
Flight or aerial adaptation of birds

       The following points highlight the two main types of flight or aerial adaptation of birds.

The types are: 1. Morphological Adaptations 2. Anatomical adaptations 

 1. Morphological Adaptations:

Most birds possess following important flight or Volant adaptations:

i. Body Contour:

        Because speed is a must for aerial life, so, to minimise the resistance offered by air

during flight, the body of birds is fusiform or spindle-shaped and it lacks any extra projection

which may offer resistance in the attainment of speed in air like fish in the water.

ii. Compact Body:

      Their compact body is light and strong dorsally and heavy ventrally which helps in

maintaining equilibrium in the air. The attachment of wings high upon the thorax, the high

position  of  light  organs  like  lungs and sacs,  and low central  position  of  heavy muscles,

sternum and digestive organs below the attachment of both the wings and consequently low

centre of gravity are other morphological facts of great significance.

iii. Body-Covering of Feathers:

      Body of all birds is covered by special integumentary derivatives called feathers. Feathers

are diagnostic of birds, since no other group of animal kingdom has ever developed them.

Feathers have following advantages for birds:

(a)  The smooth,  closely  fitting  and backwardly  directed  contour  feathers  make  the  body

streamlined helping them to pass through the air by reducing the friction to the minimum.

(b)  The feathery  covering  makes  the  body light  and at  the  same time  protects  from the

hazards of environmental temperature.

(c) The feathers hold a considerable blanket of enveloping air around the body and add much

to its buoyancy.

(d) The non-conducting covering of feathers insulates the body perfectly and prevents loss of

heat which enables the bird to endure intense cold at high altitudes and also to maintain a

constant temperature.

(e) Feathers of wings form a broad surface for striking the air.



iv. Forelimbs Modified into Wings:

      The forelimbs have transformed into unique and powerful propelling organs, the wings.

The  wings  are  the  sole  organs  of  flight.  These  organs  have  complicated  structural

constructions consisting of a framework of bones, muscles, nerves, blood vessels, feathers,

etc.  Both wings spring from the anterior  region of trunk. During rest they remain folded

against the sides of the body, but during flight they become expanded.

      The surface area of the wings is increased by the development  of elongated flight-

feathers, the remiges. The vane of each remixes forms a flexible and continuous surface for

striking the air in flight. The flight feathers of a wing also form a broad surface for supporting

the bird in air.

     The particular shape of the wing, with thick strong leading edge, convex upper surface and

concave  lower  surface,  causes  reduction  in  air  pressure  above  and  increase  below,  with

minimum turbulence behind. This helps in driving the bird forwards and upwards during

flight.

v. Mobile Neck and Head:

       The transformation of forelimbs into wings is duly compensated by the presence of beak

or  bill  used for  feeding,  nest  building,  preening,  and offence  and defence.  The mouth is

drawn out into a horny beak which acts as a pair of forceps in picking up the things and in

various  other  activities  such as  nest  building,  pruning,  etc.,  which  are normally  done by

forelimbs in other animals. The neck in birds is also very long and flexible for the movement

of head necessary for various functions.
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vi. Bipedal Locomotion:

      As anterior part of the body of birds becomes concerned with flight, the posterior part of

body becomes modified for movement on land. For locomotion on the ground and to support

the entire body weight, the hindlimbs occupy a somewhat anterior position on the trunk and

become stouter in case of ratites which are running birds.

vii. Perching:

      The hindlimbs of a bird are well specialised for an arboreal life. Their  muscles are

developed in such a manner that when a bird sits on a branch of the tree, the toes close round

the twig automatically. This happens due to so called perching mechanism. When the bird

settles on the branch of a tree, the legs are bent and put the flexor tendons on the stretch. With

the exertion of the pull, the toes are bent spontaneously around the perch. A bird can go to

sleep in this position without any fear of falling off.

viii. Short Tail:

      The short tail of a bird bears a tuft of long tail feathers or rectrices, which spread out in a

fan-like manner and serves as a rudder during flight. They also assist in steering, lifting and

counterbalancing during flying and perching.

2. Anatomical Adaptations:

Flying birds have following anatomical modifications for volant life:

i. Flight Muscles:

        The action of the wings is controlled by the flight muscles which are greatly developed,

weighing about one-sixth of the entire bird, while the muscles of the back remain greatly

reduced.  The  muscle  fibres  comprising  the  flight  muscles  are  of  striated  type  and  well

vascularised to withstand fatigueless after prolonged activity.  The wings are depressed by

large muscles, pectoralis major and elevated by pectoralis minor. Other muscles are small and

help the above muscles in their functioning.

ii. Lightness and Rigidity of Endoskeleton:

       The skeletal framework of flying birds is very stout and is lightly built on the “hollow-

girder principle”. Most of the bones are pneumatics, filled with air sacs and provided with a

secondary plastering to make them rigid. Bone marrow is lacking in bones of birds. Further

skeletal framework becomes compact, centralised, rigid due to fusion of bones.

Endoskeleton of birds thus contains the following characteristics:

(i) The skull bones are paper-like thin and show a tendency towards the reduction in their

number. These bones are firmly fused with each other. The posterior portion of the skull is

spongy. Teeth are lacking.



(ii) All the thoracic vertebrae except the last are fused into a single mass giving rigidity to the

dorsal part of vertebral column. Fusion of vertebrae provides a firm fulcrum for the action of

wings in striking air. The uncinate processes of thoracic ribs help in providing compactness,

necessary for flight by concentrating the mass. The arched clavicles fused with interclavicle

and  powerful  pillar-like  coracoids  of  pectoral  girdle  are  well  suited  to  resist  the  inward

pressure of the down-stroke.

(iii)  The  heterocoelous  vertebrae  confer  great  flexibility  and  birds  can  move  their  neck

through 180°, which help in preening feathers in all parts of the body.

(iv) The shortening of caudal vertebrae and formation of pygostyle has assisted stability in

air.

(v) Sternum or breast bone is expanded having a median ridge or keel for the attachment of

major flight muscles in flying birds, while it is without a keel in running birds, like ostrich.

Sternum is also hollow in which viscera are located.

(vi) The fusion of the pelvis with synsacram (viz.,  fused mass of last  thoracic  vertebra +

lumbar vertebrae + sacral vertebrae + few anterior caudal vertebrae) not only supports the

weight of the body when the bird is walking, but also counteracts the effect of shocks as the

bird alights. The absence of a ventral symphysis of ischia and pubis permits laying of large

eggs.

(vii) The fusion of distal tarsals with the metatarsals to form a tarsometatarsus, and that of

proximal tarsals with the lower end of tibia to form a tibiotarsus, help to strengthen the legs

for bipedal gait.

(viii) The  skeleton  of  forelimbs  is  completely  modified  for  the  attachment  of  feathers

(remiges) and flight muscles. There are only three digits, which are more or less fused.

iii. Digestive System:

      The rate of metabolism in birds is very high, so the food requirements are great and

digestion is rapid. Most birds are very selective in their diet and accordingly their beaks are

variously modified. Further, because undigested waste is minimum and is immediately got rid

of, consequently the rectum becomes much reduced in length and never stores the undigested

food.

     The ill-development of rectum of flying birds indicates towards the fact that the flying

animals  cannot  afford to bear the weight  of faeces.  The absence of gall  bladder  in  birds

minimises the bodyweight to some extent.

iv. Respiratory System:

      As a flying bird requires great and sustained power, therefore, its respiratory system is

specialised in such a fashion that the food is combusted (oxidised) rapidly and completely to



liberate large amount of energy. To meet the extensive rate of metabolism greater amount of

oxygen molecules is needed by the body tissues.

     For  this  purpose,  the  dense,  compact,  and  inelastic  lungs  are  supplemented  by  a

remarkable system of air sacs, which grow out from lungs and occupy all available space

between  internal  organs,  even  extending  to  the  cavities  of  hollow  bones.  The  air  sacs

primarily reduce the specific gravity of the bird and also facilitate complete aeration of the

lungs.

     The avian lungs are aerated twice at each breath which secures perfect oxygenation of

blood.  The air  sacs help in  regulating body temperature by internal  perspiration.  Further,

insertion of air sacs in between the flight muscles like pads reduces mechanical friction and

increases the mobility in muscular action.

v. Circulatory System:

     Rapid metabolism requires large oxygen supply to the tissues, which can be achieved by

an efficient  circulatory  system.  Accordingly,  avian  heart  is  large-  sized,  four-chambered,

powerful and efficient.  Due to double circulation in it,  the oxygenated and deoxygenated

bloods remain completely separated. Further, red blood cells of birds contain large amount of

haemoglobin which is responsible for quick and perfect aeration of body tissues.

vi. Warm-Bloodedness:

      Due to perfect aeration of blood, the body temperature remains high (40°- 46°C) and does

not change with change of environmental temperature. For this reason birds are called warm-

blooded or homeothermal animals. The high and constant body temperature enables the bird

to take flights at high altitudes and also facilitates activeness in every season.

vii. Excretory System:

The avian excretory system becomes specialised in three ways:

(i) For the retention of water, the uriniferous tubules with Henle’s loops are efficient in water

absorption. The coprodaeum of cloaca is another efficient water-absorbing organ of birds.

(ii) For reducing the weight of body, there occurs no urinary bladder and the semi-solid urine

is immediately excreted out, not retained for long in the body.

(iii)  The metabolic nitrogenous wastes are converted into less toxic and insoluble organic

compounds  such  as  uric  acid  and  urates,  which  is  an  important  physiological  volant

adaptation.

viii. Brain and Sense Organs:



     The avian brain is highly developed consisting of well-developed centres of equilibrium,

muscular  coordination  and  instinct.  The  cerebellum  is  much  developed  and  convoluted

controlling the sense of equilibrium and muscular coordination. The cerebrum is also large

and relatively smooth controlling voluntary movements, behaviour, intelligence and memory.

     Birds have to depend mostly on the sense of sight, so, the eyes are large and optic lobes

are well developed due to acute vision. Sense of smell is poorly developed corresponding the

ill-development of olfactory lobes.

ix. Reproductive Organs:

     In  female  birds,  the presence of a  single functional  ovary of left  side also leads  to

reduction of body weight which is essential for flight.

    Thus, it becomes evident that birds are fully developed for terrestrial, arboreal and aerial

environments.



Dentition in Mammals

1.  Meaning of Dentition in Mammals

        The arrangement of teeth in the upper and lower jaws, mainly on the premaxilla, maxilla

and dentary bones, is called dentition.

Absence of teeth:

            Modern turtles and birds lack teeth. Teeth are present in all mammals though a secon-

dary toothless condition is found in some mammals. The adult platypus (Ornithorhynchus)

bears epidermal teeth but no true teeth are present. In platypus embryonic teeth are replaced

by horny epidermal teeth in adult. In Echidna or spiny ant-eater (Tachyglossus) the teeth are

absent in all stages of life.

           In certain  ant-eaters  of  the New World (e.g.,  Myrmecophaga,  Tamandua  and

Cyclopes) and’ in adult whale-bone whale,  Balaena  (Right whale), Caperea  (Pygmy right

whale),  Eschrichtius  (Grey whale), Balaenoptera  (Rorqual whale), Megaptera (Humpback

whale)-teeth are absent.

2. Origin and Structure of Teeth in Mammals

       Teeth have evolved from denticles which are released from armour near the margins of

the mouth as ossification in the integument. A typical mammalian tooth can be distinguished

mainly into two regions, crown and root. The crown is the exposed part of the tooth and

situated above the root and in the old age it is generally subject to wear.

         The root is the hidden part in the gum which is anchored in the socket or alveolus of the

jaw  bone.  The  tooth  encloses  a  pulp  cavity  that  contains  blood  vessels,  nerves,  and

connective tissue (Fig. 10.127). The junction of crown and root is called neck.

           There are three kinds of tissues in a typical tooth. They are enamel, dentine and

cement. Unworn crown is covered by a thin, very hard, glistening layer, called enamel. It is

the  hardest  and  heaviest  tissue  of  the  vertebrates  and  is  composed  of  crystals  of

hydroxyapatite [3(Ca3PO4)2. Ca (OH) 2). It is ectodermal in origin and totally acellular. Below

enamel, a hard dermal bony substance layer is found, called dentine. It is harder than bone

but softer than enamel. The ivory is a specialised dentine and hard creamy-white substance,

found in  elephant,  hippopotamus,  and walrus  and narwhals  tusks.  The human dentine  is

composed of mainly calcium phosphate and fluoride 66.72%, organic matter  28.01% and

calcium carbonate.



The root of tooth is covered by a thin layer of cement (cementum or Crusta petrosa) and a

vascular periodentai membrane of strong connective tissue fibres (Sharpey’s fibres).

      Cement is a nonvascular bone and usually acellular. It is softer than dentine and is rich in

collagenous fibres. It wears rapidly when exposed. The pulp cavity is lined by a layer of bone

cells, called odontoblasts. Both dentine and cement are mesodermal in origin.

3. Types of Dentition in Mammals

A. Classification According to the Shape and Size of the Teeth:

a. Homodont:

           Homodont or isodont type of teeth is a condition where the teeth are all alike in their

shape and size, e.g., the toothed whales (Odontoceti). Pinnipedians show a tendency towards

homodont  condition.  Fishes  amphibians  reptiles  and  in  the  extinct  toothed  birds,  the

homodont or isodont condition is observed.

b. Heterodont:

        Heterodont condition is the usual feature in mammals, i.e. the teeth are distinguished

according to their shape, size and function. The function is also different at different parts of

the  tooth  row.  Except  mammals  heterodont  condition  is  found  in  Port  Jackson  Shark

(Heterodontus), in several reptiles, especially among mammal-like reptiles.



B. According to the Mode of Attachment of Teeth:

Thecodont type dentition is the rule among mammals. In this condition, the teeth are lodged

in bony sockets or alveoli of the jaw bone and capillaries and nerves enter the pulp cavity

through the open tips of the hollow roots (Fig. 10.128).

Except mammals, thecodont type of teeth is found in crocodiles and in some fishes (Haddock,

Garpike and Barracuda). Among vertebrates except thecodont, acrodont and pleurodont type

of dentition is found.

a. Acrodont:

       The teeth are fused to the surface of the underlying jawbone. They have no roots and are

attached  to  the  edge  of  the  jawbone  by  fibrous  membrane  (Fig.  10.128)  e.g.,  fishes,

amphibians and some reptiles.

          In amphibians if teeth are present, they are acrodont and homodont except Necturus.

All  reptiles  do not  possess  acrodont  type  of  teeth.  The acrodont-  possessing  reptiles  are

Sphenodort, Calotes, Draco, Agama, Uromastix, Moloch horridus and some snakes.

Remark:

         The teeth in modern amphibians are attached in the pleurodont style to the outer wall in

a broad alveolar groove of the jaw bone. The teeth of modern amphibians are pleurodont and

supported by pedicels of dental origin to which they are attached by zones of soft tissue.

b. Pleurodont:

        Here the teeth are attached to the inner-side of the jawbone. The tooth touches the bone

only with the outer surface of its root (Fig. 10.128). In acrodont and pleurodont types of

dentition, there are no roots, and nerves and blood vessels do not enter the pulp cavity at the

base, e.g., Necturus (Amphibia) and some reptiles.



         Among reptiles the following families possess the pleurodont type teeth: Iguanidae

(Iguana),  Xenosauridae  (Xenosaurus,  Mexico),  Zonuridae  (Africa),  Anguidae  (Anguis,

Ophisaurus),  Lacertidae  (Lacerta),  Scincidae  (Mabuya),  Helodermatidae  (Heloderma,

Mexico), Varanidae (Varanus), Cerrhosauridae (Africa) and many snakes.

C. According to the Succession or Replacement of Teeth:

The teeth can be divided into three categories:

(i) Monophyodont

(ii) Diphyodont and

(iii) Polyphyodont.

Among mammals the first two categories are found.

(i) Monophyodont:

            In some mammals, only one set of teeth develops in their life time and this condition

is called Monophyodont, e.g., Marsupials retain all their milk teeth except last premolars, the

toothed whales (Odontoceti), some rodents (e.g., squirrels), certain insectivores (e.g., moles).

Among  platypus,  sirenians  and  toothless  whales  develop  only  one  set  of  teeth

(monophyodont dentition). These teeth may not erupt (some whales) or, if they develop are

usually shed shortly afterward.

(ii) Diphyodont:

        In most mammals two sets of teeth are found. The first temporary set of teeth, called

deciduous teeth,  milk teeth or lacteal teeth,  are lost or replaced by a second set of teeth,

termed permanent teeth. In bats and guinea-pigs the milk teeth are lost even before birth. In

milk teeth the molars are absent.

(iii) Polyphyodont:

         In this  condition,  the teeth are replaced continuously throughout life,  e.g.,  lower

vertebrates replace their teeth, generation following generation (Dogfish snakes).

Types of teeth:

       In heterodont condition the teeth can be distinguished into 4 types. They are incisors,

canines, premolars and molars.

(i) Incisors:

       They are situated anteriorly on the premaxilla in upper jaw and tips of dentaries in lower

jaw. They are conical, single-rooted and monocuspid. They are used for cutting or cropping.

Incisors may be totally absent in sloth or absent on upper jaw in sheep and ox. In rodents and

lagomorphs the incisors are chisel-shaped, open rooted and continue to grow throughout life.



(ii) Canines:

      Canines lie immediately behind the incisors. They are single in each half of the jaw. They

are large-pointed, long-crowned with a single root. They are used for piercing and tearing the

flesh of the prey (dog). Sometimes the canines are used in holding the prey, mainly seen in

carnivorous mammals.

       In rodents and lagomorphs, the canine is absent, leaving a space in-between incisors and

premolars, called diastema. Any gap within the dental series is called diastema. In horses, the

canines are relatively small. In carnivores (dogs, tigers and lions) the canines become spear-

shaped and used for piercing and tearing the flesh. They are generally used for holding and

piercing in relation to both feeding and fighting.

(iii) Premolars:

     Following the canines there are premolars or bicuspid teeth. These have two roots and two

cusps. The premolars are used for grinding the food materials.

(iv) Molars:

        Molars lie behind the premolars. They have two or more roots and several cusps. Molars

are used for crushing food; premolars and molars are collectively called “Cheek teeth”.

       In carnivores the number of cheek teeth is often reduced and in some cases (Fissipedia)

last upper premolar and first molar in lower jaw are modified into chisel-shaped sharp cusps,

called Carnassial teeth, used for cracking bones and shearing tendons. The molars are each

jaw of man are called wisdom teeth and its eruption is often delayed.

Cusp patterns of cheek teeth:

         The molars contain many cusps on their surface. The cusps are raised tiny structures or

ridges on the occlusal surface. The cusps are called cones. Depending on the number and

shape of the cusps, molars are recognised in different names.

Among fossil mammals

(i) Triconodont:

       In this condition molars possess 3 cones or cusps arranged in anteroposterior lines. This

type  of  molar  teeth  are  found  in  the  fossil  Mesozoic  mammals  (Fig.  10.129A),  e.g.,

Triconodont.

(ii) Trituberculate:

       Here the molars contain three cones or tubercles, arranged in the form of a triangle (Fig.

10.129B). It is also found among fossil Mesozoic mammals, e.g., Spalacotherium.



Depending upon the feeding habit  and the type of food taken (trophic specialization),  the

premolars and molars of recent eutherians have undergone changes in their shape, and cheek

teeth are recognised into the following names.

(i) Bunodont:

         When the cusps in the cheek teeth remain separate and rounded, the tooth is called

bunodont  (mound + tooth).  In  man and in some omnivore mammals  the cheek teeth  are

bunodont type and they are used in grinding the food material (Fig. 10.129C).

(ii) Lophodont:

       If the cusps are joined to form ridges or lophs, the tooth is called lophodont. The cheek

teeth of elephant are of lophodont type. There is an intricate folding of enamel and dentine

(Fig. 10.129F). These types of teeth are used to grind all sorts of plants, and also grasses.

(iii) Secodont:



       When the cheek teeth are with sharp cutting crowns, the teeth are called secodont. This

condition of teeth is present in terrestrial carnivores. These teeth possess cutting edges and

are used for cutting and shearing the flesh.

(iv)  Selenodont:

      Cheek teeth with crescent-shaped cusps are known as selenodont. In ruminants and horses

(perissodactyla), the teeth are selenodont (crescent shaped moon + tooth) type and are used

for grinding the plant matter.

(v) Brachydont:

     A tooth with a low crown and comparatively long root is called brachydont (short + tooth)

(Fig. 10.129D), e.g., Man.

Hypsodont:

    When the crown is high and the roots are short and open (Fig. 10.129E), e.g., Horse,

incisor of elephants.

Modification of Teeth Based on Diet:

The teeth of mammals are modified according to their food habit.

a. Herbivorous mammals:

        Herbivores include oxen, sheep, goats, deer, antelopes, camels, rodents, elephants, and

members  of  the  uneven toed mammals.  Their  food consists  of  mainly  grasses  and plant

material  which  require  long mastication  for  digestion.  In  artiodactyles  the  grinding  teeth

possess broad crown, complicated by ridges and folds of hard enamel. Premolars are not used

for grinding purposes.

     The grinding function is occupied by very elongated Hypsodont molars. The effective

grinding surface is maintained by the persistence of harder enamel. The incisors of the upper

jaw are lost and the canine teeth are rudimentary or absent. The incisors and canines of the

lower  jaw  are  present  and  are  used  for  grass-cropping  apparatus.  The  check  teeth  of

ruminants and horses are of selenodont type.

      Rodents have no canines. Only incisors are used for gnawing, scraping and nibbling. The

incisors are sharp and chisel-shaped, used for cutting purposes. Enamel are absent on the

posterior surface of the incisors and as a result, the body of the incisors wears quickly.

    As the incisors are provided with persistent open roots they grow throughout life. They

have 3 molars or grinders on each side of the jaw. The cusps of the broad surfaces of the

molars are joined in pairs to form ridges.



      Elephants have lost all canine teeth and all the incisors except the second pair in the upper

jaw which have developed into tusks. The jaws have six hypsodont molars in each jaw and

are used as grinding teeth. Out of 6, only two molars remain functional at a time.

    The surfaces of the molars consist of a series of deep plates composed of a dentine and

enamel, bound together in a solid mass by cement. These three elements wear at different

rates, leaving a rough surface. As the dentine wears, the enamel of the crowns of the molars

appears a series of transverse ridges.

     In  horses,  all  the cheek teeth  are  hypsodont  with  crescent  shaped cusps,  known as

selenodont used for grinding purposes. The enamel, dentine and cement of the cheek teeth

wear at different rates, leaving a rough surface for grinding the grasses.

b. Carnivorous mammals:

     In carnivorous mammals, the canines are large, sharp and pointed which are used for

tearing purposes and incisors are pierced into the body of the victim. These teeth are suppor-

ted by powerful jaw muscles. Incisors and canines are used for seizing, holding and biting.

     The last upper premolar and first lower molar are developed into sharp chisel-shaped

structures, called carnassial teeth and used for cutting the flesh. These carnassial teeth act

against each other like the blades of a pair of incisors. The cheek teeth of carnivores are

secodont type because these teeth possess sharp cutting crowns.

c. Omnivorous mammals:

     The omnivorous mammals consume mixed diet including vegetables and meat. Many

mammals including monkeys, man and true civets fall in this group. Cheek teeth of these

mammals are bunodont type.

     The cusps on the cheek teeth remain separate and are rounded in shape. The incisors are

used for cutting the food material. The true civets subsist on meat and vegetable matter. They

have broad-crowned many cusped molars. The molars are designed to cut the flesh and to

grind the vegetable matter.

d. Aquatic mammals:

       Among mammals, cetacean pinnipeds and sea cows are aquatic. The sea cows have teeth

which  are  greatly  reduced  in  size.  They  are  grazers  and  teeth  are  little  used.  The  well-

developed lips are used for grazing purpose. The pinnipeds have teeth which have laterally

compressed cones and three cusps in a row which helps to prevent escape of the slippery

prey.



        Cetaceans  have  two groups,  whale  bone whales  (Mysticeti)  and toothed whales

(Odontoceti). Toothed whales have homodont type teeth. The teeth are used to hold the prey.

In  whale  bone  whales  (Mysticeti)  the  teeth  are  completely  absent.  Instead,  transversely

arranged triangular plates of keratin hang from the roof of the mouth, called baleen (Fig.

10.130).

       The number of plates is about 300 and varies in colour in different species. The outer

surface of the baleen is smooth and straight but inner surface has a hairy fringe to trap the

food when water is expelled. These plates help to strain the minute planktonic food.

4. Dental Formula:

      The number of teeth in any particular species remains constant but varies in different

species.  So  the  number  of  teeth  is  expressed  by a  sort  of  equation  and is  called  dental

formula. The maximum number of teeth in heterodont mammals is 44. There are mammals

with teeth less than 44. This is due to the reduction in the number of one or more types.

      This constancy of the number of teeth has become a tool to the taxonomists for the pur-

pose of classification. The dental formula is expressed by the number of each type of teeth in

each half of the jaws. The teeth of the upper jaw are placed as numerators and in the lower

jaw as denominators.

     The numerators and denominators are separated by a horizontal line. The kind of teeth is

indicated  by  initial  letters  i,  c,  Pm,  m  indicating  incisor,  canine,  premolar  and  molar,

respectively. For further simplification the initial letters are often omitted. When a certain

type of tooth is absent, a zero is used to indicate the fact.

Dental formula of some mammals:

A typical primitive eutherian mammal possesses 44 teeth and it is expressed.
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                                                   I3/3, c1/1, Pm4/4, m3/3 = 22 x 2 = 44.

                                                 In simpler forms it may be expressed

                                                        3.1.4.3/3.1.4.3 = 22 x 2 = 44.

       Among monotremes, Tachyglossus does not possess teeth at any stage. The adult platy-

pus (Ornithorhynchus) bears no teeth.

       In marsupials the milk dentition persists except the last premolar. In adult marsupials the

number of incisors in upper  and lower jaws always varies  except  in burrowing wombats

(phascolomys).

5.  Unusual Teeth in Mammals:

(i) Elephant’s tusk:
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       The elephant’s tusks are the second pair of incisors in the upper-jaw. The lower incisors

disappeared. The tusks are made of ivory which is a specialized dentine. The upper incisors

have no root and they grow to form tusk. Both sexes of African elephants have tusks but in

India only males bear tusks. Tusks are used in offence and defense.

(ii) Pig’s tusk:

      In  wild  boar  the  upper  canines  are  enlarged  to  form  stout  tusks.  The  warthog

(Phacochoerus) of Africa bears 4 upward curving tusks. These are transformed canines of

both jaws. These are used for digging in the soil for storage roots and tubers of the plants.

(iii) Barking deer’s tusk:

      The male muntjaks and musk deer possess tusks which are the enlarged form of upper

canine teeth (Fig. 10.131 A). These are used for self defence.

(iv) Walrus’s tusk:

     They are the modified form of upper canines (Fig.10.131B). The primary function of the

tusks is to break the clams on the ocean floor.

6. Origin and Evolution of Molars in Mammals:

         The origin of the complex cheek teeth of mammals was a controversial issue for a long

time. The simple and single-rooted incisor and canine show little modifications and are not

taken into consideration in any discussion on the origin of cheek teeth. Two theories have

been put forward to explain the origin of the complex cheek teeth.

a. Concrescence Theory of Kukenthal and Rose:
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        This theory was postulated by Kukenthal and Rose in 1890. This theory advocates that

the cheek teeth (multicuspid teeth) originated by the fusion of two or more conical teeth. In

dugong several enamel organs fuse to form the molar teeth.

Remarks:

As the theory is not supported by embryological evidences and the condition found in dugong

is considered as exception, so this theory has been discarded.

b. Differentiation Theory of Cope and Osborn:

        This theory was presented in 1880 by Cope and Osborn and was revised by Gregory in

1934. This theory holds that starting with a primitive conical tooth, two additional projections

or buds developed giving rise to the so-called triconodont shape (Fig. 10.132).

         In the second phase these cones shifted so as to give rise to separate tubercles or cusps

arranged in a triangle. This has been called tritubercular position. Still later other parts may

have developed from these three original tubercles so as to form additional cusps or folds and

thus arrived the varied types of mammalian cheek teeth that exist today.

Remarks:

   Due to abundant embryological and palaeontological  evidences,  most zoologists are in

favour of this theory.
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Endostyle

The endostyle is an organ which assists lower-chordates (urochordates and cephalochordates,

as well as the larvae of lampreys) in filter-feeding. This pharyngeal organ secretes mucus

which utilizes  cilia   to  coat   itself.  The mucus produced by  the endostyle  adheres   to   food

particles   that  are  in  the water  and this  mixture  is   then passed through the pharynx of  the

organism and into the esophagus through the sweeping movement of the cilia. The endostyle

in   larval   lampreys   (ammocoetes) metamorphoses into   the thyroid gland   in   adults,   and   is

regarded   as   being homologousto   the   thyroid   gland   in vertebrates due   to   its   iodine-

concentrating activity. Since the endostyle is found in the three branches of chordates, it is

presumed to have arisen in the common ancestor of these taxa, along with a shift to internal

feeding for extracting suspended food from the water. 
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1. Introduction to Mammals:

          Mammals stand at the pinnacle of evolutionary success amongst the living organisms.

The question  of  mammalian  ancestry  is  of  special  interest  to  man,  because  their  history

includes ours in a broader sense, as man is included under this great class, Mammalia.

         Mammals constitute a very unique group and separate themselves from others by

having many morphological and physiological characteristics which help them to overcome

in hospital environmental hurdles.

         A survey of the past geological records reveals that in Mesozoic era, there was a storm

of evolution. This era is regarded as the age of reptiles. The majestic and dominant forms

were the Dinosaurs, the then giant rulers of the horizon.

       When the Dinosaurs ruled the earth, a group of small and insignificant creatures evolved

under  their  shadows.  Though  lowly  in  origin,  but  unique  in  their  endowments,  they

constituted the mammals.

      The cause of extinction of Dinosaurs is quite obvious. Of other factors, hugeness in size,

lowly  developed  nervous  system,  inability  to  retain  constant  body  temperature,  can  be

regarded as the prime causes of extinction.

         Mammals, with efficient mechanism of regulating body temperature, well-developed

nervous  system,  and  efficient  power  of  swift  movement  confronted  the  challenges  of

evolution. From such a lowly start arose the mammals—which became diversified and ruled

the earth.

2. Definition of Mammal:

        Mammals are warm-blooded vertebrates. The body is covered more or less with hairs.

Young mammals are born alive (excepting the egg-laying monotremes) and are nourished by



mothers with milk in infancy secreted by the mammary glands. Separate opening of the anus

and the urino-genital system (excepting monotremes) is characteristic.

3. Biological Organisation of Mammals:

         For a better understanding of the mammalian ancestry, a generalised survey of the

mammalian organisation of existing as well as of the extinct forms is desirable.

Morphological Peculiarities:

Mammals possess:
1. Heterodont  dentition,  with  differentiation  into  incisors,  canines,  premolars  and

molars.
2. Thecodont teeth, i.e., each tooth is embedded in an alveolar pocket on the jaw bone.
3. Diphyodont teeth, i.e., milk set is replaced by permanent set of teeth.
4. Presence of two Aoccipital condyles.
5. Lower jaw is made up of one pair of bones—the dentaries.
6. Articular and quadrate bones are transformed into malleus and incus respectively.
7. Secondary palate is complete and functional.
8. Cervical vertebrae are seven in number.
9. Ribs are double headed with capitulum and tuberculum.
10. Vertebrae are gastrocentrous.
11. Coracoid of the pectoral girdle is absent as a separate bone and is represented as the

coracoid process of the scapula.
12. Heart is fully four- chambered with only left aortic arch.
13. Mature erythrocytes are enucleated, biconcave and circular.
14. A muscular diaphragm separates the thoracic and abdominal cavities.
15. Presence of sweat and sebaceous glands.
16. Highest  development  of  brain,  great  development  of  neopallium  and  presence  of

corpus callosum (absent in monotremes, rudimentary in marsupials).
17. Pinna is present excepting some aquatic mammals.

Physiological Peculiarities:

(a)  Complete  separation  of  oxygenated  and  deoxygenated  blood  with  a  free  scheme  of

circulation.

(b) Homoiothermous condition is a new attribute which keeps the body temperature constant

and is independent of environmental fluctuation.

(c) Viviparous excepting monotremes and young’s are nourished in the uterine cavity by

placenta in embryonic condition.

4. Archaic Mammals:

       A short survey of the archaic mammals will be informative to gain a clear idea regarding

the ancestry of mammals. Mammals became well flourished at the beginning of Cenozoic era



but have started their true career in the Mesozoic era. So the description of some Mesozoic

and Cenozoic mammals will serve the purpose.

Mesozoic Mammals:

The mammal-like reptiles were quite abundant in Permian period. But at the early Triassic

time, those forms became gradually extinct and ultimately they became almost entirely absent

by the end of Triassic.  But again in the Jurassic and subsequent periods fossil  mammals

became more abundant.

Mesozoic mammals possessed some basic characteristics:
1. small size,
2. sharp-pointed teeth,
3. teeth were generally heterodont and
4. habits were varied.

Pantodonta:

The fossil forms were discovered in upper Triassicperiod. Dentition was more like that of

reptile  than mammalian.  But the simple jaw consisting of a  single bone established their

mammalian affinity. The fossil records of this group arc rather incomplete.

Allotheria:

They  were  very  important  group  amongst  the  extinct  mammals  and  their  fossils  were

recorded in the upper Triassic rocks of Germany. The most important mammalian charac-

teristic  was  the  nature  of  the  molar  teeth  which  had  two  to  three  longitudinal  rows  of

tubercles. The presence of these tubercles gave the name Aluitituberculata to this group.

Triconodonta:

These fossils were recorded in Jurassic period.  The molars had three cusps arranged in a

single longitudinal row.

Symmetrodonta:

This group was confined to the upper Jurassic period of England and North America. The

molars had three main cusps arranged in a triangular fashion.

Pantotheria:

The symmetrodonta was distantly related to this group. The molars had four or more cusps.

The  three  principal  cusps  assumed  the  form  of  a  trigon.  Their  fossils  were  recorded

throughout the Jurassic period.

Cenozoic Mammals:



Besides  the  archaic  mammals,  a  few  important  Cenozoic  mammals  need  mentioning  in

connection  with  the  ancestry  of  mammals.  They  belong  to  three  groups,  Creodonta,

Condylarthra and Amblypoda. Creodonta had small  reptile-like brain,  carnivore-like teeth

and terminal phalanges with claws.

Condylarthra represented the primitive ungulates and structurally formed a sort of connecting

link between the hoofed and clawed mammals. The cranial portion was located behind the

orbit. Teeth were suited for herbivorous habit. Molars were low crowned. Amblypoda was

short footed and hoofed forms of almost elephantine size.

Fate of Archaic Mammals:

With the close of reptilian age, the Mesozoic mammals became well flourished in the Meso-

zoic era and exhibited wide adaptive radiation.  But very quickly they became extinct and

were replaced by modernised mammals which were fully equipped to face all eventualities of

nature. The cause of extinction of archaic mammals is primarily due to their incapabilities to

respond to new environmental conditions.

The  archaic  mammals  had a  brief  evolutionary  career  and they  were  subjected  to  racial

extinction. The challenges of life were received by modernised mammals who flourished well

in time and space.  Some of the archaic  forms transmutated into higher types while some

became emigrant.  Marsupials passed beyond the limits  of South America and crossed the

Antarctic land-bridge to come to Australia where they still persist.

5. Ancestries of Mammals:

In tracing out the folds of life it is often said that the higher forms have originated from lower

forms. So the ancestor of mammals must be some lower vertebrate forms. The chances for

the fishes and the birds are out of question, because one is too low and the other is highly

specialised.

Ancestry from them is in no case possible. Now remains the possibilities for the amphibia

and the reptiles to hold the respected position of mammalian ancestor.

a. Amphibian Ancestry:

The amphibian ancestry of mammals was emphasised by T. H. Huxley in the year 1880. He

advocated  that  mammals  arose  from  amphibia.  He  assumed  that  Hypotheria  is  a  sub-

mammalian evolutionary stage, which arose from amphibia and holds the key of mammalian

evolution. In support of his contention, Huxley put forward some arguments. First, amphibia

as well as mammals possess double occipital condyles.



Another argument in this context is that in mammals only the left aortic arch is present but in

amphibians and reptiles both the arches are present. Of the two arches, the left one is weakly

developed in reptiles which indirectly  supports amphibian ancestry of mammals.  But this

theory was subjected to vigorous criticism.

The points of resemblance are not rigid enough to support Huxley’s assumption excepting the

occurrence of double occipital condyles. The occipital condyles in amphibians and mammals

are’ not strictly homologous structures but differ in development.

In amphibians the occipital condyles are the derivatives of the exoccipitals, but in mammals

the  source  is  the  basioccipital.  This  assumption  is  further  weakened  by  the  lack  of  any

intermediate forms and palaeontological data.

Huxley’s view of mammalian origin through Hypotheria is untenable today and does not

offer any tangible evolutionary significance. In spite of that this view is still kept as a piece of

historical  document  in  the  discussion  of  mammalian  ancestry.  The  very  concept  of

mammalian  ancestry  directly  from amphibia  without  the  intervention  of  reptiles  is  most

unscientific and absurd.

b. Reptilian Ancestry:

The reptilian  ancestry of  mammals  is  full  of  evolutionary  significance  and gives  a vivid

indication of biological transformation towards the mammalian organisation.  The reptilian

ancestry of mammal can be established from three angles,

(i) Evidences furnished by some living mammalian groups,

(ii) From serological tests and

(iii) From palaeontology.

6. Evidences from Living Mammals:

Some of  the primitive  living  mammals  give the  strongest  support  of  reptilian  affinity  of

mammals. The monotremes and the marsupials occupy intermediate status between reptiles

and mammals.

Monotremes Offer Strongest Support:



Monotremes constitute a sort of connecting link between the mammals and their reptilian

ancestor  and  serve  to  bridge  the  gap  between  the  two.  Monotremes  are  undoubtedly

mammalian, but possess many reptilian features too.

The reptilian features are:

(a) Pectoral girdle is typically reptilian with a large coracoid, an interclavicle and without

scapular spine.

(b) Pelvic girdle possesses an epipubic bone.

(c) Ribs excepting the cervical ones are single headed.

(d) Presence of cervical ribs.

(e) Bones of the skull are typically reptilian. LacrymaL bone is absent, jugal is reduced or

absent, auditory bulla is absent, presence of reptilian provomer.

(f) Corpus callosum is absent.

(g) Reproductive system is based on reptilian plan.

(h) Oviparous.

(i) Presence of shallow cloaca.

(j) Meroblastic segmentation.

(k) They are not fully homiothermous.

It appears that the monotremes are roughly fifty per cent, mammal and fifty per cent, reptile

in their organisation. They are very primitive and represent the end product of an independent

evolutionary line of mammal-like reptilian stock.

Marsupials—also Offer Support:

The marsupials also show many reptilian features.

These features are:

(i) Brain lacks corpus callosum and the olfactory part is comparatively large.

(ii) Presence of epipubic bone.



(iii) Palate is deficient in ossification.

(iv) Epicondylar foramina occur frequently.

7. Evidences from Serology Support Reptilian Ancestry of Mammals:

Serological  tests  have  revealed  that  the  reptilian  blood  shows close  affinity  with  that  of

mammals which are warm blooded.

Palaeontological Evidences in Support of Reptilian Ancestry:

The  fossil  remains  of  the  mammal-like  reptiles  offer  a  sound  evolutionary  basis  of

mammalian origin through reptiles. The mammal-like reptiles are:

Synapsida:

Synapsida comprises of a very interesting group of reptiles that appeared in the rocks of late

Carboniferous time. They form a bridge between the primitive- reptiles and the primitive

mammals. The latest genera approached so close towards mammalian stage that it is really

questionable whether they should be included amongst mammals or reptiles.

They showed the tendency of the loss of bones in the skull. Teeth showed differentiation. The

lateral temporal opening was situated behind the eye and it became enlarged gradually. The

synapsida had a large number of genera. The early members were very close to the ancestral

Cotylosaurs, while some of the latest genera approached very close to the mammals.

Pelycosaurs—the first synapsid:

They initiated  a  line  of  evolutionary  development  which  is  most  completely  recorded  in

geological history. The first Pelycosaurs are the Ophiacodon of which Varanosaurus was a

primitive member. In Varanosaurus, the skull was narrow, marginal teeth were socketed and

showed little regional specialisation.

Bifurcation of Pelycosaurs. The Pelycosaurs evolved along two lines—the large plant eating

Edaphosaurs and the large aggressive carnivorous Sphenacodonts, Edaphosaurs.

Springing from an Ophiacodon ancestry in Permian age, the Edaphosaurs diverged into a

different  line.  The skull  was small,  stout  and shallow.  The teeth  were not differentiated.

Sphenacodonts. The second evolutionary line from the Pelycosaurs was the Sphenacodonts

which  led  the  channel  of  evolution.  Teeth  were  strongly  differentiated  which  made  the

refinement of the skull.



Therapsids:

The fossils of these forms were recorded in the middle and late Permian and in Triassic age.

They were the forms that took the road leading towards mammalian organisation. Possession

of the following characters certainly supports the contention.

These are:

(a) There was a strong trend of lateral temporal fossa to enlarge.

(b) Presence of a secondary palate.

(c) Dentary was enlarged at the expense of other bones.

(d) Double occipital condyles were present.

(e) Teeth were differentiated.

(f) Quadrate and quadratojugal were reduced and loosely attached with the skull.

The therapsids followed two lines of adaptive radiations.

(A) Anomodonts:

They were archaic therapsids who retained many primitive features of the Pelycosaurs. They

lack secondary palate and the pineal opening was very large. The dentary was moderately

developed.  The  typical  representative  of  this  group  is  exemplified  by  Tapinocephalid

(Moschops).

(B) Dinocephalians:

They were the most successful therapsids of phylogenetic longevity. They appeared in the

middle of Permian to lower Triassic. Bones of the temporal region of the skull were thin due

to  enlargement  of  temporal  opening.  Acromion process  was present  on  the  scapula.  The

phalanges were reduced to mammalian count (2-3-3-3-3).

Thecodonts.  When  the  Dinocephalians  were  evolving  in  their  own way,  the  theriodonts

developed rapidly in a direction that was led directly to the mammals. The theriodonts were

varied in shape. Cynognathus was a typical genus of the theriodonts. Cynodontia had many

mantmalian features.

They possessed the following mammalian characters:

(a) Double occipital condyles.

(b) Lower jaw was almost made up of a single bone—dentary.



(c) Heterodont dentition.

(d) Presence of hard palate.

(e) Double headed ribs.

(f) Scapular spine was present.

Ictidosauria formed a bridge between reptiles and mammals. They had almost crossed the

threshold line that separates the reptiles from mammals.

They possess:

(i) Skull was highly organised and mammal-like. The cranium was spacious.

(ii) Quadrate was greatly reduced.

(iii) Lower jaw was made up of dentary.

(iv) Presence of double occipital condyles.

(v) Heterodont dentition.

8. Molar Hypotheses Support Reptilian Ancestry of Mammals:

Mammals possess characteristic molar teeth. The origin of molar teeth in the phylogenetic

history of mammal has given rise to a number of theories. All the theories indirectly support

reptilian ancestry of mammals.

Tritubercular Theory:

Cope and Osborn hold that  mammalian  molar  teeth passed through a trituberculate  stage

found in Cynognathus. Multitubercular  theory of Woodward and Goodrich advocates that

mammalian  molar  teeth  arose  from  a  multituberculate  stage  found  in  Cynodontia

(Diademodon) and the modern mammals are the evolutionary derivatives of the Diademodon.

Compromise theory of diphylectic origin of Mivart and Beddard advances the logical idea of

mammalian evolution from Cynodontia having both tritubercular and multitubercular molar

teeth.

Judging all the theories the inevitable conclusion that can be drawn is that reptilian ancestry

is full of evolutionary significance. Cumulative evidences from palaeontology, comparative



morphology and serology thus prove that the mammals sprang from reptiles. Very likely the

source is best represented by either Cynodonts or Ictidosauria.

9. Probable Ancestry of Mammals:

According to most evolutionists of today, the Theriodont reptiles hold the key of mammalian

ancestry. From Cynodontia, the Ictidosauria and the mammalia arose and underwent parallel

evolution. The probable line of ancestry is shown in Fig. 1.18.

10. Biological Trends in Mammalian Evolution:

A  review  of  the  fossil  mammal  like  reptiles  reveals  that  the  evolution  of  mammals  is

preceded through the following biological trends.

(a) The gradual growth of brain which is related to the increment of the cranial cavity.

(b) Gradual acquisition of hard palate.

(c) Loss and condensation of some bones of the skull and lower jaw.

(d) Gradual reduction of elements of the pectoral girdle.



(e)  Gradual  condensation,  differentiation  and compactness  of the general  body system to

increase the efficiency.

Time of Origin:

The  mammal  like  reptiles  were  abundant  in  Permian  and  in  early  Triassic  periods.  The

probable time is assigned either to be late Permian or early Triassic.

Place of Origin:

There  are  two  views  regarding  the  place  of  origin  of  mammals.  First  view  is  that  the

mammals arose in South Africa as evidenced from the abundance of Therapsid fossils. Based

from the history of reptilian disappearance the second view holds that the place, of origin was

Central Asia.

Cause of Origin:

From Permian to Jurassic age, there was a great climatic fluctuation. There had been periodic

aridity  alternating  with  glacial  periods.  So  nature  has  to  provide  a  new  mechanism  of

temperature control. The achievement of temperature control probably saved the insignificant

mammals from the one stroke of geological changes.

At the present state of knowledge it will be better not to go too far regarding the origin of

mammals.  Further  researches  on  palaeontology,  comparative  anatomy  are  necessary  t6

picture out the completeness of mammalian ancestry.

However, with all certainties and probabilities, the insignificant Cynodonts whose existence

was at the mercy of the mighty Dinosaurs, survived the perilous existence and gave origin to

mammalian form of life in time and space.



Retrogressive Metamorphosis in Urochordates

                  Metamorphosis is a change from the juvenile to adult stage in which larval

stage  is  quite  different  from the  adult  stage.  In  retrogressive  metamorphosis  the  larva

possesses  advanced  characters  which  are  lost  during  the  development  and the  adult  is

either  sedentary  or  degenerated  with  primitive  characters.  Urochordate  adults,  being

sedentary  show  degenerative  characters  while  the  free  swimming  tadpole  larva  shows

advanced chordate characters which are lost during metamorphosis. Parasitic crustaceans,

like Sacculina and copepod parasites and stylopids and scale insects (Insecta) also show

retrogressive metamorphosis.

                    The tadpole larva of  Herdmania  is only 1-2 mm long when it hatches out of

the egg. It does not feed and hence has only 3 hours of survival during which it has to

swim about in search of a suitable substratum for attachment. The larva needs advanced

features  for  its  free  swimming  existence,  which  is  so  necessary  for  dispersal  of  the

population to distant places which the sedentary adult has no means to do.

The advanced Chordate characters of the larva

1. There  is  a  rod-like  notochord  in  the  tail  to  which  are  attached  muscle  bands  for

swimming.

2. There is a dorsal hollow nerve cord which is enlarged to form brain at the anterior

end. A photoreceptor ocellus and a balancing organ, the statocyst are attached to the

brain.

3. There  are  only  two  pairs  of  gill  slits  in  pharynx  but  the  mouth  is  closed  by  a

membrane and intestine is rudimentary.

4. Endostyle on the ventral side of pharynx is very well developed which functions like

thyroid gland and helps in metamorphosis.

5. Heart is on the ventral side of gut but is non-functional.

6. The larva possesses on the anterior end three ectodermal adhesive papillae which help

in firm attachment on the substratum.

Changes during metamorphosis



1. Larva attaches to the substratum with the help of chin warts, head downward and tail

up.

2. Rapid growth takes place between the chin warts (adhesive papillae) and mouth and

almost no growth on the opposite side of body.



3. Due to  rapid  growth on one side,  body starts  rotating  in  such a  way that  mouth

gradually migrates to the upper side.

4. Meanwhile pharynx enlarges and stigmata increase in numbers.

5. Intestine becomes functional and atrial opening is formed on the opposite side of oral

aperture.

6. Both tail and notochord are gradually absorbed in the body during metamorphosis.

7. The hollow nerve cord is reduced into a solid nerve ganglion on the dorsal side.

8. Sense organs, namely ocellus and statocyst are lost.

            When the metamorphosis  is  over, Herdmania is  transformed into a  bag-like

sedentary animal attached to the rock by a foot and having branchial and atrial openings

for inlet  and outlet  of water respectively. Pharynx becomes enormously enlarged with a

large number of stigmata for filter feeding and digestive system becomes well developed.

However,  other  advanced  chordate  characters  of  the  larva  are  degenerated  into  simple

structures, due to which it is called retrogressive metamorphosis.
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ReviewThe Origins and Evolution of Vertebrate
Metamorphosis

Vincent Laudet

Metamorphosis, classically defined as a spectacular post-
embryonic transition, is well exemplified by the transfor-
mation of a tadpole into a frog. It implies the appearance
of new body parts (such as the limbs), the resorption of
larval features (such as the tail) and the remodelling of
many organs (such as the skin or the intestine). In verte-
brates, metamorphosis has been well characterized in
anuran amphibians, where thyroid hormones orchestrate
the intricate and seemingly contradictory changes ob-
served at the cellular and tissue levels. Thyroid hormones
control a complex hierarchical cascade of target genes via
binding to specific receptors, TRa and TRb, ligand-acti-
vated transcription factors belonging to the nuclear
receptor superfamily. Metamorphosis is actually wide-
spread in the vertebrates, though quite diverse in the
way it manifests in a particular species. Furthermore,
evolutionary and ecological variations of this key event,
from paedomorphosis to direct development, provide an
excellent illustration of how tinkering with a control
pathway can lead to divergent life histories. The study of
invertebrate chordates has also shed light on the origin
of metamorphosis. The available data suggest that post-
embryonic remodelling governed by thyroid hormones is
an ancestral feature of chordates. According to this view,
metamorphosis of the anurans is an extreme example of
a widespread life history transition.

Introduction
Metamorphosis has fascinated scientists and artists since
Aristotle and Ovid. Perhaps the first experimental study
of the endogenous control of metamorphosis was carried
out by Gudernatsch, an American academic visitor in Prague
in the early twentieth century. He was interested in the most
classic example of vertebrate metamorphosis: the transfor-
mation of a tadpole to a frog. By feeding tadpoles with
small pieces of various organs taken from a horse, Guder-
natsch [1] found that the thyroid gland contains a substance
that triggered the change from tadpole to frog. This was the
first hint that metamorphosis is controlled by a hormonal
signal.

Metamorphosis is classically defined as a spectacular and
usually abruptpost-embryonic transformationofa larva intoa
juvenile [2,3]. It is a very widespread life history transition:
indeed, most animals undergo metamorphosis (Figure 1).
Amphibians and insects provide the most spectacular and
best-known examples, but the two types of metamorphosis
are very different. In holometabolous insects, such as flies
and butterflies, there is an immobile, non-feeding stage (the
nymph), whereas in amphibians the organism remains active
during metamorphosis, avoiding predators and catching

food [1]. Other animal phyla, such as echinoderms,molluscs,
annelids and even cnidarians, also undergo metamorphosis,
although the trigger and molecular processes controlling
these metamorphoses are still largely unknown [4].
Even in vertebrates, metamorphosis is frequent [5]: in

addition to amphibians, most teleost fish, representing half
of all vertebrate species, undergo metamorphosis (Figure 1).
This post-embryonic transition also occurs in basal verte-
brates, such as lampreys. In the various classes of verte-
brates, these metamorphoses are morphologically very
diverse; however, there are some common principles in all
these transformations [2].
First, metamorphosis is always an ecological transforma-

tion: the larvae and the adult do not live in the same environ-
ments, or at least do not share the same resources. For
example, the tadpole is aquatic and most often herbivorous,
whereas the frog is a terrestrial carnivore. In the ocean, most
of the fish larvae are planktonic, but as adults they are either
benthic or, if still pelagic, able to swim in an active manner.
This is the case of the coral fish, where recruitment of the
larvae to the reef, so important for marine conservation
biology, occurs in parallel to their metamorphosis [6].
Second, metamorphosis is an extensive transformation of

the animal, sometimes a radical change in the body plan
organization [3]. There are many examples of animals that
were historically considered as being part of different
species and for which a larva-to-juvenile transformation
was later demonstrated [7]. There is a continuum from
species displaying a radical body plan reorganization, such
as tunicates, to those that undergo more minor changes,
such as salamanders. This transformation is never just
a morphological change: it always includes physiological,
biochemical and histological remodelling that affects several
tissues at different levels [3,8].
Third, metamorphosis is triggered in close connection to

the environment: in most species, environmental cues play
an important role in pushing the larvae to transform to an
adult [9]. Both in insects and in amphibians, hormonal
systems play a very important role in these processes, and
in both cases nuclear hormone receptors and neuroendo-
crine signalling are used to translate environmental cues
into a coordinated program that remodels the organism [2].
Importantly, metamorphosis should not be confused with
puberty, another important life-history event controlled by
hormones, when reproductive competence is acquired
through the maturation of sexual organs.
In this review, I shall focus on vertebrate metamorphosis.

After describing the molecular cascade that orchestrates
metamorphosis in the main amphibian model system,
Xenopus laevis, I shall explore variations on this central
theme: the wide diversity of life histories that can be
produced by altering this molecular cascade. Finally, I shall
present amodel that unites allmetamorphosis in vertebrates,
after a brief discussion of the origins of metamorphosis
inferred from results obtained in invertebrate chordates.

The Molecular Cascade Controlling Metamorphosis
in Xenopus laevis
The metamorphosis of a Xenopus tadpole to a juvenile frog
is a spectacular but well-ordered event that occurs in
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Figure 1. Metamorphosis is widespread in the
animal world.

(A) A simplified phylogenetic tree of chordates
in relation to other animals, highlighting the
chordate groups that are known to undergo
metamorphosis and for which a link with
thyroid hormones has been established
(boxed in yellow). Note that all the other phyla
of metazoans depicted in the tree contain
many metamorphosing species. (B) Some
larvae and adults of metamorphosing verte-
brates. The numbers refers to the larvae
panels, the Roman numerals to the adult
panels. 1/i: The tadpole and an adult of the
main model for studying vertebrate metamor-
phosis, the anuran Xenopus laevis. 2/ii: The
tadpole and the adult of Ciona intestinalis,
an urochordate. 3/iii: Larvae and adult of
amphioxus; the larvae is asymmetric and the
mouth, on the left side of the body, is not
visible in the photo. 4/iv: Larvae and adult
of lamprey; the larvae, also called the ammo-
cete, is aP.marimus, the adult is a L. fluviatilis.
5/v: ambystomatids salamanders (the paedo-
morphA.mexicanum in 5, andA. californiense
in v). 6/vi: Symetric larvae and asymetric adult
of a flatfish, the sole (Solea sp.); 7/vii: An eight-
day post-fertilization juvenile and an adult of
zebrafish (D. rerio).

a constant pattern (reviewed in [2,8,10–
12]). Three categories of changes occur
in the tadpole organs: first, death and
resorption of larval tissues that were
only useful for the tadpole, such as the
tail; second, de novo growth and differ-
entiation of tissues that will be crucial
for the adult, such as the limbs; and
third, remodelling of many tissues that
have to be modified to acquire new
functions (see [11] for a review). For
example, the intestine is transformed from a long, coiled
tube to a complex differentiated organ that shortens about
75% in length while concurrently differentiating into
a stomach and small intestine [13]. Many other organs —
for example, the skin used for respiration, the muscles, the
brain — are also remodelled [14].

In anurans, as shown by Gudernatsch, the main triggers of
metamorphosis are the thyroid hormones, iodinated deriva-
tives of the amino acid tyrosine, produced by the thyroid
gland (see [15] for an historical account). The thyroid gland
produces mainly the precursor hormone T4 (thyroxine),
and this molecule is transformed by enzymes known as dei-
odinases into themore active derivative T3 (triiodothyronine)
in peripheral organs [16,17]. There are other, related endoge-
nous compounds with lesser importance, and I will use the
term thyroid hormones to collectively refer to the iodinated
small molecules directly or indirectly produced by the thyroid
gland (see [5] for a more detailed discussion). Exogenous
thyroid hormones prematurely induce metamorphosis and
inhibition of endogenous thyroid hormone production —
either by thyroid gland surgery or by using pharmacological
compounds known as goitrogens that block thyroid hor-
mones synthesis — blocks metamorphosis, leading to the
growth of giant tadpoles [18]. Consistent with these effects,

there is a peak of thyroid hormone production at the begin-
ning of metamorphosis and this increase is the key
physiological trigger of metamorphosis [19]. Thyroid hor-
mone levels reach a maximum during the climax, when the
majormorphological changes, such as tail regression, occur.
Thyroid hormones activate a downstream signalling

pathway through specific binding to high-affinity thyroid
hormone receptors, ligand-dependent transcription factors
which are members of the nuclear receptor superfamily
[20,21]. In the absence of ligand, receptor molecules are
bound to specific DNA sites, known as response elements,
in the regulatory regions of target genes where they act to
inhibit transcription. Ligand binding activates the receptor
so that it induces transcription of target genes, leading to
the morphological changes of metamorphosis (for a review,
see [8,12]). In anurans, as in most vertebrates (including
humans), there are two thyroid hormone receptor types,
TRa (NR1A1) and TRb (NR1A2), encoded by two distinct
genes [20] (Figure 2). TRa and TRb both form heterodimers
with another nuclear receptor, retinoid X receptor (RXR) and
the TR–RXR heterodimer (Figure 3) is the molecular device
that controls the downstream cascade of gene activation.
TRa and TRb each have a specific role in the process of

amphibian metamorphosis. TRa is instrumental in blocking
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the metamorphosis program before thyroid hormones levels
increase [22]. Indeed, TRa is expressed very early, when the
hormone is not present in pre-metamorphic tadpoles
(Figure 4A). It is bound in the promoter of target genes in
association with RXR and actively represses transcription
by recruiting specific corepressors, such as nuclear
hormone co-repressor (NCoR) [22]. If a mutant TRa that is
unable to interact with NCoR is engineered and introduced
in transgenic tadpoles, several abnormalities occur, sug-
gesting that the repressor function of TRa is important in vivo
in order to avoid precocious metamorphosis [23].

Expression of TRb is controlled by thyroid hormones
and thus rises when thyroid hormone levels increase: it is
thus autoregulated through a positive loop that ensures
coordination between the surge in thyroid hormones and
the sensitivity of target tissues [24,25]. The TRb autoregula-
tory peak at the onset of metamorphosis is therefore the
most obvious molecular landmark associated with the
climax of metamorphosis in anurans [24,26]. In the early
phase of metamorphosis, when levels of thyroid hormones
start to rise, TRa is present at high levels and is thus impli-
cated in the onset of TRb expression, but in subsequent
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Figure 2. Phylogeny of the thyroid hormone
receptors.

At least four gene duplications (red circles)
occurred during the evolution of the thyroid
hormone receptor gene: one at the base of
vertebrates, giving rise to TRa (NR1A1) and
TRb (NR1A2); one specific to teleost fishes,
giving rise to TRa-A and TRa-B; an apparently
independent duplication giving rise to two
receptors in lamprey, called TR1 and TR2;
and another apparently independent duplica-
tion in flatworms giving rise to two genes,
tentatively called TRx and TRy. Two indepen-
dent gene losses (red cross) occurred in
insects and in nematodes. Note that proto-
stome thyroid hormone receptors have not
yet been shown to bind thyroid hormones:
these genes are believed to encode thyroid
hormone receptors purely on the basis of their
orthology.

steps, the autoregulation of TRb is the
most salient feature observed [18,27]
(Figure 4A).

Several studies have focussed on
the identification of the gene regula-
tory network controlled by thyroid
hormones and the TRb–RXR hetero-
dimer during Xenopus metamorphosis
[28–31]. It has been shown that TRb–
RXR directly controls a small number
of early response genes which, in turn,
regulate a large number of secondary
genes in different organs with variable
kinetics (reviewed in [10]). A fascinating
characteristic of this process is that
neighbouring cells within the same
organs (for example, epithelial versus
mesenchymal cells in the intestine)
can react differently (for example,
undergo proliferation or apoptosis) to
the very same hormone [31] (reviewed

in [11]). The basis of this tissue-specific response is not yet
fully understood. Several mechanisms probably operate in
concert, including differential expression of receptor hetero-
dimers, local regulation of the thyroid hormone level by dei-
odinases that either activate T4 into T3 or transform T3 into
inactive metabolites, and the differential epigenetic states
of target gene promoters in different cell types [12,16,17].
Linking the cell biology of tissue remodelling with the

molecular cascade controlled by thyroid hormone receptors
is still not easy, but some specific examples provide
a glimpse into this issue. For example, it has been recently
shown that keratin-related genes expressed in tadpole tail
during the climax mediate tail regression [32]. Similarly, the
blocking of thyroid hormone signalling by the expression
of a dominant-negative version of TRa in various intestinal
cell types (epithelium, fibroblasts and muscle) revealed that
gut remodelling involves both cell autonomous processes
and cell–cell interactions [13].
In tadpoles, thyroid hormone levels are controlled by the

hypothalamo-pituitary-thyroid axis, as in humans but with
some differences (reviewed in [9]). It is the hypothalamic
factor implicated in environmental stress, corticotropin
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releasing factor (CRF), and not the thyrotropin-releasing
hormone (TRH) that controls the level of thyroid hormones
[33,34] (Figure 3). Classic experiments have shown that
factors influencing stress, such as tadpole density, pond
water levels or presence of predators, have a significant
effect on the timing of metamorphosis [35]. These factors
increase the level of CRF, which controls the pituitary level
of thyrotropin (TSH) that, in turn, controls the level of thyroid
hormones produced by the thyroid gland. CRF also controls
the level of adrenocorticotrophic hormone (ACTH) in the pitu-
itary, and this controls the production of corticoids by the
adrenal gland [9,35]. The coupling between stress and
thyroid axis tightly links the molecular cascade to the
animal’s environment, in the broadest sense, and offers
possibilities for developmental plasticity [9].

In Xenopus laevis, therefore, the hormonal and molecular
mechanisms controlling metamorphosis are relatively well
understood, even if key issues remain to be solved, such as
the mechanisms underlying tissue-specific responses to the
thyroid hormone surge, or the respective roles of TRa and
TRb in controlling the thyroid hormone-regulated gene
network. Similarly, the molecular nature of the competence
of tissues to respond to thyroid hormones, and the factors
that contribute to the differential timing of gene regulation
by the hormone, are also poorly understood. Finally, it will
important to clarify the respective roles of cell autonomous
processesandcell–cell communication in the tissueandorgan
response to thyroid hormones.

What we know fromwork on Xenopus laevis can, however,
help us to understand metamorphosis in other vertebrate
species. This can be illustratedwith two other animal groups:
the second largest group of amphibians, Urodeles, and the
teleost fish, for which several types of metamorphosis have
been characterized. Although very few molecular data are
available for Urodeles, there is no doubt that the main trigger
of their metamorphosis is a surge of thyroid hormones, as in
anurans. However, the autoregulation of TRb, the landmark
event in the onset of metamorphosis in Xenopus and other
anurans, has not been observed in Urodeles [36]. It is
possible that this event is restricted to anurans, where the
specific pattern may be linked to the truly spectacular meta-
morphosis that they undergo.
Teleost fish are the other vertebrate clade for which we

now have a good understanding of the cascade controlling
metamorphosis. Metamorphosis is a crucial period in the
ecology of most marine fish. In these species, the eggs are
most often laid in the water column, the larvae hatch and
grow as planktonic organisms, and metamorphosis coin-
cides with the final recruitment of the juvenile to its adult
ecological niche, be it benthic or pelagic [37]. This is well
illustrated by coral fish, for which metamorphosis coincides
with the recruitment of larvae to the reef [38]. As this is a key
event controlling the population density of these often
endangered species, it will be important to enrich the
ecological study of larval recruitment with molecular knowl-
edge derived from work on model species [39]. A variety of
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Figure 3. The hypothalamo-pituitary-thyroid
axis and the thyroid hormone signalling
pathway.

From top to bottom: During Xenopus meta-
morphosis, the environment controls the
production of CRF, which binds to specific
receptors in the anterior pituitary and triggers
the production of both TSH and ACTH. TSH
acts on the thyroid gland to produce thyroid
hormones, mainly T4 (80%) but also T3.
ACTH controls the production of corticoids.
All these hormones are transported in the
blood via binding proteins and enter in the
target cells via transporters. In the target cells
thyroid hormones can be metabolized by
deiodinases. Outer ring deiodinases (mainly
deiodinase 2, D2) transform T4 into T3, which
is responsible for the formation of the active
hormone. In contrast, inner ring deiodinases
(mainly D3) transform T4 and T3 into reverse
T3 and T2, respectively, both being inactive
compounds. In the nucleus, T3 binds to its
receptor to form a heterodimer with RXR
and activates specific target genes that
contain thyroid hormone response elements
(TREs) in their regulatory regions. Corticoids
are also ligands for the glucocorticoid
receptor (GR) another member of the nuclear
receptor superfamily. This receptor is located
in the cytoplasm without ligand and translo-
cates into the nucleus after ligand binding.
Here it binds DNA on specific response
elements called GREs as a homodimer and
activates target genes. Some cases of syner-
gistic gene activation between TR–RXR and
GR have been demonstrated. (Adapted with
permission from [35].)
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factors, such the hypothalamo-pituitary-thyroid axis, food
availability, stress, and so on, are probably important in the
decision to start metamorphosis and to settle in a reef, and
the way these factors act and interact have to be analysed.

Among this extremely large group — there are w25 000
species of teleost fishes — the flatfish (pleuronectiformes)
provide the best example of a truly spectacular metamor-
phosis. A flatfish larva hatches as a bilaterally symmetric
planktonic fish with an eye on each side of its body and,
most often, elongated rays on the anterior part of the dorsal
fin [40] (Figure 4). During metamorphosis, the elongated
dorsal fin is drastically shortened, the right eye moves to
the left side of the body, there is extensive craniofacial
remodelling, and there are behavioural and pigmentation
changes, as well as biochemical and physiological changes
[41]. In all species of flatfishes that have been studied, exog-
enous administration of thyroid hormones induces prema-
ture metamorphosis, producing miniatures of naturally
metamorphosed benthic juveniles, whereas a treatment
with goitrogens (compounds that block thyroid hormone
synthesis) arrests metamorphosis [41,42]. These effects
are consistent with the observed surge of thyroid hormone
production during the climax of metamorphosis and activa-
tion of TSH expression in the pituitary [40] (Figure 4).

At first glance the situation in flatfishes is thus reminiscent
of what is observed in Xenopus; at the receptor level,
however, the situation is different. First, as a result of the
whole genome duplication that occurred in the evolutionary
lineage of teleost fish, most species have three thyroid
hormone receptor types: TRa-A, TRa-B and TRb [43].
Second, in addition to the extra gene, multiple isoforms are
generated by alternative RNA splicing. The functional roles
of these isoforms are still largely unknown [43,44]. Finally,
even if all studies have shown an increase of thyroid
hormone receptor expression during the metamorphic
climax in flatfishes, the identity of the main actor seems to
be species-specific. In some species increased expression

of one of the two TRa genes during metamorphosis has
been observed, whereas in other cases a surge of TRb has
been reported [42,44–46].
A role for thyroid hormones and their receptors in control-

ling metamorphosis has been shown in a wide diversity of
other species, representing all the main lineages of teleost
fish, such as the conger eel (Conger myriaster), the grouper
(Epinephelus coioides), the sea bream (Sparus aurata) and
the gobioid Sicyopterus lagocephalus, to mention just
a few [40]. To date, metamorphosis has been mainly studied
inmarine fish, probably because it is more easily observed in
these species, which often have planktonic larva and benthic
juveniles (reviewed in [40]). Metamorphosis also occurs in
freshwater species, however, where it is often less spectac-
ular. Ironically, the only freshwater fish species for which we
currently have information on the functional role of thyroid
hormone receptors during development is the zebrafish
(Danio rerio), which undergoes a quite unspectacular meta-
morphosis. In zebrafish, differentiation of the pectoral fin
occurs together with resorption of the epithelial fold that
covers the entire tail in the larvae [47,48] (Figure 1B). The
role of thyroid hormones in promoting this process has
been established [47,49], but as the process occurs quite
late during development no data are available on the relative
roles of TRa-A, TRa-B and/or TRb.
Work on metamorphosis in model systems has clearly

established the role of thyroid hormones and their receptors
in controlling this life history transition. The data also show
how the whole cascade is connected to environmental trig-
gers. We can now consider the variations on this theme
and how the metamorphosis cascade evolved.

First Variation on the Theme: Direct Development
In vertebrates, the variations in metamorphosis that exist are
collectively referred to as examples of heterochrony, a term
coined by Ernst Haeckel in 1875 and defined as an evolu-
tionary change in the relative timing of developmental
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Figure 4. Thyroid hormones and thyroid
hormone receptors in flatfish metamorphosis.

(A) Comparison of the thyroid hormone titres
and thyroid hormone receptor expression
levels in Xenopus, the japanese flounder
(Paralichthys olivaceus) and the Senegalese
sole (Solea senegalensis). Given their eco-
nomic importance for aquaculture, other
species of flatfishes, such as the Atlantic
halibut (Hippoglossus hippoglossus) and the
turbot (Scophtalmusmaximus), have been used
as models to study the role played by thyroid
hormones in post-embryonic development.
Data from [3] (Xenopus), [42] (flounder), and
[45] (sole). (B) Several steps of flounder meta-
morphosis illustrated, with in particular, by one
eye that migrates to the opposite side of the
head. (i) Early premetamorphosis at 12 days
post-fertilization (dpf). (ii) Late pre-metamor-
phosis. (iii) Pro-metamorphosis with the onset
of right eye migration; the fish swims with sus-
tained 10–15� right tilt. (iv) Early metamorphic
climax at 24 dpf; the right eye has migrated
halfway to thedorsalmid-line. (v) Latemetamor-
phic climax; the right eye is close to midline. (vi)
Post-metamorphic juvenileat30dpf. (vii) Settled
sub-adult; the right eye is on the left side of the
head and adjacent to the left eye. (Reproduced
with permission from [104].)
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events. A vertebrate typically has three distinct life cycle
events, namely hatching (or birth), metamorphosis and
puberty, which normally occur in this order, and any change
in the relative timing of these events is considered to be
an example of heterochrony. This concept has proved
very useful and has given rise to a complex set of terms
describing the heterochronic phenotype (such as peramor-
phosis and paedomorphosis), and the potential underlying
processes (progenesis, paedogenesis, neoteny and so on)
that can give rise to a heterochrony [50] (see Box 1 for defi-
nitions of some of these terms).

Paedomorphosis, common in amphibians, is where adults
of a species retain characters found in the larvae of their
ancestors. This can occur when development is slowed,
giving rise to a sexually mature juvenile — neoteny. The
two terms paedomorphosis and neoteny are often used
interchangably, but the former is generally more accurate,
as in most cases we do not have a clear idea of the under-
lying process or whether the retention of larval characters
in the reproducing adult really is due to a decrease in the
speed of development [51]. Such variations in life history
strategies are common in amphibians and provide textbook
cases of these heterochronic changes [52].

A first example is provided by direct development that has
evolved independently in at least 10 families of frogs. The
small tree frog Eleutherodactylus coqui, which lives in Puerto
Rico, lays enormous eggs (3.5 mm or 20 times the volume of
Xenopus laevis eggs!) full of yolk and the juvenile develops
directly from the egg without a feeding larval stage: a small
froglet hatches from the egg 3 weeks post-fertilization [53].
Early studies have suggested that such a case of direct
development resulted from the complete emancipation of
the ontogeny from thyroid hormone control. In fact, the
study of thyroid hormone receptor expression during
embryogenesis has provided evidence that metamorphosis
occurs within the egg and that the ancestral larval phase
was shifted before hatching [54].

Interestingly, the expression of TRa and TRb in this
species is quite reminiscent of their expression in biphasic
frogs such as Xenopus: TRa is expressed at relatively low
levels from early embryogenesis, whereas TRb expression
starts inside the egg, when the thyroid gland becomes
functional, reaching a maximal level at the very end of

embryogenesis [54,55]. As in Xenopus, TRb gene expression
depends on thyroid hormone levels. In accordance with this
expression pattern, blocking the secretion of thyroid
hormones with goitrogens leads to froglets hatching with a
tail, abnormal skin development and larval jaw morphology.
In contrast, treatment with exogenous thyroid hormones
increases the developmental rate [54,55].
It has recently been shown that the neuroendocrine

control of thyroid hormone secretion in E. coqui is similar
to that in Xenopus tadpoles: it is CRF, and not TRH, that
triggers thyroid hormone production [55]. In accordance
with this role of CRF, it has been shown that many species
of frogs and salamanders alter the timing of hatching in
response to conditions affecting mortality of eggs, such as
presence of predators, parasites or deleterious environ-
mental factors [56]. In E. coqui, therefore, all data converge
on the notion that metamorphosis occurs, but does so
inside the egg. Interestingly, thyroid hormones have been
co-opted to control the use of nutritional endoderm, the
special tissue that stores nutrients in the enormous egg
[57]. The direct development exhibited by this tree frog is
indicative of evolutionary modifications in the upstream
and downstream part of the signalling cascade of thyroid
hormones, with the core pathway and TRb autoregulation
remaining unchanged.
This life history strategy is not a curiosity limited to some

extreme cases: it is found in many salamander species,
including the lungless Plethodontids as well as in teleost
fish. This may be true, for example, of poeciliid fish, where
the eggs hatch within the female, which gives birth to minia-
ture adults (viviparity) [58]. This may also be the case in carti-
laginous fish, where development is often quite slow, with
large eggs full of nutritional reserves, and in some species
it can occur inside the female [59]. Studies using thyroid
hormone levels and thyroid hormone receptor expression
as markers may provide further insights into these variations
on the theme of embryonic life history [5].

Second Variation: Facultative Paedomorphosis
Another extreme case of a life cycle variation in amphibians
is a type of paedomorphosis in which the sexually mature
adult of a species has the morphology of the larval stage of
its ancestor. This gives rise to species that can reproduce

Box 1.

Useful definitions.

Anurans: order of amphibians comprising frogs and toads, characterized mainly by the absence of a tail in the adult.

Benthic: from the Greek Benthos, for depths of the sea; applied specifically to the sea (or lake) floor; a benthic fish lives in close relationship

with the substrate bottom.

Holometabolous insects: a monophyletic group of insects comprising dipteras, lepidopteras, coleopteras and hymenopteras (as well as

other smaller orders), the development of which includes a complete metamorphosis with a larva, a pupa and an adult.

Neoteny: a paedomorphic event that can occur when development is slowed, giving rise to a sexually mature juvenile.

Paedomorphosis: when adults of a species retain characters that are found in the larvae of their ancestors.

Pelagic: From the Greek Pelagos, for open sea; a pelagic fish lives in the open water or in the bottom of the sea or lake.

Peramorphosis: the reverse of paedomorphosis, where individuals develop beyond the ancestral adult state; this could give rise to delays in

maturity during which the development of the adult is extended.

Progenesis: a type of paedomorphosis in which growth of a species stops earlier.

Urodeles: also known as Caudata, an order of amphibians comprising salamanders and newts characterized mainly by the presence of a tail

in the adult.
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while still having a larval morphology. All the known exam-
ples of this are members of the Urodeles — no anuran
species is known to exhibit such an adaptation [52,60,61].
The most obvious sign of paedomorphosis is the ability to
reproduce while conserving the external gills (thus the term
perennibranchiates) and tail fins typical of the larvae.

Two types of paedomorph have been desribed in amphib-
ians: the facultative type exemplified by the axolotl, the
larvae and adults of which were considered as different
species until 1865 when Dumeril discovered their ontoge-
netic relationship; and the obligatory type exemplified by
the genus Proteus, which is adapted to cave dwelling in
the Adriatic alps, or by the mudpuppy Necturus, well known
in North America [60,61]. In facultative paedomorphs, meta-
morphosis can be observed occasionally in the wild or be
induced experimentally in the lab, whereas obligatory pae-
domorphs never undergo metamorphosis and are often
described as refractory to thyroid hormones, treatments
with which do not trigger metamorphosis in such species.

The axolotl exemplifies how complex things can be
[52,60]. This critically endangered species is a member of
a complex monophyletic group of salamanders that lives in
a range from Mexico to southern Canada. Natural popula-
tions of Ambystoma are either purely paedomorphic,
biphasic like the best-studied amphibians, or polymorphic,
with some individuals undergoing metamorphosis and
others not (Figure 5). Phylogenetic analysis of ambystomatid
salamanders has clearly shown that there were several inde-
pendent evolutions of paedomorphosis within Ambystoma,
suggesting that there was an increased ability to select this
life history trait in all species of this genus [62,63].

It thus appears as though the ambystomatids evolved
a predisposition for such a phenotypic plasticity early on,
swinging secondarily to the paedomorphic mode in some
species. Interestingly, different species of Ambystoma sala-
manders can be crossed and the paedomorphosis has thus
been amenable to genetic analysis. When axolotls (purely
paedomorphic in the wild) are crossed with a biphasic
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Figure 5. Simplified phylogeny of ambysto-
matids salamanders.

The tree shows that several independent
evolutions to paedomorphosis occurred in
the group. Red, paedomorphic, never under-
going metamorphosis in the wild; orange,
polymorphic, with both paedomorphic and
metamorphosed individuals observed in the
wild; blue, transforming, with all the popula-
tion undergoing metamorphosis in the wild.
The status of the branch was assessed by
parsimony analysis and black lines indicate
equivocal status. The pictures of the species
are, from left to right: A. gracile, A. califor-
niense, A. mexicanum, A. andersoni. (Tree re-
produced with permission from [62].)

species, all the F1 hybrids metamor-
phose [64]. If a backcross of these
hybrids is carried out with an axolotl,
half of the progeny undergo metamor-
phosiswhereas theother half is paedo-
morphic. This suggests that, strikingly,
paedomorphosis in Ambystoma is
a recessive character determined by
a single major locus. Although the

identity of this gene remains unknown, we know it is not
linked to the thyroid hormone receptor genes [65].
It has been suggested that the major cause of axolotl

paedomorphosis observed in the laboratory is a low plasma
T4 level, linked to low secretion of TSH [66,67]. In agreement,
thyroid hormone or TSH treatment of larvae promotes
metamorphosis of the axolotl [9,68], while CRF treatment
accelerates it [69]. This suggests that a decreased level of
neuroendocrine signalling (either TSH or CRF) may have
been instrumental in this species’ inability to undergo meta-
morphosis [9,67,69]. These data are consistent with our
observation that the thyroid hormone receptors of the axolotl
are able to bind thyroid hormones and activate gene tran-
scriptionwith a sensitivity and selectivity very similar to those
of the Xenopus thyroid hormone receptors [36].
Recent genomic data have revealed the cascade of

genes controlled by thyroid hormones during induced
metamorphosis in several tissues of the axolotl [70–72].
Strikingly, expression of both types of thyroid hormone
receptor decreases during metamorphosis [71], which could
be linked to the absence of TRb upregulation we previously
observed [36]. This apparent absence of TRb upregulation,
instrumental in Xenopus metamorphosis, is striking.
Whether this is a difference between Urodeles and Anurans,
or whether it is linked to paedomorphosis remains to be
determined.
Finally, it is worth mentioning that Page et al. [73] recently

compared the transcriptional program deployed during
post-embryonic development in the brain and pituitary of
the axolotl and a biphasic tiger salamander (Ambystoma
tigrinum). Among the genes differentially expressed between
the two species are some that regulate the hypothalamic-
pituitary activities. This may be an argument for the old
model according to which a low level of pituitary stimulation
is instrumental in the failure to metamorphose in this species
[69]. How this can be reconciled with the genetic observation
that a major gene is linked to the paedomorphosis pheno-
type remains unclear.
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All experimental analysess of paedomorphosis in ambys-
tomatids have been carried out using the axolotl which, as
we have seen above, is only one of numerous convergent
cases in this genus (Ambystoma). These data will also
have to be integrated with ecological studies in order to
better understand the interplay between genetic and envi-
ronmental factors that contribute to this plastic response in
the wild. Studies performed on other polymorphic facultative
paedomorphs, such as newts (Triturus [74]) or other sala-
manders (Hynobius [75]; Salamandra [76]) would be useful
to determine if the same mechanisms underly paedomor-
phosis in the various cases. Facultative paedomorphs allow
individuals to cope with habitat variations, take environ-
mental heterogeneity into account and increase their fitness
[51,77]. These cases can now be successfully analysed
by integrating genomic, endocrinological, evolutionary and
ecological approaches.

Third Variation: Obligate Paedomorphosis
Obligate paedomorphs never undergo metamorphosis and
remain in an aquatic habitat throughout their lives. This
life-history strategy has been described in distantly related
families of Urodeles and in particular in Proteidea, among
which are the cave-living species Proteus anguinus and the
American mudpuppy Necturus maculosus [60,61]. The
paedomorphosis of these species has been proposed to
result from a neotenic change: that is, through the slowing
of somatic development relative to gonadal development.
In contrast to facultative neotenes, the strategy of obligate
paedomorphs cannot be explained by the advantages
conferred by phenotypic plasticity: it can result either from
the selection acting on metamorphosis itself or, indirectly,
from the selection of morphological or physiological features
that are beneficial for fitness and are present in the larvae.

We have studied the thyroid hormone signalling pathway
in the obligate paedomorphic species N. maculosus
[78]. Several old experiments have indeed suggested that
Necturus tissues, such as skin and gills, are refractory to
thyroid hormones, which even at high doses do not trigger
any obvious morphological change. Despite this resistance
to thyroid hormones, thyroid hormone receptors are ex-
pressed and fully functional in Necturus, their affinities for
T3 are indistinguishable from those of the Xenopus recep-
tors, and they are fully able to activate transcription in
response to thyroid hormones [78,79]. In fact, when we
treated Necturus with thyroid hormones we observed
a change in the transcription level of classic thyroid hormone
receptor target genes, such as those for stromelysin 3 or the
thyroid hormone receptors.

These results highlight the fact that Necturus tissues are
actually not resistant to thyroid hormones. We speculate
that the lack of metamorphosis in Necturus might be linked
to a loss of thyroid-hormone-dependant control of key genes
required for tissue transformation. This would suggest that,
in this species, paedomorphosis is an indirect consequence
of the selection of individually beneficial traits, such as
maintenance of external gills. It is most likely that a period
of post-embryonic modelling triggered by thyroid hormones
does occur in Necturus. As this period does not lead to
spectacular changes in the morphology of the animal, it
has not been noticed and not considered as a bona fide
metamorphosis, but in fact the thyroid hormone signalling
cascade is active in post-embryonic Necturus as in more
obviously biphasic species.

Endless Variations.
Between these extreme examples, direct development with
very early metamorphosis within the egg and paedomorphic
species with delayed or attenuated metamorphosis, there is
room for a large number of moderate variations, as are
indeed observed in amphibians and teleost fish. These
examples of evolutionary tinkering of post-embryonic devel-
opment are tightly connected to environmental cues. Unfor-
tunately, in most species we know very little about the
molecular control of these events. They nevertheless provide
examples that can be analysed using the tools and concepts
of ecological developmental biology [80].
Differential timing in the transformation of an organ

during metamorphosis can be linked to differences in the
sensitivity of the tissue to thyroid hormones. During Xenopus
metamorphosis, the tail is protected from early shrinkage
by a combination of low receptor expression and changes
in the deiodinase type II/type III ratio. In torrent-adapted
frogs, such as Ansonia, a larval-type oral disc is maintained
much longer during metamorphosis than in pond species
and this may be obtained by similar protective mechanisms
[8,81]. This could also explain the adult-type intestine, which
is present very early on in the few cases of carnivorous
tadpoles, such as Budgett’s frog, Lepidobatrachus laevis.
Some species of spadefoot toad, such as Scaphiopus

couchii, are adapted to desert life in which ephemeral ponds
select for rapid development and early metamorphosis,
compared to related species living in longer lasting ponds,
such as Spea multiplicata. The desert Scaphiophus have
higher thyroid hormone levels and a faster response to
thyroid hormones and thus can undergo metamorphosis
very early on [82]. Interestingly, it has been shown that
these changes affect not only the life history transition (the
metamorphosis rate) but also the adult morphology [83]. In
these species, an intrinsic plasticity in the speed of meta-
morphosis has therefore been transformed into fixed adap-
tive morphological differences between species by genetic
assimilation [83]. This illustrates how phenotypic plasticity
can be transferred into species differences thanks to the
flexibility of metamorphosis control.
Similar examples, probably as frequent in amphibians as in

fishes, have been overlooked because they can be difficult to
recognize in the field; however, we now have the conceptual
and technological tools to study them. One of these exam-
ples is smoltification in salmonids, a transition period during
which freshwater parrs are transformed into saltwater smolts
[84]. Increased thyroid activity has been observed during
smoltification, coupled with active TSH production [85]. It
is tempting to link this period of high sensitivity to thyroid
hormones with the fact that, beside seawater adaptation,
smoltification involves a series of changes that can be
viewed as a remodelling of the organism. Interestingly,
during smoltification there is a switch in the types of haemo-
globin present in the fish and goitrogens have been
shown to reduce the switch to adult haemoglobin in Coho
salmon [86]. This interpretation of smoltification as a poten-
tial metamorphosis could be tested by studying the effect of
thyroid hormones in triggering the parr–smolt transforma-
tion, the capacity of goitrogens to block it, as well as the
expression of the thyroid hormone receptors during this
process.
In addition to being useful to study post-embryonic transi-

tions, thyroid hormone signalling can be used to better delin-
eate the homology between developmental stages. This is
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exemplified by Anguilliformes eels, which are described as
having two successive metamorphoses: the transformation
of the leptocephale marine larvae into a glass eel that will
grow for a number of years in freshwater, and then the
silvering that will give rise to a fully mature eel which will start
its downstream migration toward the ocean [87]. The exis-
tence of these two metamorphoses long puzzled ichthyolo-
gists until it was realized that, if the first is indeed a classic
metamorphosis triggered by thyroid hormones, the second
is a kind of puberty accompanied by morphological changes
and triggered by steroid hormones [87,88]. Thus we can use
post-embryonic thyroid hormone signalling— a period of re-
modelling with high levels of thyroid hormones and thyroid
hormone receptors — as a tool to identify well-separated
larval and juvenile periods in vertebrates.

Origin of the Theme: Metamorphosis in Invertebrate
Chordates
We have seen above that different groups of vertebrates, in
particular actinopterygian fishes and amphibians, use the
same hormonal system with very similar regulatory cues to
trigger a major reorganization of the body. This suggests
that thyroid hormones have an ancestral function in orches-
trating post-embryonic development in all chordates.

The first data on the origins of vertebrate metamorphosis
came from lampreys [89]. In these species, the larva,
known as an ammocoete, is a filter-feeding organism that,
after several years of larval life, can be transformed into
an adult. Thismetamorphosis involves a significant reorgani-
zation of the body, including of the thyroid gland itself.
Several reseachers observed that treatment with thyroid
hormones failed to trigger metamorphosis: strikingly, the
titre of thyroid hormones was found actually to decrease
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Figure 6. Thyroid hormone regulated metamor-
phosis is an ancient feature.

(A) The model, shown on a phylogenetic tree of
bilaterians, in which all chordates undergo
a ‘metamorphosis’, defined as a post-embry-
onic remodelling period associated with high
thyroid hormones and thyroid hormone
receptor levels (see panel B). Note that the situ-
ation of some vertebrate groups (sauropsids,
birds, cartilaginous fishes) remains largely
unknown. Basal deuterostomes such as Echi-
noderms and Hemichordates are shown in
a different shade to illustrate that there is still
uncertainty for these phyla with respect to the
precise role and mechanism of action of thyroid
hormones. An intriguing possibility is that the
common ancestor of all metazoans (Urbilateria)
underwent metamorphosis controlled by
thyroid hormones or thyroid hormone-like
compounds. This would imply that Ecdysozo-
ans evolved a distinct mode of metamorphosis,
derived frommoulting and controlled by ecdys-
teroids. (B) A sketch illustrating the importance
of the intestine, an organ that is remodelled in
most if not all cases of thyroid hormone-trig-
gered ‘metamorphosis’ is illustrated.

during lamprey metamorphosis and, in
sharp contrast to amphibians or actino-
pterygians, goitrogens trigger metamor-
phosis in the lamprey [89,90]. Thus,
metamorphosis is controlled by the

same endocrine system, but it seems to work in an opposite
fashion! There is still no molecular explanation of how this
can work in mechanistic terms. It has been shown that
the lamprey thyroid hormone receptors are transcriptional
activators when tested in mammalian cells and it thus
remains mysterious how, if this activation also occurs in
lamprey tissues, it is translated into a blockade of meta-
morphosis [91].
The data on lampreys nevertheless suggest an ancient

association between thyroid hormones and metamorphosis,
and this has prompted a study of invertebrate chordates.
In both Urochordates (mostly ascidians such as Ciona or
Halocynthia) and Cephalochordates (amphioxus), thyroid
hormones have been shown to accelerate metamorphosis
[91,92]. If the situation remains unclear in Urochordates —
from which a unique thyroid hormone receptor gene has
been cloned but the protein does not bind thyroid hormones
and its role in metamorphosis has not been studied [93] — it
is much clearer in Cephalochordates. We have shown that
amphioxus has a single thyroid hormone receptor that does
not bind T4 or T3 but does recognize their deaminated deriv-
atives [91,94]. Furthermore, metamorphosis in amphioxus is
blocked by several goitrogens and by a thyroid hormone
receptor antagonist. Thyroid hormone receptor gene expres-
sion in amphioxus is upregulated during metamorphosis
and in response to thyroid hormone treatment; indeed, the
amphioxus thyroid hormone receptor gene has, in its regula-
tory region, a classic thyroid hormone response element
that binds TR–RXR heterodimers. Thus, the identity of the
active ligandapart, induction ofmetamorphosis in amphioxus
appears verysimilar to that inamphibiansoractinopterygians.
From these data and given the basal position of the Ceph-

alochordates in the chordate phylogenetic tree, the most
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parsimonious scenario invokes a unique origin of a thyroid
hormone-regulated post-embryonic period in Chordates.
This allows us to propose a new, molecular definition of
‘metamorphosis’, according to which it is viewed as
a post-embryonic remodelling period that is controlled by
thyroid hormones and their receptors, and that is shared
by most, if not all, chordates and that was present in
the ancestral chordate (Figure 6) [5,91]. The alternative
would be that the spectacular metamorphosis observed in
many amphibians and teleost fishes evolved secondarily
and convergently; however, that basal chordates undergo
a spectacular metamorphosis, and the existence of shared
features between the molecular cascades controlling meta-
morphosis in amphioxus, teleost fishes and amphibians,
argue for metamorphosis being an ancestral feature of
chordates.

The role of thyroid hormones in post-embryonic develop-
ment might be even more ancient. Several reports suggest
that thyroid hormones accelerate metamorphosis in sea
urchins [5,95–97], the thyroid hormone receptors of which
do not bind classic thyroid hormones (our unpublished
results). In addition, thyroid hormone receptor genes have
been found in lophotrochozoans — in annelids, molluscs
and flatworms (Figures 2 and 6) — which have complex life
cycles, including periods of intense post-embryonic remod-
elling that are often calledmetamorphosis. It is thus perfectly
possible that this system evolved in bilaterians and is
common to most phyla. Of note, the thyroid hormone
receptor gene was lost in ecdysozoans (such as arthropods
and nematodes) that use ecdysone and its receptor (a
nuclear receptor not directly related to thyroid hormone
receptor) to orchestrate their metamorphosis [98]. In the
coming years, we might hope for interesting surprises to
come from the molecular study of lophotrochozoan meta-
morphosis and the likely implications of thyroid hormone
signalling in their post-embryonic development.

The notion that thyroid hormones have an ancient role in
this ‘metamorphosis’ has a very interesting implication:
that chordates, and perhaps even deuterostomes, have
a period of post-embryonic remodelling in common that is
triggered by thyroid hormones [5]. This allows us to consider
in a more unified way the post-embryonic development
of many vertebrates. According to this view, vertebrate
groups that are not considered to go through classic meta-
morphosis (such as mammals, sauropsids, cartilaginous
fishes) would either be paedomorphs, direct developers or
undergo biphasic development with a cryptic metamor-
phosis. Interestingly, most, if not all, of these organisms
require thyroid hormones for their post-embryonic develop-
ment as well as for many other functions in the adult.
Studies of thyroid hormone receptor knock-out mice
have led to the suggestion that weaning is a period of remod-
elling governed by thyroid hormones [99,100]. Strikingly,
during weaning, an important remodelling of the intestine
occurs in which thyroid hormones plays a major role. A
parallel has been drawn between the intestine remodelling
occurring in mice and the intestine remodelling occurring
during Xenopus metamorphosis and common principles
are emerging from the comparison [101]. In humans, a high
level of thyroid hormones associated with birth and post-
natal effects of thyroid hormones on central nervous system
development are well-documented [102]. Similarly, in birds,
levels of thyroid hormones increase during the hatching
period [103].

Together, these observations point to an important role for
thyroid hormones in orchestrating post-embryonic remodel-
ling in most chordates, even if we still have too little data to
draw firm conclusions for some groups (such as birds or
sauropsids). For ecological reasons, in some species this
remodelling becomes spectacular: this is the traditional
metamorphosis as studied in frogs and flat fishes. In some
other species it is less obvious, but the same molecular
cascade still acts in those animals: TSH activation of a surge
of thyroid hormones, with consequent induction of thyroid
hormonereceptorexpressionandactivationofadownstream
gene regulatory network. The upstream part (control of TSH
levels) and thedownstreampart (the gene network controlled
by thyroid hormone receptor) appears less conserved and
allows for variations that give rise to the spectacular diversity
of post-embryonic life histories observed in chordates [5].
This diversity is still poorly studied in some phyla such as
mammals which exhibit considerable variation in the lengths
of gestation and lactation. It is certainly possible, given the
framework we propose above, that variation in thyroid
hormone signalling plays an important role in this diversity,
which canbe viewedasachange in the timing andmagnitude
of this attenuated form of metamorphosis. Variations in this
period are extensive in vertebrates and provide alternative
life history strategies that are as yet poorly investigated.

Conclusions
The general model we are proposing at the end of our journey
across metamorphosis is interesting in that it provides
a general framework that can be experimentally challenged.
Thismay rejuvenate researchonpost-embryonicdevelopment
of vertebrates, a relatively neglected period of development.
The current interest in the evolution of development has been
mostly focused on embryonic development, but we believe
that post-embryonic development is also very important to
consider for those who want to explain the origins of species
diversity. Indeed, as we have seen above, this period is fully
open to variations, controlled by the environment as well as
by genetic cascades. It is likely that future work, linking both
ultimate and proximate causes in the analysis of the central
role played by thyroid hormones, will shed new light on the
mechanisms controlling metamorphosis and its evolution.
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