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Abstract The essence of the inversion concept of the origin of life can be narrowed down to
the following theses: 1) thermodynamic inversion is the key transformation of prebiotic
microsystems leading to their transition into primary forms of life; 2) this transformation
might occur only in the microsystems oscillating around the bifurcation point under far-
from-equilibrium conditions. The transformation consists in the inversion of the balance
“free energy contribution / entropy contribution”, from negative to positive values. At the
inversion moment the microsystem radically reorganizes in accordance with the new
negentropy (i.e. biological) way of organization. According to this approach, the origin-
of-life process on the early Earth took place in the fluctuating hydrothermal medium. The
process occurred in two successive stages: a) spontaneous self-assembly of initial three-
dimensional prebiotic microsystems composed mainly of hydrocarbons, lipids and simple
amino acids, or their precursors, within the temperature interval of 100–300°C (prebiotic
stage); b) non-spontaneous synthesis of sugars, ATP and nucleic acids started at the
inversion moment under the temperature 70–100°C (biotic stage). Macro- and microfluctu-
ations of thermodynamic and physico-chemical parameters able to sustain this way of
chemical conversion have been detected in several contemporary hydrothermal systems. A
minimal self-sufficient unit of life on the early Earth was a community of simplest micro-
organisms (not a separate microorganism).

Keywords Fluctuation . Hydrothermal system . Nonequilibrium thermodynamics . Prebiotic
chemistry

Introduction

The origin-of-life problem can be divided into two coupled questions; the core of them was
stated by Ehrenfreund et al (2006):
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1. Which prebiotic resources can potentially form building blocks, and how can they be
subsequently transformed into containers, metabolic reaction network, and informational
polymers?

2. How can these three components assemble into a protocell that would satisfy minimal
requirements for a living system?

Investigators of this problem have developed their research from prebiotic chemistry to the
primary organization of living systems. Meanwhile, the second question is closely connected
with a thermodynamic aspect of the biological organization. The key thermodynamic notions,
like free energy and entropy, seem to be universal and applicable to various habitable worlds in
the Universe. In fact, this question corresponds to the 2nd scientific goal of Astrobiology:
“Determine the general principles governing the organization of matter into living systems”
(Morrison 2001). At the same time, the first question is actually considered on the basis of
biochemistry of the Earth. However, biochemistries of extraterrestrial habitable worlds may differ
from the terrestrial ones. So, it would be reasonable to consider the origin-of-life problem in the
reverse order: from a general method of biological organization to prebiotic chemistry and early
biochemistry on the Earth. It is such an attempt that has been made by the author in this article.

Thermodynamic Aspect of the Origin of Life

Entropy, Free Energy and Information

Entropy (S), free energy (F) and information (I) are the key characteristics determining the
macro-state of a system and its evolution. Entropy (S) is an integrated characteristic: it doesn’t
reduce to the sum of the system’s constituents, which can be described by strict equations only.
When describing self-organization in open systems the entropy notion serves as both themeasure
of energy value (the more entropy, the less useable energy value) and the measure of disorga-
nization (the more entropy, the higher disorganization) (Ebeling et al 1990; Lin 1996). High-
value energy can be defined in terms of free energy. Free energy is a part of the system entire
internal energy, which can be converted into any kind of work (mechanical, chemical, etc.). It is
implied that the term free energy used in this paper corresponds to Gibbs energy. Nevertheless,
the author uses this term in a rather common sense allowing him to compare thermodynamic
processes in biological and non-biological systems; for this reason, free energy is denoted as F
(not G). The remained internal low-value energy (bound energy) cannot be converted into work

A smaller part of entropy transmission is connected with informational processes. The
entry of information (I) reduces disorganization in a system. From a physical point of view,
information can be understood as the value which reduces uncertainty in the state of a
system. The transfer of information in systems is always related with a corresponding
transfer of entropy and energy. The information flow represents a special case of entropy
transfer between two systems. Informational entropy is the form of entropy directly
connected with informational processes (Ebeling et al 1990; Feistel and Ebeling 2011).
So, entropy, free energy and information are interrelated values. Generally, contributions to
free energy and information decrease entropy and vice versa.

Thermodynamic Trend of Biological Evolution

The general thermodynamic trend of biological evolution can be expressed in terms of
entropy, free energy and information changes. Free energy accumulates in the course of the
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biosphere’s evolution (f.i.: Vernadsky 1980; de Duve 2002). Sometimes this tendency is
indicated as the accumulation of high energy substance (Gladyshev 1995). The entropy
change, in the course of biological evolution, takes place in the field of negative values, as
the export of entropy from biological systems prevails over its internal production. In this
way negative entropy (negentropy) increases and positive entropy (i.e. proper entropy)
decreases (Ebeling et al. 1990; Elitzur 2002; Polishchuk 2002; etc.). This thermodynamic
trend corresponds to the living system’s ability to concentrate free energy and information,
which is considered by many scientists to be one of the fundamental biological properties, as
mentioned in the article by Kompanichenko (2008). This ability allows biological systems to
have an excess of free energy and information with respect to the environment and maintain
corresponding positive F and I gradients.

The thermodynamic trend of biological evolution is a phenomenon which is not charac-
teristic of any non-biological natural system. Only a biological system is able to extract free
energy and information from the environment at the expense of its own activity. Some
natural systems, for instance, volcanoes or stars, can accumulate free energy and preserve the
excess. However, these two types of natural systems enrich the surroundings with energy,
while a biological system is active extracting energy out of the medium (Kompanichenko
2003). A living organism is able to be active with respect to the environment, because of the
entropy pump inside (Ebeling et al. 1990; Feistel and Ebeling 2011).

Inversion of Thermodynamic Trend: Start of Biological Evolution

As stated above, biological evolution proceeds in the thermodynamic direction opposite to
the evolution of non-biological natural systems (Fig. 1, top). This direction means a

Fig. 1 Free energy and entropy transfer in biological and non-biological systems. Fc—contribution of free
energy, Sc—contribution of entropy, Δ F+ (positive) and Δ F− (negative) free energy gradients of the system in
respect with the surroundings; arrows—directions of free energy and entropy flows
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concentration (accumulation) of free energy and information correlated with the entropy
moving into the area of negative values. Therefore, the beginning of biological evolution
implies the inversion in the tendency of free energy change from dissipation to continuous
increase, as well as the inversion in the tendency of information change (from spontaneous
loss to enduring accumulation) and entropy (from positive to negative values). The change
of entropy is a general expression of the thermodynamic inversion. As entropy serves as a
measure of both energy value and disorganization, thermodynamic inversion can be itemized
through a change of the balances “free energy contribution / entropy contribution (Fc / Sc)”,
and “contribution of information / contribution of informational entropy (Ic / Sic). How
might the inversion of thermodynamic trend occur during the transition from prebiotic
microsystems to primary living units (Fig. 1, bottom)? The author’s answer to this question
will be formulated in “Formation of Initial Living Units (Probionts) ” and illustrated in
Fig. 8.

Thermodynamic inversion can be expressed as follows:

n� bsð Þ Fþ < F� ! Fþ � F�; inversion momentð Þ ! Fþ > F� bsð Þ; ð1Þ
F+ is the contribution of free energy into a system, both at the expense of its internal

production and extraction of energy from the outside world; F− represents loss of free energy
in a non-biological or biological system, both at the expense of internal devaluation and
dissipation in the outside world; n-bs – non-biological systems; bs represents biological
systems.

n� bsð Þ Iþ < I� ! Iþ � I�; inversion momentð Þ ! Iþ > I� bsð Þ; ð2Þ
I+ is the input of information into a system; I− is the loss of information in a system;

n� bsð Þ S > 0 ! S � 0; inversion momentð Þ ! S < 0 bsð Þ; ð3Þ

or : n� bsð Þ Sþ ! Sþ � S�; inversion momentð Þ ! S� bsð Þ;
S is entropy, S+ is contribution of (positive) entropy into a system, S− is contribution of
negentropy into a system (both at the expense of internal production and extraction from the
outside world).

Later in the text balances Fc / Sc and Ic / Sic will be integrated into a common
balance Fc+Ic / Sc (contribution of free energy and information / contribution of
entropy). The prevalence of contribution of free energy and information over the
entropy contribution allows the existence of a biological system. The biological
evolution negentropy trend is connected with the positive balance Fc+Ic / Sc. Never-
theless, the balance Fc+Ic / Sc is relative: absolute equality in this ratio is unattain-
able, as far as free energy and information are measured in different units. It follows
that a certain level of uncertainty exists close to the inversion point Fc+Ic≈Sc. This
field admits the availability of prevalent entropy contribution in one part of a
heterogeneous system and the contribution of free energy and information prevalence
in its other part. In fact, this field of uncertainty represents a (positive) entropy
barrier the prebiotic microsystem must overcome to transform into a living unit. In
particular, Strazewski (2007) wrote about a high entropy penalty for the formation of
polynucleic acids ordered association. The penalty can be considered as one of this
barrier’s constituents. Another constituent is connected with the entropy pump within
a prebiotic microsystem at the inversion moment. To start the entropy pump, the
entropy export in the microsystem must exceed a certain critical value.
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Thermodynamic inversion reverses the position of the chemical system from passive to
active with respect to the environment. At the point in time when prebiotic organic micro-
systems transform into initial biotic units they arise as “centers of activity” in the medium. In
this way, the transformed microsystems acquire the following four key biological properties:
1) ability to concentrate free energy and information (by means of active extraction from the
environment); 2) ability to exhibit an intensified counteraction to external influences; 3)
expedient behavior; 4) regular self-renovation at various levels, including self-reproduction
(Kompanichenko 2008, 2012a). These key properties integrate 31 fundamental properties of
biological systems defined by 73 competent scientists (Palyi et al. 2002).

General Mechanism of Thermodynamic Inversion

This section is a compact description of the general mechanism of thermodynamic inversion
in prebiotic microsystems (it will be considered in detail in the following sections). The
mechanism includes three stages: 1) bifurcation, 2) (relative) stabilization, 3) inversion
(Kompanichenko 2008, 2009a). The originality of the author’s approach to the origin of
life can be expressed in the following statement: it is thermodynamic inversion that is
responsible for the transition of prebiotic microsystems into living units (3rd stage), and
this transformation might occur only in the microsystems oscillating around the bifurcation
point, under far-from-equilibrium conditions (1st and 2nd stages).

The universal scheme of bifurcation of a system is as follows: stable existence of a system
→ rise of instability through powerful fluctuations → the highest point of instability (point
of bifurcation, or critical point), radical change of the system’s structure → choice of a new
path of the development → subsequent stage of its stable existence (Fig. 2a). At the
bifurcation point a system undergoes numerous accidental changes influencing its further
development. This is the reason why the system’s potential paths of development bifurcate at
the moment of its highest instability. Finally, the system chooses one of the permissible ways
subdivided into two principal trends: (1) complication through self-organization (Trend A),
(2) simplification and degradation (Trend B), till its complete destruction (Trend B’). The
reverse of external conditions causes the transition of a system into the initial state, in
accordance with Trend C (Fig. 2b).

A drastic transition of the prebiotic microsystem (its composition will be discussed later)
over the entropy barrier is possible through a super-critical negentropy (constructive)
impulse. The impulse can be generated in the microsystem oscillating around the bifurcation
point between two attractors—the initial and the advanced stable states. First a prebiotic
microsystem loses its initial stable state, due to a significant change of thermodynamic and/
or physico-chemical parameters in the outside world, and tends to transit into a new stable
state, through the unstable point of bifurcation (Fig. 3). Bifurcation of chemical systems
under far-from-equilibrium conditions is well-explored in the framework of the theory of
dissipative structures and synergetics (Haken 1978, 2003; Nicolis and Prigogine 1977;
Prigogine and Stengers 1984; Ebeling et al. 1990; Feistel and Ebeling 2011). A rare case
of balanced oscillations of a prebiotic microsystem around the bifurcation point is conducive
to the origin-of-life process. As a result, such a microsystem exists in the oscillating regime,
its internal structure bifurcated (Fig. 3). This type of system was called bi-state
(Kompanichenko 2004). A bistate system can be considered as a specific type of bistable
system. It is characterized by its paradoxical tendencies to simultaneous separation and
integration, because of balanced oscillations between two attractors (the initial and new
stable states). The properties of a bistate chemical system were theoretically substantiated in
the previous work by the author (Kompanichenko 2008).
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Due to the oscillating character of the bistate microsystem existence, the contribution of
free energy might, from time to time, prevail over the contribution of entropy, bringing it into
the thermodynamic niche of the initial life (Fig. 4, I-Ia). This transition is provided by the
super-critical negentropy impulse generated in the prebiotic microsystem. Such an impulse
could emerge due to the preceding free energy pumping into a system (Ebeling et al. 1990).
Under favorable conditions the oscillating organic microsystem might accumulate a surplus

Fig. 2 The principal scheme of bifurcation of a natural system under far-from-equilibrium conditions. ‘a’—
direct transition from the initial stable state into one of the permissible advanced stable states, due to the
changed conditions in the outside world;. ‘b’—direct and reverse transitions (in case oscillating conditions in
the outside world). A—trend to the advanced higher-organized state; B—trend to the advanced lower-
organized state; B’—trend to complete the destruction; C’ and C”—reverse trend to the approximately initial
state (modified from Kompanichenko 2008)
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of free energy bound in high energy compounds. A significant external action (stress) could
lead to a fast release of the energy surplus that generated a powerful negentropy impulse,
followed by a temporal transition of the oscillating microsystem into the thermodynamic
niche of the initial life. Either the ascending or the descending thermodynamic trend is
possible for the microsystem’s further evolution. If the microsystem develops what appear to
be biological properties, it follows the ascending trend and transforms into the initial living
unit—a probiont (Fig. 4, II). Its inability for a further development results in the descending
trend, going down below the entropy barrier.

The term anastrophe, meaning a drastic constructive transformation of a biological
system, can also be used to designate the considered super-critical negentropy impulse.
The term was introduced by H. Baltscheffsky (1997), who described some anastrophes in the
early evolution of biological energy conversion. According to the inversion concept, this
negentropy impulse was the initial greatest anastrophe, which had laid the foundation of life
on the Earth.

Appropriate Medium for the Origin of Life

Consequences of the Inversion Approach Referring to the Medium for the Origin of Life

The ocean and hydrothermal systems are the two media which are usually considered to be
suitable for the origin of life. They both satisfy three well-known conditions for the origin of
life: liquid environs, the availability of organic matter and a source of energy. However, the
inversion approach supplements it with the forth necessary condition: the availability of
changes in the medium, including irregular and regular fluctuations of thermodynamic and
physico-chemical parameters. The condition was necessary from both biological and phys-
ical points of view.

Fig. 3 Attraction of the initial equilibrium state I and the advanced equilibrium state II to the point of
bifurcation. Dotted circles—areas of relative stability of the nonequilibrium states I’ and II’ that are in a
balance. The grey field is the area of ‘interpenetrating’ of the nonequilibrium states I’ and II’ around the point
of bifurcation
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The ability to exhibit an intensified counteraction to external actions (2nd key biological
property) implies the availability of changes in the outside world at the moment of primary
biological systems formation. An arising living unit must undergo external influences to
have an opportunity for realizing this property and extracting surplus energy from the
environment. So, the non-oscillatory environment doesn’t offer the initial biological
system any chance for concentrating free energy and sustaining its negentropy method
of organization. Besides, the necessity of stress (i.e. external influences) for a living
organism is stated in the theory of stress: the absence of stress means the absence of
life (Selye 1974).

Fig. 4 Oscillation of the balance “free energy contribution / entropy contribution” in a bistate prebiotic
microsystem (I) and inversion of the balance into primary living unit—probiont (II) (modified from
Kompanichenko 2008)
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From the physical point of view, a prebiotic microsystem acquires specific properties only
during bifurcation. These are the properties underlying the living processes: high heteroge-
neity with intensive counter processes along and against gradients; continuous fluctuations
and re-arrangement of molecules; integrity through cooperative processes; incessant ex-
change by matter and energy with the outside world (Nicolis and Prigogine 1977; Haken
1978; Ebeling et al. 1990; Kompanichenko 2008). Life is impossible if it is devoid of these
properties, but a chemical system loses them as soon as the bifurcation is over and the
system converts into a new stable state. Under favorable external oscillations a prebiotic
microsystem oscillates around the point of bifurcation and in this way prolongs its bifurca-
tional state. However, in the non-oscillatory conditions of the medium the microsystem
should irreversibly get into a new stable state.

It is supposed that thermodynamic and physico-chemical fluctuations suitable for the
origin-of-life medium should take place at least at two levels—irregular macrofluctuations
and regular microfluctuations. Macrofluctuations with significant amplitudes facilitate the
turning of a prebiotic microsystem from the stable to the unstable state (values from 1 to 3,
Fig. 2). These changes, indicated as macro-fluctuations, should have an irregular character to
prevent a microsystem from returning to an initial stable state. The availability of regular
microfluctuations, or smooth oscillations, is necessary to sustain the intermediate position of
a prebiotic microsystem between two attractors—the initial and the new stable states. A
chemical system, when at the bifurcation point, is unstable in principle. Therefore, it is only
the external oscillations in the optimal regime that could maintain balanced oscillations of a
prebiotic microsystem around the bifurcation point. These changes should be quite regular,
with small amplitude of the relevant parameter(s) (between the values of 2 and 3, Fig. 2).
This combination of weak regular oscillations and significant irregular fluctuations (noise) is
favorable for the appearance of stochastic resonance that could provide the prebiotic bistate
microsystem with an additional impulse to surmount the entropy barrier and occupy the
thermodynamic niche of the initial life (Fig. 4).

To develop the ability for the intensified and expedient response to external changes, a
probiont must be exposed to multiple effects from the environment during its cycle of
existence—from the initial fission (birth) to the last one (death). In other words, in the
environment, both high-frequency thermodynamic and physico-chemical oscillations with
periods much shorter than the probionts lifetime should be available. An average lifecycle of
the thermophilic prokaryotes at the root of the Phylogenetic Tree are of the order of several
hours. Consequently, the appropriate periods of fluctuations in the environment should vary
from a few minutes to approximately one hour.

Thus, the following general characteristics of thermodynamic and physico-chemical
fluctuations in the maternal medium for the origin of life can be outlined:

1. The fluctuations should vary and display themselves at least at two levels: irregular
macrofluctuations with considerable amplitudes and regular microfluctuations with
small amplitudes.

2. The high frequency fluctuations (with periods less than one hour) should be available in
the original environment.

Defining the Appropriate Medium for the Origin of Life

The scale of thermodynamic and physico-chemical fluctuations in aqueous media depends
on the scale of corresponding gradients. From this point of view, hydrothermal systems
possess far more potency for generating macrofluctuations, than the ocean (beyond hot vents
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on its bottom). For instance, in the hydrothermal media the salinity varies within the range
<1–500 g/l, pH 1–12, the temperature 30–400°C. The scale of fluctuations in hydrothermal
systems is diverse and ranges from very low to extraordinary high. Macrofluctuations in
contemporary hydrothermal systems are initiated by earthquakes, tectonic dislocations,
volcanic eruptions, and internal explosive events. The oceans on the Earth have very low
gradients (for instance, the minimal and maximal values of the salinity are 30 and 38 g/l,
pH 8.0 and 8.4), correspondingly. The low gradients predetermine small amplitudes of
fluctuations of thermodynamic and physico-chemical parameters in the ocean.

To characterize the regime of thermodynamic fluctuations in natural hydrothermal sys-
tems, we have mathematically processed the monitoring database on fluid pressure and
temperature in boreholes of the Mutnovsky and Pauzhetsky thermal fields in the Kamchatka
peninsula (Kompanichenko 2009a). The record of pressure changes in the Mutnovsky field
borehole № 30 displays both irregular macrofluctuations and sufficiently regular micro-
oscillations. The record fragments are shown in Fig. 5a–b. The period of pressure micro-
oscillations of the water-steam mixture is about 20 min (Fig. 5b). The average correlation
coefficient between pressure and temperature in the Mutnovsky field estimated for 12
boreholes is very high - 0.96. Thus, the described macro- and micro fluctuations refer to
both thermodynamic parameters. The periods of pressure microfluctuations in 11 boreholes
of the Pauzhetsky field ranges from 10 to 60 min. Nevertheless, in 2 boreholes a short
(1 day) monitoring has shown the absence of pressure fluctuations. The amplitudes of
macrofluctuations in the Mutnovsky and Pauzhetsky fields may reach 1–2 bars; and the
amplitudes of microfluctuations occur within the interval of 0.1–0.3 bars. According to Kralj
and Kralj (2000), microoscillations of hot water pressure were also detected in the Mura
hydrothermal field boreholes, Slovenia (Fig. 5c–d). In this field the periods of pressure and
temperature oscillations are the same (about 70 min) but correlation between them is
negative (Fig. 6a). Kralj and Kralj (2000) explored in detail a change of chemical parameters
during one 70-minute cycle of thermodynamic oscillations by using high-frequency

Fig. 5 Oscillations of pressure of water and water-steam mixture in hydrothermal systems: examples of the
records. ‘a’, ‘b’: oscillations of pressure in well№ 30 at a depth of 950 meters, Mutnovsky hydrothermal field
(Kamchatka), record in July, 2006 (modified from Kompanichenko 2009a). ‘c’, ‘d’: oscillations of pressure in
well Sob-1, Mura geothermal basin (Slovenia), record in November, 1997 (Kralj and Kralj 2000)
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sampling. It was revealed that the temperature change positively corresponds with the
change of many chemical parameters (Fig. 6a–d). Concentrations of Na+, K+, Ca2+,
HCO3

−, SO4
2−, Cl−, Br− and pH follow the temperature peak with the 15-minutes delay.

Weak concentrations peaks of I−, F−, CO2 also correlate with the temperature peak. Only the
Mg2+ and NH4

+ contents do not display a definite tendency. Summarizing all theoretically
substantiated characteristics of fluctuations in the origin-of-life medium, in hydrothermal
systems it has been detected: a) high-amplitude (up to 1–2 bars) irregular macrofluctuations
of thermodynamic parameters; b) low-amplitude quite regular microoscillations of pressure
(amplitudes 0.1–0.3 bars), temperature (0.5–1°C) and concentrations of most chemical
components; c) periods of microoscillations occur within the range of 10–70 min.

So, hydrothermal systems satisfy the 4th necessary condition for the origin of life,
substantiated within the framework of the inversion approach: thermodynamic and/or
physico-chemical fluctuations in the maternal medium. The incessant fluctuations in hydro-
thermal systems are maintained by counteractions between rising hydrodynamic and
descending lithostatic pressures. The ocean (but not hydrothermal discharges on the ocean
floor) is a far less appropriate medium for the origin of life, as this medium is characterized
by the decreasing hydrostatic pressure, and the absence of counteracting pressures. Corre-
spondingly, the scale of gradients and fluctuations of thermodynamic and physico-chemical
parameters in the ocean is very low. Besides, the minimal period of temperature oscillations
in the terrestrial oceans is 24 h (day-night), which exceeds the lifetime of thermophilic
prokaryotes. Such long-term oscillations do not allow the transformation of prebiotic

Fig. 6 Correlative time-dependent variations of thermodynamic and physico-chemical parameters in hot
water during one cycle of microoscillations (70-min time interval) in well-head Sob-1, Mura geothermal basin
(Slovenia), record in November, 1997 ‘a’—change of pressure (P) and temperature (T); ‘b-d’—variations in
abundances of various ions, trace elements and undissolved gases: Cl−, F−, Br−, I−.(b), Na+, HCO3

−, CO2 (c),
K+, Ca2+, Mg2+, NH4

+, SO4
2− (d) (Kralj and Kralj 2000)

Inversion Concept of the Origin of Life 163



microsystems into living probionts, according to the inversion approach. In this connection,
the author, as well as many other scientists (Corliss et al. 1981; Pace 1991; Washington
2000; Schwartzman and Lineweaver 2004; Holm and Andersson 2005; Russell et al. 2005;
Baaske et al 2007; Feistel and Ebeling 2011) considers hydrothermal systems to be the most
probable medium for the origin of life on the early Earth. In the context of the potential
cradle of life the following geological settings can be considered: hydrothermal systems in
the upper part of the Earth’s crust; high temperature fluid discharges on the ocean floor;
littoral discharges of hot water (with both geothermal energy and sunlight available);
hydrothermal discharges into the continental ground-water aquifers. The changeability of
parameters in submarine vents is usually lower than in terrestrial hydrothermal systems, but
their fluctuation amplitude tends to increase as a result of earthquakes or volcanic events.

The range of temperature from 70 to approximately 100°C seems to be most favorable for
the origin of probionts and their communities (though, the dispersion for prebiotic micro-
systems existence can be much wider). A temperature higher than 100°C could hamper
condensation of water in the Hadean Ocean and upper aquifers of groundwater systems. In
addition, the nucleotide chains of probionts cannot be synthesized in Vitro at a temperature
lower than 90°C. Estimations of the temperature of water in the Archean ocean have ranged
from +70–80°C (Knauth and Lowe 2003; Robert and Chaussidon 2006) to the temperature
as it is today (Shields and Kasting 2007).

Organic Matter in Natural and Simulated Hydrothermal Medium

The next aspect in considering hydrothermal systems as a potential cradle of life deals with
the organic substance availability. It is important to determine the organic compounds
actually available in the systems, and those on the basis of model experiments. A significant
part of the organics in contemporary hydrothermal systems, especially in inhabited dis-
charges with the temperature below 100–110°C, has a biogenic origin (destruction of
microorganisms, extraction of buried organics from host rocks). The abiogenic part could
be synthesized in the hydrothermal media, or be injected into the subsurface water circula-
tion from other sources (synthesis during volcanic eruptions and lightning in the atmo-
sphere), and it could also be delivered with comets and meteorites of the Murchison type (as
considered by Markhinin and Podkletnov 1977; Basiuk and Navarro-Gonzalez 1996;
Deamer 1985; Yuen and Kvenvolden 1973). Apparently, it is very difficult to determine
the ratio of biogenic and abiogenic organics in natural hot solutions, taking into consider-
ation possible geochemical and biotic transformations. Since the organic substance compo-
sition in the Archean hydrothermal systems differed from the contemporary one, the early
Earth being lifeless, we can only define a probable set of organic compounds in ancient
hydrothermal systems, by integrating the organic content of contemporary natural environ-
ments with the results of model experiments in aqueous high temperature conditions, such as
in reviews by Simoneit 2004 andHolm and Andersson 2005).

Organic Matter in Contemporary Hydrothermal Systems

Hydrocarbons and lipid compounds are wide-spread in hydrothermal fluid. In particular,
linear saturated hydrocarbons are revealed in fluid of Rainbow field on the Mid-Atlantic
Ridge (Holm and Charlou 2001). The chain length of these hydrocarbons consists of 16–29
carbon atoms and it can be compared to the gabbros fluid inclusions in Southwest Indian
Ridge that showed the presence of C2-C5 hydrocarbons (Kelley 1996). The typical
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hydrothermal petroleum from Guaymas basin has an intermediate content of n-alkanes
(18 %) with a relatively normal content of iso-, anteiso-, isoprenoid and naphthenic hydro-
carbons (82 %), comparable to crude oils (Didyk and Simoneit 1990). Various hydrothermal
minerals deposited inside the Trans-Atlantic Geotraverse hydrothermal field on the Mid-
Atlantic Ridge contain trace amounts of C10-C22 hydrothermal petroleum, consisting of
n-alkanes and PAH (Simoneit 1993). The composition of lipid components in hydrothermal
sulfide deposits from the Rainbow vent field, Mid-Atlantic Ridge, was explored by B.
Simoneit et al. (2004). They detected 64 fatty acids, including five 10-Me branched fatty
acids and eleven hydroxy fatty acids. We explored ten continental hydrothermal fields in the
Russian Far East. According to the obtained data, the sterile condensate of water-steam
mixtures (temperature 108–175°C) from deep boreholes contains 20 organic compounds,
which belong to 5 homologous series: aromatic hydrocarbons, n-alkanes, aldehydes, ketones
and alcohols (Kompanichenko 2009c). In addition, Cl-hydrocarbons (Cl-alkanes), ethers
(dietoxyalkanes, dimetoxyalkanes) and lipid precursors (fatty acids, methyl ethers of fatty
acids) were detected in the lower temperature solutions (T055–99°C) from hot springs
inhabited by thermophiles and hyperthermophiles. Free amino acids are not abundant
components in natural hot solutions; however, sometimes their presence is proved. Thus,
glycine was revealed in the sterile condensate of water-steam mixture from a deep borehole
in the Kamchatka peninsula (Mukhin et al. 1979).

The gas phase of hydrothermal systems can also be rich in organics. For instance,
Isidorov et al. (1992) explored volatile organics in 7 steam-gas outflows of several volcanoes
and thermal fields in Kamchatka. They detected about 60 organic compounds belonging to
13 homologous series (n-alkanes, cyclic alkanes, alkenes, aromatics, alcohols, ketones,
esters, Cl-alkanes, etc.). One of the basic gases in hydrothermal fluids is methane. It is
prevalent (up to 90 %) in the gas phase in hydrothermal systems of the methane geochemical
type. Condensed phosphates are emitted in volcanic fumaroles (Yamagata et al. 1991). As is
well known, condensed phosphates are the universal biological currency (mainly in the ATP
form). A distribution of chemical components between the liquid and steam-gas phases in a
hydrothermal system depends on variations of thermodynamic and physico-chemical param-
eters. Thus, the crack opening due to tectonic processes may result in a fall of pressure with
the following ebullition of the liquid phase and redistribution of the compounds.

Biologically Important Organic Matter in Simulated Hydrothermal Conditions

There exists a great variety of geochemical hydrothermal environments. Black smokers
situated along basaltic spreading centers are often characterized by a very high temperature
(300–400°C), hydrostatic pressure (up to 400–500 bars) and acidity (pH 3–4). Off-axis
submarine discharges can be alkaline (pH≈11) and lower-temperature (about 100°C) (Rus-
sell 2003). Continental thermal springs are also very diverse, from the thermodynamic and
physico-chemical points of view. In fact, all these natural conditions have been simulated in
the experiments on prebiotic chemistry modeling the hydrothermal environment.

The abiotic synthesis of hydrocarbons is possible under the conditions simulating hydro-
thermal vents at the oceanic spreading center, in particular through CO2 reduction during the
process of serpentinization. The Fischer-Tropsch type (FTT) reaction is one of the possible
ways to produce hydrocarbons and oxy compounds from carbon monoxide and carbon
dioxide. Although the yield of light hydrocarbons in a hot liquid phase can be limited, it is
enhanced in the presence of iron- and chromium-bearing minerals (Berndt et al. 1996;
McCollom and Seewald 2001). Thermo catalytic (analogous to FTT) reactions are more
efficient to produce abiotic organics under aqueous conditions (McCollom et al. 1999;

Inversion Concept of the Origin of Life 165



Rushdi and Simoneit 2001). The optimum yield of products (up to 5 % carbon fixation) was
obtained at 200°C. In the synthesis products from experiments conducted above 150°C the
homologous series of lipids compounds predominated, i.e., straight chain n-alkanols,
n-alkanoic acid, alkyl formats, n-alkanes, etc. At temperatures above 300°C synthesis
competes with cracking and reforming reactions (Simoneit 2004). Synthesis of fatty acids
proceeds in the conditions modeling the hydrothermal vent system (Shock et al. 1998).
Under supercritical conditions of water abiotic organic reactions could proceed as well. Both
oxidative and reductive reactions can easily be carried out in modified supercritical fluids
(Holm and Andersson 2005).

Synthesis of amino acids under hydrothermal conditions has already been reported
(Hennet et al. 1992; Marshall. 1994). Studies at high temperatures and pressure in the
laboratory have revealed a number of reactions that proceed rapidly in hydrothermal fluids,
including the Strecker synthesis of amino acids (Holm and Andersson 2005). However, the
behavior of various amino acids in simulated hydrothermal environments can be different,
and it depends on temperature, pressure and mineral assemblages buffering pH, and redox
conditions. Thus, at 250°C and 265 bar aspartic acid, serine and leucine decomposed rapidly,
but the concentrations of alanine and glycine remained relatively stable or even increased. It
is remarkable that amino acids were extremely sensitive to the existing redox conditions
(Bernhardt et al. 1984; Miller and Bada 1988). The opposite trends to decomposition and
recovery of amino acids were revealed in the experiments. In particular, the rates of amino
acid (aspartic acid, serine, leucine and alanine) decomposition were evaluated at 200°C and
50 bar in presence of different mineral assemblages (Andersson and Holm 2000). Decom-
position rates of aspartic acid, leucine and alanine were found to be lower in the experiments
containing PPT (pyrite-pyrrhotite-magnetite) mineral assemblage than in those without the
minerals. Kohara et al. (1997) studied the stability of amino acids (alanine, β-alanine α-
aminobutyric acid, glutamic acid, glycine, leucine, serine and valine) in ammonium
chloride-hydrochloride acid aqueous solution at 200–350°C. The results showed a high
recovery of amino acids, especially at a high hydrogen fugacity (0.8 bar) and temperature
(300°C). Oligomerization experiments under hydrothermal conditions produced diglycine,
triglycine, and diketopiperazine as the main products (Alagrov et al. 2002). The oligomer-
ization is efficient in the process of temperature lowering, when the reaction solution at 200°
C was injected into a cooler chamber at 0°C (Imai et al. 1999; Yokoyama et al. 2003).

The abiotic formation of various organic nitrogen compounds is possible under hydro-
thermal conditions. Thus, hydrothermal pyrolysis experiments were performed to assess
condensation (dehydration) reactions to amide, ester, and nitrile functionalities from lipid
precursors (Rushdi and Simoneit 2004). The availability of amide bonds is an important
condition for peptide formation. Alkyl amides and nitriles have been obtained at high
temperatures in the presence of excess aqueous ammonium species. Simple organic com-
pounds containing nitrogen, such as amino acids, purines and pyrimidines, could be
synthesized through the reaction pathways where hydrogen cyanide is central (Holm and
Neubeck 2009). Reduced carbon and nitrogen precursor compounds for the synthesis of
HCN may be formed under off-axis hydrothermal conditions in oceanic lithosphere in the
presence of native Fe and Ni. After that HCN is available for further organic reactions, for
instance, carbohydrates, nucleosides or even nucleotides, under alkaline conditions in
hydrated mantle rocks. In natural settings cyanides were found in high temperature springs
and gas jets in Kamchatka peninsula and Kuril islands (Mukhin et al. 1974).

The presence of mineral surfaces in hydrothermal systems can also facilitate synthesis
and accumulation of organic matter. It has been shown that the synthesis of biologically
important compounds, relevant for the origin of life, could be catalyzed by iron and nickel
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sulfides (Wachtershauser 1988; Russell 2003; Martin and Russell 2007). The formation of
amino acids and nucleosides is possible under certain geological conditions through the
reduction of CO2 and CO released from deep-sea vents. The formation of peptide bonds has
also been demonstrated (Huber and Wächtershäuser 1998). The purine coding elements of
RNA can be synthesized in the same abiotic reactions that produce amino acids (Levy et al.
2000). The equilibrium isotherm data on nucleic acids bases, adsorbed on surfaces of some
sulfides and silicates at different temperatures shows that phase equilibria for purines, in
particular, are far displaced toward adsorption on the solid phase, i.e. it would normally be
useless to search for them in a fluid phase (Sowerby et al. 2002; Holm and Andersson 2005).
Our experiment on the solution of several amino acids (glycine, L-alanine, L-aspartic acid,
L-valine), nucleobases (adenine, cytosine, guanine and uracil), sodium phosphate, glycerol
and myristic acid in a natural boiling water pool (T097°C, pH 3.1) in Kamchatka has led to
the following result: with the exception of fatty acid, the compounds were adsorbed to the
suspended clay particles (smectite, kaolinite, zeolite) and deposited in the several centimeter
thick clay layer lining the pool (Deamer et al. 2006). The control experiments under pH 3.1
in the laboratory resulted in similar results. However, the nucleobases, amino acids and
phosphate released from the clay into water under the alkaline conditions after adding
NaOH.

The conclusion Under certain conditions hydrocarbons (including aromatics), lipid com-
pounds and simple amino acids can be synthesized and remain relatively stable in high
temperature aqueous medium. They can exist in both soluble and insoluble forms in a fluid
under the temperature 200–300°C and below. It has been experimentally demonstrate that
these insoluble organics can form three-dimensional microsystems. Microdroplet emulsion
(composed mainly of hydrocarbons) appears as a result of phase separating of oil from water
at the temperature reduction in the fluid to about 200–300°C (Simoneit 2003). The temper-
ature range of 150–200°C is suitable for the amino acid self-assembly into proteinoid
microspheres, and lipids—into liposomes, if concentrations of these molecules reach some
critical value (Fox and Dose 1975; Deamer et al. 2002, 2006; Simoneit 2004).

The synthesis of ribose and other sugars, nucleic acids and ATP needs lower temperatures
and specific conditions. The thermal instability of ribose, which is a component of ATP and
other nucleotides, is high: the half-lives for the decomposition at pH 7 and temperature 100°C is
73 min only (Larralde et al. 1995; Ehrenfreund et al. 2006). It is extremely difficult to conduct
abiotic dehydration reactions in aqueous solutions to produce condensed phosphates, because
of high water activity. The upper temperature limit for the experimental synthesis of nucleic
acids is usually 50–60°C, and in the rare cases up to 90°C. Thus, heating of adenine and pyruvic
aldehide in concentrated aqueous solution at 60°C led to a complete disappearance of adenine in
few hours (Vergne et al. 2000).

Laboratory experiments on prebiotic chemistry are extremely important for better
understanding of the origin-of-life process. However, in order to advance in this field
we should take into consideration at least two distinctions between natural conditions
and their laboratory simulations. First, a high temperature limit for the synthesis of
nucleotide chains (50–60°C) refers to the processes in Vitro, i.e. to a chemical system
without even primary properties of life. The same synthesis in Vivo, i.e. in a living
biochemical system, sometimes proceeds at much higher temperatures. Thus, some
species of Archaea can grow at the temperature 105–110°C, and even higher (Stetter
1995). Second, experienced researchers have concluded that auto replication of RNA
is highly unlikely, unless it is sustained by the experimenter (Joyce et al. 1987;
Horgan 1991). Below the author substantiates the thesis that a high temperature
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synthesis of nucleotides could be governed by the negentropy motive power, a
“natural experimenter”, which arises in a microsystem at the inversion moment.

Prebiotic Chemistry in Hydrothermal Systems Relevant to the Inversion Approach

Consequences of the Inversion Approach for Prebiotic Chemistry and Early Biochemistry

There are some consequences of the inversion approach which are of importance for the
chemical aspect of the origin-of-life scenario:

1. The inversion of Fc/Sc balance in a prebiotic microsystem means a change of free energy
gradient, from negative to positive, with respect to the environment. The same refers to
information. In fact, such a transition might occur only in a three-dimensional prebiotic
system, where the surplus of free energy can be accumulated and preserved in its central
part.

2. A bistate (oscillating) prebiotic microsystem should be composed of diverse organic
compounds, capable of maintaining its internal heterogeneous structure, concentration
gradients, and continuous reorganization of molecules through prebiotic reactions.

3. The pre-inversion bistate microsystem had to exist under oscillating thermodynamic and
physico-chemical conditions in the medium. As it was shown in the previous section,
various organic compounds and macromolecules are very sensitive to changes of
temperature, pressure, pH and redox potential in the environment. Due to external
oscillations, a number of molecules experience the successive tendencies of synthesis
and disintegration, providing a specific state of “stabilized instability” in the micro-
system. These tendencies underlie metabolic processes in living organisms.

4. A bistate prebiotic microsystem and its surroundings represent an inseparable system.
Their integrity is sustained by substance, energy and (structural) information flows. At
the inversion moment the microsystem becomes an active constituent of the whole
system, and it is able to selectively extract organics from the environment. Thus,
essential molecules and atoms might arrive in probionts from both internal and external
sources.

5. Right after the inversion moment, the negentropy motive power predominates in the micro-
system and organizes internal reactions. The non-spontaneously directed synthesis of nucleic
acids and ATP in emerging probionts might be much more efficient than the spontaneous
synthesis of these macromolecules in a chemical system. In fact, the initial negentropy power
might play the role of “a natural experimenter” promoting this kind of synthesis.

6. It is a community of probionts (not a single probiont), that is considered by the author as
a minimal self-sufficient unit of life. A number of three-dimensional prebiotic micro-
systems had to form a cluster in the liquid medium for life to appear.

In accordance with the inversion approach, it is reasonable to subdivide prebiotic
chemical reactions into two categories:

A. The prebiotic chemistry, which considers synthesis, accumulation and disintegration of
organic matter in the origin of life context, including the formation of various prebiotic
microsystems.

B. The inversion chemistry, which links the prebiotic chemistry and the early biochemis-
try, investigating the prebiotic microsystems chemical transformation (inversion) into
simplest living units.
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Emergence and Development of Initial Prebiotic Microsystems in Hydrothermal Systems

It follows from “Organic Matter in Natural and Simulated Hydrothermal Medium” that
hydrocarbons (including aromatics), lipids, and simple amino acids, as well as their pre-
cursors and biologically less important molecules, should be considered as relevant to the
hydrothermal medium compounds, appropriate for the formation of initial prebiotic micro-
systems. All these classes of organic compounds can form three-dimensional microsystems
through self-assembly. However, three-dimensional oil droplets of hydrocarbons do not
contain biologically important molecules that could be transformed into primary forms of
life. Low concentrations of amino acids revealed in natural hydrothermal settings hamper a
self-assembly of proteinoide microspheres, which had been proposed by S. Fox as possible
prebiotic models. Nevertheless, the presence of amino acid monomers and oligomers in
prebiotic microsystems could be important for several reasons. These molecules represent a
necessary initial component to start the nucleoprotein interaction. Besides, they might
facilitate the accumulation of free energy in microsystems and preservation of structural
(non-biological) information from the outside world. The important role of lipid amphiphilic
bilayers that might form membrane-bounded compartments has been considered in prebiotic
chemistry since the pioneering works by Deamer (1985, Deamer et al. 1994). Although there
is no apparent evidence that abiotic lipid vesicles existed in natural hydrothermal solutions,
the encapsulation of self-assembling lipid structures, like microtubules, is quite possible
within three-dimensional prebiotic microsystems. Amphiphilic molecules might serve as
boundary structures between the compartments inside an oscillating prebiotic microsystem,
in this way they maintain its internal energetic gradients. By the inversion moment the
microsystem had to obtain the liposome-like protective membrane that could prevent
dissipation of the accumulated free energy surplus, and facilitate a selective extraction of
substance from the environment. Combination of lipids and hydrocarbons could be condu-
cive to this property rise. According to Deamer (2004), contemporary lipids typically contain
hydrocarbon chains of 16–18 carbons in length. These chains provide the interior oily
portion of lipid bilayer, which is almost an impermeable barrier for free diffusion of ions,
such as sodium, potassium and protons. Summarizing the aforesaid, the three-dimensional
aggregates, mainly composed of hydrocarbons, lipids and simple amino acids (or their
precursors), should be considered as most appropriate prebiotic microsystems.

It follows from the experimental data, such initial organic microsystems might form
within the approximate range of temperatures from 300 to 100°C. In hydrothermal fluids,
highly concentrated brine, as well as organic substances, can segregate from the water phase
under certain thermodynamic and physico-chemical conditions (Sharapov and Averkin
1990; Letnikov 1992). Thus, the phase separation of oil from water is a consequence of
the fluid temperature reduction to 200–300°C. In the temperature window from ambient to
~300°C, hydrothermal oil parts for the bulk phase, micro droplet emulsion and true solution
(Simoneit 2003). The organic matter rise of concentration in upper parts of hydrothermal
reservoirs (due to gravitational partition) facilitates isolating of organic aggregates in the
water medium.

The phase separation in a liquid system (segregation) begins with the appearance of
numerous new phase nuclei in the matrix, with a simultaneous change of the matrix
composition. The dynamics of this process was explored, in particular, on the example of
melts by Delitsin et al. (1974). Nuclei of the new phase come to the state of turbulent move.
They fuse and split up again, having a general tendency of the microsegregation transition
into macrosegregation, with a common boundary between segregated phases. Exploration of
oil deposits shows us a lot of geological structures, where the reservoirs of oil bulk phase and
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water phase are partitioned in space. However, the incomplete transition of microsegregation
into macrosegregation might result in preservation of organic microscopic aggregates in the
water solution. Agglomerations of various organic microsystems disseminated in water,
from oil microdroplets to possible liposome-like structures, usually exist in convective
conditions of hydrothermal systems. Convection of the fluid moving along open cracks
and pores is a wide-spread phenomenon (Letnikov 1992; Baaske et al. 2007). Convection is
more intensive at a high geothermal gradient, up to 23°C in the 30 m subsurface layer, in
terrestrial hydrothermal fields (White 1957). The fluid agitation, due to the convection, may
facilitate the emergence of chemical interactions between organic aggregates, within their
associations.

A decrease in temperature, within the interval of 300–100°C, may result in diverse trends
of the initial prebiotic microsystems evolution, dependent on the fluid composition, pressure,
character of fluctuations, host rocks, etc. It is assumed, that the most favorable trend
characterized by increase in the ratio of lipids and amino acids (or their precursors), and
simple hydrocarbons, is the rise in diversity of chemical components and complication of the
microsystems chemical reactions structure and network. Fluctuating conditions in hydro-
thermal systems could advance this kind of evolution. Thus, regular oscillations of redox
potential in fluid may lead to regular changes of the tendencies to synthesis and decompo-
sition of organic molecules. In addition, the temperature of the fluid approaching the surface
is getting lower; correspondingly, a balance between synthesis and disintegration of (macro)
molecules gradually changes.

According to the above mentioned experimental data, minor quantities of other biolog-
ically important molecules—sugars, nucleotides and ATP, or their precursors, might appear
within and outside the prebiotic organic aggregates at the temperature below 100°C.
Actually, a hydrothermal system includes liquid, gas-steam and solid (host rocks) phases.
In “Organic Matter in Natural and Simulated Hydrothermal Medium” it is shown that
nucleotides may accumulate on mineral surfaces, in hot acidic conditions. The condensed
phosphates are present in volcanic gas-steam outcrops. A change of conditions in hydro-
thermal systems disturbs the phases balance, and it can initiate the organic substance
redistribution between the phases. So, under changeable conditions in the hydrothermal
medium a great number of re-combinations of organic molecules are possible both inside
and outside prebiotic aggregates.

Formation of Living Probionts and Their Communities

Optimal Characteristics of Prebiotic Microsystems at the Fore-inversion Moment

Many kinds of organic molecules and aggregates could exist in hydrothermal medium at
300–100°C and below—up to70°C (a possible lowest temperature of the Hadean Ocean).
The admissible list of these organics includes the main types of prebiotic models—lip-
osomes, molecules of RNAWorld and aromatic World, organic molecules on the surface of
minerals and in pores. However, the inversion approach makes certain demands of the types
of prebiotic microsystems able to transform into the simplest living units: they should satisfy
the six consequences listed in “Consequences of the Inversion Approach for Prebiotic
Chemistry and Early Biochemistry”. From this point of view, one-dimensional chains of
RNA, if they are in the aqueous medium (not inside a three-dimensional microsystem), have
no chance to be inversed into probionts. According to the author’s opinion, the experiments
on synthesis of nucleotide chains and their precursors are of great importance in the other
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respect. These experimenters have revealed potential chemical pathways to syntheses of
nucleic acids, and they might take place, affected by the non-spontaneously directed
negentropy motive power within prebiotic bistate microsystems. The two-dimensional
chemolithotrophic metabolic systems on mineral surfaces do not seem an appropriate type
of prebiotic models to inverse into primary living units. The organic substance accumulated
in pores of sulfide minerals could be of use at the inversion stage of the origin-of-life
process, if it gets into the fluid (for instance, due to changed conditions in the maternal
medium). It is only in the fluid that prebiotic bistate microsystems can interact and assemble
into the initial communities of probionts. The mineral-based origin-of-life scenarios provide
a lot of data for considering the process of organic molecules re-distribution between the
aqueous and solid phases.

The association of interacted three-dimensional organic microsystems, oscillating around
the bifurcation point seems to be the most suitable ‘candidate’ for transformation into a primary
minimal living system. The microsystems could be composed of hydrocarbons, lipids and
amino acids (or/with precursors), in combination with less biologically important molecules. At
the temperature about 100°C and below, minor quantities of sugars, nucleotides and ATP (or
precursors) could be represented in prebiotic microsystems. In addition to C andH, the atoms of
O, N, P, and S are to be available in the surroundings. The microsystems internal structure was
bifurcated due to a lot of energy gradients. The microsystem oscillations around the bifurcation
point provided a continuance of chemical reactions and its exchange by energy, substance and
structural information with the outside world. It should be expected that cyclic and autocatalytic
reactions, as well as the synthesis/decomposition of molecules, were wide-spread events in the
microsystems because of the oscillating character of their existence.

Unlike in non-living systems, energy in living systems is temporarily preserved (as
energy of chemical links and/or ionic gradients) for the period from its influx to release
(Ho 1995). This general succession of energy transference in a living organism “generation
(influx) → accumulation (storage) → release (utilization)” corresponds to the above sug-
gested supposition that the living unit formation began with influx, generation and accumu-
lation of free energy in a bistate prebiotic microsystem, and continued with fast release and
utilization of the accumulated energy at the moment of inversion. The bifurcated heteroge-
neous structure of a bistate prebiotic microsystem facilitated reservation of free energy in
various kinds of energy gradients (including gradients of substance concentrations, gradients
of electric potentials, osmotic gradients). Another method of free energy storage is accumu-
lation of high energy compounds, possibly including condensed phosphates available in a
gas-steam phase of hydrothermal systems. The reversible cyclic and autocatalytic reactions
are also appropriate for preserving a surplus of free energy.

According to the reconstruction of energy transferal in metabolic networks, two types of
reactions are important for the basis of life (Hengeveld and Fedonkin 2007; Fedonkin 2008):

1) Initial redox reactions connected with the transferal of electrons from donor to acceptor;
2) Acidic-alkaline reactions of phosphates connected with transferal of protons that over-

built on the initial ones.

Redox reactions in bistate prebiotic microsystems should be considered as the most sub-
stantial at the pre-inversion stage. Hydrogenation and dehydrogenation of molecules is deter-
mined by the electron exchange in the course of redox reactions. This implies an important role
of hydrogen, its reactions catalyzed by metals like W, Fe, Ni. All these elements are character-
istic of the hydrothermal medium. In contemporary forms of life the above mentioned reactions
are characteristic of many enzyme co-factors (Fedonkin 2008). It is supposed that the initial
gradients H+ appeared in the microsystems in the course of redox reactions at that stage.
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Formation of Initial Living Units (Probionts)

The bistate prebiotic microsystem, got over the entropy barrier, acquires a new quality
converting it into a living probiont. Being inside the thermodynamic niche of the initial life
(Fig. 4, Ia), a probiont actively counteracts its return into the previous high-entropy state,
promoting a development of the four key initial biological properties. It escapes the
reversion, due to a continuous reorganization of its structure, the (bio) chemical reactions
network, and the character of interaction with the environment. Its new organization works
as the entropy pump sustaining a surplus of free energy and information (with respect to the
environment) and efficiently exporting entropy. On the one hand, the system is open, as it
exchanges by energy, substance and information with the environment. But, on the other
hand, it is closed, being protected from the spontaneous dissipation of free energy and
information into the outside world.

In a living cell a signal (energy impulse) is intensified by cascades of biochemical
reactions, in which one enzyme, being a product of the previous catalytic reaction, catalyzes
the formation of the next enzyme, catalyzing, in its turn, the synthesis of the following one,
and so on (Fedonkin 2008). The formation of catalytic cascades under nonequilibrium
conditions during the origin-of-life process was considered by Feistel and Ebeling (2011).
According to the inversion approach, the primary cascade of biochemical reactions emerged
in the process of avalanche-like release of free energy stored in prebiotic bistate micro-
systems surmounting the entropy barrier. The autocatalytic reactions reorganized into
ascending cascades producing more and more free energy. Under such a transformation
local low entropy structures expanded and organized into the primary biological unit
(Fig. 7). The surplus free energy began its circulation within the biochemical reactions
network, and in this way maintained a positive free energy gradient of a probiont with
respect to the environment (the same applies to information).

After the original negentropy impulse had been exhausted, initial probionts had to display
activity with respect to the environment, not to descend beneath the entropy barrier. In other
words, they had to make the entropy pump work. Occupying an active position in the outside
world, probionts reorganized the substance exchange in the way that would allow them to
selectively extract a higher energy matter, excreting a lower energy substance.

Fig. 7 Inversion of the balance between the contributions of spontaneous and non-spontaneous processes in a
chemical system. Left—a system with prevalence of spontaneous processes, right—one with prevalence of
non-spontaneous processes. ‘a’—areas with prevalence of non-spontaneous processes containing low entropy
structures that produce free energy and information; ‘b’—areas with prevalence of spontaneous processes
containing high entropy structures; ‘c’ associative links between high entropy structures and low entropy
structures. F—free energy, F+—input of free energy, F−—loss (dissipation) of free energy
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Simultaneously, the structure and functions of the lipid bilayers capsule were reorganized in
the way they could selectively extract high-energy molecules and protect a probiont from a
spontaneous loss of energy. Amphiphilic bilayer molecules also participated in the construc-
tion of internal compartments that stabilized the internal ionic gradients and enlarged the
energetic capacity of a probiont.

Circulative autocatalytic reactions in low-entropy structures had led to the proton pump
formation developed from initial proton gradients. The incessant transfer of protons gave rise to
more efficient acidic-alkaline reactions of phosphates (up to ATP formation) built on the redox
type of reactions. In contemporary cells, H+ gradients are used in the process of ATP generation;
various microbial enzymes perform H+ transfer (Fedonkin 2008). The acidic-alkaline reactions
launched the condensation-hydrolysis cycle. Hydrolysis of ATP (to ADP and AMP) proceeded
with a release of energy and adsorption of water. The reactions of biopolymers condensation
(peptides, polysaccharides, polynucleotides), on the contrary, proceed with a release of water
and utilization of energy. These reactions are thermodynamically and chemically coupled,
allowing for the primary living units to minimize the internal entropy production (Galimov
2006). The reduction of ATP energy took place through phosphorylation of AMP and ADP:
ADP+Pi (+ E) → ATP. The energy source for ATP reducing could vary, from geochemical
energy to light quanta (Galimov 2006). The reactions of phosphates provided the energetic
basis for oligomerization and polymerization of amino acids and nucleic acids. The integrative
organization of a probiont prescribed any catalyst to catalyze a certain reaction. Such a method
of organization could appear only due to the emerged bio-informational process.

The probiont dissymmetrical heterogeneous structure facilitated the formation of stereo
specificity—combination of L-amino acids and D-sugars. In case of spontaneous D- and L-
sugars alternation in nucleic acids, the complementary pairs could not be formed. In case of
amino acid racemization , they could not recognize each other within the polypeptide spiral,
which was considered, in particular, by Galimov (2006). Probably, at the origin of life the
opposite chirality might have emerged as well.

Finally, a reconstruction of the oscillating prebiotic microsystem transition into the primary
living unit is represented in Fig. 1 bottom, Fig. 8a–d. The pictures show the inversion of balance
“contribution of free energy / contribution of entropy” inversion; the same illustrations could be
made for the inversion of balance “contribution of information / contribution of informational
entropy”. The oscillating bistate microsystem is characterized by an exchange of energy and
matter with the outside world; a tendency to dichotomy; continuous reactions resulted in free
energy accumulation and preservation (Fig. 8a). Changes in the outside world stress the
microsystem, provoking a release of preserved free energy. As a result, the total of internal
and external energy contributions prevails over dissipation (Fig. 8b). The resulting direction of
free energy flow reverses from the external to internal one (Fig. 8c). In this way, the micro-
system undergoes thermodynamic inversion, importing free energy and exporting entropy
(Fig. 8d). The appearance of bioinformation in the context of the inversion approach is
considered in another publication by the author (Kompanichenko 2012b).

Primary Communities of Probionts

As it follows from the inversion approach, it was a community of probionts (not a single
probiont) that represented a minimal self-sufficient unit of life. The two arguments in
support of this notion are as follows:

1. The preceding life bifurcation process proceeded according to the statistical physical
mechanism. Through bifurcation any chemical system has a chance (i.e. a certain
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probability) to develop, in accordance with the A, B, B’, C’, C” trends (Fig. 2). But the
evolution of a system to the living state is possible only under the condition of its
continuous stay near the bifurcation point. Due to the same laws, only a part of the
bistate prebiotic microsystems might overcome the entropy barrier, the rest of them
excluded from the origin-of-life process. So, a great number of the initial prebiotic
microsystems had to be involved in the origin-of-life process at its earliest stage, to
produce only a small number of probionts.

2. Segregation of three-dimensional organic (prebiotic) microsystems in aqueous medium
could occur under high concentration of the organic matter in it. The segregation
process resulted in the emergence of numerous organic microsystems that, under the
same conditions, had to produce a considerable number of interacting probionts.

On the lifeless Earth prebiotic organic microsystems were involved into natural geo-
chemical cycles. The inversion of microsystems in local hydrothermal zones initiated the
process of building the probionts metabolic networks into thermodynamic and physico-
chemical gradients of the medium. Being an active component with respect to the abiotic
environment, the probionts transformed the geochemical cycles into biogeochemical ones.
The hydrothermal medium is usually anisotropic, and it is characterized by variable gra-
dients of temperature, pressure, electric potentials, concentrations of chemical components,
etc. The evolution of probionts in such heterogeneous conditions led to the formation of
heterogeneous communities of various probionts and their groups occupying different
ecological niches. The interaction between different complementary groups of probionts
resulted in the emergence of the community functioning as a stable self-sufficient unit of life.
According to the conception by Zavarzin, biogeochemical cycles of the biosphere might be
launched only by different obverse groups of microorganisms (Zavarzin 2006). The con-
temporary prokaryotic communities catalyze biogeochemical cycles, all the reactions con-
jugated into a common system.

Fig. 8 Reconstruction of a prebiotic microsystem transition into living unit. Fint (internal) and Fext (external)
free energy contributions into a prebiotic system; Δ F+ (positive) and Δ F− (negative) free energy gradients of
the system with respect to the surroundings; arrows—directions of free energy and entropy flows
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A theoretical reconstruction of the evolution of probionts to progenotes, and later to
contemporary prokaryotes was made in another work by the author (Kompanichenko 2009b).

Conclusion

The inversion approach offers a new way for laboratory experiments on the origin of life.
The theoretically substantiated origin-of-life process (including both prebiotic and biotic
stages) should be tested in an experimental system with fluctuating conditions. Modeling the
prebiotic stage, the behavior of relevant organic compounds (hydrocarbons, lipids, amino
acids, nucleic acids) should be explored in the fluctuating medium simulating the fluid rising
in the thermo gradient field of the Earth’s upper crust. The continuous synthesis of organic
(marco) molecules and self-assembly of organic microsystems (i.e. a change in the synthesis/
oligomerization and destruction tendencies, due to external fluctuations) are the most
interesting processes to investigate. Thus, the synthesis and oligomerization of glycine takes
place in simulated hydrothermal conditions, but synthesized (macro) molecules have a
tendency to destruction (Aubrey et al. 2009; Cleaves et al. 2009). However, as it follows
from the inversion approach, these molecules may complicate and reorganize under optimal
fluctuations and changes of temperature. These experiments could serve as a good basis for
the next experimental attempts to obtain probionts.
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