organic codes give us a new solu-
ion to the problem of complexity. More precisely, the fact that
he eukaryotes have many more organic codes than prokaryotes
uggests that they became more complex precisely because they
volved more organic codes. Which is equivalent to saying that the
omplexity of a cell is primarily due to the network of its organic
odes.

The second theoretical consequence is an entirely new view of
acroevolution. A code creates arbitrary relationships and in so

oing it brings absolute novelties into existence because it gives ori-
in to objects that did not exist before in the universe. Statistical
roteins, for example, could appear spontaneously on the primi-
ive Earth and elsewhere, but specific proteins came into being only
fter the origin of the genetic code. More than that. The evolution
f the individual rules of a code can take an extremely long time,
ut the origin of a new organic code corresponds to the appearance
f a complete set of rules and from a geological point of view that
mounts to a sudden event. The great discontinuities of the history
f life, in other words, can be explained as the result of the appear-
nce of new organic codes, i.e., of new absolute novelties in the
iving world.

The third theoretical consequence is the place that the organic
odes have in life. It may  be argued, for example, that genetic code
s only one component of the apparatus of protein synthesis, and
t is the evolution of this whole apparatus that counts, not the
volution of a small part of it. Let us take a look therefore at the
volution of that larger apparatus. What we actually see is that
he apparatus of protein synthesis evolved in many different ways
n different lineages; the ribosomes, for example, have average

olecular weights of 2 millions in prokaryotes and 4 millions in
ukaryotes, and their actual molecular weights change from species
o species; the eukaryotes have many more ribosomal proteins and

uch heavier ribosomal RNAs than prokaryotes, and many details
f protein synthesis change even between Archaea and Bacteria.

What comes out, in the end, is that the only thing that all appa-
atuses of protein synthesis have in common is the genetic code,
nd this tells us something important. It tells us that the rest of the
pparatus could change in countless different ways, but not its code.
t tells us that the rules of the organic codes are the great invari-
nts of life, the sole entities that have been conserved for billions
f years while everything else has been changed.

The organic codes, in conclusion, are not just another novelty

hat must be added to the countless other characteristics of liv-
ng systems. They are the most conserved components of life, and
heir study – the new research field of Code Biology – is destined
o become an increasingly relevant part of the life sciences.
 164 (2018) 1–10
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