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Chapter Two: Phylum Chordata, Subphylum Vertebrata - Fishes
Fish are found throughout the world, from altitudes of more than 5,000 m (3 miles) to depths of about 10 km (6 miles) in the Pacific Ocean.  Some fish such as the killifishes inhabit hot springs where the water temperature reaches 113 degrees F, while other fish such as the icefishes, Chaenocephalus, are found in the Antarctic seas where the water temperature may fall below 32 degrees F.  About 107 species, including the swordfish, are distributed worldwide in tropical and subtropical waters, but many species have very limited ranges, among the smallest ranges is that of the killifish, Cyprinodon diabolis, which is confined to a single spring in Nevada.

Super-class Agnatha
From the Greek a, meaning “not”, and gnathos, meaning “jaw”, the 60 known species of this super-class are known as the jawless fishes and include the hagfishes (Myxini) and lampreys (Cephalaspidomorphi).  All agnathans are characterized by the following:
A. Body slender and eel-like, skin soft and lacking scales, but containing mucous glands;

B. Cartilaginous and fibrous skeleton with notochord present;
C. Median fins with cartilaginous fin rays, but no paired appendages;

D. Sucker-like oral discs (lampreys have well developed teeth while hagfish have two rows of eversible teeth);
E. Heart with one auricle and one ventricle; aortic arches in gill region; blood with erythrocytes and leukocytes;

F. Digestive system without stomach;

G. Sense organs of taste, smell, and hearing;
H. One or two semicircular canals;
I. External fertilization.
Class - Myxini
Hagfishes are entirely a marine group, feeding on dead or dying fish, annelids, mollusks, and crustaceans.  In the ecosystem they occupy the scavenger niche.  There are only 32 described species.

In addition to the characteristics above, the hagfishes are characterized by the following:

A. Mouth terminal with four pairs of tentacles;
B. Buccal funnel absent;
C. Nasal sac with duct to pharynx;
D. Gill pouches - five to 15 pairs;
E. Partially hermaphroditic with direct development of young and no larval stage;
F. Pronephric kidney anteriorly and mesonephric kidney posteriorly;
G. Digestive system with intestine lacking spiral folds;
H. Eyes highly degenerated.

Unlike any other vertebrate, hagfishes are isosmotic to seawater like marine invertebrates.  They are the only vertebrate to have both pronephric and mesonephric kidneys in the adult form even though only the latter forms urine.  They possess no fewer than four sets of hearts positioned at different places in the body to boost blood flow through their low-pressure circulatory system.
Hagfish are hermaphroditic but can only produce one gamete at a time; a single individual may produce sperm one season and eggs the next.  The yolk-filled egg may be 14 to 25mm in diameter and is encased in a horny shell.  There is no larval stage and development is direct.

Most fishermen loathe hagfishes for when one is hooked, fishermen soon discover that the hook is swallowed so deeply that it is irretrievable.  As a defense mechanism, the hooked hagfish can secrete enormous quantities of mucous (a bucket of water can be converted into a white jelly mass in minutes), hindering the angler’s ability to free it quickly.  Commercial fishermen are even more apt to loathe hagfish because of their habit of biting into and entering the bodies of gill-netted fish.  Once inside, the hagfish devours the fish from inside, leaving behind a loose sack of skin and bones.  

Class – Cephalaspidomorphi
All the lampreys of the Northern Hemisphere belong to the family Pteromyzontidae, which is from the Greek petros, meaning “stone”, and myzon, meaning “sucking”, and is a reference to this group’s habit of grasping a stone in its mouth to hold position in a current.
All lampreys ascend freshwater rivers or streams to breed.  The marine forms are anadromous, that is they leave their marine environment and enter freshwater environments to breed.  Males begin nest building and are joined later by females.  Using their oral discs to lift stones and pebbles and vigorous body vibrations to sweep away debris, males form oval depressions.  To spawn, the female attaches herself to a rock to maintain her position over the nest site while the male attaches to the dorsal side of her head.  He curls the posterior part of his body tightly about the female so that their cloacal openings are together.  As the female sheds her eggs, the male fertilizes them.  Only a small number of eggs are shed at each mating, but the process may be repeated numerous times over a 24 to 48 hour period.  The sticky eggs adhere to pebbles in the nest and quickly become covered by sand.  Shortly after spawning, the adults die.
Eggs hatch in about two weeks.  The small larvae, or ammocoete, bear resemblances to amphioxus and possess the basic chordate characteristics in such simplified and easily visualized form that it has been considered a chordate archetype.  Once the yolk sac has been fully absorbed, the larva drifts downstream to burrow in some suitable sandy, low-current area where it remains for the next three to seven years, feeding on tiny organisms and debris in the mud.  The larva grows during this time and then quickly metamorphoses into an adult.  This change involves the development of larger eyes, replacing the hood of the oral disc with teeth, shifting the nostrils to the top of the head, and developing a rounder and shorter body.  Marine lampreys then migrate to the sea while freshwater ones remain in freshwater.

In the ecosystem, some lampreys are parasitic, living off the body fluids of other organisms especially fish.  Parasitic lampreys attach themselves by rasping away flesh with the teeth of their oral disc and sucking onto the wound.  To promote blood, lampreys release an anticoagulant, and when gorged, they release their hold.  The wound left behind on the host may actually prove fatal for some.  Parasitic freshwater species live a year or more before spawning and dying, while marine species live longer.

Non-parasitic lampreys do not feed after emerging as adults for their alimentary canal degenerates to a nonfunctional strand of tissue.  Within a few months these species spawn and die.

The lampreys are characterized by the following:

A. Mouth is suctorial with horny teeth;
B. Nasal sac not connected to mouth;
C. Mesonephric kidney;
D. Digestive system with intestine having spiral folds;
E. Eyes moderately developed;

F. Gill pouches – seven pairs;
G. Sexes separate and long larval stage (ammocoete).

The invasion of the Great Lakes by the landlocked sea lamprey (Petromyzon marinus) in the 1900’s had devastating effects on the fishing industry.  No fish was immune from attack.  The species especially preferred by the sea lamprey was the lake trout, which represented a multi-million dollar industry that was brought to total collapse by the 1950’s.  After lake trout disappeared, the lampreys turned to rainbow trout, whitefish, turbot, yellow perch, and lake herring, all important commercial species.  After these populations were decimated, they turned to chubs and suckers.  The lamprey population finally started to decline due to scarcity of food and applications of chemical larvicides in selected spawning streams.  Aided with a restocking program begun in 1967, lake trout populations are now recovering.
Super-class: Gnathostomata
From the Greek gnathos, meaning “jaw”, and stoma, meaning “mouth”, this group of fishes is characterized by the following:
A. Jaws are present;

B. Limbs are usually paired;

C. Three pairs of semicircular canals present;

D. And, the notochord is persistent or replaced by vertebral centra.

This super-class is further divided into two classes – Chondrichthyes (from the Greek chondros, meaning “cartilage”, and ichthys, meaning “fish”) and Osteichthyes (from the Greek osteon, meaning “bone”, and ichthys, meaning “fish”).

Class: Chondrichthyes
The 625 living species of this class of fishes represent an ancient, compact and highly developed group.  Each has highly developed sense organs, powerful jaws and swimming musculature, and predaceous habits.  Possessing cartilaginous skeletons with only some calcification here and there is a curious feature, because this group is descended from an ancient form that had well-developed bone.
Sub-class: Elasmobranchii

From the Greek elasmos, meaning “metal plate”, and branchia, meaning “gill”, this sub-class, known as the elasmobranchs, includes the sharks, skates and rays.  The reference to “metal plate” may be attributed to the tiny, placoid scales imbedded in the skin and covering the entire surface of the animal.  These scales are also clever modifications that improve swimming.  In theory, as a shark swims, a series of whirlpools forms behind each scale.  The spinning water reduces drag and allows the shark to swim fast and efficiently.  Placoid scales have also been called denticles, because they are thought to be miniature versions of the shark’s teeth, which are modified placoid scales that seem to be infinitely replaceable throughout the life of the animal.  In sharks, the teeth are not set in the bone but rather in the gums of the mouth.  Below each tooth are layers of replacement teeth.  As a tooth is lost another emerges to take its place.  Some species of sharks are thought to shed as many as 30,000 teeth in a lifetime.  
Carnivorous, these species track their prey using a lateral line system used to detect vibrations in the water and large olfactory organs.  The tongue is used to taste the water as well as food.  Two supersensitive nostrils lie near the front of the head and are so sensitive that a shark can sense a drop of blood from over one mile away.  Two black dots on the nose are used to detect electric impulses produced by other animals.  This organ is used not only to locate prey but to also detect if it is dying.  An example, a fast heart rate indicates a dying animal.  So if you were to panic at seeing a shark swim near you in the water, your heart rate would rapidly increase and the shark would detect you as dying prey.  Hearing is well developed especially in the range of low-frequency sounds.  Vision is typically not well developed, however a shark can see 10 times better than humans see in the dark.
Respiration occurs across gills, which are slits in the skin at the back of the mouth, containing blood vessels.  To breathe, these species must keep water flowing over them, which is accomplished by swimming with the mouth open.  It was thought that a shark had to keep swimming to keep breathing and thus stay alive.  However, studies have shown that sharks can reduce their metabolism and enter a sleep like state while resting on the ocean floor.
Fertilization is internal, a modern feature found in an ancient group and offspring reproduction is through various modes.  Females may lay fertilized eggs, may carry fertilized eggs that hatch internally, or give live birth with the young attached by a placenta after a gestation period of up to 2 years, one of the longest gestation periods amongst vertebrates.
Skates and rays are mainly slow-moving bottom dwellers that feed on a variety of seafood.  Some even consume plankton.  Well camouflaged, some lie in wait on the ocean floor and ambush prey by lashing out with a poison barb found in the tail.  The electric ray actually uses a pair of electricity generating organs to shock and kill prey.

One of the most distinguishing characteristics of skates and rays when compared to sharks is the modification of the pectoral fins into wing-like structures that move by waves of dorsoventral muscle contractions to propel these fishes through the water.
Characteristics shared by sharks, skates and rays include the following:

A. Body fusiform with a heterocercal caudal fin; paired pectoral and pelvic fins; two dorsal median fins; pelvic fins in males modified for claspers; fin rays present;

B. Mouth ventral; two olfactory sacs that do not open into the mouth cavity; jaws present;

C. Skin with placoid scales and mucous glands; modified placoid scales for teeth;

D. Endoskeleton entirely cartilaginous; notochord present; vertebrae complete and separate; appendicular, girdle, and visceral skeletons present;

E. Digestive system with a J-shaped stomach and intestines with a spiral valve; liver, gallbladder, and pancreas present;

F. Circulatory system of several pairs of aortic arches; dorsal and ventral aorta, capillary and venous systems, hepatic portal and renal portal systems; two-chambered heart;

G. Respiration by means of five to seven pairs of gills with separate and exposed gill slits; no operculum except in chimeras;

H. No swim bladder;

I. Brain of two olfactory lobes, two central hemispheres, two optic lobes, a cerebellum, and a medulla oblongata; 10 pairs of cranial nerves; three pairs of semicircular canals;

J. Sexes separate; gonads paired; reproductive ducts open to cloaca; oviparous, ovoviviparous, or viviparous; direct development; fertilization internal;

K. Kidneys of mesonephros (opisthonephros) type.

How have the elasmobranchs overcome the problem of living in a hyperosmotic medium?
To prevent water from being drawn out of their bodies through osmosis, the elasmobranchs retain nitrogenous wastes (urea and trimethylamine oxide) in the blood stream.  Combined with blood salts, these solutes raise the salt concentration in the blood slightly higher than the salt concentration in the surrounding water, eliminating an osmotic inequality between the body and the seawater.
Sharks and Cancer
Dr. Carl Luer, Biomedical Program Manager at Mote Marine Laboratory in Sarasota, FL, has been studying sharks and their relatives for nearly three decades.  The focus of his study has been the shark’s immune system and its apparent success in protecting sharks from disease.  While others have taken his research and proclaimed that sharks do not get cancer, the reality is that sharks do get cancer.  However, the rate at which the disease occurs in sharks as compared to other fishes is much lower than what one might expect.  One possible explanation is the shark’s immune system is very efficient at combating disease and might therefore unlock a mystery that will enable scientists to discover a cure for cancer in humans.  Dr. Luer’s studies have determined that sharks possess immune cells that function similarly as those of mammals, but the shark’s cells appear to produced and stimulated differently.  This would make sense since mammalian immune cells are manufactured and mature in bone marrow, a substance sharks lack because of their cartilaginous skeletal system.  

In contrast to the variety of immunoglobulins produced in mammalian systems, sharks only have one class of immunoglobulin (termed IgM), which circulates at high concentrations in the shark’s blood stream ready to attack invading substances.  In mammals, there is a lag time between the production of immune cells and the mobilization of these cells to the blood stream to combat invading substances.  Having immune cells already mobilized in the bloodstream makes the shark’s immune system much more efficient in responding to attack.
Dr. Luer’s plans for future research include further investigations of the differences between mammals and sharks in regulating immune cells.  Understanding the control and proliferation of immune cells in the circulation system of sharks may someday lead to improved methods of immune cell regulation in humans, especially in cancer patients.

Claims based on cow and shark cartilage research conducted during the 1980’s at MIT (Massachusetts Institute of Technology) and Mote Marine Laboratory launched a world-wide industry of freeze-dried shark cartilage pills marketed as the miracle cure food supplement for cancer and arthritis.  The initial focus of the research was to understand how cartilage is naturally able to resist penetration by blood capillaries.  If the basis of this inhibition could be determined, it was reasoned that it might lead to the development of a new drug therapy that could control the spread of blood vessels feeding cancerous tumors or the inflammation associated with arthritis.
The research showed that only a very small amount of the necessary active material could be extracted from large quantities of cartilage, and it only had limited abilities to control blood vessel growth.  Therefore, there is no logical reason to conclude that freeze-dried shark cartilage pills could “seek out” a malignant tumor and inhibit the blood flow to it.  In addition, there is no reason to think that shark cartilage is unique to cartilage found in any other animal.  The claims made by health food stores and mail order houses that freeze-dried shark cartilage pills will cure cancer and relieve arthritis pain are not supported by scientific research.
Sub-class: Holocephali
The members of this small sub-class, the chimeras, are remnants of an aberrant line that diverged from the elasmobranchs at least 300 million years ago.  Today there are 25 species that represent an odd mixture of sharklike and bony fish-like characteristics.  Modern names include ratfish, rabbitfish, spookfish and ghostfish, and their features include the following:
A. Jaws with large flat plates instead of teeth;

B. An upper jaw completely fused to the cranium;

C. A varied diet of seaweed, mollusks, echinoderms, crustaceans, and fish – unusually diverse for such a specialized grinding dentition.

This is a non-commercial group whose species are seldom caught.  Despite their somewhat homely shape, each is beautifully colored with a pearly iridescence.

Class: Osteichthyes
This class, the bony fishes, is divided into three distinct groups: Crossopterygii (lobe-finned fishes), Dipneusti (lungfishes), and Actinopterygii (ray-finned fishes).  Fossil evidence indicates that all three groups were distinct in the Devonian period some 400 million years ago.  But which group may have served as an ancestral stock for the other two is impossible to say.  No other major animal group exhibits better examples of adaptive radiation than that seen in the bony fishes.

Body form alone varies greatly.  Some have fusiform, streamlined bodies and other adaptations that reduce friction.  Predaceous, pelagic fish have trim, elongated bodies, powerful tail fins, and other mechanical adaptations for swift pursuit of prey.  Sluggish bottom feeders have flattened body shapes for movement and concealment.  The elongated body of an eel is adapted for wriggling through mud and reeds and into holes and crevices.  The pipefish, and others like it, are so whip-like that they are easily mistaken for filaments of marine algae.  These few examples barely begin to adequately relate the diversification of this group.
There are some common characteristics possessed by all members of this group that bind them together.  They are:

A. A bony skeletal system, more or less, that represents a primitive skeleton; numerous vertebrae; persistent notochord in part; tail usually homocercal;

B. Skin with mucous glands and three types of dermal scales: ganoid, cycloid, and ctenoid; some without scales; no placoid scales;
C. Fins paired and median with fin rays of cartilage or bone;

D. Mouth terminal with many teeth, some toothless; jaws present; olfactory sacs paired and may or may not open into mouth;

E. Respiration through gills supported by bony arches and covered by a common operculum;

F. Swim bladder often present with or without duct to pharynx;

G. Circulation system consisting of a two-chambered heart, arterial and venous systems, and characteristically four pairs of aortic arches; blood containing nucleated red cells;

H. Nervous system of a brain with small olfactory lobes and cerebrum; large optic lobes and cerebellum; ten pairs of cranial nerves; three pairs of semicircular canals;
I. Sexes separate (sex reversal in some), gonads paired; fertilization is usually external; larval forms may differ greatly from adult.

Size varies greatly among the bony fishes.  Some species are less than 0.78 in (2 cm) while others are over 9.8 ft (3 m).  The swordfish is one of the largest at over 13 ft (4 m).  However, the vast majority fall somewhere between 0.78 in and 1 ft.

Sub-class: Crossopterygii
The lobe-finned fishes are probably among the most important group of bony fish, because it is this lineage that scientists believe gave rise to amphibians.  Some common characteristics between the crossopterigians and the tetrapods (amphibians) include the following:
A. Nostrils that opened into the mouth;

B. Lungs as well as gills;

C. And, paired lobed fins.

Crossopterygians first appeared during the Devonian, a time of alternating droughts and floods that would make lungs an asset when swamps dried up and lobed fins essential for “walking” on land to find new waters in which to live.

There are two groups in this sub-class: the rhipidistians that disappeared late in the Paleozoic era and the coelacanths, one species of which survives to this day, Latimeria chalumnae.  The modern coelacanth is descended from a Devonian era (345 – 405 million years ago) freshwater species, but today resides in the deep ocean water around the Comoro Islands.  This descendant differs from its predecessors by the following characteristics:
A. Tail is diphycercal instead of heterocercal;

B. Skeleton has more cartilaginous parts;

C. Swim bladder is either calcified or else persists as a vestigial organ;

D. And, it lacks internal nostrils.

Living in the deep ocean, neither nostrils nor functioning lungs would be very advantageous and might explain the evolutionary trends in what we see today.

Sub-class: Dipneusti
The lungfishes are another ancient lineage that is represented today by only three genera.  Resembling the lobe-finned fishes, lungfish share the following characteristics:

A. Lobe-shaped paired fins;
B. And, have lungs.

Their differences include:

A. Several significant skeletal features;

B. And, different origin of the internal nostrils.

The surviving genra include:

A. Neoceratodus  (Australia) – direct descendant of ancient lungfish; it cannot withstand complete drying up of water; it may attain a length of nearly 5 ft (1.5 m); it is able to survive in stagnant, oxygen poor water by surfacing and gulping air into its singular lung; its name means “new horn form”.
B. Protopterus (Africa) – it is a side branch of lungfish evolution; it can burrow into the mud when water dries up, living out of water for long periods of time by secreting copious amounts of mucous to mix with the mud to form a hard cocoon where it aestivates until the rains come; its name means “first wing”.
C. Lepidosiren (South America) – it, too, is a side branch of lungfish evolution and can burrow into the mud where it aestivates until the rains come; its name means “mythical mermaid”.
Sub-class: Actinopterygii

This huge class, the ray-finned fishes, contains all the familiar bony fishes.  Fossil records indicate that this group had its beginnings in Devonian freshwater lakes and streams.  The earliest species were small with large eyes and extended mouths.  Their tails were heterocercal, and they had one dorsal fin and a single anal fin.  Paired fins were represented by the anterior pectoral fins and the posterior pelvic fins.  Skeletal systems were largely bony, and their trunks and tails were encased in a heavy armor of rhombic ganoid scales.  Most of these early fishes had functional lungs, but lacked internal nostrils.  All species had gills and spiracles for respiration.

The actinopterygians passed through three evolutionary stages.  The most primitive stage is represented today by the freshwater and marine sturgeons, paddlefish, and the bichir of African rivers.  The second stage is represented today by two surviving genera – the bowfins of shallow, reedy waters of the Great Lakes and Mississippi River Valley, and the gars of eastern North America.  The third stage is the Teleostei, the modern bony fishes.
Types of Fish Scales

Placoid scales are small, conicle toothlike structures characteristic of Chondrichthyes.  Diamond-shaped ganoid scales present in primitive bony fishes like the gar are composed of layers of silvery enamel (ganoin) on the upper surface and bone on the lower.  Advanced bony fishes have either cycloid or ctenoid scales.  Both are thin and flexible and are arranged in overlapping rows.
Respiration

Fish respire through gills, thin filaments with a thin epidermal membrane that is folded repeatedly into plate-like lamellae.  These filaments are richly supplied with blood vessels and protected by a flap called the operculum.  The operculum also streamlines the body and makes a pumping system possible for moving water through the mouth, over the gills and out the operculum.  This system is arranged to continuously and smoothly pump water over the gills even though it appears as if the breathing is pulsatile.  The flow of water is opposite the direction of blood flow (countercurrent flow), the best arrangement for extracting the greatest amount of oxygen from the water.  Some species can remove as much as 85% of the oxygen from the water passing over the gills.  Very active fish, such as herring and mackerel, can obtain sufficient levels of oxygen to support their high oxygen demands only by swimming forward with their mouths open to force water across their gills.  This is called ram ventilation.
Osmotic Regulation
Freshwater is an extremely dilute medium with a salt concentration much below that found in the blood stream of freshwater fishes.  Water tends to enter fish bodies osmotically while salt is lost through diffusion.  Freshwater fish are hyperosmotic regulators that have several defenses against these issues:
A. Excess water is pumped out by mesonephric kidneys capable of forming very dilute urine;

B. Special salt-absorbing cells located in the gill epithelium actively move salt ions (primarily sodium and chloride) from the water to the blood;

C. And, salt present in the fishes’ food together with the action of the salt-absorbing cells replaces the diffused salt.
This system is so efficient that very little energy is expended to keep the fish in osmotic balance with its environment.

Marine bony fish are hypo-osmotic regulators that encounter a completely different set of problems.  The salt concentration in their blood stream is much lower than that of the surrounding seawater.  They tend to lose water and gain salt and risk drying out much like a desert mammal without water.  To compensate for water loss, marine bony fish drink seawater, bringing in the much needed water and the unneeded salt.  Unwanted salt is disposed of in two ways – 1) major sea salt ions are carried by the blood to the gills where they are secreted by special salt-secretor cells; and, 2) the remaining salt ions are left in the intestine and excreted with feces.  Some of the ions left in the intestines may diffuse across the intestinal membrane and enter the blood stream where they are then excreted by the kidneys.
Summary

Fishes are poikilothermic, gill-breathing aquatic vertebrates with fins.  The oldest of the vertebrates, this group originated from an unknown chordate ancestor in the Cambrian period (500-600 million years ago) or possibly earlier.  Today, four classes are recognized:
1. Myxini, the jawless hagfishes, and Cephalaspidomorphi, the lampreys, are the most primitive;

2. Chondrichthyes - the sharks, skates and rays – are a successful group with cartilaginous skeletons;
3. And, Osteichthyes, the bony fishes, with its two relic groups and extremely diverse ray-finned group contains all those familiar freshwater and marine species.

Fish swim by undulatory contractions of the body muscles, which generate thrust and lift.  Flexible fishes oscillate the whole body, but in more rapid swimmers the undulations are limited to the caudal region of the tail fin alone.

Most pelagic fish achieve neutral buoyancy using a gas-filled swim bladder, the most effective gas-secreting device known in the animal kingdom.  The gills, having efficient countercurrent flow between water and blood, facilitate high rates of oxygen exchange.  All fishes, except the hagfishes, have well-developed osmotic and ionic regulations achieved principally by the kidneys and the gills.
With the exception of the jawless fishes, all fish have jaws that are variously modified for carnivorous, herbivorous, planktivorous, and omnivorous feeding habits.  Some species have specialized muscles capable of generating and discharging high voltages in fresh water or high amperage in salt water for offensive and defensive behavior.

Most species are migratory to some extent.  Some undertake remarkable migrations both in distance traveled and precision in site selection.  Sexual reproductive strategies also are extremely varied.  Most are oviparous, but ovoviviparous and viviparous are also employed strategies.  The reproductive investment may be in large number of germ cells with low survival rates (many marine fishes) or in fewer germ cells with greater parental care for better survival (freshwater fishes).
