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ABSTRACT

The standard genetic code (SGC) maps 64 codons to 20 amino acids and three stop codons. The Combinatorial
Fusion Cascade (CFC), introduced in 2020, identified three combinatorial rules that reproduce all 64
codon-amino acid assignments through a cascade of eight initial complementary pairs, four protocodes, and the
SGC. Here we advance the CFC programme on several fronts not made explicit in the original publications. First,
we draw a sharp distinction between the fusion rules — objective structural properties of the standard code table,
readable independently of any historical assumption — and the CFC as a hypothesis about how these rules arose;
the rules are facts, the cascade is one mechanism that could have generated them. Second, we formalize the rules
as deterministic operators on the bases that regenerate all 64 assignments, and we introduce an entropy rank of
codons under which the three cascade stages emerge as nested levels (4 C 16 C 64), making the increase of codon
entropy along the cascade explicit. Third, we give an explicit set of falsifiable predictions, separating those
testable now from those awaiting suitable methods: Mendeleev-like positions for amino acids that entered or left
the code (canavanine as X2; the recently reported archaeal code in which UAG encodes pyrrolysine matching the
predicted occupancy of X1); the presence of aromatic amino acids (Phe, Tyr) from the inception of the code; and
a temporal ordering in which sulfur chemistry was integrated only after the initial complementary pairs were
established (cysteine at the protocode stage, methionine after fusion). Fourth, and most centrally, we propose
that the code arose not in lipid vesicles but in protocode mats — layered RNA-peptide communities on catalytic
mineral surfaces, in which amphiphilic RNA-peptide complexes serve at once as code carriers and as a surface-
associated boundary rather than a closed lipid container. This setting does not require a lipid membrane while
the code itself was forming and yields a falsifiable geochemical roadmap, the temporal order of the cascade
constraining the sequence of environments in which it unfolded.

1. Introduction: Koonin's admission

phylogenetic analysis of aminoacyl-tRNA synthetases (aaRS) shows that
at a stage when translation had already attained high fidelity, the cor-

The standard genetic code (SGC), which maps 64 nucleotide triplets
to 20 canonical amino acids and three stop codons, is arguably the single
central informational invariant of all life on Earth. In a landmark review
marking the fiftieth anniversary of Crick's frozen accident hypothesis,
Koonin evaluated the three major theories of code origin and concluded
that these approaches “have elucidated notable features of the standard
code, such as high robustness to errors, but failed to develop a
compelling explanation for codon assignments" (Koonin, 2017). Koonin
and Novozhilov deepened this assessment, calling the problem “argu-
ably the single central informational invariant of all life forms™ and
admitting: “The trouble is that the problem appears extremely and un-
usually hard” (Koonin and Novozhilov, 2017). They noted that
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respondence between amino acids and codons was determined by RNA
molecules, not by proteins. Importantly, they observed that attempts to
decipher the primordial stereochemical code by comparative analysis of
modern translation system components “are likely to be futile."

Even earlier, Koonin and Novozhilov had characterized the situation
with rare candor: “Despite extensive and, in many cases, elaborate at-
tempts to model code optimization, ingenious theorizing along the lines
of the coevolution theory, and considerable experimentation, very little
definitive progress has been made” (Koonin and Novozhilov, 2009).
They identified a “dreary vicious circle”: functional proteins cannot exist
without a translation system, but the translation system itself requires
functional proteins. Wolf and Koonin called the triplet code “the utmost
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innovation of biological evolution” and emphasized that the coding
principle “is not immediately dictated by any known physics or chem-
istry” (Wolf and Koonin, 2007). Szathmary and Santos noted the irony
that the RNA world hypothesis, within which translation becomes nearly
intractable: “The path out of the RNA world seems to be very hard”
(Szathmary and Santos, 2018). Even a minimal translation system re-
quires approximately 100 genes (Gil et al., 2004).

This article takes Koonin's assessment as its starting point. We
analyze the conceptual framework that sustains the three major hy-
potheses and show that two principal assumptions have left the field
with unresolved problems. We then present the Combinatorial Fusion
Cascade (CFC), whose core consists of three combinatorial fusion rules
that are objective structural properties of the code itself, and propose
that the code arose in living membranes — layered RNA-peptide com-
munities on catalytic mineral surfaces.

The CFC was introduced previously (Nesterov-Mueller and Popov,
2021; Nesterov-Mueller et al., 2021); the present paper sharpens and
extends it on several fronts: the distinction between the rules as repre-
sentation and the CFC as hypothesis; a deterministic formalization of the
three rules as base-level operators that regenerate all 64 codon assign-
ments; a quantitative formalization of the cascade through the entropy
rank of codons, with the three stages emerging as nested rank levels (4 C
16 c 64); an explicit list of falsifiable predictions, separating those
testable now from those awaiting methods; Mendeleev-type predictions
for the open positions X1-X3; the prediction of aromatic amino acids
from inception; the temporal ordering of sulfur chemistry; and the
protocode-mat setting on catalytic mineral surfaces.

2. The dominant paradigm: the genetic code as a later
evolutionary advantage

The prevailing view treats the genetic code as a product of molecular
evolution — something that emerged gradually as a selective advantage
for self-replicating RNA molecules in an RNA world. Within this para-
digm, the code appeared after some form of primitive molecular life
already existed. Replicating RNA molecules, through competition and
natural selection, eventually developed a coding system that allowed
them to produce useful peptides and then proteins, which improved
their fitness.

This assumption dominates textbooks, grant applications, and the
framing of nearly all experimental work on the code's origin. It contains
two distinct sub-schools, which despite their different methodologies
share the same foundational postulate.

2.1. The molecular evolution sub-school

The first sub-school seeks to model how populations of replicating
molecules could evolve a code through selection pressure. Its roots lie in
Eigen's theory of the hypercycle (Eigen, 1971). Higgs showed that a
four-column theory with a primordial code of Gly, Ala, Asp, Glu, and Val
fits well with coevolution predictions (Higgs, 2009). Massey (2016)
proposed error minimization through gene duplication. Hartman and
Smith (2014) proposed the gradual GC — GCA — GCAU expansion,
supported by Kubyshkin and Budisa (2019). The coevolution theory,
proposed by Wong in 1975 (Wong, 1975), is based on the idea that the
code originally consisted of a few precursor amino acids subsequently
replaced by their biosynthetic products. A controversial issue remains
the principle of codon transfer from precursors to products (Di Giulio,
2008).

As noted by Nesterov-Mueller and Popov, “this view is only a hy-
pothesis and cannot be used to negate other approaches”
(Nesterov-Mueller and Popov, 2021). Meanwhile, Woese et al.
concluded that aaRS evolution “certainly influenced the formation of the
modern translation mechanisms, but did not shape the codon assign-
ments” (Woese et al., 2000). Haig and Hurst believed that “the code
could acquire its major features before the evolution of proteins” (Haig
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and Hurst, 1991). These ideas have not received much attention against
the background of rapid genomic developments since 2000. It was first
more important to understand how the genomes and proteomes of the
most archaic microorganisms relate to the genetic code (Weiss et al.,
2018).

2.2. The prebiotic chemistry sub-school

The second sub-school approaches from prebiotic chemistry. Miller's
(1953) experiment demonstrated amino acid synthesis under simulated
early Earth conditions, though the gas composition has been criticized
(Bada, 2013). Despite the lack of proven connections between amino
acid appearance on Earth and code entry, Miller's results are widely used
as evidence for a gradually evolving code (Brooks et al., 2002; Higgs and
Pudritz, 2009). Significant experimental progress includes Ferris's
montmorillonite-catalyzed RNA oligomers (Ferris, 2006), Miiller et al.'s
peptide synthesis on complementary RNA fragments (Miiller et al.,
2022), and Szostak's work on non-enzymatic RNA copying (Radakovic
et al.,, 2024). These are important contributions to chemistry, but as
we argue in Chapter 3, they face fundamental contradictions when
applied to the code origin problem.

2.3. The shared assumption and its consequences

Both sub-schools share the assumption that the code came after
molecular life existed. This forces explanatory work into a framework
where the code must be derived from pre-existing molecular processes,
makes the code's origin contingent on solving prior unsolved problems,
and excludes the possibility that the code's structure contains its own
explanation.

The outstanding work of Vetsigian, Woese, and Goldenfeld gave a
different perspective: “horizontal transfer of genes and perhaps other
complex elements among the evolving entities, a dynamic far more
rampant and pervasive than our current perception of horizontal gene
transfer, is required to bring the evolving translation apparatus, its code,
and by implication the cell itself to their current condition” (Vetsigian
et al., 2006). This insight — that universality points to fusion among
competing entities — is the direct intellectual precursor of the Combi-
natorial Fusion Cascade.

2.4. Recent developments within the old framework

In 2021, the CFC provided for the first time a complete mathematical
description of all 64 codon assignments through three combinatorial
rules (Nesterov-Mueller and Popov, 2021; Nesterov-Mueller et al.,
2021). This raised a new standard: any subsequent theory must ac-
count for the CFC pattern as a structural property of the code. Two
programs that appeared since 2021 illustrate how the field continues to
operate within the old framework: Di Giulio's coevolution theory and
Fontecilla-Camps's stereochemical model.

Di Giulio and the coevolution theory. Between 2023 and 2025, Di
Giulio published nine papers in BioSystems extending the coevolution
theory. His 2024 review argues that the code structure is an imprint of
biosynthetic relationships between amino acids through pretran syn-
thesis (Di Giulio, 2024a). Crucially, Di Giulio acknowledges that the
coevolution theory cannot predict individual codon-amino acid assign-
ments. It predicts only organizational patterns — clustering of biosyn-
thetically related amino acids, precursor-product pairs differing by a
single base — but cannot explain why UUC encodes phenylalanine, why
arginine has six codons, or why there are exactly three stop codons. After
fifty years, the coevolution theory remains a theory of correlations, not
of assignments.

Di Giulio's 2024 paper on code timing (Di Giulio, 2024b) places the
code's origin at the progenote-to-cell transition, claiming it has “nothing
to do with the origin of life.” This late timing deliberately disconnects
the code from prebiotic chemistry entirely — a consistent application of
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the “code as later advantage” assumption.

In 2025, Di Giulio reinterprets the discovery of a 62-sense-codon
variant in methanogenic archaea (Di Giulio, 2025), where all UAG co-
dons encode pyrrolysine (Kivenson et al., 2025), arguing this variant is
ancestral. From the CFC perspective, this is entirely expected: the CFC
predicts that X1 — the amino acid whose removal generated stop codons
UAA and UAG - originally occupied these positions. The CFC explains
the UAG/pyrrolysine connection as a structural property of the cascade;
Di Giulio cannot explain why pyrrolysine occupies specifically UAG and
not any other codon.

Fontecilla-Camps and the 8 A/U primordial code. Fontecilla-Camps
proposed that the initial code consisted of 8 triplet codons composed
entirely of A and U nucleotides, encoding 6 amino acids plus one stop
signal (Fontecilla-Camps, 2023). His assignments are based on
SELEX-measured stereochemical affinities. This makes specific pre-
dictions for 8 out of 64 codons but provides no rules for how the
remaining 56 codons were assigned. The model reduces the problem
from 64 unknowns to 56; it does not solve it. Moreover, as Koonin and
Novozhilov noted (Koonin and Novozhilov, 2017), the strongest SELEX
affinities are found for complex amino acids not available prebiotically,
while Fontecilla-Camps's initial assignments include Phe and
Tyr — among the least readily produced in prebiotic synthesis.

Both programs share three critical limitations. First, neither can
predict the complete set of codon-amino acid assignments: Di Giulio
predicts clustering patterns; Fontecilla-Camps predicts at most 8 out of
64. The CFC generates all 64 from three rules. Second, both rely on the
code-as-later-advantage assumption. Third, neither addresses the CFC
pattern — the invariance of the second codon position, the systematic
wobble-position mutations in dominant entities, the first-position mu-
tations in recessive entities — which any theory must ultimately explain.

Koonin and Novozhilov themselves, while providing the most
penetrating critique of the three classical hypotheses, also proposed
their own framework: partial optimization of a random code through
codon swapping under selective pressure for error minimization (Koonin
and Novozhilov, 2017; Novozhilov et al., 2007). Their model begins
from a random initial assignment and improves it by swapping amino
acids between codon blocks. This presupposes exactly the molecular
chaos starting condition whose impossibility is analyzed in Section 3.6.
Their critique of stereochemistry, coevolution, and error minimization is
therefore correct — but their own proposal remains within the same
paradigm and inherits its central limitation: it cannot explain why spe-
cific codons are assigned to specific amino acids.

A distinct conceptual boundary separates the genetic code expansion
program from the question of the code's origin. Budisa and colleagues
have demonstrated that codon assignments in modern organisms can be
engineered — sense codons can be reassigned to non-canonical amino
acids through orthogonal translation systems (Hoesl and Budisa, 2012;
Luu et al., 2025). These are impressive achievements in synthetic
biology, but they address a different question entirely: how to modify
existing codon assignments in living cells, not how the original assign-
ments arose. The genetic code expansion program presupposes the very
system whose origin is in question. Modifying the code with engineered
aaRS and recoded genomes tells us what the modern translation ma-
chinery can tolerate, not what produced it.

2.5. Summary: the paradigm and its consequences

The dominant paradigm — shared by molecular evolution models,
prebiotic chemistry approaches, and recent theoretical developments
alike — treats the genetic code as a late evolutionary product. This
assumption forces the search for the code's origin into a framework
where prior unsolved problems (origin of replication, origin of catalysis,
origin of compartmentalization, origin of metabolism) must be solved
first. It excludes by construction the possibility that the code's structure
may be the primary datum from which the origin should be recon-
structed. And it has proven unable, after more than fifty years of

BioSystems 266 (2026) 105849

intensive work, to explain why specific amino acids are assigned to
specific codons.

It is precisely this alternative — that the code's structure contains its
own explanation — that we develop in Chapter 4. But first, we must
examine in detail why the conventional approaches have left a specific
question unresolved that appears not to be merely technical — one that
has so far resisted more data, better experiments, or cleverer models
within the existing framework.

3. Unresolved problems of the “code as advantage” framework

Each of the central research directions within the current framework
has produced important scientific results. Ribozyme research has
revealed the catalytic potential of RNA. Protocell research has advanced
our understanding of compartmentalization. Stereochemistry has map-
ped correlations between codons and amino acid properties. Aminoacyl-
tRNA synthetase studies have illuminated the modern translation ma-
chinery. However, each of these programs answers a question that is
distinct from the question of the genetic code: why are specific amino
acids assigned to specific codons? When evaluated against this specific
question, four recurring difficulties emerge, examined in turn below. To
date, none of these approaches — individually or, on the evidence
available, in combination — has reached the actual problem — the
assignment of specific amino acids to specific codons.

3.1. Limits of the ribozyme approach

The RNA world hypothesis requires ribozymes capable of self-
replication (Cech, 2000; Guerrier-Takada et al., 1983). Functional
ribozymes require ~100-200 nucleotides. The most successful artificial
RNA replicases (~200 nt) still cannot replicate sequences of their own
length (Attwater et al., 2013; Horning and Joyce, 2016). The longest
non-enzymatic oligomers on mineral surfaces reach ~40-50 nt (Ferris,
2006) — far below the minimum. RNA undergoes rapid hydrolysis
under conditions required for catalysis: Mg?* at 5-50 mM accelerates
backbone cleavage (Li and Breaker, 1999). Catalytic rates of ribozymes
(10°-107-fold enhancement) are orders of magnitude below protein
enzymes (1010-1017-f01d) (Doudna and Cech, 2002). The longer the
ribozyme, the less probable its formation and the faster its
degradation — a double bind with no escape within the RNA world
framework.

3.2. Limits of the lipid-membrane approach

Protocell research has made significant progress in understanding
self-assembly and compartmentalization of simple vesicles. However,
the question it answers — can lipid membranes form and encapsulate
molecules? — is not the question of the genetic code. Even a perfect
protocell says nothing about why UUC encodes phenylalanine.

Moreover, the protocell program faces its own internal contradic-
tions. Metal ion incompatibility: Mg?*/Mn?*/Fe?* essential for RNA
chemistry destroy fatty acid membranes (Chen and Szostak, 2004;
Monnard and Deamer, 2002). Citrate chelation reduces effective Mg2+
available for RNA chemistry (Adamala and Szostak, 2013). Membranes
are impermeable to nucleotide monomers required for replication inside
vesicle (Mansy et al., 2008). In addition, phospholipids are products of
later biochemistry; archaeal and bacterial lipids differ fundamentally,
suggesting membrane chemistry postdates LUCA (f.apinska et al., 2023).
All of these difficulties are specific to a closed lipid membrane. We
develop an alternative in chapter 4: a catalytic surface acting not as a
container but as the low-entropy starting point for the code-generating
cascade.

3.3. Limits of physicochemical derivation

Stereochemical and physicochemical studies have revealed real and
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important correlations between codon properties and amino acid char-
acteristics. The correlation between the second codon position and
amino acid hydrophobicity (Copley et al., 2005) and the evidence for
error minimization (Haig and Hurst, 1991; Freeland and Hurst, 1998)
are genuine contributions to our understanding of the code's structure.

Wolf and Koonin stated that the triplet code “is not immediately
dictated by any known physics or chemistry” (Wolf and Koonin, 2007).
Studying nucleotide and amino acid properties does not reveal the code.
Modern translation does not involve direct codon-amino-acid recogni-
tion (Koonin and Novozhilov, 2017). The SELEX paradox deepens the
problem: the strongest RNA-amino-acid affinities are found for amino
acids that were scarce or late on the early Earth (Arg, His, Phe, Trp),
while prebiotically abundant amino acids show the weakest signals
(Yarus et al., 2009). We stress that stereochemistry is the one pro-
gramme that explicitly sets out to connect specific codons with specific
amino acids, and the expectation that it should do so is entirely legiti-
mate. Our claim is the narrower, empirical one: on the field's own data, it
has not yet delivered those assignments, because the SELEX paradox
places the strongest measured affinities on amino acids that were scarce
on the early Earth. We therefore do not dismiss stereochemistry; we
identify the specific obstacle that still separates its correlations from the
assignment problem.

3.4. Aminoacyl-tRNA synthetases as products of the code

The discovery of two structurally unrelated aaRS classes (Eriani
et al.,, 1990) and an ancient operational RNA code in the tRNA
acceptor stem (Carter and Wills, 2018) illuminate how translation works
today. We do not reject using the modern code. We reject only deriving
its origin from today's translation machinery. The CFC instead explains
the code from its own structure.

Woese et al. concluded that aaRS evolution “did not shape the codon
assignments” (Woese et al., 2000). Lei and Burton stated: “There is no
known mechanism to generate aaRS proteins until the code has evolved”
(Lei and Burton, 2020). If the code preceded proteins (Haig and Hurst,
1991), then aaRS-based approaches are circular: using products to
explain the origin of the system that produced them. Consistently, the
CFC's dominant/recessive partition does not coincide with the aaRS
class I/1I division (Nesterov-Mueller et al., 2021); the two classifications
are independent.

3.5. How the difficulties interlock

The four experimental difficulties are mutually reinforcing. The
ribozyme impasse weighs against self-replicating RNA as the starting
point; the membrane impasse against lipid compartments; the physico-
chemical derivation impasse against a direct physicochemical explana-
tion; and the aaRS paradox against protein evolution as the mechanism.
To our knowledge, no existing approach has yet yielded the specific
codon-amino-acid assignments, singly or in combination. We do not
claim that no combination of existing views could ever succeed — that
would require a formal analysis we do not provide; we observe only that
none has so far, which motivates exploring a different mechanism.

3.6. The problem of initial conditions

Molecular evolution theories assume a starting point: a random
mixture of monomers from which the code gradually emerged. The
space of possible coding tables is ~10%3 (Novozhilov et al., 2007). The
probability of finding the SGC through random search is physically
impossible. Eigen's threshold paradox (Eigen, 1971; Eigen and Schuster,
1979) deepens the problem: minimal complexity for natural selection
requires prior natural selection. Wolf and Koonin noted: “In order to
attain the minimal complexity required for a biological system to get on
the Darwin-Eigen spiral, a system of a far greater complexity appears to
be required” (Wolf and Koonin, 2007).
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The code and translator must co-emerge: a code without a ribosome
is a table with no reader. Koonin and Novozhilov (2009) called this the
“dreary vicious circle”. Special environments — hydrothermal vents
(Martin and Russell, 2003), tectonic faults (Schreiber et al.,
2012) — describe plausible settings for prebiotic chemistry but cannot
assign UUC to phenylalanine. Crucially, Kudella et al. showed that
templated ligation significantly reduces sequence space (Kudella et al.,
2021), suggesting the prebiotic world may not have been
chaotic — undermining the fundamental premise of molecular evolution
from random initial conditions.

3.7. The prebiotic chemistry disconnect

Prebiotic chemistry has demonstrated that ~10 amino acids form
abiotically (Miller, 1953; Pizzarello and Shock, 2010). The inference
that prebiotically available amino acids entered the code first contains a
categorical gap: demonstrating that a molecule could have existed says
nothing about why it is assigned to a specific codon. The SELEX paradox
(Yarus et al., 2009) shows strongest affinities for complex amino acids
not available prebiotically. Prebiotic nucleotide synthesis pathways do
not resemble biological pathways (Stairs et al., 2018). The Sutherland
group's cyanosulfidic chemistry (Patel et al., 2015) achieves remarkable
selectivity, but it requires hydrogen sulfide as a reductant from the
outset — a condition that may correspond to a later geochemical stage
than the one in which the initial complementary pairs formed. The CFC
independently predicts that sulfur-containing amino acids entered the
code only after the earliest stages (§4.4), suggesting that the chemical
environment of the initial pairs was pre-sulfidic.

Muchowska et al. (2019) showed iron-promoted synthesis of meta-
bolic precursors; Preiner et al. studied ancient metabolic pathways
(Preiner and Asche, 2019). These address which molecules were
available — not why specific molecules are assigned to specific codons.
Wehbi et al. challenged the consensus on amino acid recruitment order,
finding that small size predicts ancient enrichment better than prebiotic
abundance (Wehbi et al., 2024). The correlation between
Miller-experiment yields and code entry order appears weaker than
assumed.

4. Molecular life originates around codon assignments: from
rules to protocode mats

4.1. Combinatorial fusion cascade and the protocode-SGC transition

The CFC (Nesterov-Mueller and Popov, 2021; Nesterov-Mueller
et al., 2021; Nesterov-Mueller, 2025) proceeds in three stages (Fig. 1):
eight initial complementary pairs with monobasic codons (AAA/UUU or
GGG/CCC) — four protocodes (16 codons each) — the SGC (64 codons),
each stage multiplying the number of codons by four (4 — 16 — 64). The
sixteen amino acids carried by the initial pairs match exactly the number
proposed by Copley, Smith and Morowitz for a doublet-codon code
(Copley et al., 2005).

The initial pairs and protocodes are split into dominant and recessive
entities. The terms are borrowed from classical genetics and are purely
operational, with no Mendelian meaning: a dominant entity retains its
original codon/amino-acid assignments after fusion, whereas a recessive
entity acquires new triplets.

The cascade is built entirely at the level of the bases, without
invoking specific amino-acid properties; it is a striking feature that, once
amino acids are placed on this base-level skeleton, the result coincides
with the code table. The construction rests on three principles: compe-
tition of triplets; an increase of triplet entropy that preserves comple-
mentarity at each fusion event; and the wobble principle — the
degeneracy of the code at the third position under substitutions within
the purines (A, G) and within the pyrimidines (C, U).

Fig. 2 shows the fusion cascade without amino acids, so that the
principles of competition and of entropy increase are visible directly. At
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dominant & dominant AU SGC
recessive protocode
AU pairs
Lys AAA
Lys AAA <
Lys AAG
Lys AAA
Asn AAU
Asn AAU <
Asn AAC
Phe UUU
Phe UUU <
Phe UUC
Phe UUU
Leu UUA
Leu UUA <
Leu UUG
stop UAA
X1 UAA <
stop UAG
X1 AAA
Tyr UAU
Tyr UAU <
Tyr UAC
lle AUU
lle AUU <
lle AUC
lle UUU
lle AUA
lle AUA <
Met AUG
dominant & recessive AU SGC
recessive protocode
AU pairs
Glu GAA
Glu AAA <
Glu GAG
Glu AAA
Asp GAU
Asp AAU <
Asp GAC
Leu CUU
Leu UUU <
Leu CUC
Leu UUU
Leu CUA
Leu UUA <
Leu CUG
GIn CAA
Gln UAA <
GlIn CAG
GIn AAA
His CAU
His UAU <
His CAC
Val GUU
Val AUU <
Val GUC
Val UUU
Val GUA
Val AUA <
Val GUG
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dominant & dominant GC SGC
recessive protocode
GC pairs
Gly GGG
Gly GGG <
Gly GGA
Gly GGG
Gly GGC
Gly GGC <
Gly GGU
Pro CCC
Pro CCC <
Pro CCU
Pro CCC
Pro CCG
Pro CCG <
Pro CCA
Arg CGG
Arg CGG <
Arg CGA
Arg GGG
Arg CGC
Arg CGC <
Arg CGU
Ala GCC
Ala GCC <
Ala GCU
Ala CCC
Ala GCG
Ala GCG <
Ala GCA
dominant & recessive GC SGC
recessive protocode
GC pairs
Arg AGG
Arg GGG <
Arg AGA
X2 GGG
Ser AGC
Ser GGC <
Ser AGU
Ser UCC
Ser CCC <
Ser UCU
Ser CCC
Ser UCG
Ser CCG <
Ser UCA
Trp UGG
X3 CGG <
stop UGA
X3 GGG
Cys UGC
Cys CGC <
Cys UGU
Thr ACC
Thr GCC <
Thr ACU
Thr CCC
Thr ACG
Thr GCG <
Thr ACA

Fig. 1. Combinatorial fusion cascade of the canonical amino acids leading to the codon assignments in the SGC. The blue letters indicate the fusion rules for the
dominant and recessive AAA/UUU- and GGG/CCC-pairs to the protocodes. The red letters indicate the fusion rules for dominant and recessive AU- and GC-
protocodes to the SGC. The fusion pattern is identical for all amino acids: the third position changes in the codons of the dominant entities. The first or the first
and the third positions change in the codons of the recessive entities (Nesterov-Mueller and Popov, 2021). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

the competing-pairs stage the triplets are homogeneous and comple-
mentary, and therefore of minimal entropy: minimality is reached both
through complementary pairing between the entities (AAA/UUU, GGG/
CCC) and through the monobasic composition of the codons. At the
protocode stage each entity already contains eight codons, obtained by
raising the entropy — diluting the homogeneous triplets with the

complementary base of the same pair. The fusion of the protocodes into
the SGC then introduces higher-entropy triplets, as codons built from a
single complementary pair are joined by codons carrying bases from the
other protocodes. This qualitative increase of entropy along the cascade
can be made precise by assigning each triplet an entropy rank.

Let B={A, U, G, C} be the alphabet of bases. The bases split into two
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AAA GGG
AAA AAU GGC GGG
uuu AUA 6C6 Cccc
AUU GCC
UAA CGG
e UAU CGC 666
g UUA €6 cee
uuu all 64 codons ccc
from
AAA AUGC GGG
AAA AAU GGC GGG
uuu AR Gea ccc
AUU GCC
UAA CGG
AAA UAU e GGG
uuu UUA cce ccc
uuu ccc
competing competing standard competing competing
pairs protocodes genetic code protocodes pairs

Fig. 2. A simplified, amino-acid-free version of Fig. 1, showing that the CFC operates entirely at the triplet level: competing complementary pairs fuse into competing
protocodes and then into the standard genetic code, with the codon entropy increasing at each fusion step.

complementary pairs, {A, U} and {G, C}; the complementary class K
maps each base to its pair: K(A) = K(U) = {A, U}, K(G) = K(C) ={G, C}.
Let o be the base exchange 6(A) = G, 6(G) = A, 6(C) = U, 6(U) = C, which
sends each base into the opposite complementary class.

For two bases we define a relation cost x(x, y): 0 if x = y (identical); 1
if {x, y} is a complementary pair (A-U, G-C); 2 if the two bases are of the
same ring class but not complementary (the transitions A-G and C-U); 3
otherwise (the transversions A-C and G-U). For a codon ¢ = (by, by, b3)
we take its three positional pairs and define the entropy rank

p(c) = max{ k(bz, ba), (b1, b3), k(bz, b3) }, (@]

the costliest relation present in the codon, together with the cumu-
lative entropy

S(c) = (b1, ba) + x(bs, b3) + «(bz, b3). 2

The three cascade stages are exactly the rank levels { c: p(c) <r }:
p = 0 gives the four homogeneous monobasic codons {AAA, UUU, GGG,
CCC} (the initial pairs); p < 1 gives the sixteen codons whose bases all lie
in a single complementary pair, eight over {A, U} and eight over {G, C}
(the protocodes); p < 3 gives all 64 codons (the SGC). These sets are
strictly nested, {p <0} c{p <1} c{p <3} = B3, i.e. 4 Cc 16 C 64.

The fusion raises the rank monotonically. Because ¢ sends a base into
the opposite complementary class, K (o(b)) # K(b), a protocode codon
(all bases of one class, p < 1) acquires a pair of cost >2 as soon as ¢ acts
on any position, so p jumps to > 2. Fusion can therefore only increase the
rank: ppmax = 0—>1 — 3 along the three stages (equivalently max
S = 0—-2 — 6). The cascade thus runs from homogeneity (rank 0)
through a single complementary pair (rank 1) to all relation types (rank
3), each stage strictly nested in the next.

For example, AAU has pairs A-A, A-U, A-U (x=0,1,1),s0p =1,
S = 2 (protocode); GAA has G-A, G-A, A-A (k=2,2,0),s0p=2,S=4
(SGC); GUA has G-U, G-A, U-A (x =3, 2, 1), s0 p = 3, S = 6 (SGC). The
rank is raised by specific fusion operations, which we now state as three
rules.

The fusion operators X, X3, X135 apply o in the first position, the
third, or both, and never in the second:

21 (bs, bz, b3) = (0(b1), ba, b3), 23 (b1, bz, b3) = (by, bz, 6(b3)),
Z13(by, bz, b3) = (6(by), b2, 6(b3)). 3)

Each fusion operator leaves position 2 unchanged. The system of a
codon is fixed by its second position: an AU-system when K (b2) = {A,
U}, a GC-system when K (bz) = {G, C}. The sixteen protocode codons are
the eight over {A, U} and the eight over {G, C}. Each protocode codon h
is assigned an amino acid; since the same codon appears in both a
dominant and a recessive protocode, it has a dominant assignment ap(h)
and a recessive one ag(h) — for AAA, Lys and Glu, respectively.

The protocode-to-SGC transition obeys three rules, identical for all
amino acids.

Rule 1 (invariance of the second position). No fusion operator
changes b,. This is the most conserved feature of the code.

Rule 2 (dominant fusion). In a dominant entity the exchange ¢ is
applied in the third (wobble) position only (Lei and Burton, 2020;
Koonin and Novozhilov, 2017):

@p(h) = {(h, ap(h)), (Z3(h), ap(M)}. 4

For example, in the dominant AU protocode the pair Lys AAA/Phe
UUU expands to Lys AA (A/G) and Phe UU(U/C); the first and second
positions stay fixed.

Rule 3 (recessive fusion). In a recessive entity the exchange o is
applied in the first position alone, or in the first and third positions
together:

Qr(h) = {(Z1(h), ar(h)), (Z13(h), ar(W))}- )

For example, in the recessive AU protocode Glu AAA/Leu UUU
generates Glu GA (A/G) and Leu CU(U/C); the same exchange appears in
positions 1 and 3, never in position 2. The generated code is

SGC = U (®p(h) U @r(h)) (6)

the union over the sixteen protocode codons h, where U is the stan-
dard set-union operator.
The complementary classes partition all 64 codons into two disjoint
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groups: K (b;) = K (b2) selects the dominant codons, whose first position
agrees with the second, and K (b;) # K (by) selects the recessive codons,
whose first position is crossed with the second. This split follows from
the definition of the classes alone — every codon belongs to exactly one
group, and the dominant and recessive expansions never collide on the
same codon.

The three rules thus constitute a deterministic procedure on an a-
priori lattice: their application reproduces the SGC from the competing
protocodes, and replacing any single assignment destroys the one-to-one
coverage of all 64 codons (producing either collisions or uncovered
codons).

The off-table post-cascade events are given by an explicit list of
reassignments on the completed code: AUG ~ Met, UGG +~ Trp, and
removal of X; (UAA, UAG + stop) and X3 (UGA ~ stop).

The dominant/recessive split can also be formalized through the
primacy of the first two positions: codons that stay within a single
complementary pair (low entropy rank) fall into the dominant domain,
whereas the more entropic codons, carrying cross-class transition pairs,
fall into the recessive one. This observation naturally suggests an initial
two-base code. It would then be necessary to explain the entropy
asymmetry between the entities — dominant protocodes are built from
the bases of one complementary pair (p < 1), whereas recessive codons
carry cross-class transition pairs (p = 2) — as well as the absence of
competition between the codes. Against this background, the CFC pro-
duces the same entropy increase for every entity, achieved through the
competition of codons.
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(a) Even and odd codon numbers. In the SGC, most amino acids have
an even number of codons (2, 4, or 6). This is a direct conse-
quence of the cascade structure: each amino acid in the initial
pairs ideally receives four codons after fusion. The odd numbers
(1 codon for Met, Trp; 3 codons for Ile) arise from specific
events — late entry or removal of amino acids at particular
cascade positions. No other theory explains why even codon
numbers dominate.

(b) Six-codon amino acids. Arg, Leu, and Ser each have six
codons — an anomaly that has puzzled researchers for decades.
Wong's (1975) coevolution theory explained this only ad hoc. In
the CFC, six codons arise naturally: these amino acids received
four codons in their primary protocode and two additional co-
dons from a second protocode through dual transfer during
fusion. This is a necessary consequence of the cascade geometry,
not an adjustment.

(c) Stop codons. The three stop codons (UAA, UAG, UGA) arise from
the removal of amino acids X1 (generating UAA and UAG) and X3
(generating UGA) from the cascade. Pyrrolysine occupying UAG
in archaea (Srinivasan et al., 2002) and selenocysteine occupying
UGA (Donovan and Copeland, 2010) are commonly interpreted
as late evolutionary additions. The CFC offers the opposite
interpretation: X1 and X3 originally occupied these positions in
the cascade, were subsequently lost — generating the stop codons
UAA, UAG, and UGA — and were later reoccupied by the same or
chemically similar amino acids in organisms whose environments
resembled the original protocode conditions.

(d) Temporal order. Trifonov (2000) compiled a consensus temporal
4.2. Explanatory power order of amino acid entry into the code from 40 independent
criteria. The CFC's cascade stages produce an entry order
The CFC explains several features of the standard genetic code that congruent with Trifonov's consensus (Fig. 3). Early amino acids
have resisted explanation within the conventional framework:
(a) — ; . (b) —
Amino acid Dominant Recessive Amino acid
chronology | protocodes protocodes chronology |
Gly
Lys, Phe Glu, Leu Ala
Val
I. Stage of the X1, lle Gin, Val Asp
initial pairs Pro
Gly, Pro X2, Ser Ser
Glu
Arg, Ala X3, Thr Leu
Thr
Arg
Asp Ser (agu/c)
Asn Al /
rg (aga/g)
His
Il. Stage of the :\sn
coexisting Leu (uua/g) Cys ys
protocodes Gin
Arg (aga/g) Leu (uua/g)
Tyr lle
S /i
er (agu/c) Cys
His
Phe
Ill. After-fusion- Met Trp Met
stage
stopcodon stopcodon Tyr, stop
(uaa/g) (uga/g) Trp, stop

Fig. 3. (a) Amino acid chronology of the combinatorial fusion cascade; (b) amino acid chronology according to the consensus temporal order after Trifonov
(Trifonov, 2000). Both the combinatorial fusion cascade and the consensus temporal order indicate a later acquisition of the codons UUA/UUG by the amino acid Leu,
AGA/AGG by Arg, and AGU/AGC by Ser. As a result, each of these amino acids acquired six codons in the SGC. The color denotes the belonging of the amino acid to
the stage of the combinatorial fusional cascade: red — the stage of the initial pairs, blue—the stage of coexisting protocodes, brown — after-fusion-stage
(Nesterov-Mueller and Popov, 2021). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Gly, Ala, Asp, Glu, Val) occupy dominant initial pairs; later
amino acids (Met, Trp) entered post-fusion.

4.3. Unfolded positions: the mendeleev principle

The CFC leaves structural positions for amino acids that entered or
left the code (X1, X2, X3). X2, proposed as canavanine (Emmert et al.,
1998), a guanidinooxy analogue of arginine. Pyrrolysine (Pyl) and
lysine (Lys) are in the same protocode; selenocysteine (Sec) and cysteine
(Cys) are in the same protocode. Preiner et al. noted the same synthesis
pathway for Lys, Pyl, Met, Ile, and Asn (Preiner and Asche, 2019) — all in
the dominant AU protocode. This parallels Mendeleev's periodic table:
empty places with predicted properties.

4.4. The geochemical timing of sulfur in the code

Cys is the first sulfur-containing amino acid in the cascade, entering
only at the protocode stage — not among the initial pairs. This indicates
that sulfur chemistry was unavailable during the earliest stages of the
code and became accessible only after the pre-existing initial pairs were
exposed to sulfur through geological events such as the impact of a
differentiated planetary embryo (Grewal et al., 2019) or late accretion of
chondritic material (Wang and Becker, 2013). Met, the second
sulfur-containing amino acid, entered even
later — post-fusion — confirming that sulfur integration into the code
was a stepwise process following the geochemical enrichment of the
surface environment. Jenne et al. experimentally excluded Met and Trp
from primordial RNA-peptide screening based on this CFC reasoning
(Jenne et al., 2023).

4.5. Living membranes: a prediction of the CFC

By a living membrane we mean a surface-associated organization
whose principal components are the amphiphilic RNA-peptide com-
plexes that also carry proto-informational function — the complemen-
tary pairs and protocodes. The term denotes that the same molecules
provide both information and partial spatial demarcation; it does not
denote a closed lipid envelope or a biological organism. “Living” is used
by analogy with “living polymerization” in chemistry — a self-
maintaining, persistent, organized process — not in a cellular sense.
Crucially, a living membrane is not an impermeable compartment: it
demarcates a community on a catalytic surface without sealing it off,
and therefore does not inherit the difficulties of lipid vesicles discussed
in §3.2.

In independent simulations, Yarus reported that a code can assemble
through the fusion of competing coding entities (Yarus, 2022, 2023,
2024) — the same symbiogenetic mechanism that defines the CFC. His
model also requires a condition we build on here: the competing entities
must persist long enough to fuse. His work thus provides independent
support for the mechanism and for this persistence requirement, while
the mineral-surface setting is inferred from the CFC itself — from the
homogeneity of the seed triplets — and is not part of his model.

Yarus's model makes the persistence requirement quantitatively
precise. In his “crescendo of competent coding” (c%), approximately 1 in
22 fusion environments reaches codes with >20 assignments and <3
differences from the SGC, while approximately 90% of all codes are
annihilated through incompatible fusions — only 9.4% survive in late
environments (Yarus, 2022). The fossil record independently shows that
the most ancient communities were densely layered — “close lamina-
tions, with different organisms densely layered” in 3.43 Ga stromatolites
(Allwood et al., 2006) and “compact bundles of filaments” 3.75-4.28 Ga
in seafloor jasper (Papineau et al., 2022) — a colonial organization that
would favour the association of entities of different origin and compe-
tency, and hence the fusion of their codes that Yarus's model requires.

This persistence requirement has a consequence for the CFC. If the
competing entities — complementary pairs and protocodes — are to
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persist as coherent units rather than disperse, they require protection
from degradation and dilution; surface anchoring with an associated
boundary is a natural way to provide it. We stress that this requirement
is general: it applies to any persistent-RNA scenario, so we treat it as a
necessary condition, not as a derivation specific to the CFC.

The setting itself, likewise, is not new, and it combines two aspects
that have been studied largely apart and not from the standpoint of the
genetic code: (i) RNA on mineral surfaces as catalytic support for RNA
oligomerization (Ferris, 2006; Jerome et al., 2022; Closas et al., 2025) —
a line that is itself contested, since adsorption can also constrain RNA
folding — and (ii) peptide chemistry on complementary RNA strands
(Miiller et al., 2022; cf. Wong, 1991). Neither aspect, on its own, ad-
dresses codon assignments. We adopt both as established results rather
than claim them.

What is specific to the CFC is the link between these two strands,
which we make explicit in three steps, in order of strength.

First, the RNA-peptide communities are the code elements. In the
CFC the initial pairs and protocodes are not abstract tables but the
amphiphilic RNA-peptide complexes themselves — an amino acid
associated with its cognate homo-triplet. The community is therefore
not a container for the code but its physical realization. This is a direct,
defining link, not an analogy.

Second, the homogeneity of the seeds requires a selective surface.
The cascade is seeded by homogeneous monobasic triplets (AAA, UUU,
GGG, CCC). Such sequence — and plausibly chiral — homogeneity is
reached far more readily on a selective catalytic mineral surface than in
bulk solution, which ties the start of the cascade to the mineral setting.

Third, the dependence on the surface decreases along the cascade. In
the entropy-rank formalization (§4.1) the codon rank rises mono-
tonically across the stages (0—1 — 3): the seeds (rank 0) demand
maximal selectivity of the environment, whereas fusion raises the co-
dons' own entropy, so the system becomes progressively self-sustaining
and less dependent on the surface. The cascade is thus simultaneously an
increase in codon entropy and a gradual detachment from the mineral
substrate.

Living membranes are the predicted precursors of bacterial mats —
the oldest known macroscopic biological structures on Earth (stromat-
olites, ~3.5 Ga). The transition from living membranes to bacterial mats
is the transition from prebiotic chemistry to biology. Protocode mats —
communities of competing living membranes on mineral surfaces — are
the environment in which the CFC is proposed to have occurred.

4.6. Protocode mats: from bacterial mat analogy to falsifiable prediction

By a protocode mat we mean a surface-associated community of
competing RNA-peptide complexes (the complementary pairs and pro-
tocodes) on a catalytic mineral surface. The comparison with bacterial
mats is an analogy of organizing principle — chemical stratification and
vertical exchange, with an emergent function no single layer achieves —
not of morphology: we do not imply that protocode mats resembled
stromatolites or formed mineral-layered fossil structures. The interac-
tion between competing protocodes within layered structures can be
understood by analogy with modern bacterial mats. In a bacterial mat,
diverse microbial species form vertically stratified layers, each occu-
pying a distinct chemical niche: phototrophs at the surface, sulfur oxi-
dizers below, sulfate reducers deeper, methanogens at the base. These
layers are not independent — they interact through vertical exchange of
metabolites, forming a functionally integrated community that no single
species could sustain alone. The CFC proposes that protocode mats
operated analogously. A specific physical stratification is one illustrative
possibility only — for example, the more hydrophobic AU-protocodes
facing the aqueous medium and the GC-protocodes nearer the mineral
surface — and is not part of the claim. What the analogy asserts is
functional: distinct protocodes occupying distinct chemical niches with
exchange between them.

In bacterial mats, the community achieves innovations that no single
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species can: nitrogen fixation, sulfur cycling, and complex electron
transport chains emerge from the interaction between layers, not from
individual organisms. Similarly, the CFC predicts that the standard ge-
netic code emerged from the interaction and fusion of protocode
layers — a combinatorial innovation impossible for any single protocode
acting alone. This hypothesis concerns only the pre-cellular stage — the
assembly of the code in surface-associated RNA-peptide communities.
The subsequent transition from such communities to membrane-
bounded cells lies outside its scope and is treated as an open problem
(84.11).

Goldman, Fournier, and Kacar found that every universal paralog
predating LUCA relates to membrane function or protein synthesis —
nothing else (Goldman et al., 2026). Membrane function is as ancient as
the code itself. Moody et al. dated LUCA to ~4.2 Ga with
membrane-bound ATP synthase already present (Moody and
Alvarez-Carretero, 2024). Hegde and Keenan (2024) confirmed that
two membrane protein insertion families trace to LUCA. These findings
are exactly what the CFC predicts: membranes were not added to the
code later as packaging — they were co-emergent with the code as part of
the same generating process.

The following logical chain connects Yarus's computational results to
a specific physicochemical prediction. First, fusion requires stability:
competing codes must persist as coherent entities, and approximately
90% are annihilated (Yarus, 2022). Second, stability requires spatial
organization: free-floating molecules in solution cannot maintain the
persistence needed. Third, the organized layers must be functional code
elements, not incidental mineral coatings — otherwise the
zero-probability problem of Section 4.11 returns through the back door.
Fourth, RNA layers on mineral surfaces require ion compensation: the
phosphodiester backbone carries one negative charge per nucleotide,
which must be neutralized by divalent cations (Mg?*, Ca®", Fe?") or by
positively charged amino acids. This creates natural selection pressure
for the earliest codes to include positively charged amino acids — exactly
as the CFC predicts: both protocodes contain one (Lys in AU, Arg in GC).
Fifth, catalytic mineral surfaces solve the membrane transparency
problem that plagues the conventional protocell program (Section 3.2).
Protocode mats are open to nutrient exchange from the aqueous envi-
ronment while maintaining spatial organization through surface binding
and ionic interactions. The mineral surface itself provides catalytic ac-
tivity for RNA polymerization (Ferris, 2006; Closas et al., 2025; Jerome
et al., 2022). This chain of reasoning converts Yarus's computational
observation into a falsifiable prediction: the genetic code arose in
layered molecular communities on catalytic mineral surfaces where
stability, ion compensation, catalytic activity, and nutrient access were
simultaneously available. The lipid membrane came later, as a product
of the code, not its precondition.

Sulfur chemistry may have been required in the broader prebiotic
environment for basic building blocks (Patel et al., 2015) and for acti-
vation chemistry. How then could the initial complementary pairs have
formed without it? The protocode-mat hypothesis offers a possible res-
olution: sulfur may have been abundant in the surrounding environ-
ment, while the mats themselves — at the stage of the initial pairs —
remained locally protected from it. Cysteine entering at the protocode
stage and methionine after fusion (§4.4) may then mark not the
appearance of sulfur, but the moment when the mats became permeable
to it. The mat may act as any biological membrane — admitting the
chemistry the code requires, excluding what would degrade it.

4.7. Symbiosis as the main mechanism of bioinnovation

The CFC is fundamentally symbiogenetic. This places the origin of
the genetic code within a broader biological principle. Margulis (1970)
demonstrated that mitochondria and chloroplasts originated as endo-
symbionts. Kozo-Polyansky first formulated symbiogenesis as an
evolutionary principle as early as 1924 (Margulis, 2010). In 2024, Coale
et al. discovered the nitroplast, the fourth confirmed primary
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endosymbiosis, demonstrating that symbiogenetic innovation continues
to the present day (Coale et al., 2024).

Vetsigian, Woese, and Goldenfeld showed that horizontal transfer
among competing entities is required for a universal code (Vetsigian
et al., 2006). Woese (2002) described the universal ancestor not as a
single organism but as a diverse community of progenotes. The CFC
represents the extreme form of this principle: complete combinatorial
fusion of competing codes — not gradual optimization of a single line-
age, but merger of distinct coding systems into a unified whole.

4.8. RNA-peptide interactions within protocodes: experimental evidence

The CFC predicts that protocodes were not abstract coding tables but
physically realized RNA-peptide communities. This prediction has
received direct experimental support. Miiller et al. demonstrated pre-
biotically plausible peptide synthesis on short complementary RNA
fragments under mild aqueous conditions (Miiller et al., 2022), estab-
lishing that the RNA/peptide world concept has a concrete chemical
basis. Crucially, their system operates on exactly the kind of short
complementary oligonucleotides that the CFC posits as the molecular
substrate of the initial competing pairs.

Jenne et al. tested this prediction systematically using high-density
peptide arrays containing all combinatorial combinations of amino
acids from the AU- and GC-protocodes (Jenne et al., 2023). The peptide
libraries were incubated with fluorescently labeled 12-mer
homo-oligonucleotides of adenine, uracil, guanine, and cytosine. The
results revealed a striking pattern. In the dominant AU-protocode, the
amino acids phenylalanine and tyrosine — both aromatic — dominated
the strongest RNA-binding signatures. As peptide length increased, the
number of Phe and Tyr residues in the strongest binders increased
correspondingly. In the dominant GC-protocode, proline played an
exceptional role, providing the strongest binding to 12-mer cytosine
RNA, though polyprolines exhausted their binding potential at the 5-mer
level.

These results have three implications for the CFC. First, the strongest
RNA-peptide interactions occur between amino acids and their cognate
homo-oligonucleotides in the dominant protocodes — exactly as pre-
dicted by the protocode partition. Phe and Tyr, encoded in the dominant
AU-protocode by UUU and UAU respectively, bind most strongly to
adenine-rich RNA. Pro, encoded in the dominant GC-protocode by CCC,
binds most strongly to cytosine-rich RNA. Second, the dominance of
aromatic amino acids in RNA binding supports the CFC prediction that
aromatic amino acids were present from the inception of the code, not
late additions as some prebiotic chemistry models suggest.

Radakovic et al. provided additional support from a different direc-
tion, demonstrating that RNA aminoacylation — the charging of RNA
with amino acids — may have preceded its role in peptide synthesis
(Radakovic et al., 2024). This suggests that the earliest function of the
codon-amino acid association was not translation but the formation of
RNA-amino acid complexes with structural and catalytic properties.
Within the CFC framework, this is precisely what the initial competing
pairs represent: amino acids associated with their cognate homo-triplets,
forming amphiphilic complexes before any translation machinery
existed.

4.9. Vertical transitions and their prebiotic chemistry interpretation

A striking feature of the CFC is that the three six-codon amino
acids — Leu, Arg, and Ser — each acquired their additional codons
through vertical transitions within a single protocode family. Leu tran-
sitioned exclusively within the AU system (receiving UUA/UUG from
the recessive AU protocode). Arg and Ser transitioned exclusively within
the GC system (Arg receiving AGA/AGG, Ser receiving AGU/AGC from
the recessive GC protocode). This pattern may have a prebiotic chem-
istry interpretation.

Leu is the most abundant hydrophobic amino acid in modern
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proteomes and has the broadest hydrophobic surface among branched-
chain amino acids. In AU-rich RNA environments (adenine and uracil
layers on mineral surfaces), Leu's hydrophobic character may have
facilitated multiple modes of amphiphilic RNA-peptide interaction,
which could explain why it occupies both dominant and recessive niches
within the AU family. Arg has the strongest RNA-binding affinity of all
amino acids (Yarus et al., 2009) and interacts preferentially with
guanine-rich sequences. Its positive charge compensates the negative
phosphate backbone of GC-rich RNA. Arg's ability to bridge between
different GC-rich structures is consistent with its expansion within the
GC system. Ser is the smallest amino acid with a hydroxyl group, giving
it hydrogen-bonding versatility. In GC-rich environments, Ser may have
served as a flexible structural linker between RNA and peptide compo-
nents. Ser is notably overrepresented in intrinsically disordered protein
regions — suggesting an ancient role as a flexible connector.

The vertical-transition pattern is consistent with a prebiotic chemical
principle: amino acids expand their codon territory within the nucleo-
tide environment to which they are chemically best adapted. This con-
nects to modern prebiotic concepts: Ferris's (2006)
montmorillonite-catalyzed RNA polymerization, Miiller et al.’s peptide
synthesis on complementary RNA (Miiller et al., 2022), and Closas et al.
(2025) clay-induced RNA replication all demonstrate that surface
chemistry is selective, not chaotic.

4.10. A prebiotic chemistry roadmap derived from the CFC

The temporal order of the cascade yields a set of falsifiable pre-
dictions about the chemical environments in which the code was
assembled. We state each as a prediction together with the observation
that would falsify it, and we separate those testable with current
methods from those awaiting suitable techniques. These chemical pre-
dictions are distinct from, and additional to, the quantitative structural
predictions of the CFC discussed above (the deterministic generation of
all 64 codon assignments, the 32/32 dominant-recessive partition, the
six-codon families, and the stop-codon positions), which are already
testable against the code table itself.

Prediction 1 (testable now): aromatic amino acids from inception.
The CFC predicts that the aromatic amino acids Phe and Tyr were pre-
sent at the inception of the code, not late additions. This is already
partially supported: on high-density peptide arrays, the dominant-AU
aromatics show the strongest cognate RNA binding (Jenne et al.,
2023). The prediction would be weighed against by the absence of
early aromatic association in further array and in-vitro selection ex-
periments. Prediction 2 (testable now): sulfur ordering. The CFC predicts
that no sulfur-containing residue was present among the initial com-
plementary pairs — Cys enters only at the protocode stage and Met only
after fusion (Section 4.4). The prediction would be falsified by evidence
that a sulfur-containing residue was in fact part of an initial pair.

Prediction 3 (testable now): occupancy of the open positions X1, X2,
X3. The CFC predicts that the present stop codons originally carried
amino acids and leaves three structural positions (X1 at UAA/UAG, X3 at
UGA, and X2). Each is a falsifiable claim about what early or extant
lineages should reveal; current candidates are discussed below and
remain tentative.

Selenocysteine (Sec) occupies UGA — a stop codon in the standard
code but a predicted open position in the CFC (X3). Sec and Cys are in
the same protocode. The CFC raises the possibility that Sec may have
preceded Cys in early coding and was later displaced as sulfur chemistry
became dominant. Selenium is more reactive than sulfur and forms
selenol groups (pKa ~5.2) that are deprotonated at physiological pH,
making selenocysteine a superior catalytic residue in oxidative envi-
ronments (Hatfield and Gladyshev, 2002).

Pyrrolysine (Pyl) occupies UAG — another stop codon, another CFC
open position (X1). Pyl and Lys are in the same dominant AU protocode.
Pyl is found today only in methanogenic archaea, where it is essential for
methylamine metabolism — a pathway requiring NHs. If early
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metabolism was heavily dependent on ammonia-based chemistry, as
expected in a reducing early atmosphere, pyrrolysine may have been a
critical catalytic amino acid that became dispensable when other ni-
trogen metabolic pathways evolved (Krzycki, 2005; Rother and Krzycki,
2010). The recently reported archaeal code in which all UAG codons
encode pyrrolysine (Kivenson et al., 2025) matches the predicted X1
occupancy of UAG; it is consistent with, but does not by itself prove, the
cascade interpretation.

The CFC predicts X2 as canavanine (Emmert et al., 1998), the gua-
nidinooxy analogue of arginine. In modern legumes, canavanine func-
tions as a major nitrogen storage compound — up to 12% of seed dry
weight (Rosenthal, 1977). Arginyl-tRNA synthetase cannot distinguish
canavanine from arginine, incorporating it directly into proteins. This
easy interchangeability suggests that in early coding, the canavani-
ne/arginine position was flexible, reflecting the central importance of
nitrogen metabolism for emergence of the genetic code. As a falsifiable
statement: the absence of canavanine or another guanidinooxy-arginine
analogue in the translational apparatus of early-branching archaeal or
bacterial lineages would falsify the X2 prediction; its detection would
support it. This is testable now by genomic and biochemical screening.

Prediction (awaiting methods): seeding on surfaces. The CFC predicts
that homogeneous monobasic triplets (AAA, UUU, GGG, CCC) self-
organize into amino-acid-specific complementary pairs on catalytic
mineral surfaces. This is not yet testable with existing experimental
systems; it is stated as an open prediction in the Limitations (Section
4.11).

The transition from RNA to DNA as genetic material likely occurred
after the main cascade. The CFC framework suggests this transition was
possible only after protocode fusion produced a sufficiently complex
coding system to encode the enzymes for deoxyribonucleotide synthesis
(Forterre, 2005). The existence of separate AU- and GC-protocodes may
reflect the chemical reality that ribonucleotides were the original coding
molecules, while deoxyribonucleotides emerged as more stable storage
alternatives — a transition driven by the same stability pressures that
favored layered, persistent protocode mats.

4.11. Solving the zero probability problem

The space of possible coding tables — mappings of 64 codons to 20
amino acids and stop signals — is approximately 1053 (Novozhilov et al.,
2007). The probability of arriving at the SGC through random search of
this space is physically impossible, even given the age of the universe.

The CFC resolves this problem by changing its nature. The code was
generated by a deterministic cascade from eight initial complementary
pairs. The question shifts from “what is the probability of finding this
specific code?” to “what is the probability of initiating the cascade?” The
latter requires only short homogeneous RNA strands (monobasic triplets
like AAA and UUU) on mineral surfaces — a vastly more tractable
problem that falls within the domain of demonstrated prebiotic chem-
istry (Ferris, 2006; Kudella et al., 2021; Jerome et al., 2022).

This shift has a deeper implication. If the code's structure is deter-
mined by the combinatorial cascade from the beginning, then the
probability question as traditionally posed is meaningless.

5. Methodological principle: first the pattern, then the
explanation

Between 1609 and 1619, Kepler discovered three empirical laws of
planetary motion. Newton's gravitational theory, arriving 68 years later,
confirmed that Kepler's pattern pointed to a universal law — but the
pattern had to come first.

In 1869, Mendeleev left empty places for undiscovered elements and
predicted their properties. Gallium (1875), scandium (1879), and
germanium (1886) matched his predictions. The physical explanation
came only with quantum mechanics.

We invoke this parallel solely to illustrate a methodological point —



A. Nesterov-Mueller and D. Schmidt

that a predictive empirical regularity can precede the discovery of its
mechanism — and not as evidence for the CFC. Pattern recognition does
not validate a model; it motivates the search for one.

The Kepler and Mendeleev cases reveal a methodological principle.
Pattern-first discovery succeeds when three conditions are jointly met
(Koonin, 2017): the phenomenon is universal — it applies globally, not
locally (Koonin and Novozhilov, 2017); it crosses existing disciplinary
boundaries, so that no single field can solve it from within; and (Koonin
and Novozhilov, 2009) it concerns a fundamental law.

On these methodological criteria — universality, cross-disciplinary
relevance, and fundamental importance — the genetic code is a natu-
ral candidate for a regularity-first approach. It is universal: the same
code operates in virtually all life on Earth, from archaea to mammals. It
crosses disciplinary boundaries: chemistry, information theory, evolu-
tionary biology, and the philosophy of science all contribute, but none
alone can explain the codon assignments. And it concerns a fundamental
question: arguably the deepest unsolved problem in biology — how in-
formation first entered matter. The absence of a molecular mechanism
for the CFC is historically normal and temporally bounded. Mendeleev's
table waited 56 years for quantum mechanics. The CFC may wait less. A
doctoral student beginning work on the genetic code today has a real-
istic prospect of witnessing, within their career, both the discovery of the
CFC's molecular mechanism and its ultimate consequence: the solution
to the origin of life.

6. Fusion rules as representation, CFC as hypothesis, and open
problems

A critical distinction must be drawn between the fusion rules as
representation and the CFC as hypothesis.

The fusion rules as representation. The three combinatorial rules are
objective structural properties of the existing genetic code, readable
directly from the standard code table without any assumption about
history or mechanism. Rule 1 (second-position invariance), Rule 2
(third-position exchanges in dominant codons), and Rule 3 (first-posi-
tion exchanges in recessive codons) describe the factual pattern of codon
assignments. These rules are a representation — just as the periodic table
describes the factual arrangement of elements. One cannot “go around”
this structure: any future solution to the code's origin, regardless of
molecular mechanism, must reproduce this pattern. These three simple,
uniform rules are sufficient to completely describe all 64 codon—amino
acid assignments. This completeness and simplicity is not self-evident:
one would expect a complex mapping to require complex rules.

The CFC as hypothesis. The peculiarity of the fusion rules — their
simplicity, uniformity, and completeness — generates the CFC hypoth-
esis: competing protocodes actually fused on early Earth through the
cascade. This is an empirical hypothesis — testable, in principle, and
falsifiable. Evidence for or against could come from: (i) discovery or
exclusion of the predicted amino acid X2 (proposed as canavanine
(Emmert et al., 1998)) in primitive organisms; (ii) experimental
demonstration that short homogeneous RNA triplets on mineral surfaces
spontaneously organize into complementary pairs with amino acid
specificity; (iii) the continued confirmation or refutation of CFC pre-
dictions about pyrrolysine, selenocysteine, and temporal order.

Open problems and limitations. First, the molecular mechanism that
produced the cascade is unknown. What physical process caused
dominant entities to retain their codons while recessive entities acquired
new ones? These questions remain open. Second, the living membrane
concept (§4.5) has not been experimentally demonstrated. No laboratory
experiment has yet produced self-organizing RNA-peptide layers on
mineral surfaces that exhibit protocode-like behavior — selective amino
acid—codon association, competition between complementary commu-
nities, or fusion of competing codes. Third, the CFC does not explain why
exactly these 20 amino acids — and not others from the much larger pool
of prebiotically available non-canonical amino acids — were selected,
nor does it address the homochirality problem: why exclusively L-amino
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acids are used in the code. Fourth, the initial conditions of the cascade —
the formation of eight complementary pairs with monobasic triplets on
mineral surfaces — remain hypothetical. Although Kudella et al. (2021)
showed that templated ligation reduces sequence space, and Himbert
et al. (2016) demonstrated self-assembly of pure nucleotide strands on
montmorillonite clay, no experiment has yet generated the specific
starting configuration. The selection of 20 specific L-amino acids and the
initial conditions of the cascade may therefore not be independent
problems but consequences of a single, as yet undiscovered, catalytic
mechanism.

Fifth, the predicted amino acid X2 (canavanine) has not been found
in any primitive organism's translational apparatus. Until canavanine or
another guanidinooxy analogue of arginine is identified in an archaeal
or early-branching bacterial lineage, this prediction remains untested.

Finally, the mechanism by which surface-associated RNA-peptide
communities gave rise to membrane-bounded cells is not addressed here
and remains open.

7. Conclusions

The origin of the standard genetic code has resisted explanation for
over sixty years. We have argued that the lack of progress is due to the
underlying assumptions of the dominant framework, not insufficient
effort. The belief that the code developed as a later advantage for rep-
licators has led to structural impasses: ribozymes that degrade faster
than they can be replicated non-enzymatically (§3.1), lipid membranes
that are destroyed by the metal ions required for RNA chemistry and
block the diffusion of substrates across their boundary (§3.2), a code that
cannot be derived from physical properties (§3.3), and aaRS that are
products of the code, not its architects (§3.4). The molecular chaos
starting condition faces ~10% possible codes with no navigation
mechanism (§3.6). Prebiotic chemistry explains which amino acids and
nucleotides could have existed on early Earth, but not why UUC encodes
phenylalanine and not valine (§3.7).

The CFC offers a way out. Its core consists of three combinatorial
fusion rules — objective structural properties readable directly from the
code table. Their remarkable simplicity and completeness call for
explanation and generate the CFC hypothesis: the code arose through
combinatorial fusion of competing protocodes. Unlike frameworks that
reproduce only organizational patterns (the coevolution theory) or a
fraction of the assignments (at most 8 of 64 in the A/U stereochemical
model), the CFC reproduces the full 64-codon table, the 32/32 domi-
nant-recessive partition, and the six-codon families (Leu, Arg, Ser) as
exact, quantitative consequences of three rules, given the protocode
seeding. It further explains the even/odd codon numbers and the stop-
codon positions and leaves Mendeleev-like open positions (Ch. 4). The
CFC is fundamentally symbiogenetic: the code arose not through gradual
optimization of a single lineage but through combinatorial fusion of
competing codes — placing the origin of biological information within
the same principle that later produced mitochondria, chloroplasts, and
the nitroplast (§4.7). The acceleration of code evolution by fusion is an
independent computational result of Yarus (§4.5, §4.6), separate from
the combinatorial and entropic formalization developed here. The CFC
predicts that the code arose in layered RNA-peptide communities on
catalytic mineral surfaces, where the code and its physical boundary are
one and the same structure, so that a lipid membrane is not required at
the coding stage (§4.5, §4.6). Membrane proteins are among the oldest
molecular systems, supporting the protocode mat and living membrane
hypothesis (§4.5, §4.6).

The methodological principle of Chapter 5 places the CFC in his-
torical context: Mendeleev's table, Kepler's laws — in every case where
the phenomenon was universal, cross-disciplinary, and fundamental, the
pattern came first, the explanation followed decades later.
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