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Abstract

It is shown that on the one hand, the track of energy evolution for open systems with conservation links possesses a

few pairs of outstanding bifurcation points only, which forms the finite phase structure of energy evolution. On the other

hand, for cells, the same process of energy evolution can be described by a limited number of major interchangeable

mechanisms of energy metabolism. On this basis, we develop a novel approach for the origin of a numerical skeleton

for genetic code (GC). It is revealed that, in course of energy evolution, an original 6-phase structure can be reduced to

a 4-phase one. Alternatively, we observe that energy evolution for cells can be also presented as the random

coexistence of three interchangeable metabolism pathways - glycolysis, photosynthesis, and oxidative metabolism. It

assumes the existence of the dual essence of the same process of energy evolution. Then, a mathematically correct

way to describe energy evolution is to combine two different characteristics of evolution through a combinatorial

approach. From a combinatorics standpoint, we have a classic problem for variation of 4 “balls” over 3 “bins| which

yields 64 possible scenarios for codon arrangement. Similarly, the number of necessary amino acids at ignorance of

the order parameter is 20. As a result, the suggested approach intuitively combines a few chief known principles of

natural evolution into one consistent way – (a) mathematical foundation for the spectral structure of system energy

evolution; (b) existence of different but compatible mechanisms of energy metabolism in cells; (c) forming of

the numerical structure of GC with the magic numbers 3, 4, 20, and 64.
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1. Introduction

 

1.1. Generals

 

Though it is well known that the processes of natural evolution possess some identified and construed common

features[1], a commonly accepted physical and mathematical theory for biological development still is not built[2].
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Meantime, the scientific community generally agrees on the existence of the observable consecutive steps in the

transformation of non-animated things to real life. The two biggest and most accepted steps are abiogenesis and

biogenesis. Chronologically, the first step (abiogenesis) basically deals with the chemistry transformations. The second

one (biogenesis) incorporates the time interval when the Darwin-Wallace mechanism of life’s expansion has become the

main driving force for changes[3]. The presence of other undoubtedly visible steps is under regular scientific review[4]. In

some connection, the hypothetical existence of the more or less demarcated points in the evolution process might be

related to the well-known practical example of evolutionary stepping which is a phenomenon of a genetic code (GC) that

surprisingly works in the continuous struggle with the intrinsic noise while accurately and efficiently translates discrete

inheritance information[5]. 

It is well-agreed that an essence of GC is to instruct the cell on how to build DNA. Then, it is logical to believe that GC was

created and naturally integrated into the primordial environment prior to DNA arrival. In this sense, the structure of GC has

a direct connection to the physical laws that ruled on the Earth since the beginning[6]. The opposite viewpoints, mainly,

the associate appearance of GC with the coming of the building material for its working, i.e., the amino acids[7], for

example, the theory of a “frozen accident”[8]. In any case, there are serious arguments to state that the mechanism for

forming the original GC has started as early as in abiogenesis and becomes fully operational in biogenesis[6].

These days, there is a consensus within the scientific community that in its structure, the alphabet of GC consists of

4 letters (nucleotides) adenine, cytosine, guanine, and thymine[9]. These letters are randomly united in the not

overlapping[10] triplets (codons) with a total number of 64 possible codon combinations forming the vocabulary of GC

which manages the assembly of proteins from 20 necessary amino acids[11]. Currently, there are three main theories

dealing with the origin and evolution of GC. These theories are (1) the error minimization theory considering natural

adjustment as a tool for evaluation of impact in mutation and translation; (2) the stereochemical theory based on

physicochemical affinity between amino acids and anticodons; and (3) the coevolution theory which states that the code

structure coevolved together with biosynthesis of amino acid[7]. Despite substantial contribution, the above theories do not

provide sufficient arguments in favour of the existing numerical basis of GC as 3, 4, 20, 64 [12].

So, the major purpose of this report is to review the energy (physical) and mathematical grounds which by working

together could favour the known numerical structure of GC. We find that such grounds can create an energy carcass for

further biochemical layers which enrich the energy foundation with a variety of features inherent to actual life.

Should be noted that doing this presentation, we will refrain from any comments on the biochemical factors which may or

may not convey the discovered energy transformations. 

 

1.2. Energy evolution of open system

 

From the said above, it looks reasonable to consider GC as an integral part of the general long-term evolution of

nature, then the sought driving force of GC evolution could be based on the as ubiquitous and permanent elements of

Earth's environment through the entire natural history as possible.

One of the most general environmental relations we typically deal with is an energy conservation law. Its differential form

is also known as an energy continuity equation (ECE) that in the non-relativistic approximation can be written as

Qeios, CC-BY 4.0   ·   Article, September 6, 2022

Qeios ID: PMOT1F   ·   https://doi.org/10.32388/PMOT1F 2/14



 

∂ε
∂t + ∇ ⋅ J = 0 (1.a)

 

where J is the flux of energy, ε is the energy volume density, t is time, and ∇ is the Nabla operator.

Then, a suitable mathematical model (1.b) for energy evolution of an open entity is an infinite system of energy links (1.a)

in the assumption of permanent energy exchange with the thermal bath of unlimited capacity[13]. 

Note, that the discussed approach is based on an abstraction of the conserved energy link (CEL), which incorporates all

energy exchange scenarios including those in which change in the system state is projected onto an energy axis no

matter what sort of exchange process or combination of processes it deals with.

So, based on the above, system (1.b) is

 

∂ε1
∂t + ∇ ⋅ J1 = 0

∂ε2
∂t + ∇ ⋅ J2 = 0

...
∂εn
∂t + ∇ ⋅ Jn = 0

...

(1.b)

 

with solution

 

ϒ(y) = y − ylny (2)

 

where ϒ is the average efficiency of total bidirectional energy exchange between the system and the environment shown

in Fig. 1, y = J/J0 is the rate of energy exchange, normalization constant J0 > 0, n → ∞ [13].

As ϒ(y) is bounded in the range [0, e], it features the discrete spectrum

 

yn = exp[ ±

1
n ] (3)

 

where e is the base of the natural logarithm.

Further, a uniform probability distribution (UPD) will be used for all involved random quantities.

{
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More detail of the presented model can be found in [4][13][14][15][16].

 

2. Physical grounds of GC origin

 

2.1. Nonuniform bifurcation in spectral nodes

 

The same result (3) can be found using the apparatus of theoretical mechanics. Then, the discrete nodes (3) can be

additionally considered as the points of bifurcation (PoB) for the process of energy exchange (1.b) that separate

qualitatively different areas of the solution.

Further analysis confirmed that the nodes with n ≤ 3 clearly demonstrate bifurcation behaviour [4][14]. However, the nodes

with n > 3 do not reveal similar properties to a sufficient extent. At the very least, if the bifurcation behavior for n > 3 does

exist, it looks degenerate compared with the nodes at n ≤ 3 [4]. Therefore, we have to acknowledge the different roles of

nodes (3). 

So, below we will be ignoring individual contributions to the bifurcation performance for the nodes with n > 3, however,

keep chance for their collective contribution, which, in this case, will be limited by the two middle phases of energy

evolution only (see P3 and P4 in Fig. 1). 

Consequently, the structure of energy evolution is essentially defined by the 3 pairs (in respect of y = 1) of PoB (3) only

that together with the stationary point (SP) at y = 1 compose appropriate interpoint phases Pi as the areas of unlikely

energy conditions, here i = 1, 2…6 (Fig. 1).

From [4], based on the used assumption of UPD, the design ratio

 

ϑ(n) =

pev
pnev =

|ln y|
1 − |ln y| =

1
n − 1 ,  n ≠ 1 (4)

 

where pev deals with the probability of evolutionary scenario while pnev with the probability of non-evolutionary scenario (in

terms of [17]).

To compare physical conditions in the discovered phases of energy evolution Pi, look at Table 1 below. This table was

created based on (2,4) and a simple calculation of the sign for ν = dϒ/dy.

 

Physical essence of phases

Table 1. Unique physical conditions in

the phases of energy evolution. 
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Phase # ν ϑ ζ

Phase 1

 
Positive

1 < ϑ < ∞ pev > pnev

Phase 2 0.5 < ϑ < 1 pnev > pev

Phase 3
0 < ϑ < 0.5 pev = 0

Phase 4

 
Negative

Phase 5 0.5 < ϑ < 1 pnev > pev

Phase 6 1 < ϑ < ∞ pev > pnev

Sign of ν, as well as the value of ratios ϑ and ζ, is shown.

 

We see that the combination of physical conditions determined by the factors ν, ϑ, ζ is unique in each phase Pi.

It is worth noting here that the trailing phases P4, P5, and P6 fit the stage of reverse energy development when dϒ/dy < 0

 as well as circumnavigation of instant energy efficiency δϒ changes to the opposite[15].

Note that within the presented theory, exchange energy En at arbitrary spectral node n is the product yn ⋅ ϒn. It follows

from the physical meaning of y and ϒ as highlighted in the introduction. Then, in the k-базисе, there is a fundamental ratio

between the first three energy harmonics

 

E1 =

1
2E2E3 (5.a)

 

which also can be given as geometric mean

 

E1 =

1
2E1E2E3

1
3

(5.b)

 

where

 

kn = 1 ±

1
n

 

Highlight that relation of type (5.a,b) is valid for n = 1,2,3 only.

So, we come to the conclusion that the harmonics with n = 1,2,3 play a special role in energy evolution for certain. 

Further reasoning will be applied to an arbitrary evolving cell (EC) which is assumed to be the simplest possible open

system capable to evolve under the above conditions[18][19].

 

( )
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Fig. 1. Discrete spectrum of ϒ in energy evolution.

 

In the plot, by an abscissa axis, an energy exchange rate y is indicated while by the ordinate axis an average efficiency of

energy exchange ϒ. Nodes ϒn are shown by vertical segments (rightmost harmonic ϒ is zero). The PoB is marked by the

bigger black dots while the points with degenerate bifurcation by the smaller ones. In total, it composes 6 phases Pi.

Stages of biogenesis and abiogenesis are also shown.

 

2.2. Energyaffinity in pair phase – chemical

 

The declared phase structure of energy evolution assumes that the energy conditions in each phase are unlikely. Then,

while in different phases, EC experiences dissimilar energy impact. Hence, to be effective in each phase, EC has to adapt

to altered energy conditions [20] and reorganize its energy exchange pattern (EEPi). Then, due to the known effect of

thermodynamic (energy) affinity[21], each particular phase should obtain dissimilar support in the form of the used

chemical compound, call it Zi. 

So, the residence of EC in different phases should be accompanied by the activation of the distinct chemical support

through the link Pi ↔ EEPi ↔ Zi.

 

2.3. Coupling of mechanisms for cell energy metabolism

 

Look at the process of energy evolution under the angle of mechanisms for cell energy metabolism (MCEM) in terms of

energy efficiency and concisely highlight the well-established facts.

It is known that all cells use adenosine 5′-triphosphate (ATP) as the source of metabolic energy to support their energy

activity. In time, EC developed three major ATP-related MCEM which are glycolysis (GL), photosynthesis (PH), and

oxidative metabolism (OM)[22] that altogether work across the energy stage of biogenesis as shown in Fig. 2.

These mechanisms are different in terms of efficiency for the bidirectional energy exchange. It is known that the net

energy gain of GL is equivalent to two molecules of ATP while OM is capable to yield up to 15-16-fold improvement of

that. The energy efficiency of PH comes from its ubiquity and independence from consumption of the existing organics

which accounting for its oxygenic form can put PH in an intermediate position between GL and OM [22][23][24][25].
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On the other hand, all above MCEM manifest a high level of evolutionary coexistence. It is understood that though GL as

anaerobic respiration arose very early in evolution, it is still quite compatible and consistent with the PH and OM, and all

present-day cells are to support GL. Release of oxygen as a consequence of PH, at the same time, is a precondition for

the development of OM. At this, some researchers believe that OM may have evolved before PH due to the activity

of ancient microbes, which means oxygen was available for living entities as early as epoch of GL dominance[26][27][28].

Hence, to support the energy needs of EC, all three MCEM work in accordance and could replace each other if required,

which indicates that the energy boundaries between MCEM can be considered as floating and sufficiently conditional. 

Also, pay attention to the actual bidirectional (inward and outward EC) character of MCEM, which is a reliably ascertained

fact[29][30][31]. 

Summarizing above, the major MCEM is different in its nature, yet can work altogether across the entire energy stage of

biogenesis as schematically shown in Fig. 2.

 

2.4. CEL and MCEM as two faces of energy evolution

 

Here, we would like to highlight that the process of energy evolution in EC can be described from two equivalent angles.

Firstly, based on the CEL approach, energy evolution is the 4-phase structure with clear boundaries, where each phase is

unique in the terms of local energy conditions. Secondly, based on

 

Fig. 2. Three major MCEM are schematically shown in y - ϒ coordinates.

 

In discussed approach, the exact value of energy efficiency for each mechanism as well as its y-positioning does not

matter, so all y-boundaries between MCEM are conditional and flexible.

 

MCEM approach, energy evolution is the 3-piece set of different mechanisms that are interchangeable and compatible

across the entire biogenesis yet. After all, both CEL and MCEM deal with the same process. 

So, we need to find the correct mathematical way to formalize the observed dual essence of the evolutionary process in

EC.
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3. Mathematical grounds of GC origin

 

3.1. Phase transformation in energy evolution

 

In Fig. 1, compare y-length of the area Ppos = P1 + P2 + P3 and Pneg = P4 + P5 + P6. So, the length of Pneg is e– 1 while 

Ppos is 1 − 1/e, which means that Pneg is e times longer than Ppos. Then, on average, the rate dϒ/dy in Ppos is e times

higher compared Pneg. Hence, Pneg-phases have smeared boundaries compared to the phases in Ppos. It may lead to the

breaking of uniqueness for the phases P4, P5, P6 and cause identification errors when EC lands in the vicinity of their

border. Thus, on the one hand, we observe a clear separation between the Ppos and Pneg due to the change of the sign 

dϒ/dy, on the other hand, we see vague separation within Pneg between the P4, P5, P6.

Hence, to minimize the number of identification errors, it seems reasonable that in course of evolution, the phases 

P4, P5, P6 have smeared and united into one bigger clearly identified block Pneg. 

So, the original 6-phase structure of energy evolution in EC could evolve to the more error-tolerant 4-phase structure

shown in Fig. 3. 

 

3.2. Combinatorial mechanism of GC origin

 

Within the presented approach, the process of EC energy evolution reduces to, generally, an unlimited number of

random leaps along the y-axis in y - ϒ space. Doing this journey, EC can land anywhere. However, if it lands outside the

range of biogenesis stage P1 - P6 (Fig. 1), then according to theory[15], its further evolution will be terminating.

Then, EC exists within a segregated energy space of m/k topology, in which there are m physically different mechanisms

and k possible areas with dissimilar energy backgrounds where these m mechanisms can be randomly realized. It means

that whatever changes happen, the energy status of EC is exclusively defined by its relative positioning with respect to the

existing energy infrastructure. In other words, if EC does not break phase boundaries, its status does not change, so the

evolutionary biography of EC is written relative to m/k energy topology.

Hence, there are a limited number of positions that EC can take in the m/k space as listed in the lower panel in Fig. 3 (b).

 

Fig. 3. Forming of the 4-phase structure of energy evolution (a) and list of possible
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64 codon combinations (b).

 

In panel (a), trailing phases P4, P5, P6 (rightmost area in dark grey) unite into one block Pneg.

 

Consequently, energy evolution can develop only if there is a coupling of k phases (nucleotides through the link Pi ↔ EEPi

↔ Zi) with m physical mechanisms. Saying oppositely, if there is a working intercoupling between parameters m and k of

energy space, then such process is an energy evolution.

So, we come to a classic combinatorial problem on the placement of k “balls” (P1 ↔ A, P2 ↔ B, P3 ↔ C, Pneg ↔ D) over

m “bins” (GL, PH, OM) shown in Fig. 4, where m = 3 and k = 4. To be exact, this is a draw for a variation with repetitions

when the order of “balls” is important[32], then the total number of unique codon combinations is to be formed in

accordance with

 

N =
lim

x→0Vk m (6)

 

where r is the number of draw attempts, Vk m denotes variation with repetitions and order. At given m, k, number 

N = Vk m = km = 43 = 64.

However, if the order of “balls” to pick up does not matter, which is the case for the number of building blocks (amino

acids), then the total number of such amino acids is

 

Naa = C ′ k(m) =

m + k − 1
k (7)

 

which yields Naa = 20.

We conclude that each new evolutionary step has to meet one out of 64 possible combinations only, which split

4 available nucleotides A, B, C, D between the triplet sets according to the number of existing MCEM. Moreover, each

consecutive EC descendent has to obey the same energy imperative that will be ultimately written into the inheritance

memory of EC as an energy code and become mandatory for all new generations of EC.

 

( )
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Fig. 4. Schematic setup for draw in placement of 4 nucleotides (conditionally A, B, C,

D) over 3 available mechanisms of energy metabolism in cell GL, PH, OM.

 

Example. From above, record A A A ciphers activation of the nucleotide A for the consistent support firstly, of

GL, secondly, of PH, and thirdly, of OM. In the same way, the record A B C signifies activation of the nucleotide A for the

support of GL, then the nucleotide B to support PH, and the nucleotide C to support OM. Finally, the record C D B should

be interpreted as original activation of nucleotide C at working of GL, then nucleotide D for operation with PH, and

afterwards, activation of nucleotide B during operation of OM.

As formally the number of evolutionary attempts r is not limited, recording can be continued accordingly to

chop nucleotides to the triplets and form the long codon chains.

 

4. Discussion

 
It is worth noting that by default, the investigated structure of GC belongs to the actual winners of the evolutionary

competition which started a long time ago. Admittedly, all statistically significant deviations from existing GC were

ultimately suppressed millions of years ago and we cannot say for certain what the structure of GC in these extinct

carriers has been. That is why, to avoid speculations, we have deliberately skipped consideration of possible very original

or even intermediate versions of GC configuration and focused on the interpretation of what we know for sure now.

So, discussion about the phenomenon of discreteness (phase separation) in genome organization across evolution is a

regular process, in confirmation mention a few works[33][34][35]. Authors[33] stress that evidence for the phase separation

exists across the entire tree of life while[34] underlines the principally stochastic nature of genome organization and

function, the specifics of charge separation in the disordered region are discussed in [35].

The novelty of this report, predominantly, lies in the investigation of general physical (energy) and mathematical

background that can support the natural transformation of a chaotic energy flow through primitive EC into the structured

biochemical reply. To do that, an approach based on the recently confirmed phenomenon of spectral infrastructure in

system energy evolution was taken. Under this angle, the triplet-based structure of GC could be ultimately understood

as a result of intercoupling between the CEL and the MCEM approach.

In other words, we traced how the general reasoning about the configuration of energy exchange can influence to forming
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of a structure of codon chain and meet the challenge of numerical constraints 3, 4, 20, and 64. We concluded that to meet

the above challenge, EC transformation should reflect an evolutionary biography of energy changes for the winning

species. 

Note that the driving mechanism for GC structure, ultimately, is a consequence of an energy conservation law (system

1.b). On the other hand, the employed combinatorial way to formalize intercoupling between CEL and MCEM comes as a

sufficiently abstract result of effective stochastic coexisting of the major procedures of energy exchange in cells.

In the information terms, we could add that due to existing laws of nature, an energy evolution to develop has to encode

itself in a material carrier such as DNA. In the reverse way, if GC is fully understood and translated, it should reproduce a

pattern of the sophisticated way for energy evolution in all its diversity. In light of this, it is possible to assert that

biological evolution describes a natural process that transfers information from the chaotic local environment into the

stable chemical known as DNA [36] that should be then considered primarily as the “energy code” [37].

Evidently that doing the above research, we have used some connections with the existing knowledge. In this context,

indicate to the error minimization theory [38] as in this report the error minimization procedure is believed to be a driving

force in the removal of unclear boundaries in trailing phases of evolution P4, P5, P6. Secondly, it is the stereochemical

theory that is based on the phenomenon of physicochemical affinity[39][40] between anticodons and amino acids. We used

these ideas to substantiate the presence of thermodynamic affinity Pi ↔ EEPi ↔ Zi. 

In some approximation, if to ignore the obvious difference in scale, the above process of continuous to discrete

transformation in energy evolution resembles the well-known development of a tree-ring segregation. Firstly, as forming of

an individual pattern reflects changes in the local climate, predominantly temperature, and secondly as the possible way

to retrieve these climate changes is to properly decipher existing tree-ring patterns. At this, it is worth noting that dividing

of tree cells follows a highly controlled sequence of successive events described in the cell cycle. So, the emergence of

the discrete solution in this example looks inescapable [41]. 

Pay attention that the chart in Fig. 3 (b) assumes that to cover all possible codon scenarios it is necessary to use 3 × 64 =

192 chart elements. At the same time, from the physical standpoint, the discussed approach does not allow an even more

effective coding schema than 43. We mean the schemas like 82 with 128 elements or the exotic 641 with 64 elements

should be rejected for the reason that the maximum number of PoB in our theory is limited by 6 (3 pairs), so having 8 or 64

PoB just cannot fit to the existing level of understanding. 

Notice that one of the advantages of the proposed concept of GC generation is the complete absence of any specific

memory support to keep records of evolution track for EC as each time to create the new codon, probabilistic draw plays

from scratch to place the different chemical bases in the appropriate order.

In conclusion, the above results give an understanding of the possible ways for forming the known numerical structure of

GC. In this sense, the 64-scenarios matrix comes as the workhorse for the practical realization of a GC algorithm. Nature

drives this matrix over and over again, creating codon chains from the quite limited number of elements. 
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