
Essential Comparative 
Anatomy 



 



Essential Comparative 
Anatomy 

By 

Zakharkiv Yuri  Fedorovich 
 
 



Essential Comparative Anatomy 
 
By Zakharkiv Yuri  Fedorovich 
 
This book first published 2020  
 
Cambridge Scholars Publishing 
 
Lady Stephenson Library, Newcastle upon Tyne, NE6 2PA, UK 
 
British Library Cataloguing in Publication Data 
A catalogue record for this book is available from the British Library 
 
Copyright © 2020 by Zakharkiv Yuri  Fedorovich 
 
All rights for this book reserved. No part of this book may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, recording or otherwise, without 
the prior permission of the copyright owner. 
 
ISBN (10): 1-5275-5427-9 
ISBN (13): 978-1-5275-5427-6 



TABLE OF CONTENTS 
 
 
 
List of Illustrations .................................................................................... ix 

 
About the Author ....................................................................................... xi 
 
Introduction ............................................................................................. xiii 

 
Chapter One ................................................................................................ 1 
Comparative Anatomy of the Skin Integument 

1.1. The evolution of the skin integument in invertebrates ................... 1 
1.1.1. The skin of coelenterates (Coelenterata type) ....................... 1 
1.1.2. The skin of flatworms (Platyhelminthes type)....................... 2 
1.1.3. The skin of roundworms (Nemathelminthes type) ................ 3 
1.1.4. The skin of annelids (Annelides type) ................................... 5 
1.1.5. The skin of arthropods (Arthropoda type) ............................. 5 
1.1.6. The skin of shellfish (Mollusca type) .................................... 6 
1.1.7. The skin of chordates (Chordata type, Acrania subtype) ....... 6 

1.2. The evolution of the skin integument in vertebrates  
(Vertebrata subtype) ........................................................................ 7 
1.2.1. The skin of cyclostomes (Cyclostomata class) ...................... 8 
1.2.2. The skin of cartilaginous fish (Chondrichthyes class) ........... 8 
1.2.3. The skin of bony fish (Osteichthyes class) ............................ 9 
1.2.4. The skin of amphibians (Amphibia class) ........................... 11 
1.2.5. The skin of reptiles (Reptilia class) ..................................... 12 
1.2.6. The skin of birds (Aves class) ............................................. 13 
1.2.7. The skin of mammals (Mammalia class) ............................. 16 
1.2.8. The main directions of evolution of the skin in vertebrates 20 

1.3. Phylogenetically determined malformations of the  
skin in humans ............................................................................... 22 

 
Chapter Two ............................................................................................. 25 
Comparative Anatomy of the Respiratory System 

2.1. The evolution of the respiratory system in invertebrates ............. 25 
2.1.1. The respiratory system of ringed worms (Annelides type) .. 25 
2.1.2. The respiratory system of arthropods (Arthropoda type) .... 26 
2.1.3. The respiratory system of shellfish (Mollusca type) ........... 27 



Table of Contents 
 

vi

2.1.4. The respiratory system of chordates (Chordata type) .......... 28 
2.2. The evolution of the respiratory system in vertebrates ................ 28 

2.2.1. The respiratory system of cyclostomes  
(Cусlostomata class) ................................................................ 28 

2.2.2. The respiratory system of cartilaginous fish  
(Chondrichthyes class)............................................................. 28 

2.2.3. The respiratory system of bony fish (Osteichthyes class) ... 29 
2.2.4. The respiratory system of amphibians (Amphibia class)..... 29 
2.2.5. The respiratory system of reptiles (Reptilia class) .............. 31 
2.2.6. The respiratory system of birds (Aves class) ....................... 33 
2.2.7. The respiratory system of mammals (Mammalia class) ...... 35 
2.2.8. The evolution of the respiratory system in vertebrates ........ 38 

2.3. Phylogenetically determined malformations  
of the respiratory system ............................................................... 39 

 
Chapter Three ........................................................................................... 41 
Comparative anatomy of the circulatory system 

3.1 The evolution of the circulatory system in invertebrates .............. 41 
3.1.1. The circulatory system of annelids (Annelides type) .......... 41 
3.1.2. The circulatory system of arthropods (Arthropoda type) .... 42 
3.1.3. The circulatory system of shellfish (Mollusca type) ........... 42 
3.1.4. The circulatory system of chordates (Chordata type) .......... 43 
3.1.5. The circulatory system of lancelet (Acrania subtype) ......... 44 

3.2. The evolution of the circulatory system in vertebrates  
(Vertebrata subtype) ...................................................................... 45 
3.2.1. The evolution of aortic arches in vertebrates ....................... 45 
3.2.2. The circulatory system of cyclostomes (Сусlostomata class), 

cartilaginous fish (Chondrichthyes class) and bony fish 
(Osteichthyes class) ................................................................. 47 

3.2.3. The circulatory system of amphibians (Amphibia class) ..... 49 
3.2.4. The circulatory system of reptiles (Reptilia class) .............. 51 
3.2.5. The circulatory system of birds (Aves class) ....................... 53 
3.2.6. The circulatory system of mammals (Mammalia class) ...... 55 
3.2.7. The evolution of the heart and circulation in vertebrates .... 57 

3.3. Phylogenetically determined malformations of the circulatory 
system in humans .......................................................................... 58 
3.3.1. Heart defects ........................................................................ 58 
3.3.2. Defects of the arteries .......................................................... 59 
3.3.3. Defects of the veins ............................................................. 59 

 
 



Essential Comparative Anatomy 
 

vii

Chapter Four ............................................................................................. 61 
Comparative anatomy of the urogenital system 

4.1 The evolution of the excretory system in invertebrates ................ 61 
4.1.1. The excretory system of flatworms  

(Рlatyhelminthes type) ............................................................. 61 
4.1.2. The excretory system of roundworms  

(Nemathelminthes type) ........................................................... 63 
4.1.3. The excretory system of ringed worms (Annelides type) .... 63 
4.1.4. The excretory system of arthropods (Arthropoda type) ....... 64 
4.1.5. The excretory system of shellfish (Mollusca type) .............. 65 
4.1.6. The urogenital system of chordates (Chordata type) ........... 66 
4.1.7. The urogenital system of the lancelet .................................. 66 

4.2. The evolution of the urogenital system in vertebrates ................. 66 
4.2.1. The urogenital system of cyclostomes and fish ................... 66 
4.2.2. The urogenital system of amphibians (Amphibia class) ...... 67 
4.2.3. The urogenital system of reptiles (Reptilia class) ................ 69 
4.2.4. The urogenital system of birds (Aves class) ........................ 70 
4.2.5. The urogenital system of mammals (Mammalia class) ....... 71 
4.2.6. The main directions of evolution of the urogenital  

system in vertebrates ............................................................... 72 
4.3. Phylogenetically determined malformations of the urogenital 

system in humans .......................................................................... 74 
4.3.1. Malformations of the excretory system ............................... 74 
4.3.2. Malformations of the reproductive system .......................... 75 

 
Chapter Five ............................................................................................. 77 
Comparative anatomy of the digestive system 

5.1. The evolution of the digestive system in invertebrates ................ 77 
5.1.1. The digestive system of coelenterates (Coelenterata type) .. 77  
5.1.2. The digestive system of flat worms (Рlatуhelminthes type) 78 
5.1.3. The digestive system of roundworms  

(Nemathelminthes type) ........................................................... 79 
5.1.4. The digestive system of annelids (Annelides type) ............. 80 
5.1.5. The digestive system of arthropods (Arthropoda type) ....... 81 
5.1.6. The digestive system of shellfish (Mollusca type) .............. 84 
5.1.7. The digestive system of chordates  

(Chordata type, Acrania subtype) ............................................ 86 
5.2. The evolution of the digestive system in vertebrates  

(Vertebrata subtype) ...................................................................... 87 
5.2.1. The digestive system of cyclostomes (Cyclostomata class) 87 



Table of Contents 
 

viii

5.2.2. The digestive system of cartilaginous fish  
(Chondrichthyes class)............................................................. 87 

5.2.3. The digestive system of bonу fish (Osteichthyes class) ...... 89 
5.2.4. The digestive system of amphibians (Amphibia class) ....... 90 
5.2.5. The digestive system of reptiles (Reptilia class) ................. 91 
5.2.6. The digestive system of birds (Aves class) ......................... 92 
5.2.7. The digestive system of mammals (Mammalia class) ......... 94 
5.2.8. The main directions of evolution of the digestive 

system in vertebrates ............................................................... 97 
5.3. Phylogenetically determined malformations of the  

digestive system in humans ........................................................... 99 
 

Chapter Six ............................................................................................. 101 
Comparative anatomy of the nervous system 

6.1. The evolution of the nervous system in invertebrates ................ 101 
6.1.1. The nervous system of coelenterates (Coelenterata type) . 101 
6.1.2. The nervous system of flatworms (Рlatуhelminthes type). 101 
6.1.3. The nervous system of roundworms  

(Nemathelminthes type) ......................................................... 103 
6.1.4. The nervous system of ringed worms (Annelides type) .... 103 
6.1.5. The nervous system of arthropods (Arthropoda type) ....... 104 
6.1.6. The nervous system of shellfish (Mollusca type) .............. 105 
6.1.7. The nervous system of chordates  

(Chordata type, Acrania subtype) .......................................... 105 
6.2. The evolution of the nervous system in vertebrates  

(Vertebrata subtype) .................................................................... 106 
6.2.1 The nervous system of vertebrates ..................................... 106 
6.2.2. The brain of amphibians (Amphibia class) ........................ 109 
6.2.3. The brain of reptiles (Reptilia class) ................................. 110 
6.2.4. The brain of birds (Aves class) .......................................... 112 
6.2.5. The brain of mammals (Mammalia class) ......................... 113 
6.2.6. The main directions of the evolution of the  

nervous system of vertebrates ................................................ 115 
6.3. Phylogenetically determined malformations of  

the nervous system in humans ..................................................... 116 
 

  



LIST OF ILLUSTRATIONS 
 
 
 
Fig. 1.1. Cross-section of female roundworm ............................................ 4 
Fig. 1.2. Shark skin section  ........................................................................ 9 
Fig. 1.3. Bony fish skin section  ............................................................... 10 
Fig. 1.4. Amphibian skin section .............................................................. 11 
Fig. 1.5. Amphibian granular gland .......................................................... 12 
Fig. 1.6. Reptilian skin section  ................................................................ 13 
Fig. 1.7. Structure of the contour feather  ................................................. 14 
Fig. 1.8. Mammalian skin section ............................................................. 20 
 
Fig. 2.1. Gills – derivatives of setae of upper lobes of  

parapodia in polychaete ringworm (Turitsin V.S., 2019).................... 25 
Fig. 2.2. Gill outgrowths of the leech (Turitsin V.S., 2019) ..................... 26 
Fig. 2.3. Insect trachea (Turitsin V.S., 2019) ............................................ 27 
Fig. 2.4. Gill plates of bony fish ............................................................... 29 
Fig. 2.5. Bag-shaped (A) or coarse (B, C) lungs of amphibians ............... 30 
Fig. 2.6. Axolotl gills (Turitsin V.S., 2019).............................................. 31 
Fig. 2.7. Main bronchi and fine-meshed lungs of reptiles ........................ 32 
Fig. 2.8. The work of the muscles, stretching the lungs, in turtles ........... 32 
Fig. 2.9. Singing larynx in the place of trachea bifurcation  

(Chamberlain et al., 1968) .................................................................. 33 
Fig. 2.10. Bird air bags  ............................................................................ 34 
Fig. 2.11. Laryngeal cartilages in mammals ............................................. 35 
Fig. 2.12. Alveolar structure of the lungs in mammals ............................. 36 
Fig. 2.13. Lungs of mammals ................................................................... 37 
Fig. 2.14. Evolution of the respiratory surface of the lungs  

in vertebrates ....................................................................................... 39  
 
Fig. 3.1. Circulatory system of ringed worms .......................................... 41 
Fig. 3.2. Erythrocytes of amphibians ........................................................ 44 
Fig. 3.3. Circulatory system in lancelet  ................................................... 45 
Fig. 3.4. Evolution of aortic arches in vertebrates .................................... 46 
Fig. 3.5. Circulatory system of bony fish ................................................. 48 
Fig. 3.6. Circulatory system of amphibians .............................................. 50 
Fig. 3.7. Circulatory system of reptiles ..................................................... 52 
Fig. 3.8. Circulatory system of birds ........................................................ 54 



List of Illustrations x

Fig. 3.9. Circulatory system of mammals ................................................. 56 
 
Fig. 4.1. Protonephridial excretory system of ciliated worms .................. 61 
Fig. 4.2. Protonephridial excretory system of Trematoda ........................ 62 
Fig. 4.3. Protonephridial excretory system of Cestoda ............................. 62 
Fig. 4.4. Protonephridial excretory system of round worms ..................... 63 
Fig. 4.5. Metanephridial excretory system of ringed worms .................... 64 
Fig. 4.6. Malpighian vessels of arachnids and insects .............................. 65 
Fig. 4.7. Primary kidney of anamnia ........................................................ 68 
Fig. 4.8. Secondary (pelvic) kidney of amniotes ...................................... 70 
Fig. 4.9. The types of uterus of mammals  ............................................... 72 
Fig. 4.10. Nephrone evolution in vertebrates ............................................ 74 
  
Fig. 5.1.  Digestive system of ciliated worms ........................................... 78 
Fig. 5.2. Digestive system of Trematoda  ................................................. 79 
Fig. 5.3. The digestive system of annelids ................................................ 80 
Fig. 5.4. The tiflozol in the middle intestine of the earthworm  

(Lumbricus terrestris)  ........................................................................ 81 
Fig. 5.5. Digestive system of crustaceans ................................................. 82  
Fig. 5.6. Digestive system of arachnids .................................................... 83  
Fig. 5.7. Digestive system of insects ........................................................ 84  
Fig. 5.8. Digestive system of gastropods .................................................. 85  
Fig. 5.9. Digestive system of bivalves ...................................................... 86 
Fig. 5.10. Digestive system of cartilaginous fish (sharks)  ....................... 88 
Fig. 5.11. Digestive system of bony fish  ................................................. 90 
Fig. 5.12. Digestive system of amphibians ............................................... 91  
Fig. 5.13. Digestive system of reptiles ..................................................... 92  
Fig. 5.14. Digestive system of birds ......................................................... 93 
Fig. 5.15. Digestive system in mammals .................................................. 97 
 
Fig. 6.1. Nervous system of Turbellaria ................................................. 102 
Fig. 6.2. Nervous system of Trematoda ................................................. 102 
Fig. 6.3. Nervous system of Cestoda ...................................................... 103 
Fig. 6.4. Nervous system of annelids ...................................................... 104 
Fig. 6.5. Ichthyopsid brain of fish ........................................................... 109 
Fig. 6.6. Ichthyopsid brain of amphibians .............................................. 110 
Fig. 6.7. Sauropsid brain of reptiles ........................................................ 111 
Fig. 6.8. Sauropsid brain of birds ........................................................... 113 
Fig. 6.9. Mammalian brain of mammals ................................................. 114 
Fig. 6.10. Evolution of the brain of vertebrates ...................................... 116 

 



ABOUT THE AUTHOR 
 
 
 
Zakharkiv Yuri Fedorovich is an Associate Professor at the Military 
Medical Academy and a member of the St. Petersburg Department of the 
All-Russian Parasitological Society at the Russian Academy of Sciences. In 
2007, he won the V. Potanin Charitable Foundation Prize for Teachers of 
Higher Educational Institutions of the Russian Federation. His publications 
include the articles “The Problem of Trichomonas Vaginalis Resistance to 
Antiprotozoal Drugs” in the Journal of Infectology (2011) and “Diagnostic 
Findings of Protozoa on the Basis of a Ten-Year Period of Work of the 
Specialized Parasitological Laboratory of the Military Medical Academy” 
in News of the Russian Military Medical Academy (2017). 

  





INTRODUCTION 
 
 
 
Dear readers!  

 
The textbook “Essential Comparative Anatomy” is written in the 

traditions of the oldest department of biology in Russia, named after 
academician Ye. N. Pavlovsky, which recently turned 210 years old. 
Comparative anatomy has been taught at the department since the time of 
Karl Baer, who discovered the mammalian egg and introduced the teaching 
of comparative anatomy and embryology at the Academy of Medicine and 
Surgery, as well as F. Brandt, author of the five-volume edition of “Zoologia 
specialis”. Comparative anatomy is traditionally studied in the first year of 
education and provides an understanding of the origin of phylogenetically 
determined malformations of organs and systems in humans. The materials 
presented in the textbook will be useful for students of the first courses of 
medical universities, where the section “Comparative anatomy of organs 
and systems” is studied. In addition, the textbook will be useful for high 
school students studying biology, in particular, the zoological section. The 
materials of the textbook will allow the reader to understand better the origin 
of phylogenetically determined anomalies and malformations of the 
development of internal organs in humans. The textbook includes six 
chapters: “Comparative anatomy of the skin”, “Comparative anatomy of the 
respiratory system”, “Comparative anatomy of the circulatory system”, 
“Comparative anatomy of the urogenital system”, “Comparative anatomy 
of the digestive system” and “Comparative anatomy of the nervous system”. 
Each chapter contains information about the evolutionary prerequisites for 
the occurrence or complication of different organ systems, a description of 
the relevant system in representatives of the basic types and classes of 
animals, as well as a description of the major trends in the evolution of a 
particular organ system. At the end of each chapter, a description of the most 
common malformations of the relevant organ system is given. Each chapter 
provides illustrations.  

I wish you success in the study of comparative anatomy! 
 

Yu. F. Zakharkiv 

 





CHAPTER ONE 

COMPARATIVE ANATOMY OF  
THE SKIN INTEGUMENT 

 
 
 

1.1. The evolution of the skin integument in invertebrates 

1.1.1. The skin of coelenterates (Coelenterata type) 

For the first time, integuments appeared in representatives of the 
Coelenterata type, Hydrozoa class (hydroid). The emergence of 
multicellularity and bilateral symmetry, the formation of two germ layers, 
the ectoderm and endoderm, can be attributed to the evolutionary 
prerequisites for the appearance of skin. 

In coelenterates the skin is presented by the ectoderm, in which six cell 
types are differentiated. 

1. Epitheliomuscular cells – large cylindrical cells, at the base of 
which there is a spindle-shaped expansion with muscular fibrils 
located along the axis of the body. They form the outer cover of the 
coelenterates. Due to the work of the muscle fibres, the body of the 
animal can be contracted. 

2.  Interstitial (intermediate) cells are the small undifferentiated cells 
located between the bases of the epitheliomuscular cells. These cells 
are responsible for regeneration and give rise to all cell types, 
including germ cells. 

3.  Stinging cells (cnidocytes) have several varieties with a similar 
structure plan: they contain a stinging capsule with a folded stinging 
thread and a sensitive hair. When the sensitive hair is irritated, a 
stinging thread paralyzes and holds the victim. 

4.  Glandular cells are filled with vesicles with a secretion, located on 
the base of the hydra and at the tentacles. They promote the 
attachment of the animal to the substrate, and its movement. 

5.  Nerve cells comprise stellate cells, in contact with each other by 
processes, together with the nerve cells of the endoderm in a diffuse 
nervous system. Nerve cells send a signal of irritation to all cells. 
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6.  Germ cells are presented in two types: ova and spermatozoa. The 
oocytes are large immobile cells of amoeboid form, located mainly 
in the base of the polyp. Spermatozoa are small, motile cells with 
flagella, mainly localized in the area of the corolla of tentacles. Germ 
cells are formed by autumn. When they merge, a zygote is formed, 
which is further covered by a shell in order to survive unfavourable 
conditions. Under favourable conditions, the zygote divides with the 
subsequent formation of a larva – a planula, which develops into 
adult polyp. 

Germ cells are located in the pockets of the gastric cavity in 
representatives of the Scyphozoa class: the egg cells in females, the sperm 
cells in males. 

1.1.2. The skin of flatworms (Platyhelminthes type) 

The emergence of the third germ layer – the mesoderm – differentiation 
of epithelial and muscular tissue, as well as bilateral symmetry and the body 
cavity filled with parenchyma, were the evolutionary prerequisites for 
complication of the skin of flatworms, compared with their evolutionary 
precursors – hydroid polyps. 

In this regard, a skin-muscular bag is formed in flatworms. It includes 
the outer layer – a single-layer squamous epithelium of ectodermal origin – 
and the inner layer, which is represented by smooth muscles of mesodermal 
origin. 

In phylogenetically the most ancient flatworms, representatives of the 
Turbellaria class (ciliated worms), a single-layer ciliary epithelium of 
ectodermal origin – the epidermis - is formed. There are three layers of 
smooth muscles under the ciliary epithelium containing longitudinal, 
transverse and diagonal fibres. 

The single-layer epithelium of the submerged type is presented in 
parasitic flatworms of the Trematoda class (flukes). The layers of smooth 
muscles containing longitudinal and transverse fibres are located under the 
epithelium. There is a cuticle on the surface of the epithelium, which 
performs a protective function and distinguishes trematodes from 
representatives of the other classes of flatworms. Due to the presence of a 
cuticle above the epithelial layer, the epithelium is called the hypodermis. 

The representatives of the Cestoda class (tapeworms) form a single-
layer squamous epithelium of the submerged type, the epidermis, under 
which there are layers of smooth muscles containing longitudinal and 
transverse fibres. 
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Since, due to the parasitic lifestyle of the tapeworms, the digestive 
system is reduced, the epidermis cells acquire the ability to absorb the 
products of parietal digestion, in particular, glucose and amino acids as well 
as vitamins from the small intestine of the final host. Some cells of the 
epidermis produce antiproteolytic enzymes that inhibit parasite digestion in 
the small intestine of the host. 

1.1.3. The skin of roundworms (Nemathelminthes type) 

The formation of the primary body cavity – a pseudocoel, filled with 
fluid – was the evolutionary prerequisite for the transformation of the skin 
of roundworms, to be compared with their evolutionary predecessors, the 
ancient turbellarians. 

The skin of roundworms is presented by a skin-muscular bag. The upper 
layer is formed by a thick cuticle, under which the hypodermis is located – 
a single-layer epithelium of ectodermal origin. The hypodermis forms four 
ridges: the dorsal, in which the dorsal nerve trunk is located, the ventral, in 
which the abdominal nerve trunk is located, and the lateral, including the 
right and left protonephridic ducts. 

There is a single layer of longitudinal muscles under the hypodermis, 
which splits into four muscle bands due to the presence of the hypodermis 
ridges. The presence of a single layer of longitudinal muscles gives the 
roundworms the ability to move by bending only, eliminating the possibility 
of constrictive movements.  

A cross-section of a female roundworm is presented in Fig. 1-1. 
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Fig. 1-1. Cross-section of female roundworm 
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1.1.4. The skin of annelids (Annelides type) 

The appearance of coelom – the secondary body cavity – and 
homonomous metamerism were the evolutionary prerequisites for the 
complication of the structure of the skin in ringed worms, compared with 
their evolutionary predecessors, the ancient turbellarians.  

The body of annelids is covered with skin-muscular bag. The top layer 
of the skin-muscular bag is formed by a thin cuticle, under which the 
hypodermis is located. It is presented by a multilayered epithelium of 
ectodermal origin. There are two layers of smooth muscles under the 
hypoderm, longitudinal and circular, which are formed from the mesoderm 
and provide translational and contractive movements. 

The skin of annelids performs not only protective, but also respiratory 
functions. Representatives of the Polychaeta class have a pair of parapodia 
in each segment. One parapodium consists of upper and lower lobes, 
equipped with bristles. The bristles of the lower lobes perform exclusively 
locomotor functions, while the bristles of the upper lobes branch 
significantly, transforming into primitive gills. 

In the small-cheeked annelids (Oligochaeta class) and in leeches 
(Hirudinea class) parapodia are reduced, and therefore they breathe through 
the surface of the skin. 

1.1.5. The skin of arthropods (Arthropoda type) 

The appearance of heteronomous segmentation, merging of segments, 
the formation of a mixed body cavity (haemocoel), body parts and jointed 
limbs were the evolutionary prerequisites for the skin transformation in 
arthropods, compared with their evolutionary predecessors, the ancient 
polychaetes. 

The skin-muscular bag in arthropods is not preserved due to the 
reduction of the smooth muscle layer and the formation of striated muscles. 
Thus, the skin loses its motor function. However, in addition to the 
protective function, it begins to play the role of an exoskeleton. 

A hypodermis presented by a multilayered epithelium of ectodermal 
origin is formed. The chitinous cuticle is located above the surface. There 
is no muscle layer. 

The chitinous cuticle contains a large amount of calcium salts in 
crustaceans (Crustacea class), and therefore is converted into a chitinous 
shell. A chitinous cuticle of arachnids (Arachnida class) contains an 
increased amount of waxes and wax-like substances, which contribute to 
the retention of moisture in dry conditions. 
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It is known that articulate limbs of arthropods were formed from the 
upper lobes of parapodia – the outgrowths of the skin-muscular bag of their 
evolutionary ancestors. Aquatic arthropods – crustaceans – have gills, 
which are located on the limbs. Respiratory organs of terrestrial arthropods 
are the lungs of arachnids and trachea of insects are not connected with the 
limbs, but they are formed from the skin protrusions. Thus, the skin is 
directly related to the respiratory function. 

1.1.6. The skin of shellfish (Mollusca type) 

The loss of segmentation, the formation of body parts, as well as partial 
reduction of the coelom and the formation of parenchyma, were the 
evolutionary prerequisites for the transformation of the skin in shellfish, 
compared with their evolutionary predecessors, the ancient polychaetes.  

The skin of shellfish is soft, elastic, and consists of a multilayered 
epidermis of ectodermal origin, containing a large number of mucous 
glands. There is no cuticle in the vast majority of gastropods, cephalopods 
and bivalves. 

A skin fold, the mantle, is formed on the dorsal side of the body; the 
mantle cavity is located between the mantle and the body. The cells of the 
upper layer of the mantle produce the substance from which the shell is 
formed, which serves as a kind of exoskeleton. The shell of shellfish 
consists of three layers: mother-of-pearl, calcareous and organic (bottom-
up). 

The shell is spirally twisted and has the shape of a cap in gastropods 
(Gastropoda class). The morphology of the gastropod shellfish shell is 
associated with secondary asymmetry due to organ reduction. 

The shell consists of two similar valves, surrounding the whole body in 
bivalve molluscs (Bivalvia class). The shell is often reduced and located 
inside the body in cephalopod molluscs (Cephalopoda class).  

1.1.7. The skin of chordates (Chordata type, Acrania subtype) 

The skin, consisting of two layers of the epidermis and the dermis 
(corium), appears for the first time in the evolution in primitive chordates 
(Acrania subtype), phylogenetically associated with the ancient 
polychaetes. These layers are closely related to each other, but differ greatly 
in their nature and origin.  

The epidermis, which forms the surface cover of the body, is many times 
thinner than the second component, the dermis. The epidermis comes from 
the ectoderm of the embryo. The lancelet has the simplest single-layer 
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cylindrical epidermis that does not form glandular elements. The epidermis 
is covered with cilia in young individuals, and with a thin cuticle in adults. 
There are unicellular mucous glands in the epidermis that produce mucus.  

The dermis has a fibrous structure, contains relatively few cells and 
develops from the germinal mesenchyme mainly of mesodermal origin. The 
dermis of the most primitive Acrania consists mainly of a gel-like layer 
containing a small amount of longitudinally arranged fibres. The number of 
fibres increases only in the outer and inner boundary layers of the dermis. 

1.2. The evolution of the skin integument in vertebrates 
(Vertebrata subtype) 

In adult vertebrates, with the exception of cyclostomes, the cuticle is not 
presented and the epidermis turns to be a multilayered epithelium. In 
anamnias (cyclostomes, fish and amphibians), two layers of the epidermis 
are formed: the basal and granular ones, whereas in amniotes (reptiles, birds, 
and mammals) there are three layers: basal, granular and keratin. 

The basal cell layer, lying on the border of the epidermis and the dermis, 
is a vital part of the epidermis, which gives rise to successive generations of 
cells in order to form the outer layer of the epithelium. In vertebrates, keratin 
and glandular derivatives of the epidermis are formed, which will be 
described below. 

The dermis in vertebrates has a more complex structure. It consists of 
collagen, and to a lesser extent, elastic fibres. There are fibroblast cells 
between these fibres that are directly related to the production of fibres. The 
pigment cells – various types of chromatophores in cyclostomes, fish, 
amphibians and reptiles, as well as melanocytes in birds and mammals, are 
also located in the dermis. The basal glands and feather follicles in birds or 
hair follicles in mammals are located in the dermis of the higher vertebrates.  

Smooth muscle fibres may develop in the dermis, and striated fibres 
originating from the underlying muscles of the body may attach to the lower 
surface of the skin. 

The sensitivity of the skin is provided by presence of nerve fibres in the 
corium. Some of them are supplied with free nerve endings, but in some 
cases they end in numerous receptors located in the outer part of the dermis. 

The dermis is abundantly supplied with lymphatic vessels, small arteries 
and veins, as well as complex capillary networks. Blood vessels supply 
nutrients not only to the dermis, but also by diffusion through the tissues of 
the overlying cells of the epidermis. 

The deeper layers of the skin in mammals are the main site for the 
formation of adipose tissue, called subcutaneous fat (panniculus adiposus). 
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1.2.1. The skin of cyclostomes (Cyclostomata class) 

Cyclostomes include lampreys and mixins. The epidermis of 
cyclostomes is presented by a multilayered, flat and non-squamous 
epithelium of ectodermal origin, including the basal and granular layers. 
There is a thin cuticle on the surface of the epidermis. In addition, the 
epidermis contains unicellular mucous glands with a holocrine type of 
secretion. The mucous glands of the lower cyclostomes, mixins, are 
especially well developed. It is believed that one mixin is enough to turn a 
bucket of water into mucus. 

The dermis is presented by a dense fibrous connective tissue containing 
longitudinally located collagen fibres. There are pigment cells 
chromatophores presented by melanophores in the dermis. Melanophores 
contain the melanin pigment, which diffuses into the epidermis and colours 
it in various shades of brown and black. 

1.2.2. The skin of cartilaginous fish (Chondrichthyes class) 

Cartilaginous fish include sharks, stingrays and chimeras. The epidermis 
of cartilaginous fish is also presented by a multilayered, flat and non-
squamous epithelium of ectodermal origin, including the basal and granular 
layers. The cuticle on the surface of the epidermis is not presented; however, 
there are unicellular mucous glands with a holocrine type of secretion. Some 
species of sharks, stingrays and chimeras have poisonous glands associated 
with spikes on the fins or tail. 

Derived epidermis in cartilaginous fish also includes placoid scales, 
consisting of a dermal papilla and dentine tooth, covered with enamel. It 
should be noted that the teeth of all vertebrates are homologues of the 
placoid scales of cartilage fish. 

The dermis in cartilaginous fish is presented by dense fibrous connective 
tissue containing longitudinal collagen fibres. In the dermis, pigment cells -  
melanophore are presented containing the melanin pigment, which diffuses 
into the epidermis, painting it in various shades of brown and black (Fig. 1-
2). 
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Fig. 1-2. Shark skin section  

1.2.3. The skin of bony fish (Osteichthyes class) 

Bony fish include the subclasses of lobe-finned fish, ray-finned fish, 
teleost fish and lungfish. The epidermis in bony fish, as well as in 
cartilaginous fish, is represented by a multilayered, flat and non-squaring 
epithelium of ectodermal origin, including the basal and granular layers. 
The cuticle is missing. 

There are single-celled mucous glands with a holocrine type of 
secretion. The mucous glands are responsible for the fish’s ability to slip 
through the water, reducing friction when swimming. Some species of bony 
fish, as well as cartilaginous ones, have poisonous glands associated with 
spikes on the fins, tail, or, unlike cartilage fish, on the lid of the atrial cavity.  

Various deep-sea fish have formed photophores – unusual luminous 
organs, which are modified from mucous glands. There are two types of 
photophores: “warm” and “cold”. In warm photophores, luminescence is 
created due to luminous bacteria in this organ. In cold photophores, light 
appears as a result of complex oxidation processes occurring in the 
glandular tissue. Many teleost fish have additional structures in organs of 
luminescence: there is a lens in front and a reflector with a pigmented back 
wall behind the light source, so that a structure resembling a car headlight 
is obtained. However, luminous organs do not provide the lighting of the 
way for a fish. They perform the function of identification signs, especially 
in the mating season. In addition, they serve to scare off enemies on the one 
hand, and to attract victims on the other. For example, a bait formed by a 
dorsal fin swings over and above an open mouth in deep-sea monkfish. 



Chapter One 
 

10

The dermis in bony fish is presented by connective tissue, containing 
longitudinally located collagen fibres. The skin derivatives are bone scales 
and plates which, forming a protective shell, are more solid and durable than 
ordinary connective tissue and form part of the outer skeleton. Bone scale 
is presented by bone plate, the base of which is located in the dermis (Fig. 
1-3).  

 

 
 
Figure 1-3. Bony fish skin section  

 
Thus, the bone scales are not a homologue of either the placoid scales of 

cartilaginous fish, or the scales of reptiles. Bony fish have pigment cells – 
chromatophores, which are divided into three types in the dermis: 

1.  Melanophores, like those of the evolutionary precursors, contain the 
melanin pigment, that colours the skin in various shades of brown 
and black. 

2.  Lipophores – the cells containing carotenoids. Numerous 
carotenoids colour the skin yellow, all shades of orange and also red. 

3.  Guanophores (iridocytes) – the cells that do not contain pigments. 
They contain crystalline guanine which, reflecting light, can change 
the effect created by the pigment. Guanophores are capable of 
displacement, which leads to a change in the colour of the animal. 
This ability is especially well developed in flounder, sea bass and 
some other fish. 
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1.2.4. The skin of amphibians (Amphibia class) 

The Amphibia class includes representatives of the caudates (newts, 
salamanders and ambistomes), tailless (frogs and toads), and legless 
amphibians (ex. Siphonops sp). 

The epidermis in amphibians, as in fish, is presented by multilayered, 
flat and non-squaring epithelium of ectodermal origin, including the basal 
and granular layers. A solid keratin layer is missing. Warts on toads, which 
are formed as local thickenings of the keratin layer, can be attributed to 
keratin derivatives of the epidermis (Fig. 1-4). 

 

 
 
Fig. 1-4. Amphibian skin section  

 
Multicellular mucous glands with a holocrine type of secretion appear 

in amphibians for the first time in the evolution. In addition, amphibians 
often have granular glands; the name of the glands derives from the fact that 
the cytoplasm of the secretory cells contains grains (granules). The 
secretions produced by granular glands are poisonous, in varying degrees: 
from substances that cause mild irritation to highly toxic alkaloids. The type 
of secretion of granular glands is merocrine (Fig. 1-5). 
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Fig. 1-5. Amphibian granular gland 

 
The dermis is presented by fibrous connective tissue with a large number 

of longitudinally located collagen and elastic fibres. A feature of amphibian 
skin is its high permeability because the skin is the most important organ of 
respiration, providing 70% of the gas exchange. In this regard, modern 
amphibians have a system of subepidermal capillaries, which provide 
dermal gas exchange. 

There are pigment cells – chromatophores – which are subdivided into 
three types: melanophores, lipophores and guanophores in the dermis of 
amphibians, as well as in fish corium.  

1.2.5. The skin of reptiles (Reptilia class) 

The reptile class includes representatives of the beak-headed reptiles 
(hatteria), scalу reptiles (lizards, snakes and chameleons), and turtles and 
crocodiles. 

The epidermis of reptiles, unlike amphibians, is presented by a 
multilayered, squamous, keratinizing epithelium of ectodermal origin, 
including the basal, granular and keratin layers. The formation of a 
continuous keratin layer in reptiles is associated with access to dry land and 
loss of skin-breathing ability. 

Reptiles appear to have new keratin derivatives – horny scales and scutes 
as a result of thickening and hardening of the keratinizing epidermis. In 
crocodiles and the majority of turtles they have the form of flat plates, and 
in turtles they cover the bony plates that make up the skin skeleton of the 
back and belly. In lizards and snakes, scales usually overlap like tiles, and 
in snakes they are highly developed and help them to move. It should be 
emphasized that the horny epidermal scales of reptiles are not homologues 
of the bone scales of fish, which are formed in a different way. Horny scales 
of reptiles are being formed in the process of ontogenesis as a protrusion of 
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the epidermis, containing the mesodermal papilla. The wide upper surface 
of this protrusion turns into a strong horny scale (Fig. 1-6). 

 

 
 
Fig. 1-6. Reptilian skin section  

 
The reptilian dermis is presented by dense fibrous connective tissue with 

a large number of interlaced collagen and elastic fibres forming a network. 
Since the dermis in reptiles does not perform the respiratory function, it is 
not so abundantly vascularized and does not possess such high permeability 
as in amphibians. 

In the dermis of reptiles, as well as in amphibians, there are pigment 
cells – chromatophores, subdivided into three types: melanophores, 
lipophores and guanophores. Although chromatophores are located in the 
corium, they originate from neural crest cells migrating into the dermis. 
Almost all of the various colours observed in reptiles are due to the 
chromatophores of these three types, the number and distribution of which 
vary greatly. The most developed network of chromatophores is in 
chameleons that can easily change their colour. 

Primitive mucous glands have been reduced in reptiles. In dense, dry 
skin there are extremely few glands, although reptiles have various odorous 
glands with a merocrine type of secretion used in intraspecific relationships 
between individuals. 

1.2.6. The skin of birds (Aves class) 

The Aves class includes three subclasses: penguins, ratites (ostriches) 
and keel-breasts. The epidermis in birds is presented by multilayered, flat 
keratinizing epithelium of ectodermal origin, including three layers: basal, 
granular and keratin. 
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Keratin derivatives of the epidermis in birds are the horny scales on the 
limbs, claws, horny beaks and feathers. 

Feathers are horny epidermal structures that have emerged in the 
process of evolution from reptile scales. Feathers provide effective thermal 
insulation, helping to maintain a high body temperature. In addition, they 
form a large part of the surface of the wings and tail, as a device for flight. 
Feathers are divided into contour, downy and threadlike (filiform). 

Contour feathers – the largest ones – are found only in certain parts of 
the body (pteryla). They are divided into flight feathers and steering feathers 
(Fig. 1-7). 

 

 
 
Fig. 1-7. Structure of the contour feather  

 
Flight feathers (remiges) form a long row along the posterior edge of 

the forearm and hand, forming the surface of the wing. 
Steering feathers (retrices) form the tail. The contour feather consists of 

a сalamus and a wing fan. 
The calamus is a hollow cylinder filled with spongy material (remnants 

of mesodermal tissue, which was here during the development of the 
feather). The calamus is located in a feather bag (folliculus), which is a deep 
cylindrical hole immersed in corium and surrounded by a sheath of 
epidermal tissue.  
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The wing fan is a wide outer part of the feather, located above the 
сalamus. The extension of the axial part of the сalamus is the rod, which is 
a denser structure. Its inner part is formed by a cellular core consisting of 
dead cells filled with air. The first-order barbs, on which the second-order 
barbs are located, depart from the rod in both directions. Each second-order 
barb, with the help of a complex system of hooks and grooves, couples with 
similar elements on the adjacent first-order barb. Thus, the barbs are so 
tightly interconnected that they are perceived as a continuous layer. If the 
grip is broken, the bird restores the structure of the feather with its beak. 
Ostriches, which are flightless birds, have poorly developed hooks therefore 
the contour feathers can be fluffy. 

Downy feathers cover almost the entire body of the chick and underlay 
the contour feathers of an adult bird almost everywhere, playing the main 
role in thermal insulation. They are arranged more simply than contour 
feathers. The proximal end of downy feathers is also a calamus, which at 
the distal end passes not into a rod, but into a bundle of thinner, simple 
branches. 

Threadlike feathers look even more simple. These are small hair-like 
feathers with a thin shaft protruding from the skin and ending in a small tuft 
of barbs. 

Replacement of feathers continues throughout the life of the bird. At the 
base of each follicle there is the papilla and epidermis covering it, which 
serves as a feather matrix and forms new feathers. In many birds, especially 
those living in temperate and arctic latitudes, the change of feathers takes 
place in the process of moulting, timed to coincide with a certain season of 
the year; in other birds, feathers are gradually replaced throughout the year. 
Sometimes there are muscle fibres at the base of the contour feathers. Nerve 
endings located at the base of the feather are able to respond to touch, and 
in night birds, such as owls, threadlike sensory feathers can be found on the 
front of the head. 

Skin glands are rare in birds. The only well-developed skin gland is the 
coccygeal gland (glandula uropygialis), which is a complex alveolar 
structure, located in most birds on the back at the base of the tail. Its function 
is to develop a secretion with which the bird lubricates the feathers, making 
them waterproof. 

The dermis in birds is presented by dense fibrous connective tissue with 
a reticular arrangement of collagen fibres. Pigment cells of the dermis are 
presented by melanocytes containing melanin pigment, which diffuses into 
the epidermis, colouring its derivatives – in particular feathers – in a dark 
colour. The bright tones are partly due to the pigments that enter the cells of 
the developing feather from their blood flow. However, colouring and 
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iridescent lustre are created not so much by pigments as by the refraction of 
light by the keratin substance in feathers. All shades of blue are obtained in 
this way. 

1.2.7. The skin of mammals (Mammalia class) 

The mammals include two subclasses – primary and real animals, and 
the real animals subclass is divided into two infraclasses – marsupials and 
placentals. 

In mammals, the epidermis is presented by a multilayered, flat 
keratinizing epithelium of ectodermal origin, comprising three layers: basal, 
granular and keratin. In primates, the epidermis consists of five layers: 
basal, prickly, grainy, shiny and keratin. 

The keratin derivatives of the epidermis in mammals include claws, 
nails, hooves, horns and hair. There are also sensitive hairs – vibrissae. 

Claws, nails and hooves are keratinized epidermal structures that cover 
the tips of the fingers in amniotes. The initial type is the claw, and the nails 
and hooves are modifications that have appeared in mammals. 

The claws provide protection for the upper and side surfaces, as well as 
the end phalanges of the fingers. In cross-section, the claw has the shape of 
an inverted V, tapering more and more towards the end, and bending 
downwards towards the tip of the finger. Under the claw there is the 
primordial layer, protected at the base by a fold of skin. The keratinized 
epithelium continuously grows outwards on top of the dermis, covering the 
tip of the claw. On the lower surface, distally, is the subungual plate 
(subunguis) – a pad of softer, less keratinized tissue, forming the transition 
to normal epidermis. 

The nails were formed on the fingers and toes of primates living in trees 
and moving with brachiation. The nails are extended and flattened claws, 
covering the tips of the fingers only from above. The “nail bed” of mammals 
is limited to its proximal end. 

The hooves are a characteristic feature of representatives of the 
artiodactyl and soliped squads. The number of fingers is reduced in hoofed 
mammals, as a result of which they rest on the tips of the remaining fingers 
when moving. Their original claw was shortened and expanded, turning into 
a semi-cylindrical structure that puts on a fingertip. Thus, the arcuate or V-
shaped distal end of the hoof rests on the ground, and the sole plate in the 
form of a pad is located inside. 

The horns are widespread protective formations in many mammals, 
although they do not always contain keratin. 


