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Abstract 

       We propose an original model of human limb evolution. The human organism is a biocrystalloid with a structure comparable to that of mineral organisms with symmetry and segmentation typical of them. One of the fundamental characteristics of individual mineral specimens and biocrystalloids is their ability to aggregate, i.e. to exist not only as separate objects but also in the form of aggregates and regular concretions. Segmentation is nothing else but traces of boundaries left following integration of separate multicellular non-segmented specimens with gradual fading of their differences and formation of a new entity in compliance with formation laws. Integration of five- and eight-segment organisms resulted in the formation of a 13-segment precursor organism of man. Human extremities developed from the symmetrical metameric anlages of bone processes in conformity with the original segmentation and two-plane symmetry. In the process of evolution originally identical limb bone processes disproportionately changed in size, regrouped, united, regressed, resulting in arrangement according to the schemes: for the shoulder girdle and the superior extremity - 2; 1; 2; 3; 2; 3; 5; 5; 8; 8; and 3; 2; 3; 2; 1; 2; 8; 8; 5; 5 for the pelvis bones and the inferior extremity. This includes reduced and sesamoid bones as well.
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Introduction

Discovery of laws governing the evolution of the human body structure is one of the most important tasks of biology. However, there are different views on the mechanisms of the human limb development. Scientists generally accept that human limbs developed from fish fins but it is not clear what type of fins could give origin to the five-finger limb. There are two major views on this point. Some hold that the limbs of   terrestrial vertebrates developed from fish fins with a single ray in the inner skeleton while others believe they developed from common fish fins having a limited number of such rays (12). 

We proposes his our original concept of the human limb development. This concept is based on the hypothesis that biological objects have a biocrystalloid structure  that imparts symmetry and determines segmentation of live organisms (6). Therefore its brief explanation with references to certain stages in the evolution of early human ancestors should precede the presentation of the concept as such. 

Theoretical assumptions

The human organism is a biocrystalloid in a sense that it is regarded both at the level of the whole organism and individual cells as a composite entity consisting of a crystal-like structure and pericrystalline medium. Crystallographic analysis of biological and non-biological minerals does not reveal any significant differences between the two, which is indicative of common crystallization processes (1, 16 -18).

The main feature of crystal structures is their symmetry. Two-plane symmetry is characteristic of man, which is determined by two-plane symmetry of a chromosome, which is carrying genetic information. Aggregation is one of the fundamental features of minerals as they are found primarily not only as separate objects but also as aggregates, i.e. regular cohesive masses and other synmineralogical systems. This feature is inherent not only to compound molecules but also to associates of a higher order. The cell biology (15) has shown that when similar cells touch each other they tend to cohere forming aggregates characteristic of the given cell population. Ability to aggregation in an orderly way is expressed as self-organization. Self-organization of live matter and tissue formation depend to a great extent on inter-cellular assembly mechanism, which involves both simple and macro- molecules. The integration of cells is controlled by molecular mediators and involves intermolecular interactions (10).

Similar live systems and their components that perform the same function have an ability to integrate and form firstly a conglomerate (colony) and then an organism. This could happen in the development of separate cells into an organism like volwox, a ball-like organism that initially is a colony and then transforms into a single organism. This phenomenon is characteristic of multi-cellular organisms as well. Integration explains association of multi-segment entities into a single organism and the resulting structure would consist of the two groups of segments, i.e. appearance of an organism consisting of two different but of the same type specimens, each of which had different number of segments. Segmentation is nothing else but traces of integration of separate multicellular non-segmented entities into a whole organism accompanied by gradual fading of differences between them in compliance with formation laws. In this integration process the number of symmetry planes could change and not all organisms would build their antimeres in the same way when going from a three-plane to a two-plane symmetry. Some animals arranged antimeres into a row observing the metamerism law and the resulting metameric row became longer (this group includes the chordata, for example) while others integrated antimeres observing their primary segmentation (this group includes the arthropoda).

We can postulate a hypothesis that animal segmentation is a result of aggregation of simple non-segmented organisms initially into a colony and then into a single segmented organism with gradual fading of the original aggregation traces  (7).

Phylogenetically, an early precursor of man evolved from a simple cell into an integrated multi-segment organism through several stages - initially a simple cell, then a cell colony, later a multicellular non-segmented organism of the volwox type, then an organism like a concave ball similar to Haechel's gastrea or Mechnikov’s parenchymella, then a colony of non-segmented multicellular organisms and finally a multi-segment multicellular organism.  Perhaps, colonies consisting of a limited number of organisms turned out to be the most stable ones, which led to the formation of organisms consisting of 2-9 segments. Five-segment organisms were predominant. Later on, whole groups of specimens showed ability to integration. Starobogatov (14) noted that the arthropods consist of two groups of segments: the head group invariably contains 5 segments while the caudal one can contain from 2 to 9 segments. The 13-segment precursor organism of man evolved as a result of integration of 5- and 8-segment organisms. 

Limb segmentation

Modern biology and anatomy do not give a clear description of animal segmentation and of its causes. Scientists consider the humans to be partly segmented. The definitive number of segments in humans is yet unknown. Scientists disagree on the number of somites in man and count from 37 to 44 of them (2). Ivanov, (9) provides a comparative analysis of metamerism in animal embryonic development. However he gives no explanation to metamerism as such. He draws a conclusion that the chordata could develop from oligomeric forms, but he gives no explanation as to what made oligomeric forms to transform into polymeric ones.

Scientists have not solved the question of the origin of terrestrial vertebrates. Besides, there is a disagreement about their mono or polyphylitic origin. Holmgren (8) considers them to be of polyphylitic origin. But Schmalgauzen (13) thinks them to be of monophylitic origin. Paying attention to some arguments they ignore the opponent’s reasons though they are important. Anyway we should discuss this question more widely. Can only the divergence of life conditions explain the variety of animal body structure? In our opinion the problem can be solved on the basis of analysis of a segmented organism structure. The solution of this problem is closely connected with new organs formation. Carrol, (3) states: “Metacarpus and phalanges of tetrapods are assumed to have developed almost completely as a new formation”. However, new organs do not form from nothing. They can form from already existing organs or their parts by acquiring new functions and subsequently becoming separate. Division of organs takes place in accordance with the symmetry and segmentation of the given organism type (for man it is two-plane symmetry). Species at the early stages of their evolution have organs (in particular, bones), which either can be underdeveloped or not appear at all. Species at the late stages of their evolution have parts of organs, which can integrate, reduce and disappear.

The skeleton of paired fins developed as a metameric series of cartilage cores in originally continuous paired lateral folds. These folds then divided to form separate plates so that every trunk metamere had two rays of the paired fins (12). Modified anlage led to further development of the terminal parts of the folds and reduction of their mid part. This is how fore (upper) and hinder (lower) limbs evolved. The metameric anlage of muscles and skeleton shows that this continuous fin had a metameric structure in strict conformity to the trunk segmentation (12). The division of the single fin into compartments was in line with the physiological division of functions.        

Following the principles of the two-plane symmetry and 13-segment division, four groups of bones developed from the continuous lateral fold. Every group contained 52 anlages, which were a kind of material for the development of paired fins and later on of limbs. The reduction in the number of anlages in the limbs from 52 to 39 was probably a result of antimere elements integration and reduction. Each group of bone anlages consists of proximal and distal parts. The proximal one had one series (13 anlages) consisting of two groups (5 and 8 anlages) while the distal one had two rows, each consisting of two groups of anlages (13 a piece) (Fig.1). Subsequent transformation led to the formation of an elongated motion organ, which had 6 rows (two rows in the proximal part and four rows in the distal part according to the scheme 5,8, 5,5, 8, 8 in the fore limb and 8,5, 8, 8, 5; 5 in the hinder limb respectively).  Bones formed from the initially equal anlages became different in size and the number of rows in the limb increased. Further evolution led to distribution of the proximal bones into a six-component series while in the distal part the four-row arrangement persisted. The bones of the proximal parts arranged according to the scheme 2; 1; 2; 3; 2; 3 in the superior limb and 3; 2; 3; 2; 1; 2 in the inferior limb respectively. Some limb bones transformed into sesamoid ones or reduced completely under the impact of morphogenetic influences, we show them in shorter dashes in our scheme (fig. 1). Sometimes sesamoid bones further evolve and re-arrange into a seven-ray fan structure but the total number of bones, including sesamoid ones, never exceed the number of original anlages that equal the number of primary segments of the two-plane symmetry. 

It can be assumed that the schemas described above were never implemented in real animals as limbs continuously evolved and changed. These schemas however are indicative of the direction in which those changes went. Bone anlages in the continuous lateral fold underwent numerous rearrangements and formed an eight-finger (fore) limb and five-finger (hinder) limb. Further development was characterized by a trend to build identical antimeres (five-finger limbs). The schemas described show how differently anlages of five- and eight-segment organisms developed. The real structure of the human superior extremity (together with the thoracic girdle) almost completely fits into the proposed schema. The real structure of the human inferior extremity (together with os coxae) in general fits into the proposed schema if we assume that the heel and ankle bones phylogenetically are part of the thigh and shin. The proposed distribution of bones may look hardly acceptable for some but most likely it is true if we take into account some factors. According to Romer, & Parson (11) os calcaneus philogenetically belongs to shin. Fig. 2 shows the arrangement of tibia and fibula bones and os calcaneus of mammalians.  In mammalian ancestors besides the three typical pelvic bones there was one more small bone - os acetabulum ((3, 11, 12). Perhaps, the center of formation of this bone could shift and thus form a second thigh bone, which later shifted lower and became os talus. The process of shifting influenced the position of the third bone of shin (os calcaneus), which  shifted lower. Both bones became compound part of foot.

Fig.3 shows the scheme of the limb structure of acanthostega gunnari according to Clack (4, 5), drawn based on reconstruction from excavated petrifaction. The eight-finger fore limb of acanthostega gunnari does fit into the described schema. We should notice that the structure of fore and hinder limbs of acanthostega gunnari is different which fits into the proposed schema.

Conclusion

The human superior extremity evolved from bone anlages of the proximal segment with the following 13 bones in it: os scapula, os clavicula, os humerus, os radius, os ulna and all 8 bones of the wrist (ossa carpi). The evolution of the human inferior extremity was similar and the resulting bone structures include 13 bones: os ilium, os pubis, os ischii, os femoris, os fibia, os tibia and all seven ossa tarsi. The anlages of the second (distal) segment gave rise to ossa metacarpi and phalanges in the superior extremities and ossa metatarsi and phalanges in the inferior extremity. The remaining anlages not involved in the formation of the motion organs regressed or developed into sesamoid bones.  The maximal number of sesamoid bones is 28 (7 in each extremity if the undeveloped phalanges of the first fingers/toes are taken into account). We should  note that bones arrangement in wrist and tarsus does not allow to determine their rows.

The study of the human limb structure shows that there is an alteration of groups of bone enlarges of 5- and 8-segment organisms. The proximal group in the superior extremity consists of five bones - os scapula, os clavicula, os humerus, os radius, os ulna, a group of eight bone anlages (ossa carpi) follows this, the next group has two rows of five bones in each row (metacarpal bones and proximal row of phalanges) and terminates with two rows each containing eight bone anlages three of which have regressed. The proximal component of the inferior extremity contains eight (not like in the superior extremity where the proximal component contains bones of a 5-segment organism) bone anlages: three pelvic, femoral, tibial and fibial, calcaneal and astragaloid (os talus) bones. The distal group has five anlages (os naviculare, os cuboideum, and three ossa cuneiformiq) plus two rows of eight bone anlages in each. The inferior extremity terminates with two rows of five bones in each. The middle phalange of the first finger has regressed in all the extremities.        
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Fig. 1 Scheme of the human limb development.

xx’ – yy’-Two plane symmetry

A - paired continuous lateral fold. 

B - D - gradual formation of antimeres with bone anlages in the two-plane symmetry that served as material for the development of extremities

B - formation of antimeres with anlages located in a row. 

C - rearrangement of anlages.

D - partial integration of anlages in the antimere.

E - K - stages in the formation of extremities with their girdles.

E, G, I, J -  formation of the superior extremity. J - 7-ray motion organ.

I, J: 1 - bones of the shoulder girdle; 2. – Shoulder; 3 – forearm; 4 – wrist; 5 – metacarpus; 6 - digital phalanges.

F, H, K - formation of inferior extremity.

K: 1 – pelvic bones; 2 - os femori and talus; 3 - tibia, fibula and os calcaneus; 4 – tarsus; 5 – metatarsus; 6 - toe phalanges. 

I, J, K, - reduced and sesamoid bones are shown in shorter dashes.

Fig. 2.  Scheme of the tarsus of ancient mammals according to Romer & Parson (1992).

            T – tibia; F – fibula; ca – calcaneus; a – astragalus; nav – naviculare; mc – mesocuneiforme; 

            ec - ectocuneiforme; cu -cuboideum.

Fig.3 Scheme of the left limbs of Acanthostega gunnari according to Clack (2000b) with some changings 
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