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The Emergence of the Bilateral Symmetry in Animals: A Review and a New Hypothesis




Abstract: Most biological organisms exhibit different kinds of symmetry; an Animal (Metazoa), which is our Darwinist ancestor, has bilateral symmetry,  and many plants exhibit rotational symmetry. It raises some questions: I. How can the evolution from an undifferentiated cell without bilateral symmetry to a complex biological organism with symmetry, which is based on asymmetric DNA and enzymes, lead to the bilateral symmetry? II. Is this evolution to an organism with bilateral symmetry obtained by other factors than DNA and enzymatic reactions? The existing literature about the evolution of the bilateral symmetry has been reviewed, and a new hypothesis has been formulated based on these reviews. The hypothesis is that the morphogenesis of biosystems is connected with the metabolism and that the oscillating kinetics in the Glycolysis have played a role in the polarity of the biological cells and in the establishment of the bilateral symmetry in Animals.
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1. [bookmark: Introduction_]
Introduction
A biological organism consists of stereo specific molecules.The proteins and enzymes are polymers of L-amino acids and the carbohydrates are polymers of D-carbohydrate units. The structures in a biological organism are obtained from an undifferentiated cell by biochemical reactions with asymmetric enzymes. The development of the organism depends on this quality, whereby the DNA in an undifferentiated cell ensures the complex and unique biological order in the organism.
Nevertheless, most biological organisms exhibit different kinds of symmetry; the first Animals (Metazoa, which our Darwinist ancestor) have bilateral symmetry (Figure 1), and many plants exhibit rotational symmetry, and it raises some questions:
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[bookmark: _bookmark0]Figure 1. An example of bilateral symmetry in Homo sapiens: La cueva de las manos (Argentina) 7300 BC. Copyright Wiki Commons.








I. How can the evolution from an undifferentiated cell without bilateral symmetry to a complex biological organism with symmetry, which is based on asymmetric DNA and enzymes, lead to the bilateral symmetry?
II. Is this evolution to an organism with bilateral symmetry obtained by other factors than DNA and enzymatic reactions?
I shall try to answer these two questions based on the existing scientific literature, after first describing the evolution of the bilateral symmetry in Animals.
2. [bookmark: Symmetries_in_Animals_and_Plants_]Symmetries in Animals and Plants
 (
≈
) (
≈
)Our first ancestor was a bacterium at least 3.5 billion years old [1,2], but the first and simple multicellular organism with bilateral symmetry was a Bilateria or Animal that appeared much later (almost all Animals are Bilaterians with a bilateral symmetry). The earliest fossils of Animals in the Precambrian evolution appeared in the Ediacaran period 635–541 million years ago (Mya) [3–5], and the Bilateria was part of the Cambrian explosion at 541 Mya [6].  The bilateral symmetry in Animals is probably developed from a sea anemone (Cnidaria) with radially symmetry (Nematostella vectensis) [7–11]. In addition, many plants exhibit different kinds of symmetry, e.g., rotational symmetry, but also bilateral symmetry. Today, most plants are flowering plants which are evolved from the Angiospermae.  They appeared, however, much later than the Animals [12,13], at 140–250 Mya ago.
There has been an evolution of the symmetry in Animals after the emergence of the bilateral symmetry. On one hand, there are many examples of a tendency to develop some asymmetry in Animals, and, on the other hand, there is a corresponding evolutionary tendency for ensuring the bilateral symmetry.
The stability of the bilateral symmetry in Animals is maintained by Darwinian natural selections. It is in many contexts an advantage to have the Animal’s organs (ears, eyes, limbs, etc.) placed symmetrically with respect to the symmetry plane. But beyond that, the bilateral symmetry is also maintained by sexual preference. The bilateral symmetry is preserved during the evolution of sexual dimorphism, which, in general, results in a sexual differences, usually with dominating males. The success in male-male competition reflects high quality, and it is normally assumed that the female preference for dominant males should be widespread. But, e.g., investigations in Reference [14] show that females of the rock lizard Lacerta monticola prefer more symmetrical males as potential mates, by which the bilateral symmetry is preserved. The sexual preference among Humans shows, correspondingly, that a high degree of symmetry in the human faces is attractive, and it is found to be masculine for men and to be feminine for females [15]; bilateral symmetry is, in general, aesthetically attractive [16].
But there is also many examples of asymmetry in Animals.    Almost all Animals are Bilaterians with bilateral embryos, but many Animals exhibit asymmetric elements. Reviews of asymmetry in Animals are given in References [17–19], with the key ques- tion [17]: do common rules govern how direction of asymmetry is determined during ontogeny to yield an asymmetrical individual? The answer is that both genes, environment, and chance influence the asymmetry. There is countless examples of local asymmetry in Animals, including asymmetry in Humans [19]. An asymmetry in Animals is, e.g., developed in trilobites relatively early after the emergence of the bilateral symmetry [20]. The asymmetry in a lobster with a cutter and a crusher is established during a lobsters evolution and appears with both the crusher to the left and to the right. While the critical period for crusher determination is genetically determined, the actual trigger is influenced by experience [21]. A similar asymmetry is obtained for crabs [22]. Flat fish have a re- markable asymmetry with both eyes placed on one side of the head. The asymmetry in a flat fish is genetically determined and emerges in its late larval condition, but with the occurrence of both asymmetries in samples of flat fish [23] (Figure 2). A similar example of asymmetry is the Human right-/left-handed asymmetry, which is initialed at an early state of the human embryo [24].
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[bookmark: _bookmark1]Figure 2. Two flounder caught in the Baltic Sea. They are asymmetrical Animals but exhibit together a bilateral symmetry. A flounder has both eyes on the same side of its bilateral Animal plane.
The conclusion concerning the bilateral symmetry and asymmetry in Animals is that the bilateral symmetry first appears in the Animal at the late Precambrian evolution and the Cambrian explosion. The asymmetries in Animals appear later and can be caused by genetic, as well as environmental factors, and by chance [17], but with the basic bilateral symmetry maintained in the Animals.
3. [bookmark: The_Bilateral_Symmetry_in_Animals_]The Bilateral Symmetry in Animals
There is an extensive literature about the emergence of the bilateral symmetry. The Dar- winist ancestor is as mentioned a sea anemone Cnidaria, which has rotational symmetry. Since oligomeric enzymes in fact can have rotational symmetry [25,26] despite their asym- metric protein units, the morphogenesis of Cnidaria with rotational symmetry could alone be caused by the rotational symmetry of oligomeric enzymes, but this subject is not to de- bate. Here, I will focus on the evolution from a biological system with rotational symmetry to a system with bilateral symmetry.
The biological evolution is not revolutionary but characterized by gradual changes most often over enormous times, and, despite the general accepted name: the Cambrian explosion, this biological evolution had appeared over millions of years. An example of religious symbols with rotational and bilateral symmetry is shown in Figure 3. The old (and misused) religious Swastika icon has rotational symmetry but contains a cross which also has bilateral symmetries, and the change to the Crucifix with only bilateral symmetry can be obtained by small and continuous changes in the Swastika figure. By analogy with this property, the change from Cnidaria to Animal can be obtained by small and continuous evolutionary changes. As in the case of the emergence of asymmetries in Animals, one shall expect that both genes and environment and chance influence the change of symmetry from rotational to bilateral symmetry.
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[bookmark: _bookmark2]Figure 3. Religious symbols with symmetry. The old Indian Swastika icon with rotational symmetry contains a cross with bilateral symmetries. The Crucifix has only a bilateral symmetry. Copyright Wiki Commons.



3.1. [bookmark: The_Cellular_Polarity_and_the_Cell_Divis]The Cellular Polarity and the Cell Division
There exist an extensive review literature about the developmental order and structure in a biological system [27–35], and with the focus on the changes in cell polarity. Cell polar- ity refers to spatial differences in shape, structure, and function within a cell. According to Reference [27], “the origin of large-scale symmetry in biology often lies in asymmetry at a smaller scale”; and, on a cellular level, there is already cell polarity with asymmetries in a simple Bacteria.
A Procariote exhibits a complex cell polarity with asymmetries [36], and, in Ref- erence [28], the authors conclude that such a small scale asymmetry in the polarity of cytoskeletal filaments in two bacteria (Caulobacter crescentus and Bacillus subtilis) plays a central role in the symmetry break at the cellular level through a protrusive force genera- tion and directional transport of molecular assemblies and organelles. In Reference [29], the cellular polarity of RNA in bacterial cells is reviewed. Their cell division is caused by three polarity protein determinants, MinC, MinD, and MinE, that oscillate between the cell poles during cell division. The mechanism for the self-organization of proteins is reviewed in Reference [30], with focus on a possible recruiting of specific proteins to the cell poles by a self-assembling. Another review of articles concerning polarity and growth mechanism in bacteria is given in Reference [31]. The bacterial cell growth consists of two distinct phases: cell elongation and septum formation prior to cell division. They conclude that temporal regulation of the peptidoglycan synthesis is a common theme. The kinetics in cell membranes with emergence of cell polarization is reviewed in Reference [32], where the authors conclude that the membrane kinetics is responsible for the cell polarity. The self- organization of structures in cell with cell polarity and “mechanical forces” is reviewed in Reference [33], with the hypothesis that it is a “ feedback interaction between polarity, mechanics and fate” through self-organizing interactions in this tripartite relationship.
The conclusion from the reviews of polarity in a Bacteria is that it is not at all “chem- istry in a bag”, but that already a Bacterium is a highly ordered system and with a com- plex polarity at the cell division. The polarity includes oscillating peptide locations and, presumably, also regulation by metabolic reactions in the plasma membrane (peptidogly- can synthesis).
The symmetry evolution from Cnidaria to Animal are reviewed in References [7–11], and the evolution in polarity is reviewed in References [34,35]. In Reference [35], the au- thor’s hypothesis is that the emergence of the bilateral symmetry in Animals is the optimal response to mechanical forces, including gravity, on the multicellular biological organism.
The common observation in all the reviews is that there is a polarity in the cells, the cell-membrane, and the location of the cell proteins and genes. The explanation for the emergence of the bilateral symmetry is that it is this structural order in the cell and the genes which, together with an “environmental impact” on the cells, causes the bilateral order at the evolution to an Animal. According to the reviews, the precursor could be structural asymmetries with protrusive forces [28], self-assembling [30,33], gravity and mechanical forces from (growth) constraints [35], mechanical forces and embryogenic cell fate [33], and kinetics in the cell [29] and cell membrane [31,32]. But common for all the reviews is that the genetics alone is not sufficient to ensure the evolution of symmetry, and, if so, it answers the second question raised here.
3.2. [bookmark: Precursors_for_the_Emergence_of_the_Bila]Precursors for the Emergence of the Bilateral Symmetry in Animals
In searching for a precursor for the bilateral symmetry in Animals, there are only few guide lines. There is, however, of the order 3 billion years between the emergence of the first simple Bacteria and the Cnidaria in the Ediacaran and Cambrian period. And the evolution of polarity in a simple Bacteria to a (Eukariote-) multicellular Cnidaria with its cell polarity has probably evolved rather continuously in the biological systems in the oceans over this enormous time span. It is, therefore, natural to search for an influence on the cell, its structure, and its genes that has been present throughout this long period of time. Gravity is not good candidate for the simple reason that a bacterium and the



polarity of the cells in the biological organisms did not have a constant orientation to the gravity force. The surface tension in a cell and protrusive forces [28] is a possibility because the cell structure with a membrane with non-uniformity in molecular structure will give reason not only to a surface tension but also to local tensions in the membrane [37], e.g., the ion-channels and the membrane proteins are non-uniformly distributed. Self-assembling by self-stabilizing change is another possibility [38]. But the most obvious candidate for the cause of the polarity in the cell and the changes in polarity at the embryonic development is the kinetics in the cells. However, the kinetics in the cells are also determined by the genetics of the biosystem.
4. [bookmark: The_Kinetics_in_a_Cell_]The Kinetics in a Cell
The kinetics in a cell are very complex, but the central part in the metabolism, the Glycolysis, is common for all living organisms. The biochemical reactions with carbohy- drates in the Glycolysis is catalyzed by enzymes, and the consecutive biochemical reactions with stereo specific enzymes ensure the homochirality in the carbohydrates. The emergence of homochirality in carbohydrates is not known, but it could either by obtained endoge- nously (spontaneous Gibbs free energy favorable) [39,40] or obtained by stereo specific enzymes [41].
The Glycolysis has a remarkable property: the concentrations of the components in the Glycolysis oscillate. Oscillations in the concentration of NADH in a cell has been known for a long time [42]. Figure 4 shows the oscillation in the in vivo concentration of NADH in a yeast bacteria Saccharomyces cerevisiae [43]. In agreement with this behavior, a comprehensive model for the consecutive metabolic reactions in the glycolysis of the yeast bacteria exhibits oscillations of the concentrations [44]. But the experimentally determined time-oscillating concentration in NADH in the yeast bacteria and the concentrations in the kinetic model for the Glycolysis are mean concentrations in the cells, and the question is whether there could be a connection between the oscillations in these concentrations of the chemical components in the metabolism and the polarity in the cell at the cell division.
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[bookmark: _bookmark3]Figure 4. In vivo, oscillations of NADH concentration in yeast bacteria [43]. The concentration of NADH in arbitrary unit (a.u.) in the yeast bacteria as a function of time after the start of the measurement. The period of the oscillations is 34.8 ± 0.2 s.
The polarity and the cell growth with elongation at cell division are described in Reference [31], with emphasis on polar growth in bacteria with cell elongation and septum formation, and Reference [30] reviews the literature about the “self-organizing” of the genes to the cell pole and summarizes: “In particular, the cell poles-the ends of rod-shaped cells- constitute important platforms for cellular regulation that underlie processes as essential as cell cycle progression, cellular differentiation, ...”. The polarity covers already for Bacteria over a highly ordered gene structure with oscillations (change of local positions) of genes



during the cell division [29], and the question is: what kind of evolutionary kinetics could have established this spatial organization and dynamics?
4.1. [bookmark: Early_Embryonic_Pattern_Formation_in_Dro]Early Embryonic Pattern Formation in Drosophila
One of the Animals which appeared at the Cambrian explosion is the small fruit fly Drosophila melanogaster [9], and its metamorphosis has been heavily investigated. One re- markably feature in the evolution of Drosophila is the early embryonic pattern formation with seven stripes with genes for regulation of the development in multicellular organisms with cell differentiation and morphogenesis (Figure 5). The stripes contain the pair-rule genes in the embryo preceding gastrulation (i.e., where the blastula in the embryo goes from a single layer to a multilayer blastula) [45,46]. The stripes in the multicellular em- bryo also contain genes for the early endosome organization for sorting of the cells in the embryo [47] and homobox genes for the bilateral evolution [48,49]. But the figure of the embryo and the stripes has an apparent rotational symmetry, although the genes for the bilateral evolution may have asymmetrical positions in the stripes. The formation of the three-dimensional bilateral structures from patterned epithelial cell sheets in Drosophila is modeled in Reference [50].
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[bookmark: _bookmark4]Figure 5. Early embryonic stripe patterns (violet) of the concentration of eve RNA in a Drosophila
embryo [51].
4.2. [bookmark: Models_for_Polarity_at_the_Emergence_of_]Models for Polarity at the Emergence of the Bilateral Evolution
The stripe patterns in Drosophila melanogaster can be obtained by a reaction diffusion model with cross inhibition or activation of the kinetics for a morphogen in a cell [52] (Figure 6), and the embryonic development during gastrulation is correspondingly obtained by an another reaction diffusion model [53]. The patterns obtained by the reaction-diffusion models for the embryogenesis are examples of Turing structures, and these Turing patterns depend on the confinement [54]. In the case of oscillations of a morphogen, the spacial stripes depends on the cross inhibition or cross-activation and on the ratio D/R2 between the diffusion coefficient for the morphogen and the size R for the biological system [55]. For a bacteria, R is the size of the cell, and, for Drosophila, it is the size of the embryo and, as the embryo grows, the diffusion may be regulated enzymatically in order to maintain the ratio D/R2 and the pattern in the embryo [55].
Figures 5 and 6 show a striking resemblance, but there is no direct evidence of such a connection between the oscillation in the Glycolysis and the formation of the stripe patterns in the embryo. The polarity and gene patterns in Drosophila obtained in Reference [52] are for a reaction-diffusion model of a morphogen with autocatalysis, but it is in fact also a simple model for the oscillation in the Glycolysis [56] (see Appendix in Reference [52]). And a time-oscillating system can induce stationary patterns in another system. The sta- tionary wavy sand patterns in a beach bottom is an example of such induced patterns caused by the surface waves. So, the oscillations in the Glycolysis can have induced the stripe patterns in the Drosophila.
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[bookmark: _bookmark5]Figure 6. Turing concentration patterns of a morphogen in an elliptically-shaped cell with reaction- diffusion dynamics [52]. The blue color is for a relative high stationary concentration of the mor- phogen, and yellow is for a relative small concentration.
4.3. [bookmark: The_Hypothesis_about_the_Emergence_of_Bi]The Hypothesis about the Emergence of Bilateral Symmetry in Animals
Two questions were formulated in the Introduction:
I. How can the evolution from an undifferentiated cell without bilateral symmetry to a complex biological organism with symmetry, which is based on asymmetric DNA and enzymes, lead to the bilateral symmetry?
II. Is this evolution to an organism with bilateral symmetry obtained by other factors than DNA and enzymatic reactions?
According to the present analysis, the answer to these two connected questions may be that the evolution of the bilateral symmetry in Animals already started in a simple Bacterium with a polarity of genes and continued in the succeeding three billion years with biological evolution to the multicellular Cnidaria with rotational symmetry. At the end of the Precambrian evolution and subsequent Cambrian explosion, the polarity in the multicellular organism was polarized further and resulted in the emergence of the Bilaterians. The polarity in the multicellular embryo of an Animal exhibits stripe patterns of the genes in the embryo, but whether there already is a similar polarity of the gene structure in the Cnidaria is not reported.
The morphogenesis must be initiated by biochemical reactions, which are part of the chemical network including the metabolism. According to the hypothesis, the evolution of the polarities and the emergence of Bilaterians was induced by the oscillations in the Glycolysis, which is regulated by asymmetrical enzymes. But the evolution in the polarity is not solely controlled by the genetics. The induced Turing patterns also depend on the cell and embryo size.
5. [bookmark: Summary_][bookmark: References]Summary
The biological organisms evolved from Bacteria for more than 3 billion years before the first Bilateria appeared, and a simple Bacterium is already a very complex system with cell polarity. The biological mechanisms that caused this development are most likely also complex. All living organisms have some characteristic features, but a given feature is normal distributed with small deviations from the mean value. Traditionally, the evolution is described as Darwinian with enhancements of a deviation by change and/or a ”survival of the fittest” evolution.  An example of the Darwinism survival of the fittest evolution is illustrated in Figure 2, with two flounders that have a bilateral ancestor without the asymmetry of the position of the eyes.
There are non-genetic factors, e.g., change and self-stabilizing change [38], and cell forces (e.g., surface tension) which also might have influenced the evolution toward the bilateral Animals. Most likely, the evolution from a Bacterium toward a multicellular



Cnidarian and, finally, an Animal with bilateral symmetry has been continuous over this long time of the evolution before the Cambrian explosion, and with small enhancements of local symmetries, as illustrated by the religious icons in Figure 3. The success of this evolution has been conserved in the DNA of an Animal, and, on a superficial level, it must now seem as if the development from a undifferentiated Animal cell to its embryo, and finally, to an Animal is only genetically determined. But, according to the above hypothesis, this does not have to be the case either. If the above hypothesis is correct, then it is also crucial that this development takes place first in a cell, and then in an embryo with a compact shape, in order to obtain the Turing patterns.
In articles about the origin of life, one finds the view that life is more than chemistry in a bag. But this is an unfortunate formulation because all life takes place in cells. The confined and protected chemical environment in a cell is crucial for the stability of the biochemical reactions [57]. The compact form of a cell is obtained by the surface tension and the osmotic pressure, and they are examples of non-genetic factors in the evolution. According to the hypothesis above, the compact form of a undifferentiated cell, and later the embryo, is also crucial for the stability of the Turing patterns for the evolution of bilateral symmetry in an Animal. So, the answer to the second question formulated here is the fact that all life is obtained inside cells or collections of cells, which are also crucial for the emergence of life and the emergence of Bilaterians.
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