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How To Be An Organism

Multicellularity introduces a new element into the natural order of things. The snake has entered the bacterial Garden of Eden. We can no longer live forever. But in exchange for leaving immortality behind, a vast array of evolutionary pathways opens up, different ways for multicellular organisms to live, in an ever-increasing number of different environments. Each of these new environments poses a different set of challenges, and only those organisms that can adapt to these changing conditions will survive to carry on the species. And all of the amazing diversity we see in nature, all of the millions of different ways to be a living thing, represent the many ways in which organisms have solved those basic environmental challenges. 

We are accustomed from birth to look at plants and animals as very different sorts of beings, that somehow animals are a different order of creation from plants. But if we look under the surface, if we think about what plants and animals really are, in the most basic and fundamental sense, we might find that we are more alike than we think. All multicellular organisms, whatever their environments, share a common set of evolutionary problems. And the differences we see between them are a result of the different evolutionary strategies they have used to solve those problems. 

All organisms face the same basic challenges: 

1) Find and digest food 

2) Find a mate and reproduce 

3) Avoid being eaten while you are doing number 1 and number 2 

4) Maintain a balance between the fluids in the body and the salts dissolved in them (osmotically stable environment) 

5) Circulate nutrients from one part of the body to the other 

6) Remove waste products generated by metabolism (especially nitrogen compounds) 



Evolutionary Challenges 

Plants and animals have adopted very different strategies to solve these problems. And different groups of animals have come up with some solutions that are truly radical. The possible solutions, however, are not infinite. Any engineer can tell you that the number of solutions to an engineering problem is finite. The basic laws of physics and chemistry are not repealed when we put up a building. If you push something hard enough, it will fall over! 

For example, there are three very fundamental modes of existence that an organism can adopt: 

1) Sessile or Motile 
2) Aquatic or Terrestrial 
3) Small or Large



Sessile or Motile 

Sessile (attached) organisms are usually radially symmetric. Radial symmetry means the animal can be folded along any plane into mirror image halves. Like a wagon wheel. Bilateral symmetry means that there is only one plane that can divide the organism into mirrored halves, like a wagon. The Phylum Cnidaria is a large group of organisms that are sessile for all or part of their existence. Sea anenomes, for example, or coral polyps live out their lives attached to the same spot. Radial symmetry in these organisms is probably a fundament adaptation to a sessile existence. Your awareness of your environment is omnidirectional. You can sense and get food from any direction. 

The down side is that when danger threatens, you've got nowhere to go. Cnidarians solved this problem by evolving a variety of stinging cells, loaded with nasty little microscopic harpoons, which they can use to stun prey and attack predators. You also have to find a way to disperse your young when you reproduce. They can't simply walk away. So, many sessile animals have motile larvae. 

Sessile animals, like sea anenomes, don't have to invest in complicated structures like legs or wings in order to move about and look for food. But being sessile limits them to one type of food source, the kind that just happens to float by. Sessile animals are usually filter feeders or suspension feeders. Some higher organisms, especially the echinoderms (sea lilies, starfish) have gone back to a sessile mode of existence, and in the process have lost their bilateral symmetry, returning to a more primitive radial symmetry. 

Motile organisms are usually bilaterally symmetric, a group which includes most higher animals. This is a much more efficient shape for moving through the environment. Animals in motion can actively seek out food and mates, and run away from predators. Animals in motion generally have a specific direction. And if you are moving forward, it makes good sense to concentrate your awareness of your environment in that direction. 

So bilaterally symmetric animals become cephalized. They develop a head end, where the sensory organs are located, as well as the brain to which those senses are wired. That is why vertebrates have a central nervous system, and sea anemones do not. Forward motion allows different parts of the body to become specialized for different purposes, with senses and awareness at the anterior end, and functions like excretion and reproduction at the posterior end. Such organisms also have a dorsal or top surface (remember the dorsal fin of the shark), and a ventral surface, or, to use its scientific name, the tummy. 



Aquatic or Terrestrial 

Consider the second mode of existence, being an aquatic organism or a terrestrial one. One of the few things we know for certain about the earliest history of life is that it began in water. Most probably in the sea, as the salt content of every cell in our body suggests. The great leap from water to land required a radically different set of adaptations, problems both plants and animals had to solve: 

1) Desiccation 
2) Gravity 
3) Excretion

Desiccation becomes a big problem for aquatic organisms as soon as they leave the water. In the ocean, your body is constantly bathed in an isotonic salt solution, one whose concentration of salts is uniform and stable. On land, you instantly lose water to evaporation, and every cell exposed to the air begins to dry out. A protective outer layer of epidermal cells, or a thick cuticle helps prevent this. Animals have skin. Respiratory surfaces must be kept moist in order for gases to be dissolved in water and enter the cells. That's why our lungs are on the inside. 

Desiccation also poses a problem for reproducing on land. When it came time to reproduce in the water, you could just dump all your gametes overboard, and let the currents do the rest. The larvae would develop in a nurturing saline bath, the ultimate womb of the ocean. But terrestrial organisms must find a way to keep their gametes from drying out. Aquatic organisms can rely on external fertilization. Terrestrial organisms have to develop some sort of internal fertilization to guard against desiccation. 

Some primitive plants get around this problem by relying on a thin film of water, like dew, to give their gametes a moist place to swim through. Such plants, like mosses and ferns, are limited to moist environments. As are some animals, like amphibians, which must return to the water for at least part of their life cycle. In a very basic sense, many terrestrial organisms have never actually left the water. They live in the thin films of water that cling to moist places, like the tiny pore spaces between grains of moist soil. 


Organisms also had to evolve new ways to protect their embryos from drying up on land. Higher animals evolved the amniotic egg, sealed in a shell and bathed in nutritious liquid. Amphibians must return to the water to lay their eggs, but reptiles can lay their eggs anywhere. Higher plants evolved the seed, a tiny time capsule filled with food and sealed against the elements. The reptilian egg and the seeds of gymnosperms allowed organisms to break the last link with their aquatic heritage.

Gravity is another basic fact of life that is not a very big deal in the ocean, but of paramount importance on land. Aquatic organisms rely on the natural buoyancy of water to support their weight. In general, they don’t need to invest much energy in support structures. Unless, of course, they need to move very rapidly, like vertebrates. On land, gravity requires a support system. Plants developed the root-shoot system, roots holding you in place while the stiff tissues of the stem lift your body up into the air. Animals on land developed sturdy skeletal systems, whether internal, like our own (endoskeleton), or external, like that of an insect (exoskeleton). 

Getting rid of wastes is not a big problem in the ocean - dump it overboard. Waste material is generally excreted in a solution of water, and is usually high in nitrogen compounds. Aquatic organisms usually excrete nitrogenous wastes in the form of ammonia. Ammonia requires large amounts of water to dissolve in, but if you're floating in the ocean - no problem! On land, however, organisms have to conserve water, in any way they can. So terrestrial animals excrete liquid wastes as urea. Even urea, however, requires a fair amount of water to dissolve. The evolution of the sealed amniotic egg in reptiles required an even more compact way to store nitrogenous wastes inside the egg shell. So birds and other animals came to rely on uric acid to get rid of nitrogenous wastes, which uses very little water (the white part of bird droppings). Excretory systems themselves pose certain critical problems. The water that carries off the waste stream also takes with it essential salts that the organism must replace. So animals have developed excretory organs like nephridia, simple tubes through which the wastes pass and in which precious salts can be recovered. 



Small or Large 

Related to all of these basic environmental challenges is the problem of size. If you remain small, you can rely on simple diffusion to absorb nutrients and excrete wastes. This is true for both plants and animals. Increasing size brings increasing control over your environment, and allows for greater complexity. But larger and thicker organisms can no longer rely on diffusion. Cells that are too far away from the surface will starve to death, or drown in their own poisons before they can be carried off. And to make matters worse, the surface area across which gases, nutrients, and wastes must be exchanged rapidly decreases as you get larger. 
As organisms become larger, their volume increases much more rapidly than their surface area. Cells become farther removed from the outside at an exponential rate. Consider a spherical creature. The formula for the surface area of a sphere? (4 pi r2). The formula for the volume of a sphere? (4/3 pi r3) The animals volume increases as a cube of its radius, but its surface area only increases as the square of the radius. So as it gets bigger, more and more volume is covered by less and less surface area. 

Organisms have solved this problem in several ways: 

  1) Folding the respiratory, digestive, and other surfaces to increase the amount of surface area that can be packed into a limited space (lungs, brains, intestines) 

  2) Being very thin or very flat 

  3) Developing vascular systems - Plants and animals have solved this problem in a basically similar way. They rely on a network of tubes that runs throughout the body of the organism, a vascular system. These closed tubes can circulate water and nutrients, and carry off wastes. 

  4) Developing coelomic systems, fluid-filled cavities that can be used to circulate materials and hold the internal organs, along with a variety of other useful functions. (fr. Greek koiloma = cavity) 



Kingdom Animalia 

Kingdom Animalia includes 36 phyla and over 1 million species. If all the various worms and insects were finally found and described, the number of named animal species might grow as high as 10 million species! Most of these animals, about 95-99% of all known species, are invertebrates, animals without backbones (a term coined by Lamarck). And most of these are different types of aquatic worms! Animals are diploid, eukaryotic and multicellular. All animals are heterotrophic. And all animals respond to external stimuli. All animals are motile, moving about at some point in their life cycle. Only animals can fly. J.B.S. Haldane once called animals “wanderers in search of spare parts.” All animals reproduce sexually by forming haploid gametes of unequal size, the egg and the sperm. The gametes fuse into a zygote, which develops into a hollow ball of cells called a blastula. In most animals, this hollow ball folds inward to form a gastrula, a hollow sac with an opening at one end, the blastopore, and an interior space or blastocoel. 

All animals share a common ancestor. The clade Opisthokonta includes the Kingdom Animalia as wello as the two groups most closely related to animals, the  Kingdom Fungi, and the Phylum Choanoflagellata. The choanoflagellates are free-living protozoans, usually tucked away in the Kingdom Protista. They bear a striking resemblance to the feeding cells of the sponges. Colonial forms of this protozoan are now considered the most likely ancestor of all multicellular animals. 
We can divide the entire animal kingdom into two subkingdoms. The Subkingdom Parazoa contains the sponges, and one or two obscure groups of rudimentary animals. Parazoa literally means “animals set aside”. These animals that are so strange, so unlike all other animal life, that we tuck them away in their own little group. 

All other animals belong to the Subkingdom Eumetazoa, the “true” metazoans (meta - zoan = animals that came “after”, as opposed to “proto” -zoans, = first animals). Eumetazoans have a definite symmetry, which sponge animals lack, and share common patterns of embryonic development. There are two branches of Eumetazoans: one includes animals like sea anemones that have radial symmetry, and the other branch including all other animals, all of whom have (like ourselves) bilateral symmetry. 

The bilaterally symmetric animals can be further divided into three grades. Grade is not a formal taxonomic term. Grades represent a level of organization. The group of all animals that fly, for example, could be called a grade. These three grades represent three basic types of body plan found in all animals. These body plans differ mainly in the presence or absence of an internal body cavity, or coelom. So what is a coelom, and how does it form? 



The Coelomic Body Plan 

In the embryos of all bilaterally symmetric animals, there are three tissue layers distinctly visible in the developing organism. These are the endoderm (= the skin within), which gives rise to the gut and most digestive organs; the mesoderm, (= the skin in the middle), which gives rise to the skeleton and body muscles, and the ectoderm (= the skin outside), which gives rise to the epidermis or outer covering of the animal as well as the nervous system. Many primitive animals, like flatworms, have no coelom at all, just a rudimentary internal pouch, like sticking your finger deep into a ball of clay. We call such animals acoelomate, because they lack a coelom. Another group of animals, including nematode worms and rotifers, have a large body cavity that looks like a coelom, and functions like a coelom, but is actually formed in a different fashion. This pseudocoelom is a remnant of the hollow space inside the blastula, the blastocoel. We call these animals pseudocoelomates. All higher animals have a true coelom, a body cavity formed from within the mesoderm tissue layer. This cavity is lined by mesodermal membranes, and surrounds most internal organs. Such animals are called coelomate. 

If we look at the overall pattern of animal evolution, we see that all of the coelomate animals are split into two distinct groups, one called protostomes, the other called deuterostomes. This is a very ancient split within the animal kingdom, going back at least 570 million years to the early Cambrian. These groups are separated by what happens to the blastopore, the small hole that opens in the gastrula, connecting the embryonic gut to the outside. In protostomes, this opening gives rise to the animals mouth, hence proto=first, stoma=mouth. This group includes the annelid worms, the mollusks, and the arthropods. In deuterostomes, the first opening becomes the anus, and the mouth opens up later on in development at the opposite end of the embryo, hence deutero=other, stoma=mouth. This group includes the echinoderms and the chordates. 

Another fundamental difference between protostomes and deuterostomes has to do with the fate of the early cells in the developing embryo. Protostomes show a pattern of spiral cleavage, in which new cells are staggered in a spiral fashion, overlapping one another like bricks in a brick wall. These cells are determinate, their fate is determined early on in development. Removing them results in an incomplete organism. Deuterostomes show a pattern of radial cleavage, in which cells appear directly over other cells, like a stack of coins. These cells are indeterminate. If you separate them at an early stage, each one can develop into a complete functioning organism. This is how identical twins are created, by cell separation at a very early stage of deuterostome development. The coelom in protostomes develops as a split in the mesoderm (schizocoels). The coelom in deuterostomes develops from outpocketing of the gut (enterocoels) 



Advantages of a Coelom 

The fluid-filled coelom represents a big evolutionary advance. 

1) The coelomate body plan is a “tube within a tube”. Because this tube is filled with fluid, it allows fluid circulation, even in primitive animals that lack circulatory systems. 

2) Fluids (like water) are relatively incompressible. The fluid-filled coelom can therefore act as a type of rigid skeleton, or hydrostatic skeleton. The muscles now have something solid to push against. 

3) The coelom allows for an open digestive tract, with a mouth at one end, an anus at the other, and this tract can be increased by coiling within the coelom so that it is many times longer than the animal itself. 

4) Animals like flatworms, on the other hand, with one opening into a hollow cavity, are limited in how fast they can eat, digest, and excrete. 

5) A coelom allows digestion independent of movement. Gut action need no longer depend on the muscular contractions generated by the animals movements. 

6) There is more space for the internal organs to develop, especially the gonads, and large numbers of eggs and sperm can be stored in the coelom as well. 

7) And finally, the combination of a coelom and bilateral symmetry opens up an entirely new evolutionary pathway, in which parts of the body can be adapted to perform special functions. This new pathway, which has ultimately given insects dominion over all other life, is called segmentation, and we’ll discuss it further when we talk about annelids and arthropods



Evolution 
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Introduction
One of the ways we can demonstrate the reality of evolution is to simply consider biodiversity, the large numbers of species, many of which may have similar forms, but are reproductively isolated from one another - like lions, tigers, leopards, cheetahs, house cats, lynx, mountain lions, bobcats, and all the other members of the Family Felidae. It is difficult to imagine any process other than evolution that could have produced such an amazing number of ways to be a cat. 

Organisms who live on different continents, but in similar environments, are often very similar to one another. Animals like the American bison and the African wildebeest, both large mammalian grazers who browse in open grasslands, hint at the broader patterns of evolution. 



Further evidence of that pattern comes from a detailed study of biogeography, the geographic distribution of plants and animals. The plants and animals that we see in a particular place often traveled there from somewhere else, where conditions were somewhat different, and then evolved to adapt to their new environment. 



An important line of evidence for evolution is the fossil record. The fossil record shows us the evolutionary history of life on earth. We find many extinct forms which are obviously related to more modern forms, evidence of descent with modification. 



Another line of evidence for evolution comes from the study of embryology. In vertebrates, for instance, the early stages of development are extremely similar to one another, even though the adult stages are very dissimilar (like mammals and reptiles and birds). This implies a common ancestry for all mammalian species. Among the invertebrates, there are several similar examples. Certain annelid worms have a larval stage called a trochophore larva, which is essentially identical to the trochophore larval stage of the mollusks. This suggests that these two groups share a common ancestry. All the various types of crustaceans share a common larval stage, called a nauplius larva, which is one of the characteristics uniting that diverse group into a single class. 



Comparative anatomy also provides evidence of evolution. We find the same bones in many different types of animals, but these bones are often modified to do different things. The hopping legs of the frog contains the same bones as our own legs, but the frog's legs are highly modified to fulfill a different function (hopping). The wing of a bird and the forelimb of a bat contain exactly the same bones as the arm of a human, but the size, shape, and even internal structure of these bones are all adapted to play a different role in each animal. 

We call structures like the wings of a bird and the forelimbs of a bat homologous structures. Homologous structures are structures that are derived from a common ancestor. Even if they are superficially different, they are developmentally related. Homology does not mean that these structures must share the same function. You can alter the same pieces to make different biological structures. The flippers of a whale are supremely designed to cut through the water, but they are homologous with our own human arms. You can trace out the same bones in each, in the same relative positions, and they develop in roughly the same fashion. This is strong evidence that we are closely related to whales. 

But very often in nature we find structures that are superficially similar, even though the organisms are completely unrelated to one another. These structures may even serve the same function, like flying. We call these analogous structures. The wing of a bird and the wing of an insect are good examples of analogous structures. In every physical and biological way, these wings are radically different from one another. One is a flat plane of exoskeletal material, the other is a chordate forelimb shaped into an airfoil, with hollow internal bones and an outer covering of feathers. But they can both be used to fly. If you can fly, you have a huge advantage over animals that can't fly. You can escape from ground predators, grab your food out of mid air, and nest in relative safety in the treetops. So wings are a good idea, whether they evolve on an insect or a bird. 

We often find unrelated animals converging on the same form or structure, because that form is very adaptive in their common environment. This special case of evolution is called convergent evolution. Another example of convergent evolution is the streamlined shape of sharks and dolphins. One is a fish, the other is a mammal, and they are related to one another in only the most distant sense. But if your life depends on swift movement through the water, then a streamlined shape is pretty much essential. 

Convergent evolution produces analogous structures. Divergent evolution produces homologous structures. The same bones can be used in many ways, leading to several divergent evolutionary paths - frogs, bats, birds, men and so on. But this causes a real problem for evolutionary biologists. Just because two organisms have a similar structure, like a wing, does not necessarily mean that they are related to one another. We have to be very careful not to let these analogies confuse us when we puzzle out which animals are related to one another. 



One final line of evidence for evolution, completely lacking in Darwin's day, is molecular evolution. Molecules themselves change over time, because the genes that code for them are changing or mutating. Mutations are an alteration in the genetic instructions that shape the molecules of living systems. Changes at the molecular level occur slowly. If these building blocks are altered too radically, they might lose their ability to work at all. So the pace of molecular evolution is often very slow. The greater the similarities between the biochemistry of two organisms, the more likely it is that they are related. For example, consider the reaction between antibodies and the invading antigen. If you take blood from one animal, and mix it with blood from another, you will get an antibody reaction, because some elements in the blood of the other species will be different enough for the blood of the first species to sense that it is "not-me", and attack it chemically. The more distantly these animals are related, the greater the reaction will be. So we can use the measure of the intensity of the reaction as a clue to the degree of their relatedness. 

Another molecular test of common descent depends on the simple fact that proteins are made up of sequences of simpler molecules, the amino acids. Proteins are the molecules that compose the structural elements of living systems, and control the rate and direction of biochemical reactions in living tissue. 

By comparing the sequence of amino acids that compose various proteins in organisms, we can get a better idea of how closely they are related. The more similar the same protein is between two species, the more likely those species are closely related. Cytochrome c, for example, is an enzyme essential in cellular metabolism. The closer that two organisms are related, the fewer the differences between their version of this basic molecule. Modern phylogenetic analysis is often based on the S16 subunit of ribosomal RNA.
There are several strong lines of circumstantial evidence that the branching pattern of relationships between organisms are an expression of a fundamental pattern. As Darwin discovered, that branching pattern is a simple consequence of their shared descent from a common ancestor. There is unity in diversity. 



Why and how do we classify organisms?

Why do we bother classifying organisms? It seems like a tremendous amount of time and effort spent to fill museum cabinets with neatly labeled specimens. But unless we are willing to take the time to sort out all the ways in which organisms are alike or differ from one another, we can never hope to truly understand them. 

Biologists have always been fascinated by the diversity of living things. In the early days of biology, systematic biologists felt a moral imperative to catalog all the creatures they encountered. By identifying and comparing all the organisms on earth, they hoped to illuminate the divine plan they believed lay behind the natural world. The big names in early biology were expert systematic biologists, people like Linnaeus, Lamarck, Buffon, and even Charles Darwin, who became the world’s leading authority on the classification of barnacles. 

As other fields of biological research opened up, taxonomy (the description, naming, and classification of organisms) became less glamorous, and was sadly neglected at most universities. The recent discovery of molecular tools for the systematic comparison of organisms has revitalized the field, and added a wealth of new information about how organisms are related to one another.

Figuring out how organisms can be grouped together will ultimately allow us to map their phylogeny, their evolutionary history or lineage. This knowledge also allows us to better communicate with one another about organisms of all types. By clearly identifying and naming organisms, we no longer need to rely on their common names, which can run to a dozen or more different names for the same creature in different parts of the world. Taxonomy turns out to be an extremely valuable tool for anyone involved in the study or exploitation of organisms (living or extinct), including biology, the environmental sciences, business, medicine and even the legal profession.

What traits do organisms share in common, and what traits set them apart? The modern system of classification, cladism, tries to identify characteristics that organisms share in common, traits that are derived from a common ancestor. These shared derived characteristics are called synapomorphies. Cladists seek to identify monophyletic groups (one lineage), groups of organisms that include the common ancestor and all of its descendant species. Cladists try to avoid paraphyletic groups (similar lineage), that include the common ancestor, but exclude some of its descendants. Paraphyletic groupings usually occur because one or more of the descendant species do not resemble their closest relatives. Cladists also try to avoid polyphyletic groups (many lineages), which include organisms that may resemble one another, but do not share a common ancestor. Convergent evolution often results in unrelated species that superficially resemble one another in form or function.



Things to Remember 

Know the several lines of evidence supporting the theory of evolution. 



Consider This 

Conscious awareness is the ultimate product of evolution. Born from stardust, we are truly the universe becoming aware of itself. 



2 - Kingdoms Bacteria, Archaea, and Protista


Introduction to bacteria
Bacteria are the oldest group of organisms on Earth. They have a very simple physical structure. Although they are generally similar to higher organisms in their basic organization, they differ from higher organisms in their metabolic chemistry. Different types of bacteria also differ radically from one another in their metabolic pathways. Bacteria may represent a range of early evolutionary experiments in cellular chemistry. 

Bacteria are extremely small, about 1/1000 of a millimeter, and are the most abundant organisms on the planet. All bacteria are haploid. Bacteria reproduce by simply dividing into replicas of themselves, a process called binary fission, much simpler than mitosis (and probably ancestral to it). Some can also undergo an exchange of genetic material known as conjugation. Bacteria are solitary organisms in the sense that they do not form true social groupings or colonies. They often stick together after fission, to form long chains or clumps. They were first classified as Kingdom Monera, from the Greek moneres (meaning single or solitary). This clumping together is not true colonial organization, because the cells do not communicate or interact in any complex way. Some forms are motile, they swim by means of a rudimentary flagella. There are three basic types of bacteria that we can easily recognize: Bacillus (-i) = rod shaped; Coccus (-i) = spherical; Spirillum (-i) = spiral shaped 

All bacteria are prokaryotes (pro=first). All higher organisms are eukaryotes (eu = true). Prokaryotes are unicellular, lack a cell nucleus (no nuclear membrane around their single circular chromosome), and lack cellular organelles that are bound by membranes (ex. no chloroplasts, no mitochondria). Eukaryotes can be unicellular, but are usually multicellular, have a cell nucleus bounded by a nuclear membrane, and have cellular organelles bound by membranes (chloroplasts and mitochondria). 

Both chloroplasts, which contain the photosynthetic machinery, and mitochondria, which produce energy for the cells, function as little autonomous and self-replicating units inside eukaryotic cells. The theory of endosymbiosis (endo = within, sym = same or shared, biosis = life) suggests that these organelles were actually free-living bacteria in the distant past, which were captured and ingested by larger bacterial cells. Instead of being digested, they somehow took up residence, providing cells with new energetic pathways, and providing the organelles with nourishment and a relatively safe shelter. So in a fundamental sense, every cell in the body of a higher eukaryotic organism like ourselves is itself a colonial organism, the heritage of an ancient confederation between different types of bacteria. 

Bacteria have a rigid cell wall made of polysaccharides and amino acids, which protects them against mechanical and osmotic damage. Some bacteria have a second cell wall, consisting of polysaccharides and lipids. This second cell wall makes these species of bacteria especially resistant to antibiotics, so this group of bacteria contain some dangerous disease causing organisms. 

Bacteria get their energy in a variety of ways. Some bacteria are autotrophs, or “self feeders”. They produce their own energy from sunlight (photosynthetic), or from inorganic compounds (like Hydrogen Sulfide, H2S). Other bacteria are heterotrophs, (= fed by others), they use energy produced by other organisms. Autotrophic bacteria can be photosynthetic (use H2O) or chemosynthetic (use H2S instead of water as an electron source). Photosynthetic bacteria, especially the cyanobacteria, played a major role in creating our oxygen atmosphere. 

Bacteria are also of critical ecological importance, because they are at the base of many food chains. Both autotrophic and heterotrophic forms include species capable of nitrogen fixation. These nitrogen fixers can change atmospheric Nitrogen, N2, into a form that can be used by plants (NH3, Ammonia). Rhizobium is a common genus that forms nodules on the roots of legumes, like the common clover, alfalfa, and soybeans. Nitrogen fixation is essential for agricultural crops. So bacteria do some very good things for the planetary ecosystem. Many of our common food products would not exist were it not for bacteria, foods such as yogurt, pickles and most types of cheeses. 

Bacteria are also among the most dangerous organisms on planet Earth. Cholera, diphtheria, syphilis, botulism, strep throat, tetanus, scarlet fever, meningitis, toxic shock syndrome, dysentery, and bubonic plague, the Black Death-are only a few of the more memorable diseases caused by bacteria. And ironically, we also owe many of our most effective antibiotics to bacteria: streptomycin, aureomycin, and neomycin, to name a few. 


Classification:  

Domain Archaea - methanogens, thermophilic, halophilic ex. 
  
Domain Bacteria – true bacteria, cyanobacteria (Nostoc, Anabaena, Oscillatoria) 
  
Domain Eukarya - everything else




Characteristics of Bacteria 

Bacteria were traditionally viewed as a single kingdom, consisting of all the unicellular prokaryotes. The Kingdom Bacteria was later divided into two subkingdoms, the Archaebacteria and Eubacteria. We now realize that what we once called Archaebacteria are as distantly related to other bacteria as bacteria are to us. Archaea and Bacteria are now considered separate kingdoms, and a new taxonomic rank called Domain, a rank higher than Kingdom, was invented to emphasize the great difference between them. In the modern system, there are three domains, Archaea, Bacteria, and Eukarya. The first two domains each contain a single kingdom, the third domain contains four kingdoms, hence six kingdoms of living organisms.
Bacteria contain an amazing diversity of species, including several multicellular forms. The cyanobacteria are an especially important and interesting group. There are several thousand living species. For about 1900 million years (2500 mya to 600 mya) cyanobacteria dominated the earth’s ecosystems. (Nostoc, Anabaena, Oscillatoria). This group was formerly classified as a primitive type of algae, the “blue-green algae”, after their distinctive coloration. We now recognize them as a type of photosynthetic bacteria. Filamentous forms may have an enlarged structure called a heterocyst, in which nitrogen fixation takes place. 

Only about half of the cyanobacteria actually show the strong blue-green color we associate with this group. They can actually come in many colors (red, yellow, purple, and brown). The red color of the Red Sea is due to the red pigment in the cyanobacteria Trichodesmium. Some of the earliest fossils we have are of large stacks of roughly circular plates called stromatolites. These are composed of enormous colonies of bacteria going back about 2.7 billion years ago in the fossil record. Paleontologists believe that these large formations of cyanobacteria were very important early habitats for a variety of ancient organisms. 



Ecological, Evolutionary, and Economic Importance 

Many bacteria are pathogenic, like those that cause syphilis, botulism, strep throat, tetanus, scarlet fever, meningitis, toxic shock, dysentery, and bubonic plague. 

Cyanobacteria created our oxygen atmosphere, and account for most of the oxygen being added today. 
Ironically, we also owe many of our most effective antibiotics to bacteria: streptomycin, aureomycin, and neomycin, to name a few. 

Bacteria are the basis for most food chains. Most of the animals you will see in the next several weeks include bacteria in their diet. We use them to make cheese and yogurt. 

Bacteria and fungi are the primary decomposers of dead organic matter, recycling materials on a planetary scale for other organisms to use. 

Many bacteria, like Rhizobium, can perform nitrogen fixation, creating fertile soil for plants. 




Introduction to Kingdom Protista 
The Kingdom Protista includes an incredible diversity of different types of organisms, including algae, protozoans, and (perhaps) slime molds. No one even knows how many species there are, though estimates range between 65,000 to 200,000. (fr. Greek protos = first, ktistos = first established). All protists are eukaryotes, complex cells with nuclear membranes and organelles like mitochondria and chloroplasts. They can be either unicellular or multicellular, and in this group we find the first union of eukaryotic cells into a colonial organism, where various cell types perform certain tasks, communicate with one another, and together function like a multicellular organism. 

Some protists are autotrophs, a photosynthetic group of phyla referred to as the algae. Autotrophs manufacture their own energy by photosynthesis (using light energy) or chemosynthesis (no light required). Algae use various combinations of the major chlorophyll pigments, chlorophyll a, b, and c, mixed with a wide array of other pigments that give some of them very distinctive colors. Some protists are heterotrophs, a group of phyla called the protozoa. Heterotrophs get their energy by consuming other organisms. Protists reproduce asexually by simple mitosis, and a few species are capable of conjugation (like bacteria). Many have very complex life cycles. 

Protists are so small that they do not need any special organs to exchange gases or excrete wastes. They rely on simple diffusion, the passive movement of materials from an area of high concentration to an area of low concentration, to move gases and waste materials in and out of the cell. Diffusion results from the random motion of molecules (black and white marble analogy). This is a two-edged sword. They don’t need to invest energy in complex respiratory or excretory tissue. On the other hand, diffusion only works if you’re really small, so most protists are limited to being small single cells. Their small size is also due to the inability of cilia or flagella to provide enough energy to move a large cell through the water. 

Protists lack the rigid cell walls of bacteria and archaea, relying for their shape and structure on a cytoskeleton, an internal framework of tiny filaments and microtubules, which gives them a greater variety of shapes. It also allows them to eat by phagocytosis - they engulf their food in their cell membrane, and pinch off a section of membrane to form a hollow space inside the cell. This hollow space, now enclosed by membranes, is called a vacuole or vessicle. Vacuoles are handy little structures. Protists also use them to store water, enzymes, and waste products. Paramecium and many other protists have a complex type called a contractile vacuole, which drains the cell of waste products and squirts them outside the cell. 

All protists are aquatic. Many protists can move through the water by means of flagella, or cilia, or pseudopodia (= false feet). Cilia and flagella are tiny movable hairs. Motile cells usually have one or two long flagella, or numerous shorter cilia. The internal structure of cilia and flagella is basically the same. All of the characteristics that this group shares are primitive traits, a perilous thing to base any classification on, because convergent evolution may be responsible for these superficial similarities. So the concept of the Kingdom has been justly criticized as a “taxonomic grab bag” for a whole bunch of primitive organisms only distantly related to one another. 

Protists are mainly defined by what they are not - they are not bacteria or fungi, they are not plants or animals. Protists gave rise to all higher plants and animals. But where did protists themselves come from? The earliest protists we can recognize in the fossil record date back to about 1.2 billion years ago. We are still uncertain how the various groups of protists are related to one another, though we have made great progress in recent years thanks to molecular tools. We assume they arose from certain groups of bacteria, but which groups and when are still investigating. Some are more closely related to animals (choanoflagellates) and some more closely related to plants (red and green algae). Different phyla of protists are so unlike one another they probably evolved independently from completely different ancestors. Lynn Margulis recognizes nearly 50 different phyla of protists. We will take a more conservative approach, and focus on several important phyla of protists. 



Taxonomy 

Kingdom Protista 

Protozoa = heterotrophic protists: 

Phylum Euglenozoa - (Euglena)

Phylum Dinoflagellata - dinoflagellates 

Phylum Apicomplexa – sporozoans (Plasmodium)
Phylum Ciliophora - (Paramecium, Blepharisma) 

Phylum Amoebozoa - amoeboids (Amoeba) 

Phylum Foraminifera - foraminiferans 



Algae = autotrophic protists 

Phylum Phaeophyta - brown algae (Fucus) 

Phylum Bacillariophyta - diatoms 
Phylum Rhodophyta - red algae (Polysiphonia) 

Phylum Chlorophyta - green algae (Spirogyra, Volvox, Chlamydomonas) 



Characteristics of Phyla 

The protozoa: 

Phylum Euglenozoa (800 sp.) - Euglena 

Is it a plant, or is it an animal? It moves around like an animal, and sometimes eats particles of food, but a third of the euglenoids are also photosynthetic, a nice bright green pigment like a green algae (which it used to be called). This organism may actually have resulted from endosymbiosis, in which an ancestral form engulfed a green algal cell. 

Phylum Dinoflagellata (3,000 sp., fr. Greek dinos = whirling, Latin flagellum = whip) - dinoflagellates, Ceratium 

Dinoflagellates are named after their two flagella, which lie along grooves, one like a belt and one like a tail. Many species have a heavy armor of cellulose plates, often encrusted with silica. This species is very important both ecologically and economically. Some species form zooxanthellae, dinoflagellates which have lost their flagella and armor, and live as symbionts in the tissues of mollusks, sea anemones, jellyfish, and corals. These dinoflagellates are responsible for the enormous productivity of coral reefs. They also limit coral reefs to surviving in shallow waters, where sunlight can reach the dinoflagellates. Some dinoflagellate species often form algal blooms in coastal waters, building up enormous populations visible from a great distance. The amazingly potent toxins that about 20 species produce often poison shellfish, fish, and marine mammals, causing the deadly algal bloom known as red tide. 
These are the organisms that can make Louisiana oysters a truly unforgettable experience!! One outbreak of red tide in 1987 killed half of the entire bottlnose dolphin population in the Western Atlantic. 

Phylum Apicomplexa (3,900 sp.) – sporozoans (Plasmodium) 

These of protozoans is non-motile, and parasitic. They have very complex life cycles, involving intermediate hosts such as the mosquito. They form small resistant spores, small infective bodies that are passed from one host to the next. Plasmodium, the parasite that causes malaria, is typical of this group. In more general terms, spores are haploid reproductive cells that can develop directly into adults. 

Phylum Ciliophora (8,000 sp., fr. Latin cilium = eyelash, Greek phorein = to bear) – ciliates (Blepharisma, Paramecium)
These ciliates move by means of numerous small cilia. They are complex little critters, with lots of organelles and specialized structures. Many of them, like Paramecium, even have little toxic threads or darts that they can discharge to defend themselves. Typical ciliates you may see in lab include Paramecium and Blepharisma. 

Phylum Amoebozoa (over 300 sp.) - amoeboids (Amoeba) 

These organisms have a most unusual way of getting about. They extend part their body in a certain direction, forming a pseudopod or false foot, and then flow into that extension (cytoplasmic streaming). Many forms have a tiny shell made from organic or inorganic material. They eat other protozoans, algae, and even tiny critters like rotifers. Amoeba is a typical member of this phylum. Many amoeboids are parasites, such as the species Entamoeba histolytica, which causes amoebic dysentery. 10 million Americans are infected at any one time with some form of parasitic amoeba, and up to half of the population in tropical countries. 
Phylum Foraminifera - foraminiferans
 “Forams” can have fantastically sculptured shells, with prominent spines. They extend cytoplasmic “podia” out along these spines, which function in feeding and in swimming. Foraminiferans are so abundant in the fossil record, and have such distinctive shapes, that they are widely used by geologists as markers to identify different layers of rock. The Pyramids are constructed of limestone formed from the shells of billions of foraminiferans.

The algae: 

Phylum Phaeophyta (1,500 species, fr. Greek phaios = brown) - Fucus 

This phylum contains the brown algae, such as Fucus (rockweed), Sargassum, and the various species of kelp. Brown algae are the largest protists, and are nearly all marine. Kelp blades can stretch up to 100 meters long. Brown algae have thin blades with a central midrib or stipe. Like all algae, their blades are thin because they lack the complex conductive tissues of green plants (xylem and phloem), and must rely on simple diffusion, though some kelp have phloem-like conducting cells in the midrib. Kelp form the basis of entire ecosystems off the coast of California and in other cool waters. In the “Sargasso Sea”, an area of the Atlantic Ocean northeast of the Caribbean Islands, the brown algae Sargassum forms huge floating mats, said in older days to trap entire ships, holding them tight until the ship became a watery grave. Sargassum is also very common in the Gulf of Mexico.
Phylum Bacillariophyta - 11,500 sp., many more fossil sp., fr. Latin bacillus = little stick) - diatoms 

Diatoms have a golden-brown pigment. Diatoms have odd little shells made of organic compounds impregnated with silica. The shells fit over the top of one another like a little box. Diatoms usually reform the lower shell after they divide. This means they become smaller and smaller, and when they become too small they leave their shells and fuse through sexual reproduction into a larger size and start over again. They are one of the most important organisms in both freshwater and marine food chains. Diatoms are so abundant that the photosynthesis of diatoms accounts for a large percentage of the oxygen added to the atmosphere each year from natural sources. Their dead shells form huge deposits, that are mined for commercial uses. Diatom shells are sold as diatomacious earth, and used in abrasives, talcs, and chalk. Various species of diatoms are also widely used as indicator species of clean or polluted water. 
Phylum Rhodophyta (fr. Greek rhodos = red, 4,000 sp.) - Polysiphonia 

Like brown algae, the red algae also contain complex forms, mostly marine, with elaborate life cycles. Chloroplasts in this group show pigments very similar to those found in cyanobacteria, and ancient red algae may have engulfed these cyanobacteria as endosymbionts. Red algae have many important commercial applications, such as the agar used for culture plates, and carrageenan, used as a thickening agent in the manufacture of ice cream, paint, lunch meats, cosmetics, beer and wine! 

Phylum Chlorophyta (7,000 sp., fr. Greek chloros = yellow-green) - Volvox, Spirogyra, Chlamydomonas 

Green algae are now considered the sister group to land plants, so we will look at them in more detail when we learn about primitive plants.


Economic, Ecological, and Evolutionary Importance 

Algae and protozoa are important prey in food chains. Even humans eat algae. 

Many protozoans are important disease causing organisms (malaria, toxoplasmoisis, amoebic dysentery) 

Dinoflagellates cause billions of dollars in damage to the seafood industry, and are important symbionts in corals and other marine animals. 

An extract of red algae is used to make paint, cosmetics, and ice cream. 

Protozoans gave rise to all higher forms of animal life. 

Bacteria first mastered the fine art of photosynthesis. Cyanobacteria established the oxygen atmosphere we breathe today. Diatoms are a primary source of the current atmospheric oxygen from photosynthesis. 



Consider This 

How does size affect basic processes like respiration, ingestion, or excretion? 

What role did endosymbiosis play in the early evolution of cells? 

Why is Kingdom Protista usually considered an “artificial” classification? 

Why is it never a good idea to classify organisms together on the basis of primitive traits? 


3 - Primitive Invertebrates


Introduction to Primitive Invertebrates 

Today well examine several phyla that represent alternate pathways in early animal evolution. The sponges, in the Phylum Porifera, are so strange that they are placed in the Subkingdom Parazoa, which literally means “animals set aside”. Sponges are very primitive animals that lack true tissues and organs. All other animals belong to the Subkingdom Eumetazoa, or “true” animals. All eumetazoans have cells organized into  tissues. Phylum Cnidaria contains a diverse group of radially symmetric animals called the Radiata, to distinguish them from all other animals, which are bilaterally symmetric (the Bilateria). 

Most of the diversity of the animal kingdom consists of different kinds of aquatic worms. Today we will examine two groups that exemplify two of the three basic body plans found in higher animals. Flatworms are acoelomate. They lack a fluid-filled body cavity. Rotifers are pseudocoelomate. They have a fluid-filled body cavity that is formed in a different fashion from that of higher animals. A true coelom, as found in coelomate animals, is derived from tissues of the mesoderm, but a pseudocoelom is a remnant of the blastocoel, the hollow space inside the developing embryo. In contrast with the asymmetric sponges and the radial symmetry of the cnidarians, worms show bilateral symmetry. This type of symmetry is highly adaptive for animals in motion. Like protists and primitive plants, primitive invertebrates rely heavily on diffusion to move materials into, out of, and through their bodies. 



Introduction to Sponges 

Phylum Porifera - sponges (Grantia, Spongilla, Euplectella); >10,000 sp. (fr. L. porus= pores, and ferre =to bear) 

Sponges probably share a common ancestor with other animals, but diverged early in the Paleozoic. They are a great example of a colonial organism, with many different cell types working together, each type specializing in some basic function. Special cells called amoebocytes, for example, wander through the sponge matrix like roaming amoeba, digesting and transporting nutrients, and carrying sperm cells to the eggs. Amoebocytes also secrete numerous small skeletal elements called spicules, which are scattered through the matrix of the sponge. Spicules can be made of silica or calcium, and come in a variety of shapes. Some sponges also rely for support on a network of protein fibers called spongin. Spicule shapes are used to classify sponges. 

Sponges are sessile filter feeders on plankton and detritus. They feed by means of cells called choanocytes or collar cells. The collar acts as a sieve to filter out larger particles of food, which are drawn in by the beating flagellum, and move down the outside of the collar to the cell body where they are ingested. In this respect, sponges are like protozoa. They are limited to feeding on particles that are smaller than the feeding cell itself. These feeding cells closely resemble a type of protozoan called a choanoflagellate. 

Sponges must maintain a constant flow of water through their bodies. This steady flow of water brings food and oxygen, while carrying away carbon dioxide, nitrogenous wastes (ammonia), particles of debris, and gametes. Water enters through the ostia, the many pores visible on the side of the sponge, flows through the incurrent canals to the radial canals to pass over the choanocytes or feeding cells, and exits through the osculum, the large exit hole on top of the sponge (sometimes more than one, pl.=oscula). 

Simple sponges of the asconoid type have a small central cavity or spongocoel, where the choanocytes are located. The more complex syconoid sponges (like Grantia) have folded canals of feeding cells off the spongocoel. In the larger leuconoid sponges complex folding creates an enormous surface area of feeding cells, with the spongocoel reduced to a network of narrow excurrent canals with many oscula. The common bath sponge is a leuconoid sponge, as is Spongilla. Sponges are hermaphroditic, and reproduce by external fertilization, dumping clouds of gametes into the water. Asexual reproduction occurs by budding off a new sponge, or regenerating a new adult from a piece of the parent sponge (fragmentation), a process exploited by sponge divers to seed their sponge beds. Some can also form gemmules, small clusters of amoebocytes in a hard shell. 



Taxonomy 

Kingdom Animalia 

    Subkingdom Parazoa 

        Phylum Porifera -Sponges (Grantia, Spongilla, Euplectella) 



Economic, Ecological, and Evolutionary Importance 

Both freshwater and saltwater sponges form the basis for the bath sponge industry. 

Euplectella, the Venus Basket sponge, is a good example of mutualism. Why? 



Consider This 

What is the evolutionary link between sponges and the protozoa? 

What poses a big problem for sessile organisms like sponges when it is time to reproduce? 

How do the three sponge types represent a solution to the problem of increasing body size? 

How does this solution relate to the pumping ability of the individual collar cells? 

Why do the results (leuconoid sponges) come to resemble the interior of the human lung? 

Why does being hermaphroditic make very good sense for sessile organisms like sponges? 



Introduction to Cnidarians 

Phylum Cnidaria - hydrozoans, jellyfish, corals, sea anemones; 9,100 sp. (fr. Gr. knide = nettle; formerly called Phylum Coelenterata) 

Cnidarians are the most primitive "true" multicellular animals (Subkingdom Eumetazoa). They are radially symmetric, and can be either sessile or motile, and sometimes both (at different stages in their life cycles). They are mostly marine, though hydrozoans are abundant in freshwater. They are the simplest animals with true tissues (eumetazoans). They possess two of the three germ layers (embryonic tissues) that are typical of all higher animals, having an ectoderm (outer layer) and an endoderm (inner layer), but lacking a mesoderm (middle layer). This middle layer, which develops into muscle and bone in higher animals, is replaced by a layer of protein jelly called mesoglea, the "jelly in the middle". The endoderm layer in cnidarians is called the gastrodermis ("stomach skin"). Just as muscle and bone give us support, and leverage, mesoglea provides support for cnidarians. The water in their body cavity also acts as a hydrostatic skeleton, and some cnidarians (like corals) can also secrete an external shell for support. 

Cnidarians are also the most primitive animals that digest their food in an internal body cavity, a simple blind pouch called a gastrovascular cavity or GVC for short. Food is stuffed into the GVC by the tentacles that fringe the mouth. Gland cells lining the GVC secrete digestive enzymes into the pouch to break up the food into particles small enough for the cells lining the GVC to absorb. Thus, unlike more primitive animals, they can eat things that are bigger than a single cell. 

Cnidarians capture their food with special stinging cells called cnidocytes, which contain a coiled thread called a nematocyst. Contact with the cnidocytes releases the nematocysts at explosive speeds, with up to 140 atmospheres of osmotic pressure! Nematocysts may be simple whip-like threads that coil around the prey (Indiana Jones style), or more typically contain hooks or barbs, often tipped with a toxin to paralyze the prey. Once the cnidocytes are pressurized, they require only simple physical contact to trigger them. So a dead jellyfish can sting you just as badly as a living one! Salt or sand is needed to remove stinging tentacles safely-never use fresh water or alcohol. 

Cnidarians evolved the first true muscle and nerve cells. They have a primitive nerve net, with no central nervous system. Primitive senses include mechanical and chemical receptors, and (in the medusae) primitive eyespots and balance organs (statocysts). Cnidarians are typically dimorphic, existing as either a sessile polyp or as a motile medusa, which in many ways is like a polyp turned upside down. Many species alternate between the two forms, with the medusa serving as the sexual stage. The sessile polyp buds off tiny medusae from its upper surface. Many cnidarians are hermaphroditic. 



Phylum Ctenophora - fr. Gr. cten = comb, phoros = to bear) 

These strange creatures used to be classified with the Cnidarians, but later research revealed that the resemblance between comb jellies and true jellyfish was only superficial. For example, they usually lack cnidocytes, catch their prey with sticky cells (coloblasts) that line their tentacles, and are the largest organisms to use cilia for locomotion. In life they are among the most beautiful organisms on Earth (look for them at the downtown aquarium, or in Lake Pontchartrain).



Characteristics of Classes 

Class Hydrozoa - Hydra, Obelia, Physalia, "fire corals"; 3,100 sp. (fr. Gr. Hydra [the immortal mythical monster]) 

Hydrozoans are mostly polyps, although many alternate between polyp and medusa, with the polyp form dominant in the life cycle. Hydrozoans frequently contain symbiotic algae, so are generally limited to shallow water. In sessile forms, the GVC's may be interconnected. Hydra is immortal (hence its name, from Greek mythology). New cells arise near the top, then gradually shift to the bottom where they die and fall off. Hydrozoans can be solitary, like Hydra, or colonial, like Obelia. In colonial forms, polyps specialize as feeding or reproductive polyps. Physalia, the "Portuguese Man Of War", is a colony in which feeding and reproductive polyps are carried along by a medusa that forms the "bell" or float for the colony. 



Class Scyphozoa - true jellyfish (Aurelia); 200 sp. (fr. Gr. skyphos = cup) 

In scyphozoans, the medusa form is dominant, the polyp occurs only as a small larval stage. The medusa makes gametes to form a zygote, which develops into a planula larva, which settles down for a brief existence as a polyp before budding off new medusae. The planula larva is also part of the life cycle of the other cnidarian taxa, and is also found in the Phylum Ctenophora (comb jellies)
The long tentacles that hang down from the mouth are covered with stinging cells, and push captured prey into the mouth. They eat a variety of crustaceans, and some feed on fish. Many jellyfish also have tentacles along the outer edge of the umbrella (bell). The umbrella itself can be contracted to move the animal in pulses through the water. Jellyfish are mostly water, up to 99% in freshwater forms. 



Class Anthozoa - corals, sea anemones, sea fans; 6,200 sp. (fr. Gr. anthos = flower, zoa = animal) 

Anthozoans are the most advanced form of cnidarians. They occur only as polyps, and the polyp body is much more complex than that of the hydrozoans. The GVC is typically divided into six chambers, providing a large surface area for digestion. Most have symbiotic dinoflagellates, so they are restricted to shallow waters, usually down to about 60 meters. Because anthozoans are mainly suspension feeders, they can be easily smothered and starved by muddy water. So nearshore and offshore development of any kind can kill large stretches of coral reefs. Stony corals are colonial anthozoans that form coral reefs by secreting a skeleton of CaCO3 (calcium carbonate). All the polyps in the colony (reef) are joined by an external layer of tissue. Coral reefs are among the most productive and complex ecosystems on the planet. Sea anemones are very large solitary polyps that feed on invertebrates and small fish. A few species are powerful enough to be toxic to humans. 



Class Cubozoa - sea wasps; 20 sp. 

These tiny jellyfish are important mainly because they are among the deadliest animals on Earth. Their sting is so potent that many divers have been killed by them. They are a particular problem off the northern and eastern coast of Australia, where two of the deadliest species are found.




Taxonomy 

Subkingdom Eumetazoa
    Radiata

        Phylum Cnidaria
            Class Hydrozoa - Hydra, Obelia, Physalia (Man of War) 

            Class Scyphozoa - true jellyfish (Aurelia, Cassiopeia) 

            Class Anthozoa - corals, sea anemones 

            Class Cubozoa - sea wasps 


Economic, Ecological, and Evolutionary Importance 

Coral reefs form one of the most diverse and important ecosystems in the world. 

Hydrozoans are an important link in the freshwater food chain. 



Consider This 

Why is the medusa usually the sexual stage in the life cycle? 

What is the fundamental limitation of a body cavity with a single external opening? 

Why is the evolution of the cnidocyte so adaptive for a sessile animal like Hydra?

Why does a sessile animal need a motile larval stage?


Introduction to Flatworms 

Phylum Platyhelminthes - flatworms, flukes and tapeworms; 18,500 sp. (fr. Gr. platys = flat, helminth = worm, ). 

Flatworms are spiralian animals. Like molluscs and annelids, they grow by simply getting larger, not by molting (as do nematodes and arthropods). Most members of this clade also follow a pattern of spiral cleavage as embryos (see the chapter on How to be an Organism). Flatworms and rotifers are members of the clade Platyzoa, along with several other groups of invertebrates. Platyzoans are mostly acoelomate flat worms that get about by beating tiny cilia. Many platyzoans (like rotifers) also have complex mouth parts.

Flatworms are highly cephalized. Cephalization is a characteristic of all bilaterally symmetric animals. Like cnidarians, flatworms digest their food in a gastrovascular cavity, a simple cavity with a single opening. They are dorsoventrally flattened (back to belly). Because they are so flat, diffusion is sufficient for respiration, and flatworms lack respiratory and circulatory systems. They have a primitive nervous system, and a type of primitive excretory organ called a protonephridia, a simple tube ending in special flagellated cells called flame cells or flame bulbs. Flatworms are the most primitive organisms in which we find all three germ layers: ectoderm, mesoderm, and endoderm. Such animals are called triploblastic. Flatworms, nematodes and rotifers are protostomes, the first opening in the ball of embryonic cells becomes the mouth. 

Flatworms are both free living and parasitic. The free-living forms, like the turbellarians, eat insects, crustaceans, other worms, and various protists and bacteria. A few species even capture prey by stabbing it with a sharpened penis, which they stick out through the mouth. A novel method of getting supper, and one you should definitely not try at home! 

Parasitic forms, like flukes and tapeworms, clearly illustrate the basic strategy of being a parasite - if you don't need it, get rid of it. Parasites in this phylum are highly modified, and lack the obvious cephalization of Planaria and the other free-living genera from which they are descended. The evolutionary origins of flatworms are still unknown. 
Flatworm phylogeny is a real mess! The acoelomate body plan thought to unite the various groups of flatworms led us down a blind alley. We assumed that this shared trait marked them as a monophyletic group. More recent studies revealed that the traditional three classes are paraphyletic, or even polyphyletic, and we are still sorting out the changes. It seems clear that at least some flatworms are basal to the other bilateral animals (basal means ocupying a position lower down on the “tree of life”, closer to the “root” ). The other flatworms are more closely to the annelids and molluscs.


Characteristics of Classes 

Class Turbellaria - flatworms (Planaria; fr. L. turbella = turbulence); 3,000 sp. 

Flatworms are commonly found in marine and freshwater habitats, moving along the undersides of underwater rocks, leaves or sticks. Feeding flatworms evert a long pharynx out of their mouths. This tube leads directly into the digestive tract. The intestine is a simple sac with one opening. Two large branches run down the length of the body. Side branches of this gut cavity reach almost all of the clusters of cells in the flatworm's body. 

They also show the typical arrangement of a series of circular muscles surrounding a series of longitudinal muscles. Movement is aided by a carpet of cilia along the epidermis (usually the ventral surface) that gives them a smooth gliding motion. The turbulence caused by the beating cilia is visible as a swirling of tiny nearby particles, giving the Class its scientific name Turbellaria, which means whirlpool. 

Flatworms reproduce asexually by transverse fission, dividing cross-wise into small buds that develop into complete adults, or by reciprocal copulation with internal fertilization. They excrete ammonia wastes by diffusion, and water and other wastes through special cells called flame cells, named from the flickering of the tiny cilia that drive fluids through the complex network of excretory tubes that crisscross the body. They have two lateral nerve cords and a rudimentary brain, really a cerebral ganglia. A ganglion (-ia) is just a large concentration of highly interconnected nerve cells, the nervous system equivalent of a telephone junction box. In addition to their auricles and eyespots (see below), flatworms have primitive balance organs called statocysts, which consist of a cup of cells with pressure sensitive hairs and small grains of material that can roll around to tell the animal which way is up. 



Class Trematoda - flukes (Chlonorchis, Schistosoma) 

There are over 11,000 species of trematode flukes. The digenean flukes are endoparasites on all classes of vertebrates, while the monogenean flukes are ectoparasites of aquatic vertebrates (mostly fishes). Although trematodes are generally similar to turbellarians, they are highly modified as parasites. Flukes have one or two large suckers to attach themselves to their hosts. Their extra tough epithelial tissue (cuticle) resists being digested by the enzymes they encounter in the bellies of their hosts. 

Like many parasites, they have evolved intricate life cycles, involving multiple hosts. The Chinese liver fluke (Chlonorchis sinensis) needs a fish and a snail as intermediate hosts to complete its life cycle inside the human liver. 20 million east Asians are infected with this parasite, which can cause severe jaundice and even liver cancer. One of the deadliest flukes is the tropical blood fluke Schistosoma. In many tropical countries, worms are introduced into irrigated fields because human feces are used as fertilizer. Schistosoma uses snails as intermediate hosts. After leaving the snail, the worm enters the skin of a farmer wading through the fields. Schistosomiasis is widespread in tropical areas, and causes severe anemia and dysentery. The weakened victims often die of secondary infections. Worldwide, about 200 million people are infected with these dangerous flukes. 



Class Monogenea – flukes; 1,000 sp.
Monogeneans are a small group of aquatic ectoparasites on fish. Unlike trematodes, they have relatively simple life cycles, without multiple intermediate hosts. They use a variety of complex anterior hooks, spines, suckers and clamps to attach to the skin, fins, and gills of fish.


Class Cestoda - tapeworms (Taenia, Dipylidium); 3,400 sp. (fr. L cestus = belt, Gr. oda = resembling) 

Tapeworms represent the logical extreme of the parasite's evolutionary strategy. They have no mouth, and no gastrovascular cavity of any kind. They have no respiratory system, relying on diffusion. They absorb what they need directly from the intestinal fluids of their hosts. Most tapeworms are very specific with regard to the hosts they can infect. 

They have a highly modified head end, called a scolex, with numerous small barbs at the top to aid in attaching to the intestinal wall. The rest of the tapeworm is a ruthlessly efficient machine with a single purpose - make more tapeworms. Behind the scolex are up to 2,000 identical segments called proglottids. These "segments" are designed to break off and serve as sacs full of mature eggs. When you look at these segments under the microscope, the only visible structures are the complete hermaphroditic reproductive systems in each and every segment. And tapeworms, unlike many hermaphroditic species, are usually self-fertilizing. 

As you follow down the length of the worm, the more mature proglottids gradually fill with fertilized eggs, until the eggs blot out all other visible detail. Each of these reproductive sacs can generate around 100,000 eggs when mature. That means a single tapeworm can produce over 600 million tapeworm eggs a year! The shed proglottids look like tiny sesame seeds or grains of rice. These shed proglottids are often picked up during the hosts' grooming. The beef tapeworm, which can reach up to 30 feet long, is shed in cattle feces. When the cow pies dry and turn to powder, they are scattered over the grass, which is eaten by other cows who are then infected. 



Taxonomy 

Subkingdom Eumetazoa
Bilateria

    Protostomia

        Spiralia

            Platyzoa

                Phylum Platyhelminthes - flatworms 
                    Class Turbellaria - flatworms (Planaria) 

                    Class Trematoda - flukes (Chlonorchis, Schistosoma) 

                    Class Cestoda - tapeworms (Taenia, Dipylidium)


Economic, Ecological, and Evolutionary Importance 

Parasitic flatworms include the Chinese liver fluke, tapeworms, and Schistosoma, (schistosomiasis is a debilitating tropical disease). 



Consider This 

What features of flatworms show the typical evolutionary strategy of a bilaterally symmetric animal? 

How do parasitic forms contrast with free-living flatworms? 

How do these differences reflect the basic strategy of being a parasite? 

How is being very flat an "end run" around the problem of increasing body size? 

Why do flatworms have bilateral symmetry and a definite head end? 



Introduction to the Pseudocoelomates 

A large group of ten or more phyla of small aquatic worms, traditionally called the Pseudocoelomata or Phylum Aschelminthes, have long been lumped together on the basis of their general body plan. All were presumed to be pseudocoelomates, having a fluid-filled body cavity derived in a different way than a "true" coelom. This turned out to be a gross oversimplification of a complex evolutionary past. 



Phylum Rotifera - rotifers, "wheel animals" (Philodina); 2,000 sp. 

(fr. Latin rota = wheel, ferre = to bear) 

Rotifers are very widespread aquatic animals, very common in freshwater, marine, and interstitial habitats (small spaces between grains of sand). We usually overlook them because they are so small, about 0.04 to 2 mm in size, not much larger than a big protozoan. They are very abundant, with about 1,000 rotifers in a typical liter of freshwater habitat. Rotifers are pseudocoelomate, with a complete digestive tract, and a muscular pharynx or mastax, which they use to grind their food. They feed by means of a crown of cilia called a corona, which beat together to draw water over the mouth. This tuft of cilia gives them their common name "wheel animals". Rotifers have a primitive eye cup, like the flatworm, and other primitive senses tied into a rudimentary brain. They can be either sessile suspension feeders, filtering out tiny protozoans and algae, and bits of detritus, or raptorial, animals that actively pursue their tiny prey. A few species are parasitic. Some rotifers reproduce sexually, and have separate sexes. Most are parthenogenetic, unfertilized eggs can develop directly into female adults (asexual reproduction). They copulate by means of "hypodermic injection". These strange little animals are a very important link in the food chain in aquatic environments. They may have evolved from flatworms, because they share many basic features, such as flame cells, a similar pharynx, and numerous cilia. 



Taxonomy 
Subkingdom Eumetazoa
Bilateria

    Protostomia

        Spiralia

            Platyzoa

                Phylum Rotifera - rotifers (Philodina)


4 - Mollusks and Annelids
Introduction to Mollusks 

Mollusks are amazingly diverse, with 110,000 named species, second only to the arthropods among all phyla of animals. There may be twice that many or more remaining to be identified. Mollusks include such familiar creatures as clams, oysters, snails, and octopi. They share a distant common ancestor with the annelid worms, an evolutionary heritage suggested by their larval form, called a trochophore larva, found in all mollusks and in certain marine annelids called polychaete worms. It's hard to imagine that a clam could be a close cousin to the earthworm, because most familiar mollusks have a highly modified body type. The ancestral mollusk probably resembled a chiton, a flattened worm like animal protected by a dorsal shell. Mollusks and annelids, along with several other clades of worms, are grouped together in the clade Trochozoa. All trochozoans share a common larval form called the trochophore. Trochozoans are often combined into the larger clade Lophotrochozoa, which includes the lophophorates. These strange animals, which include bryozoans and brachiopods, have a fringe of hollow feeding tentacles called a lophophore. Phylogenetic relationships within the lophotrochozoans are uncertain and controversial.
Both mollusks and annelids probably evolved from free-living flatworms. Both flatworms and mollusks are triploblastic, bilaterally symmetric, and cephalized. But mollusks have developed a true coelom, an internal body cavity enclosed by mesodermal membranes. The coelom in mollusks, however, is strangely reduced to a small space around the heart, sometimes called a hemocoel. Is this the rudimentary beginning of the more elaborate coelom found in higher animals? Or did ancestral mollusks abandon a more active life style for a sedentary existence (like the clam), no longer needing a fully developed coelom? Primitive mollusks also show a rudimentary type of segmentation, an important feature of the annelid worms. Are mollusks descended from annelids, or is it the other way around? The evolution of this group remains a source of great controversy. 

Mollusks are mostly aquatic, and are named from the Latin molluscus, meaning "soft". Their soft bodies are enclosed in a hard shell made of calcium carbonate (CaCO3), which functions as an exoskeleton. This shell is secreted by a thin sheet of tissue called the mantle, which encloses the internal organs like a glove. The mantle creates a small empty space called a mantle cavity, which is modified for different functions in different groups of mollusks. 

Within the mantle cavity hang the gills, highly complex and greatly folded sheets of tissue. Gills are used to exchange oxygen and carbon dioxide in respiration. Cilia on the gills create a flow of oxygenated water through the mantle cavity, carrying off carbon dioxide and nitrogenous wastes. Bivalves like oysters and clams, have greatly enlarged gills that they use for both respiration and filter feeding. Land snails use the mantle cavity as a rudimentary lung. Squid and octopi use the mantle and mantle cavity as an escape mechanism. Mollusks feed by means of a peculiar rasping tongue called a radula, a tiny little chainsaw-like structure made of chitin. Chitin is basically a cellulose polymer with an added nitrogenous group, and is widely found as a structural element in nature, for example in the cell walls of fungi and the exoskeleton of arthropods. 

Within the body of the mollusk, the internal organs are embedded in a solid mass of tissue called the visceral mass. Protruding from the bottom of the animal is a muscular foot, used by the bivalve to dig in the sand, used by the snail to creep along rocks, and (divided into tentacles) used by the octopus to catch prey. Mollusks have an open circulatory system - only part of the blood flow is contained in vessels. Mollusks have a three-chambered heart. Two auricles collect oxygenated blood from the gills, and the ventricle forces it from the aorta into small vessels which finally bathe the tissues directly. The blood pools in small chambers or sinuses, where it is collected and carried back to the gills. The oxygenated blood is then returned to the auricles. This is the same the way oil circulates in your car. The oil pump collects the oil as it drips into the oil pan, then carries it back to the top of the engine and pumps it out to run down over the motor. 

Mollusks also have a well-developed excretory system, using tubular nephridia organized as kidneys, that collect liquid wastes from the coelom and dump them in the mantle cavity, where they are pumped out of the shell. Sexes are separate (dioecious), except for bivalves and some snails, which are hermaphroditic. 

The molluskan nervous system consists of a pair of ganglia and nerve cords, with statocysts (balance organs) and eyes as major sense organs. Mollusks include the largest invertebrates (giant squid) and the smartest invertebrates (the octopus). There are eight or more classes of mollusks, and many fossil classes, but we will focus on the four most familiar classes of living mollusks. 

Mollusks are protostomes, one of the two main evolutionary pathways taken by the coelomate animals. Remember that protostome means "first mouth". The small opening into the embryonic ball of cells that appears early in animal development is called the blastopore. In protostomes, the blastopore becomes the mouth, and the anus appears later on the opposite side. Protostomes like mollusks, annelids, and arthropods develop by spiral cleavage, and their embryonic cells are determinate, the fate of the embryonic cells is fixed very early on in development. The protostome coelom forms from a split within the mesoderm tissue, so they are sometimes refereed to as schizocoels. Contrast this with the deuterostome animals (starfish, chordates), in which the blastopore becomes the anus and the mouth opens elsewhere. Deuterostomes have radial cleavage and their embryonic cells are indeterminate. Deuterostomes are enterocoels, their coelom forms as out-pockets along the gut.



Characteristics of Classes 

Class Polyplacophora - chitons; 800 sp. (fr. Gr. poly = many, plax = plate) 

Chitons are common in rocky tidal pools. They are believed to retain many characteristics of their remote molluskan ancestors. Chitons have a soft bilaterally symmetric body with a simple tube in a tube body plan, protected by a shell of eight overlapping plates. The body is dorsoventrally flattened, much like their flatworm ancestors. Chitons use their radula to scrape up algae and small animals on rocks and other hard surfaces. When threatened, the chiton creates a vacuum under the shell, almost becoming part of the rock. 



Class Bivalvia - mussels, clams, oysters, scallops; 20,000 sp. (fr. L. bi = two, valva = folding door) 

Take the body of a chiton. Place your fingers on each side and squeeze it together so the two sides meet. Let it fall over on its side - congratulations, you've made a clam! Unlike chitons, bivalves are laterally flattened. The body is enclosed between two valves (shells), which are opened by a hinge ligament. This wedge-shaped body plan is an adaptation for burrowing in soft sand. The shells are closed and held together by a pair of strong muscles called adductor muscles, located at either end of the shell. It is these adductor muscles that we eat when we eat scallops. 

Bivalves form a pair of siphons, sometimes formed by folds of the mantle, which let water in (incurrent siphon) or let water out (excurrent siphon). The flow of water is caused by the beating of the cilia that cover the gills. The water current brings in oxygen, food, and gametes, and carries off waste materials. Bivalves are sedentary filter feeders - they don't move around very much. A coating of mucus on their enlarged gills traps small bits of organic matter as the water passes through the bivalve's shell. The highly mobile trochophore larvae allows these sedentary animals to disperse themselves widely. 



Class Gastropoda - snails, slugs, limpets, conch, whelks, abalone; > 62,000 sp. (fr. Gr. gaster = stomach, pod-, foot), 

Take the chitons body and twist it into a spiral, and you have created a snail. This twisting, or torsion, starts during early development. One side of the larva starts to grow faster than the other, and the snail's body gradually becomes twisted around. Eventually, the visceral mass is rotated a full 180 degrees! The gills in snails are located near the front, a more efficient location for a forward moving animal. 

Unlike bivalves, gastropods have a single shell. The twisting of this external shell is actually secondary to the initial twisting of the body mass. Torsion may be an adaptation to improve respiration, or to provide better protection against predators. Snails no longer need to clamp down their shell on a hard surface, as chitons do. They can withdraw into their shell, leaving only a single opening to defend, an opening capped by a shelly plate called an operculum. Torsion also causes a few structural problems. The organs on the right side of the body, such as the gill, nephridium, and the right auricle of the heart, are longer needed, and subsequently disappear. Torsion brings the anus to a rather awkward position directly over the snail's head. The waste stream must pass out the same hole through which the head emerges (bummer!). 

At night, we commonly see many snails with no shells, the slugs. Like all snails, slugs secrete a mucus trail from glands in the foot which helps them move efficiently. Slugs actually have a shell, but the shell is reduced to small plates buried within the outer soft tissues of the animal. Terrestrial slugs are not especially attractive, but the marine slugs, the nudibranchs, are vividly colored and patterned. Like some flatworms, nudibranchs can eat cnidarians and place the cnidocytes in their own epidermis. Their vivid colors are probably warning coloration. 

Like all animals in motion, snails are highly cephalized. Most have a pair of sensory tentacles on the head, and some have primitive eyes on or near these tentacles. Snails also have a radula, a chitinous tongue which they use to scrape algae or animal tissues off the surfaces they glide over. In whelks, the radula is modified as a little drill, which they can use to drill into the shells of other mollusks to feed on them. In many terrestrial snails, the mantle cavity is enriched with blood vessels, and used as a rudimentary lung. These pulmonate snails can still submerge in water, but must periodically return to the surface in order to breathe. 



Class Cephalopoda - octopus, squid; ~700 sp. (fr. Gr. kephale = head, pod = foot ) 

Stretch the chiton's body vertically, and carve the foot into several tentacles - you've made a cephalopod! Cephalopods are marine predators, feeding on fish, crustaceans, and other mollusks. They are the only mollusks with entirely closed circulatory systems. With the exception of the Nautilus, cephalopod mollusks lack an external shell. The chambered nautilus enlarges its shell as it grows, living only in the largest outer chamber, and using the spiral of smaller inner chambers to store or release air, so that it can easily rise and fall in the water. The ventral foot of the chiton becomes a posterior foot, divided into a highly modified set of tentacles, 10 in the squid, 8 in the octopus. These tentacles are all equipped with large sucker discs, which can be used for defense, as well as for capturing and manipulating prey. The mouth is equipped with poison glands. Cephalopods stun or kill their prey with toxic saliva, carry it to their mouth with their tentacles, and then tear the prey apart with their strong beak and radula. Male cephalopods use a modified tentacle to place sperm into the female's mantle cavity during reproduction. 

Giant squid can reach a length of over 60 feet. Giant octopi have been seen in the Sea of Japan with arms up to 45 feet long! Even though they are rarely seen, we know that giant squid exist, because of the titanic battles in the ocean depths between giant squid and the sperm whales that eat them. Sucker scars on the sides of whales can be used to estimate the size of these sea monsters. 

The mantle cavity of cephalopods is modified as an escape mechanism. Cephalopods can forcefully expel water from the mantle cavity by quickly closing their mantle and jetting away to a safe place. Cephalopods also squirt dark ink to hide their escape. Octopi also crawl about the ocean floor, using their tentacles. The actively swimming squid uses jets of water from the mantle cavity to propel itself through the sea. 

Because of the great length of the squid's body, it uses a single large nerve cell to send the escape message from its brain down to its lower body. This nerve cell is so large that a narrow glass tube can be inserted inside the slender axon to permit experiments and observations on nervous conduction. Study of these giant nerves gave us our first insights into how nerve cells conducted electrical signals. Cephalopods are highly cephalized, with large, complex brains capable of primitive problem solving, and some very advanced sensory organs. The eye of the octopus is very elaborate, with a retina and basic structure very similar to the eyes of vertebrates. It is a marvelous example of convergent evolution. 



Taxonomy 

Subkingdom Eumetazoa
Bilateria

    Protostomia

        Spiralia

            Throchozoa

                Phylum Mollusca 
Class Bivalvia - mussels, clams, oysters, scallops 
Class Gastropoda - snails, slugs, conch, whelk, limpet 

  

Class Cephalopoda - squid, octopus, nautilus 

  

Class Polyplacophora - chitons 



Economic, Ecological, and Evolutionary Importance 

Edible mollusks form the basis of a multi-billion dollar seafood industry. 

Mollusk shells are sold as souvenirs, or as jewelry, and oysters produce pearls. 



Consider This 

Think of how the various types of mollusks can be shaped by squeezing, stretching or twisting the body of the primitive chiton. 

If a coelom is so important, why is it greatly reduced in this phylum? 

How do we know that mollusks and earthworms are closely related?  

Why are cephalopods the only mollusks that have evolved a closed circulatory system? (Hint: How does their life differ from that of the clam or snail?) 



Introduction to Annelids 

Annelids are coelomate, with a simple tube-in-a-tube body plan. The identical segments each contain circular and longitudinal muscles. The outside of the worm is covered with small stiff bristles called setae. Setae are made of chitin, and each of them is equipped with a tiny retractor muscle. Setae function to anchor the worm in its burrow, and also to help it crawl along. Annelids have a closed circulatory system; the blood is entirely contained in vessels. Annelids have no lungs, although many species have simple gills. Respiration occurs by diffusion through the moist surface of the body. That's why earthworms die so quickly when their epidermis dries up. They literally suffocate! Excretion is handled by tubular nephridia, with one pair of nephridia in each segment. Annelids have a well-developed nervous system, a visible brain consisting of several cerebral ganglia, with smaller ganglia controlling each segment down the length of the nerve cords. While many annelids are tiny, on the order of 1/2 mm, the Australian earthworm stretches an amazing 3 meters! 

The annelid worms owe their evolutionary success to segmentation. The coelom becomes divided into a linear series of identical fluid-filled compartments, or segments, that run between the head and the anus. The 8,600 species of annelid worms take their name from the Latin anellus, meaning "little ring". Another word for segmentation is metamerism, from the Greek word meta (=between) and mere (=part, or segment); Segments are literally the "parts between" the anterior and posterior. 

Segmentation probably evolved as an adaptation for burrowing. Segments are usually separated by transverse membranes called septae. Coelomic fluid can be shifted from one fluid compartment to the next, allowing a much finer control over the hydrostatic skeleton provided by the coelom. Better muscular control makes annelids excellent swimmers and burrowers. 

Segments are formed from the muscles of the body wall and coelomic spaces, which are derived from the mesoderm. Once the mesoderm has segmented, the rest of the animal's "supply systems", such as circulatory, nervous and excretory systems, must adapt accordingly. Some organs, like excretory organs, may be repeated in each segment. But the digestive tract, nerve cords and blood vessels must run continuously through all the segments. Segmentation is a significant evolutionary step, and evolved independently in both annelids and chordates. Segmentation offers many advantages: 

1) Segments are identical. If one or more is harmed, the others may be able to survive and repair the damage. Like flatworms, annelids have amazing powers of regeneration. 

2) Segments allow for very efficient locomotion over solid surfaces, due to the interplay of the muscles in each segment. The coelomic compartments provide a hydrostatic skeleton. Muscles push against the fluid filled coelom. Waves of muscular contraction ripple down the segments, causing them to expand or contract independently. 

3) Worms can burrow through the earth by contracting and expanding the muscles in each segment. By anchoring certain segments to the ground with special bristles, annelids can pull and push themselves through the soil. 

4) Segments are free to specialize in various ways, a trend that culminates in the complex bodies of arthropods. The elaborate heads and mouthparts of insects, for example, are formed by fused segments. 

The combination of bilateral symmetry, a true coelom, and segmentation created new possibilities for organisms. Further specialization could now take place along the sides of the cephalized and forward-moving animal body. The success of the annelids, arthropods and chordates are the end result of this independently evolved breakthrough. Earthworms and polychaetes evolved from a common ancestor, a primitive burrowing marine worm. Leeches probably evolved from earthworms. Like earthworms, leeches lack parapodia and cephalization. They are also hermaphroditic, develop a clitellum and lay eggs in a cocoon. 



Characteristics of Classes 

Class Polychaeta - tubeworms, paddleworms (Nereis), sea mice; 5,400 sp. (fr. Gr. poly = many, khaite=long hair or bristle) 

These mostly nocturnal marine worms are the most primitive members of the Phylum Annelida. They are both common and abundant. One study in Tampa Bay found 13,425 polychaetes per square meter of ocean floor! Polychaetes are sometimes called paddleworms, because each segment has a pair of paddle-like appendages called parapodia. These paddles, often covered with setae, are used for swimming, crawling along, and burrowing, and also provide more surface area for respiration. Most polychaetes also have gills to aid in respiration. This extra need for aerated blood probably results from their active life styles. Many polychaetes, however, are filter feeders, living in burrows sunken into the soft sediments of the ocean floor. 

They are highly cephalized, with complex sensory organs. Most have eyes, complete with a lens and retina. Burrowing and tube species also have statocysts (balance organs), which use diatom shells, grains of quartz, and sponge spicules as balance weights. Burrowing worms need to know which way is down. Polychaetes have separate sexes, and rely on external fertilization in water. They often congregate in huge mating swarms, which are driven by the phases of the moon. Mating swarms greatly increase the chance of successful external fertilization. This primitive group develops from a trochophore larvae, as do the mollusks, suggesting that these animals are descended from a common ancestor. 



Class Oligochaeta - earthworms (Lumbricus); 3,100 sp. (fr. Gr. oligos = few, khaite = bristle) 

Earthworms live in the soil, and also in the bottom debris of all kinds of freshwater habitats. A few species have even reinvaded the ancestral ocean. Like polychaetes, they are common and extremely abundant. One meadow was found to contain over 8,700 oligochaete worms per square meter. Most oligochaetes are detritivores, feeding on dead organic matter, mostly vegetable matter. Freshwater forms eat detritus, algae, and protozoans. 

Earthworms are critically important in aerating the soil. They literally eat their way through the earth, digesting small particles of organic matter in the soil. The pharynx draws in food as the worm chews through the soil, and the particles of food are ground up by soil particles in the crop and gizzard. From 22 to 40 metric tons of soil per hectare per year pass through the guts of one or more earthworms, an estimate made by Charles Darwin in his book on earthworms. Darwin was the first person to realize the tremendous importance of earthworms in aerating and churning the soil, and breaking down dead vegetation. Because they burrow through the ground, they have shed many of the features of the more primitive polychaetes. They lack parapodia, and are not highly cephalized. Although they have no eyes, they have many light sensitive organs in some segments. Oligochaetes that live in dryer environments excrete nitrogen wastes as urea, which uses less water to dissolve, in addition to the usual ammonia waste. They have a complex circulatory system, with a row of five muscular blood vessels serving as hearts. 

Earthworms can reproduce asexually by transverse fission, much like the flatworms. Earthworms are hermaphroditic, and fertilize one another simultaneously with the help of a special structure called a clitellum. The clitellum is the small bump that forms one of the few external features of the worm. It is really a series of segments swollen by large mucus glands. Mucus secreted by the clitellum helps hold the animals together during mating. A few days after copulation, the fertilized eggs are released into a mucus sac, which slowly sloughs off the end of the worm, and dries into a hardened cocoon, which protects the eggs until they hatch. 



Class Hirudinea - leeches; 500 sp. (fr. L. hirudo = leech) 

Some leeches are predators or scavengers, feeding on worms, snails, and insect larvae. But many species (about 75% of them) suck the blood of mammals and even some crustaceans. They have an anterior and posterior sucker for attaching to the skin of their hosts. They are excellent swimmers, and their suckers also helps attach them to the bottom as they crawl along. Leeches are common in freshwater habitats, but only a few species are marine or terrestrial. One Illinois stream contained 10,000 leeches per square meter! 

The coelom is greatly reduced, and not divided into compartments. Because leeches move by swimming or crawling, they have lost these coelomic adaptations for burrowing. The blood meal is stored in special pouches in the digestive tract, so leeches don't need to feed very often. And a good thing, too, because a feeding leech will suck up to five to ten times its own weight in blood! When they attach, leeches secrete a special anticoagulant to keep the host's blood flowing. Because medieval physicians believed that "bad blood" caused diseases, patients were bled with leeches until they often died of anemia. The medicinal leech, Hirudo medicinalis, is enjoying a modern day revival, because its bite is antiseptic, and the anticoagulant that it secretes will dissolve blood clots. Leeches are also used to drain postoperative swelling. Lancing the swelling in order to drain it often leads to infection. The best way to remove a feeding leech is by using the tip of a lit cigarette (or cigarette-like object) or by pouring salt over the leech. 



Taxonomy 

Phylum Annelida 

  Class Oligochaeta -earthworms (Lumbricus) 

  Class Polychaeta - tubeworms, paddleworms (Nereis) 

  Class Hirudinea - leeches



Economic, Ecological, and Evolutionary Importance 

Earthworms are critical in soil aeration and soil fertility. 

Leeches have been used as a medical anti-coagulant for hundreds of years. 

Worm ranching is a major industry, with sales to both gardeners and fishermen. 



Consider This 

How does the body of the leech reflect its parasitic strategy? 

Why do we believe that mollusks and annelids are closely related? 

How/why is segmentation a useful adaptation for a burrowing animal? 

How does segmentation open up a new pathway for evolutionary success? 





5 – Ecdysozoans – Nematodes and Arthropods 
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Ecdysozoans are animals that need to molt in order to grow. They have an exoskeleton, a tough cuticle containing chitin, that is periodically shed as they develop. Ecdysozoans share numerous other features, including radial cleavage in their embryos (unlike most other protostomes), and movement without the aid of cilia. They also lack the trochophore larva common to the annelids and mollusks. Because of their pattern of radial cleavage, we distinguish ecdysozoans from spiralians as part of the larger clade of Protostomia. Both ecdysozoans and spiralians share a common ancestor.


Phylum Nematoda - roundworms (Ascaris, Tubatrix [vinegar eels]; fr Gr. nema = thread, oda = resembling); 12,000 sp. 

Nematodes are incredibly diverse, with over 12,000 named species, living in all aquatic habitats, including the water film that surrounds particles of soil or grains of sand in aquatic habitats (interstitial habitat). They are critically important ecologically, as major recyclers of organic matter in the soil, and in aeration of the soil. Nematodes feed mainly on the abundant soil bacteria and fungi, as well as other small animals, including other nematodes. They are economically important, because the parasitic forms are major pests of agricultural crops, causing an estimated $5 billion in damage each year! 

They are round, bilaterally symmetric and pseudocoelomate, with a toughened cuticle, an outer layer that protects the parasitic forms against digestive enzymes. They usually molt four times during the course of their development. The basic body shape seems to be an adaptation for living in interstitial habitats. Nematode worms lack circular muscles. They only have longitudinal muscles, and thus appear to thrash about aimlessly. This type of motion appears rudderless when we see them free floating in water or vinegar (Tubatrix), but works very well in their usual interstitial habitat, where there are plenty of packed grains of soil to push against and wriggle through. 

They are mainly aquatic. Even the terrestrial forms are basically aquatic, living in the thin film of water that usually coats grains of soil. Males are often smaller than females, and have a copulatory hook at the posterior end with which they can hold open the genital pore of the female. Nematodes excrete ammonia by diffusion, sometimes in conjunction with special excretory cells that are peculiar to this phylum. They have a rudimentary nervous system, with a nerve ring serving as a brain, nerve cords that run the length of the body, and numerous bristles and other structures for mechanical and chemical senses. 

Some of the nastier parasitic forms deserve special mention. Nematodes of the genus Trichinella form cysts in pork, which can lead to a deadly case of trichinosis. When the larval worms begin to tunnel through the body, as many as 500 million at a time, the resulting physical trauma can be fatal, and survivors are often left with permanent muscle damage. Hookworms and pinworms are common nematode parasites found in small children, or in anyone walking barefoot over infected soil. Filarial worms are a serious pest in many tropical countries, and cause the grotesque swelling called elephantiasis. The common canine heartworm, Dirofilaria, is also a filarial worm. Ascaris, the intestinal roundworm, is a common parasite of humans and pigs. A single female holds up to 30 million eggs, and can lay up to 200,000 eggs a day. The eggs are spread from dried feces contaminating the soil. One out of six people worldwide are infected with intestinal roundworms (yuck!). 

Because nematodes are not segmented worms, they used to be classified much “farther down the trunk” of the tree of life. Segmentation was thought to link the arthropods with the annelid worms, through some unknown common ancestor. We now believe that segmentation evolved independently in these two groups. Given the complexity of molting, however, we elevated the importance of that trait to define a new group, the Ecdysozoa, containing both the nematodes and arthropods.



Taxonomy 

Phylum Nematoda - roundworms (Ascaris, Tubatrix [vinegar eels]) 



Economic, Ecological, and Evolutionary Importance 

Nematodes cause billions of dollars in crop damage every year. 

Nematodes are important in soil aeration, as global recyclers of bacteria and fungi, and as food for other animals. 

Many nematode parasites are medically important, such as Ascaris, the intestinal roundworm, Trichinella, hookworms, pinworms, and filarial worms. 



Consider This 

How does the nematode's lack of circular muscles help it move through the grains of soil and other particles in its natural habitat? 



Introduction to Arthropods 

This is not, as the Victorians called it, the Age of Mammals. The planet today is almost completely dominated by a single phylum of animal life. On land, in the sea, even in the air itself, they are the true masters of the Earth. They are the arthropods. Arthropods are coelomate protostomes, dominating the protostome branch of the animal tree, just as vertebrates dominate the deuterostome branch. Arthropods share a common ancestor with polychaete worms, and may even be a direct descendant of polychaetes. But unlike other coelomate invertebrates, the arthropod coelom is greatly reduced in the adult animal. 

There are nearly 1.2 million named species in the Phylum Arthropoda, named from the Greek arthros (= jointed) and poda (= foot), including the familiar arachnids, crustaceans, and insects, together with a host of less familiar critters, like centipedes, millipedes and sea spiders. All arthropods have jointed appendages. This evolutionary innovation is probably the key to the stunning success of this diverse group. There are about 1018 (10 billion billion) arthropods alive at any one time. There are over three times as many species of arthropods as there are of all other animals on Earth, and there may be millions more that we haven't even discovered. Arthropods do everything with legs or modified legs. They walk, they swim, they creep and crawl, they use legs to sense with (the antennae), to bite and sting with, and even to chew with. That's one reason arthropods look so alien when we see them up close. They chew sideways, and it's all done with legs. 

Their bodies are protected by an tough cuticle made of proteins and chitin, a polysaccharide with added nitrogen groups. A cuticle is a tough outer layer of non living organic material. The cuticle of arthropods acts as an exoskeleton. Most are very small, though a few lobsters reach up to a meter, and one giant crab grows to 3.5 meters long. 

Fossil insects were also very large. Ancient dragonflies had wingspans of 17” (430 mm) or more. But living insects are uniformly small. Perhaps smaller insects were better at hiding or escaping from their many predators. Terrestrial arthropods remain small primarily because of the limitation imposed by their exoskeleton. A large insect would need such a thick exoskeleton to withstand its strong muscles that the weight of the cuticle would be too great for the animal to carry around. For a small animal, having your skeleton on the outside is as logical as having it on the inside. But it poses a fundamental problem for arthropods. They must shed their exoskeleton, or molt, in order to grow. The exoskeleton splits open. the animal emerges and swells to a larger size until the newer, larger exoskeleton is hardened. While the animal molts, it is especially vulnerable - just ask a plate of soft-shelled crabs! 

Arthropods have segmented bodies, like the annelid worms. These segments have become specialized, however, with one pair of jointed appendages added to each segment. Among living arthropods, the millipedes most closely suggest what the ancestral arthropod might have looked like. Arthropod segments have also fused together into functional units called tagma. This process of segment fusion, or tagmosis, usually results in an arthropod body that consists of three major sections, a head, thorax, and abdomen. Sometimes the head and thorax are fused together into a cephalothorax. Each of these body sections still bear the appendages that went with it, though these appendages are often highly modified. Arthropods are very highly cephalized, often with intricate mouthparts and elaborate sensory organs, including statocysts, antennae, simple eyes and compound eyes. Sensitive hairs on the surface of the body can detect touch, water currents, or chemicals. Their nervous systems are highly developed, with chains of ganglia serving various parts of the body, and three fused pairs of cerebral ganglia forming a brain. 

Aquatic arthropods respire with gills. Terrestrial forms rely on diffusion through tiny tubes called trachea, or layers of tissue called book lungs. Trachea are cuticle-lined air ducts that branch throughout the body, and open in tiny holes called spiracles, located along the abdomen. Insects can open and close these spiracles, to conserve water that would otherwise be lost to evaporation from the open tubes. Book lungs are made of sheets of tissue that resemble the pages of a book, providing a lagre surface area for diffusion. One of the reasons that insects are small is that they rely on diffusion for respiration.
Arthropods excrete by means of malphigian tubules, projections of the digestive tract that help conserve water. Terrestrial forms excrete nitrogen as uric acid, as do birds. Their waste is nearly dry, a superb adaptation to life on land. Arthropods have an open circulatory system, and separate sexes. Fertilization is usually internal, another adaptation for terrestrial life. Males and females often show pronounced sexual dimorphism. 



Taxonomy 

Subkingdom Eumetazoa
Bilateria
    Protostomia

        Spiralia

            Ecdysozoa

                Phylum Nematoda – roundworms, Ascaris, Tubatrix (vinegar eels)
Phylum Arthropoda 
    Subphylum Chelicerata 

       Class Merostomata - horseshoe crabs, 

       Class Arachnida - spiders, scorpions, ticks, mites 

     Subphylum Crustacea - crustaceans 

     Subphylum Myriapoda 

        Class Chilopoda - centipedes 

        Class Diplopoda - millipedes 

     Subphylum Hexapoda - insects 

            Order Hymenoptera - ants, bees, wasps 

            Order Coleoptera - beetles 

            Order Lepidoptera - butterflies, moths 

            Order Diptera - flies, mosquitoes 

            Order Orthoptera - grasshoppers, crickets, roaches 

            Order Odonata - dragonflies 

            Order Isoptera - termites 



Characteristics of Subphyla, Classes, and Orders
Arthropod systematic is currently very fluid, with molecular evidence now contradicting the traditional views of how the major clades are related to each other. Some authorities use the traditional grouping of insects, centipedes and millipedes into the clade Uniramia or Tracheata, others  place insects with crustaceans in the clade Pancrustacea.


Subphylum Chelicerata: 

In chelicerates, the first pair of appendages are called chelicerae, and are modified to manipulate food. They are often modified as fangs or pincers. Chelicerates lack antennae. 

Class Merostomata - horseshoe crabs (Limulus) 

Horseshoe crabs have larvae that are very similar to trilobites, and they may be descendants of this long vanished group. Horseshoe crabs are nocturnal, feeding on annelids and molluscs. They swim on their backs, or walk upright on five pairs of walking legs. They live in the deep ocean, migrating inshore in large numbers in the spring to mate on the beaches during moonlight and high tide - much like undergraduates on Spring Break. 

Class Arachnida - spiders, scorpions, ticks, mites, and daddy longlegs 

This very successful group of arthropods have four pair of walking legs (8 legs). The first pair of appendages are the chelicerae, and the second pair are pedipalps, appendages modified for sensory functions or for manipulating prey. They are mostly carnivorous (many mites are herbivores). Most secrete powerful digestive enzymes which are injected into the prey to liquify it. Once dissolved in its own epidermis, the prey is sipped like a root beer float. 

Order Scorpiones (1,340 sp.) - Scorpions have pedipalps modified as pincers, along with a venomous sting in their tail. Scorpions date back to the Silurian, about 425 mya, and may be the first terrestrial arthropods. 

Order Araneae (38,000 sp.) - Spiders have special modified posterior appendages called spinnerets, which they use to spin their webs. Not all spiders spin webs. Wolf spiders are the tigers of the leaf litter, and the common jumping spider leaps several times its body length to catch its prey. Spiders use pedipalps as copulatory organs. Spiders breathe by book lungs 

Order Acari - (50,000 sp.) - Ticks and mites are the largest and most diverse group of arachnids. Most are very tiny, less than 1 mm long. The thorax and head are fused into a single unit (cephalothorax). Ticks are bloodsucking parasites, and can carry diseases like Rocky Mountain Spotted Fever and Lyme Disease. 

Order Opiliones (5,000 sp.) - Daddy Longlegs is a familiar arachnid. It has an oval body with extremely long legs, which they frequently lose in various accidents and brushes with predators. They are predators, herbivores, and scavengers. Look at them closely next time you see one. They carry their eyes atop a little tower on their back (weird!). 



Subphylum Crustacea - (38,000 sp.), crabs, shrimp, lobsters, crayfish, isopods, barnacles, brine shrimp 

Crustaceans are mostly marine, and dominate the ocean to the same degree that insects dominate the land and air. Despite their aquatic diversity, there are very few terrestrial crustaceans, just as there are very few truly aquatic insects. Crustaceans have biramous appendages. Each leg has an additional process, like a little miniature leg branching off from the main leg. Many groups of crustaceans have lost this extra appendage during subsequent evolution. The Order Decapoda have five pair of walking legs, and include the familiar crabs, lobsters, and crayfish. The first and second pair of appendages are usually modified as antennae. Crustaceans have two pair of antennae. Another set of anterior appendages are modified as mandibles, which function in grasping, biting, and chewing food. Behind the mandibles are five pairs of accessory feeding appendages (two pairs of maxillae and three pairs of maxillipeds). These also assist in the creating a flow of water over the gills. Male crayfish also use one pair of legs as a copulatory organ. All crustaceans share a common type of larva called a nauplius larva. 

Order Isopoda, Isopods have many common names, such as Pill bugs, Roly-Polys, Woodlice, Bibble Bugs, Cheesybugs, Cud-worms, Coffin-cutters, Monkey Peas, Penny Pigs, Sink-lice, Slaters, Sowbugs, Tiggyhogs, and (in New Orleans) Doodlebugs. They are one of the few successful terrestrial crustaceans. They feed on decaying vegetation in the leaf litter. Their deep sea cousins can reach an enormous size.


Subphylum Myriapoda - centipedes, millipedes 

Uniramians have a single pair of antennae, and uniramous appendages. They probably share a common ancestor with the velvet worms (Onycophora). 

Class Chilopoda - (2,800 sp.) Centipedes dwell in damp places under old logs and stones. They are carnivorous, eating mostly insects. They are highly segmented, and have one pair of legs per segment. Despite the name, the number of legs comes out to considerably less than one hundred (centi = 100). The first trunk segment bears poison fangs. Centipedes are very dangerous, and their bite is extremely painful. 

Class Diplopoda - (1.1,000 sp.) Millipedes share the same habitat as centipedes, but they are mostly herbivorous, feeding on decaying vegetation in the leaf litter. Animals that feed on detritus are called detritivores. They have two pair of legs per segment, (less than a thousand [= milli], but lots more than a centipede). Each segment of the millipede is actually two segments fused together (hence the double set of legs). They can secrete a defensive fluid that smells bad, and a few species actually secrete tiny amounts of cyanide gas to protect themselves! 



Subphylum Hexapoda - insects 

Class Insecta - (925,000 sp.) If we knew all the different insects on Earth, there could be as many as 30 million species. Insects evolved about 200 mya, with cockroaches and dragonflies among the first to appear. Insects have a head, thorax, and abdomen, with three pair of legs (6 legs) on the thorax. (Crustaceans have legs on the abdomen as well as on the thorax). Most insects have one or two pairs of wings. They are the only invertebrates that fly. Most have compound eyes, and can communicate by sound and scent, using powerful chemical hormones called pheromones. 

Insects have extremely elaborate mouthparts, consisting of an upper lip (labrum), mandibles, a pair of appendages called maxillae which aid in chewing, and a second pair of maxillae which are fused together to form a lower lip (labium). These mouthparts are highly modified in various groups for chewing, sucking, and piercing. Insects undergo metamorphosis as they develop, changing from one form to another as they mature. Some (about 10%) show simple metamorphosis, in which there is no resting stage. The juvenile stages look like tiny versions of the adults. Most (90%) show complete metamorphosis, in which one stage is an inactive pupa, like the cocoon of the moth or the chrysalis of the butterfly. Their larvae are often radically different from the mature adult (like the butterfly and the caterpillar). They not only look different, they live in different places and eat different food. 



Economic, Ecological, and Evolutionary Importance 

The many ways that arthropods help us and hurt us are almost too numerous to mention. 

They provide seafood, and pollinate fruit crops. 

They also cause billions of dollars a year in crop damage. 

They cause or carry a host of diseases, such as malaria and the plague. 

Ecologically, they are critically important herbivores. Arthropods are the primary converters of plant tissue to animal tissue on the planet! 



Consider This 

How do segmentation and tagmosis account for the success of arthropods? 

Why aren't bugs the size of Buicks? 

Trilobites were among the most successful arthropods on Earth, once numbering over 10,000 species. Why are they all gone? 

How does the smooth flow of muscle contractions in the moving millipede relate to the evolution of segmentation in annelids and arthropods? (Hint: Why is a segmented body plan useful for a burrowing animal?) 





6 - Echinoderms and Chordates 
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Introduction to Echinoderms 

Our closest cousin among the invertebrates is a most unlikely taxon, the echinoderms (Phylum Echinodermata, = spiny skin; 6,000 sp ) Echinoderms are coelomate deuterostomes. They show a superficial five part (pentamerous) radial symmetry. The larvae are bilaterally symmetric, cephalized, and motile, but they develop into sessile or sedentary radially symmetric adults. 

All echinoderms are marine. They have a calcareous endoskeleton, consisting of numerous small plates covered by a thin epidermis. They are probably the first animals to have evolved an endoskeleton derived from mesodermal tissue. Numerous small spines project from the surface of the body. Echinoderms have an open circulatory system, and respiration and excretion occur by means of dermal gills, small finger-like projections of the skin that stick out near the base of the spines on the surface. The large coelom also functions in circulation and in respiration. Mixed in with the spines and dermal gills on the surface of the animal are numerous small pincers on tiny stalks, structures called pedicillaria. These can snap shut on tiny prey, and help keep the animal's skin clear of any small settlers (they repel boarders). 

Echinoderms move by odd little hydraulic structures called tube feet. Each tube foot has a small bulb called an ampulla. The ampulla squeezes water into the tube foot to stretch it out, with a one way valve keeping it from returning to the radial canals until the ampulla relaxes. Longitudinal muscles in the feet contract to shorten them, pulling the animal along. Water enters the animal through a madreporite, a tiny sieve plate that keeps out pieces of debris. Water passes into a ring canal, out into a series of radial canals, and finally into the tube feet. Tube feet can function in both locomotion and in feeding. 

Echinoderms have no brain, or central nervous system, consistent with their return to a sedentary life with a radially symmetric body plan. The nervous system consists of a simple nerve ring, with five branches to innervate the arms. Their senses are rudimentary, including light sensitive eyespots and sensory tentacles (modified tube feet) at the tips of the arms, and small patches of cells sensitive to chemicals or touch. 

They have an unusual type of connective tissue, mutable or catch connective tissue, which can change consistency at will, from very hard to very soft. This is what allows starfish to flex their arms, or drop an arm if attacked by predators. Catch connective tissue also solidifies to lock the spines of urchins into their defensive position. Asexual reproduction occurs by splitting or fragmentation. Sexes are separate, with external fertilization. They have great regenerative powers; one arm can regenerate an entire starfish! 

There are five living classes, but over 20 extinct classes of echinoderms. The ancestral echinoderm was probably an animal like the sea lily, which resembles an upside-down starfish on a stalk. The tube feet and water-vascular system originally functioned in filter feeding. Some echinoderms returned to an "active" existence, detached and flipped over (mouth side now down), with the tube feet now functioning in locomotion. 



Taxonomy 

Phylum Echinodermata 

Class Asteroidea - starfish 

Class Echinoidea - sea urchins, sand dollars 

Class Ophiuroidea - brittle stars 

Class Holothuridea - sea cucumber 

Class Crinoidea - sea lilies 



Characteristics of Classes 

Class Asteroidea - (1,500 sp.), starfish 

Starfish are important marine predators. They are wolves in slow motion. Most have five arms. Note that the radial symmetry is only superficial, due to the presence of the madreporite. Some starfish can actually feed on bivalves by extruding their cardiac stomach. They can squeeze through an opening a mere 1/10 mm wide, within the natural tolerance of the irregular edges of bivalve shells. 



Class Echinoidea - (950 sp.), sea urchins, sand dollars 

Echinoids lack arms, but still show the characteristic five-part symmetry of the other echinoderms. You can clearly see the five rows of tube feet on the shells you will see in lab. There are over 5,000 fossil species of sea urchins. They are well protected by sharp spines, attached to the endoskeletal plates. These spines can get to be very long. Sea urchin spines are movable, and help the urchins crawl about. Sand dollars are sedentary echinoids. Echinoids feed by scraping algae off the substrate with their sharp teeth. Sea urchin roe is an Oriental delicacy,and popular in Spain, Greece, Italy and Chile. It is a misnomer; it is not the eggs but the gonads that are eaten as roe. In Japanese sushi the dish is known as “uni”. It is believed by many to be an aphrodisiac, and contains one of the cannabinoids (chemicals found in marihuana). 
Class Ophiuroidea - (2,000 sp.), brittle stars 

Members of this class resemble starfish, but their long arms are extremely brittle. Tube feet are modified for filter feeding on microscopic plankton. Brittlestars (and most starfish) lack an anus. 

Class Holothuridea - (1,500 sp.), sea cucumbers 

Note the five part symmetry shown by the rows of tube feet. Endodermal plates are greatly reduced to a few small and scattered pieces inside the leathery epidermis. The mouth is surrounded by tentacles, which are actually modified tube feet. Sea cucumbers feed by snaring plankton in the mucus coating on their tentacles. They bring the tentacles into the esophagus to wipe them clean, recoat them with mucus, and feed some more. YUM! Sea cucumbers are considered a great delicacy in the orient (trepang or bêche-de-mere). They have a unique defensive mechanism. When threatened, they can evert sticky stinky hairs from their anus. Enough said... 


Class Crinoidea - sea lilies 

Sea lilies are an ancient group, going back about 530 mya. They were thought to be extinct until they were rediscovered growing on the ocean floor. In sea lilies, the mouth and anus are both on the upper surface on a small disc, with the arms located along the edge of the disc. Crinoid tube feet are modified for filter feeding. 


Economic, Ecological, and Evolutionary Importance 

Some starfish (Crown of Thorns) cause extensive damage to coral reefs. 

Sea cucumbers and sea urchin roe are an Oriental delicacy, supporting a multi-million dollar seafood industry. 

What does the shape of the larvae suggest about the early evolution of echinoderms? 

Consider This 

How are each of the classes of echinoderms derived from the basic starfish body plan? 

How does the radial symmetry of echinoderms relate to their life style? Aren't all higher animals bilaterally symmetric? 



Introduction to Chordates 

We now turn to the last phylum of animals, one that dominates the deuterostomes as thoroughly as arthropods dominate the protostomes, the Phylum Chordata (65,000 sp.). Chordates are coelomate deuterostomes, and probably share a common ancestor with echinoderms. Three important characteristics unite the Phylum Chordata. At some point in their life cycle, all chordates have a notochord, a dorsal hollow nerve cord, and pharyngeal gill slits. A notochord is a flexible supporting rod of cartilage, although in vertebrates the notochord is replaced by a vertebral column. The dorsal hollow nerve cord ultimately forms the spinal cord and the brain in vertebrates. 

The pharyngeal gill slits appear in all chordate embryos, an echo of our distant origin in the sea, but are usually lost in the early development of the organism. Primitive chordates evolved small slits opening into the pharynx. By contracting the pharynx, the animal could draw water into its body and over the gill slits. These slits originally functioned in aiding respiration and capturing food by filter feeding. Smaller, more primitive vertebrates could rely on diffusion for gas exchange, but larger and more active forms required more surface area to allow rapid exchange of gases. Chordates evolved gills, sheets of highly folded tissue in the spaces between the gill slits, tissues with a very rich blood supply to exchange gases. Gill arches were reinforced with cartilage to help hold them open. Over time, the area between the gills, or the gill arches, became ossified (turned harder) and migrated slightly forward to form the first primitive vertebrate jaw. Vertebrates could now bite and chew their prey, and were no longer limited to filter feeding as a way of life. 



Taxonomy 

Phylum Chaetognatha - arrow worms 

Phylum Hemichordata - acorn worms 

Phylum Chordata 

  Subphylum Cephalochordata - lancelets (Branchiostoma) 

  Subphylum Urochordata - tunicates 

Subphylum Vertebrata - vertebrates 

   Superclass Pisces 

    Class Myxini – hagfish 

    Class Cephalaspidomorphi - lampreys
    Class Chondrichthyes - sharks, skates, rays
    Class Actinopterygii – ray-finned bony fishes
    Class Sarcopterygii – lobe-finned bony fishes
   Superclass Tetrapoda 

    Class Amphibia – frogs, toads, salamanders 

    Class Reptilia - snakes, turtles, lizards, crocodilians, dinosaurs 

    Class Aves - birds 

    Class Mammalia - placental (humans), marsupial (kangaroo), monotremes 


 Characteristics of Phyla and Subphyla
Two of the "lesser phyla" deserve special mention, because they show many of the features we associate with modern vertebrates, and have traditionally been grouped with chordates. 

Phylum Chaetognatha - (100 sp., fr Gr. khaite = hair, gnathos = jaws), arrow worms, Sagitta 

I doubt if anyone here has ever noticed one of these worms while swimming in the ocean. These tiny little predators are only 5-100 mm long, and are completely transparent. But they are incredibly abundant. They are the most abundant carnivore in the ocean. They are the tiger sharks of the plankton. The tiny moveable hooks that surround the mouth, and give these creatures their name, are used to capture prey. Prey are injected with a tiny jolt of tetrodotoxin, the same paralytic poison found in some Japanese puffer fish. They lack circulatory, respiratory and excretory organs, relying entirely on diffusion. They are living fossils, going back essentially unchanged for about 500 my. They represent a very early branch on the chordate tree. 



Phylum Hemichordata (90 sp.), acorn worms 

These marine worms are another ancient group, evolving about 450 mya. They may be the first deuterostomes on Earth. They range in size from 2 cm to 1.5 meters. They share some of the fundamental characteristics of the chordates, which we'll review later, such as a dorsal hollow nerve cord and gill slits. We used to think they also had a notochord, another chordate trademark, but closer study revealed this hypothesis to be wishful thinking. They live in U-shaped burrows in the ocean floor. Notice the slits in the side of the pharynx. These pharyngeal slits are used for gas exchange and feeding. This obscure little structure will eventually give rise to the vertebrate jaw, a marvelous example of evolutionary constraint - evolution is constrained to run in certain channels. All subsequent evolution has to start with what's already there. They share a common ancestor with echinoderms, a fact we deduce from their similar larval forms (dipleurula larvae) and other developmental similarities. This larval form, incidentally looks strikingly similar to the trochophore larvae of annelids and molluscs. 



Phylum Chordata 

Subphylum Cephalochordata – (30 sp.), lancelets, Branchiostoma (formerly Amphioxus) 

Lancelets are very common in shallow marine water. They are usually hard to see because they bury themselves in the sand, with only the head end sticking out, so they can filter feed by means of the gill slits in their pharynx. As you might expect of a sedentary filter feeder, their cephalization is greatly reduced. Note the segmented musculature in the body. Segmentation evolved independently in the vertebrate line, perhaps as an adaptation for burrowing. 


Subphylum Urochordata - (1,300 sp.), tunicates 

Tunicates are sessile, marine organisms. They are covered with a cellulose cloak, or tunic, which gives this group its name. They exchange gases and filter feed by means of their pharyngeal slits. They rely on two prominent siphons, an incurrent and excurrent siphon, to pull water through their bodies. The pharynx is lined with cilia, which draw water in. The suspended organic particles stick to a layer of mucus in the pharynx, and are later eaten. These siphons are convergent with mollusc siphons. Tunicates look a bit like molluscs, and a bit like a transparent sponge, and may even function like these organisms, but these similarities are entirely superficial, and the three groups are not directly related. Although these curious animals don't especially look like us, they are very derived from their presumably bilateral and motile ancestors. The larvae of tunicates looks very much like a little tadpole. One of the strongest theories of vertebrate origins suggests that vertebrates arose from tunicate larvae by a process called neoteny. In neoteny, the juvenile form becomes capable of sexual reproduction, and the adult stage is completely bypassed. 



Subphylum Vertebrata 

Vertebrates all have a vertebral column or backbone. The linear series of vertebrae, or backbones, reflects the underlying segmentation of the mesodermal tissues. Vertebrate embryos show this segmentation clearly in the muscles that line the back of the embryo. Cephalization is very pronounced, vertebrates are generally active animals. Vertebrates have extremely well developed sensory organs, and a complex central nervous system with a brain encased in a protective skull. Vertebrates have a closed circulatory system, 



Characteristics of Classes 

Superclass Pisces 

Class Myxini - hagfish; 58 sp.

These primitive jawless fishes were the very first vertebrates. For about 100 million years, the ancestors of hagfish were the only vertebrates! Their skeletons are composed of cartilage instead of bone, and in hagfishes the skeleton is limited to the rudiments of a skull. Hagfishes have no vertebrae and they represent an evolutionary stage prior to the development of even the earliest rudiments of vertebrae. Both hagfish and lampreys lack paired fins. All modern agnathans (jawless fish) are parasites or scavengers, but their ancestors were filter feeders, probably very similar to the lancelets. 
Class Cephalaspidomorphi – lampreys; 35 sp.
In contrast to hagfish, lampreys have both a skull and rudimentary vertebrae and are currently considered a separate clade. Many lampreys are parasites on bony fish. They are often grouped with hagfish as the clade Agnatha (jawless fish).
Class Chondrichthyes - sharks, skates, rays; 970 sp. (fr. Gr. chondros = cartilage, ichthys = fish), 

Like the agnathans, these primitive fish have cartilaginous skeletons. But this group shows several key evolutionary advancements, such as jaws to manipulate food. They also have a primitive sensory system called a lateral line, which they share with bony fishes. The lateral line sensors can detect small pressure waves in water, such as those generated by struggling prey. Lateral lines are the fish equivalent of hearing. Their skin is covered with tooth-like scales called denticles. 

Shark skin, called shagreen, was once used for sandpaper. Sharks were once an important fishery, and were sought, in the days before synthetic vitamins, for their vitamin-enriched liver (they don't get cancer!). Sharks lack a swim bladder, so when they stop swimming they start to sink. Many sharks will drown unless they are in constant motion, because they can only respire by swimming constantly to force water through the gills. They propel themselves through the water with their powerful tails. The pelvic and pectoral fins are used as horizontal stabilizers or rudders. These paired fins are the humble evolutionary origin of the paired limbs of higher vertebrates. 

Class Actinopterygii – ray-finned fishes; 23,000 sp. (fr. Greek aktin = ray, pterygion = fin)
Both classes of bony fishes possess a true bony endoskeleton, well developed bony jaws, a swim bladder with which they can breathe air or regulate their buoyancy (derived from lungs in primitive bony fishes), and protective scales (note: fish scales are not homologous with the scales of reptiles). Both clades together form the clade Osteichthyes (bony fish). Actinopterygiian fish have fins formed from skin stretched over bony or horny rays. Their fins are moved by muscles inside the body, rather than inside the fins themselves.
Class Sarcopterygii – lobe-finned bony fishes; 8 sp. (from Greek sarkodes = fleshy, pterygion = fin)
The lobe finned fishes are a small group of primitive fish whose fins contain a lobe of muscle wrapped around a core of bones. Bony rays only appear at the tips of their fins. Although the group has an extensive fossil record, dating back 390 my, only two species of coelacanth and six species of lungfish still survive today. Amphibians evolved from the lobe-finned fish.


Superclass Tetrapoda 

Class Amphibia - frogs, toads, salamanders; 5,300 sp. (fr. Gr. amphi = both, bios = life) 

Amphibians were the first animals to emerge onto land, and gave rise to all higher vertebrates. This class dates back about 300 mya, and evolved from a clade of extinct  lobe-finned fishes similar to the coelacanth. Their reinforced skeletons enable them to use their pelvic and pectoral bones as limbs to walk about on land. In a very real sense, they never completely left the water. The name amphibian mean amphi=both, bios=life. Amphibians literally they live on both sides of life (land and water). 

Amphibians rely on external fertilization in the water. Their eggs are laid directly in the water, to keep them from drying up, and the larvae develop in the water, returning to land as adults. Their lungs are relatively weak; they supplement their lungs by breathing through their skin. The amphibians' skin must be kept moist, so terrestrial amphibians are restricted to moist habitats. It also makes them very vulnerable to acid rain, ultraviolet radiation and other aspects of industrial air pollution. Amphibians are vanishing all over the world at a frightening rate. 



Class Reptilia - snakes, lizards, turtles, crocodilians, dinosaurs; 8,000 sp. (fr. L. repere = to creep) 

Reptiles are the first fully terrestrial animals, evolving about 280 mya. Unlike amphibians, their limbs hold their bodies off the ground, making for more efficient movement on land. This efficient movement is also aided by better lungs. Rather than pushing air in from their mouths, as amphibians do, reptiles expand the rib cage to draw large amounts of air into the lungs, as do birds and mammals. 
Reptiles are covered with scales derived from the epidermis (fish scales develop from the dermis). Scales help keep reptiles from drying out, and are thus an adaptation to terrestrial life. Unlike amphibians, reptiles rely on internal fertilization, another adaptation to life on land. Reptiles possess yet another marvelous terrestrial adaptation, the amniotic egg. The amnion is a protective membrane which forms around the egg following fertilization. Because the developing young are sealed into a shell filled with nutritive fluids, the young can develop entirely on land. This evolutionary innovation is analogous to the seeds of higher plants. 



Class Aves - birds; 9,000 sp. 

Birds have forearms modified for flight. Their bones are lightweight, and fused together to guard against the stresses and strains of powered flight. The limbs are covered with feathers, structures evolved from scales. Feathers provide insulation and aid in flight. Birds, like mammals, are warm-blooded or endothermic. Birds evolved from theropod dinosaurs in the mid to late Jurassic. 



Class Mammalia - lions and tigers and bears (and biology students!); 5,000 sp. (fr. L. mamma = breast) 

Mammals evolved about 200 mya, and underwent a major radiation during the Cretaceous, literally in the shadows of the dinosaurs. When the dinosaurs vanished, mammals were poised to take their place. Mammals nourish their young with milk from special mammary glands. Although all mammals have nipples, not all mammals have navels. Placental mammals nourish the fetus with in the mother's body by means of a placenta attached to the fetus by a long cord (navels). But many mammals are marsupials, nourishing their young in an external pouch. A few, like the duck-billed platypus and the echidna, are monotremes, mammals that lay eggs like their reptilian ancestors. Like birds, mammals are endothermic. Their bodies are covered with hair, which is a unique evolutionary invention, not related to scales or feathers. Keratin, the same protein that helps form mammalian hair, also forms fingernails, claws, horns, and hooves, in various species of mammals. 


Economic, Ecological, and Evolutionary Importance 

Use your imagination! There are literally dozens of ways in which the various groups of chordates are economically important...Think of all the uses of fur and hair and hides (leather). Think about all the chordates that supply food for humans (hamburgers, eggs, fish etc...). What other industries do chordates support or supply? 

Why is the evolution of the amniotic egg such an important step? How is it analogous to the evolution of the seed in higher plants? 

How does the evolution of segmentation differ in annelids and chordates? Is the ultimate adaptive role of segmentation the same for the ancestors of both groups? 



Consider This 

Why are fish bones so lightweight and tiny? Why are the bones of mammals so relatively heavy? Why are bird skeletons the lightest of all? 

Why do we consider the lateral fins of primitive fishes to be preadaptations? What evolutionary innovations do they anticipate? 





7 - Kingdom Fungi
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Introduction to Fungi 

Fungi were originally grouped together with algae (as "thallophytes"), partly because most fungi are composed of long slender threads that superficially resemble certain types of algae. Many mycologists thought that fungi were descended from algae or primitive plants that had lost their ability to photosynthesize. The most recent molecular studies, however, reveal that fungi are actually more closely related to animals than to plants. 

By now it should be coming apparent that our classification of organisms is often tentative and arbitrary, a best guess based on current information. As a taxonomic souvenir of our earlier hypothesis, fungi are grouped into phyla, a taxonomic term used for plants (the equivalent term for animals is phylum). Many other common botanical terms are used to describe analogous structures in fungi. These superficial similarities may be the result of convergent evolution between fungi and algae. 

There are over 100,000 known species of fungi, but the differences between species are not always readily apparent. Subtle differences in biochemistry set many fungal species apart. Fungi are heterotrophic, and many fungi are parasitic. Fungi and other organisms that feed on dead or decaying matter are called detritivores. Many species of fungi are predators, catching their prey with tiny lassos or miniature missiles or toxic chemicals. 



Fungi and bacteria are vital to the continuation of life on Earth. They are the planetary decomposers, breaking down organic matter into a form usable by other organisms. Only fungi are capable of breaking down lignin, the compound that adds stiffness to the cell walls of plants. 

Fungi also participate in two important symbiotic relationships. Fungi can form lichens, an association of a fungus with a green algae or a cyanobacteria. Lichens are usually presented as a classic example of mutualism, where each partner benefits from the relationship, but some authorities believe that this relationship might be a form of controlled parasitism. Certain fungi are also symbiotic with the roots or gametophyte stages of many types of plants. These mycorrhizae can grow inside roots (endomycorrhizae), or on the outside of roots (ectomycorrhizae). 



The body of a fungi consists of many small threads called hyphae, which intertwine to form a larger body called a mycelium. The cell walls of fungal hyphae are made of polysaccharides, like those of plants or bacteria, but they also contain chitin. Chitin, composed of cellulose with nitrogenous groups attached, is found in many types of animal tissues (like the exoskeletons of insects, or the rasping tongue of the snail). Unlike strands of algae, the cross walls or septae between the cells in fungal hyphae are often incomplete, or lacking altogether. Fungal strands are therefore often multinucleate. 

Fungal hyphae only form a complete cross wall at the very tip of a hyphae undergoing sexual reproduction. This lack of cross walls may be the secret behind the evolutionary success of this widespread group of organisms. Fungi can move materials like nutrients and proteins back and forth very quickly by cytoplasmic streaming. Fungal digestion is extracellular, with the hyphae secreting powerful enzymes to digest the host tissue, then absorbing the breakdown products through their cell walls. Organisms that feed in such a fashion are called saprobes. 

We use many of the same terms for fungal reproduction that we use to describe analogous structures in plants. Spores develop in a sporangium. A hyphal tips that develop into a sexual reproductive structure is called a gametangium. The nuclei inside the fungal hyphae are haploid, unlike the diploid cells of most plants and animals. Therefore, fungi don't have to undergo meiosis before fertilization. 

Fungi reproduce by conjugation, a fusion of nuclei analogous to conjugation in bacteria and certain types of algae. The hyphae of two mating strains of fungi (usually referred to as + or -) lie side by side, and each grows a projection toward the other. These projections, called gametangia, meet and fuse together. The intervening cell walls break down, so that nuclei from each strand can then fuse directly into a diploid zygote. This zygote, the only diploid stage in the life cycle of fungi, undergoes meiosis to form four haploid spores, contained in a small sporangia. A spore is a cell that can develop directly into a complete adult haploid organism. Like most spores, fungal spores are enclosed a special protective wrapper that guards against mechanical or chemical damage. 

The fusion of nuclei in conjugation is delayed in both ascomycetes and basidiomycetes. The two nuclei continue to lie side by side, reproducing separately by mitosis, until each cellular compartment in the hyphal strand may contain two nuclei. The hyphae of these fungi are called dikaryotic, to distinguish them from monokaryotic hyphae. Fungi can also reproduce asexually, usually by forming groups of long hyphae called conidiophores, which resemble a tiny brush. The tips of these conidiophores fragment into hundreds of tiny haploid spores called conidia. 



Each phylum of fungi is characterized by special sexual structures unique to that phylum. Sexual reproduction in zygomycetes results in the formation of zygospores, structures which undergo meiosis and germinate directly into new hyphae. 

Ascomycetes reproduce by forming a mushroom-like fruiting body called an ascocarp. Conjugation, with delayed fusion of nuclei, produces dikaryotic hyphal strands. The tips of these strands form cross walls to isolate a tiny sac or ascus. Ascomycetes are often referred to as sac fungi. The two nuclei in the ascus fuse together into a diploid nucleus, which then undergo meiosis to form four haploid ascospores, which then divide again by mitosis to form eight haploid ascospores. Asexual reproduction is accomplished by conidia bearing conidiospores. 

Basidiomycetes produce fruiting bodies called basidiocarps. Club-shaped structures called basidia hang from the underside of the mushroom, lining thin flaps of tissue called gills. Within these basidia, nuclear fusion occurs, followed by meiosis to produce four basidiospores. Because of the shape of the basidium, basidiomycetes are sometimes called club fungi. 

By focusing on sexual reproduction in classifying fungi, we fell into a taxonomic trap. Many species of fungi have never been observed to undergo sexual reproduction. We used to lump these species together in the artificial taxon Deuteromycota, the imperfect fungi or fungi imperfecti. Most of these fungi imperfecti turned out to be ascomycetes. 



Taxonomy 

Kingdom Fungi 

Phylum Chytridiomycota - Allomyces
Phylum Glomeromycota – mycorrhizae, Glomus

Phylum Zygomycota - molds, Rhizopus (bread mold) 

Phylum Ascomycota - sac fungi (yeasts, morels, truffles) 

Phylum Basidiomycota - club fungi (mushrooms, puffballs, shelf fungi, rusts, smuts)

orphan phyla: 

Phylum Myxomycota - plasmodial slime molds, Physarum 

Phylum Acrasiomycota - cellular slime molds, Dictyostelium 





Characteristics of Phyla  
Phylum Chytridiomycota – (1,000 sp., from Greek for “little earthen pot”) - Allomyces
Chytrids are a small group of microscopic fungi that resemble certain types of protozoans.They are a basal group (primitive), looking more like a protozoan than a fungi. They were formerly considerd an “orphan phylum”, and are often classified as protists. They occur most often as parasites on algae, plants, nematode worms, and frogs. Black wart disease in potatoes is caused by a chytrid. Chytrids are also important as decomposers of some very tough organic materials, such as chitin, keratin, and pollen. They also help many herbivores digest cellulose.
Phylum Glomeromycota – (150 sp.) -mycorrhizae, Glomus
Though not very diverse, this group of fungi contains some of the most important organisms on Earth. Mycorrhizae can grow quickly through a large volume of soil, funneling nutrients to the roots of trees in exchange for some of the food stored in the root. Over 85% of land plants have mycorrhizae asspociated with their roots, and most of these plants would grow poorly without their fungal partners. This symbiotic relationship evolved 400 to 500 mya, and was critical  in the conquest of the land by green plants.
Phylum Zygomycota – (600 sp., from Greek zygon = pair, mykes = fungi) - molds, Rhizopus (bread mold) 

All members of this group form characteristic sexual structures called zygospores. When the mold reproduces sexually, its’ gametangium looks like two little ice cream cones smashed together. The zygote divides by meiosis to form haploid spores. 

Asexual reproduction in zygomycetes, like Rhizopus, produces a growth pattern resembling that of the strawberry. Long hyphae called stolons run along the surface of their food, periodically sinking down root-like projections called rhizoids. Long stalks called sporangiophores arise from the stolons, bearing tiny round sporangia, which break open to release spores. 

Phylum Ascomycota – (45,000 species, from Greek askos = sack) - sac fungi (yeasts, morels, truffles, Dutch elm disease, chestnut blight, ergot) 

Ascomycetes, often called sac fungi, have a wide range of body forms, from the single-celled yeasts to mushroom-like morels. The mushroom-like fruiting body is called an ascocarp. They reproduce asexually by means of special hyphae called conidiophores, which fragment to produce thousands of tiny spores called conidia. Yeasts form tiny buds that break off and grow into larger cells. Sexual reproduction in this phylum involves conjugation, with the two nuclei fusing together at the tip of a hypha to form a nucleated sac called an ascus. Meiosis creates 4 haploid nuclei, which divide again by mitosis to form the characteristic 8 ascospores. 

Ergot fungi of the genus Claviceps infests rye bread and other grains. All by itself, this little fungus has altered the course of human history in areas like Russia where it is widespread. People eating infected rye bread were thought to have been possessed by the devil, because of their wild dancing and uncontrolled behavior. We know now that the chemical causing this behavior is none other than LSD. Mary Matossian wrote a wonderful book about the effects of ergot and other fungi on human affairs, called Poisons of the Past: Molds, Epidemics and History, (Yale UP, 1989). She also argues that ergot poisoning may have been behind the Salem witch trials! 

Phylum Basidiomycota – (22,000 sp., from Greek basidion = little club) - club fungi (mushrooms, puffballs, shelf fungi, rusts, smuts) 

Basidiomycetes, often called club fungi, form a basidiocarp, the fruiting body commonly called a mushroom. The underside of the mushroom cap is filled with thin plates called gills, which they superficially resemble. These gills hold club-shaped sexual reproductive structure called basidia (-ium). The nuclei inside the basidia fuse to form a 2N zygote, which undergoes meiosis to form 4 haploid basidiospores, which appear at the tips of the basidia. Asexual reproduction is very rare in this group. 

Most of the body of a basidiomycete is actually growing under the ground. Because the hyphae of basidiomycetes grow at roughly equal rates from the center of growth, when the hyphae emerge from the ground as the fruiting bodies we call mushrooms, the mushrooms often appear in a large circular ring. These rings of mushrooms are called fairy rings, and in simpler times they were thought to be magical places, where the fairies came to dance at night. After a heavy rain, you can see these fairy rings in yards and parks all over the city. 





Fungal Symbiosis 
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Examine the lichens on display. Notice that lichens come in three basic forms: crustose (flat crust, often seen on rocks), foliose (leaf like), and fruticose (highly branched). 

Examine slides of the lichen thallus (body). Notice the algal cells toward the top, and the tangle of fungal hyphae below. 

Examine slides of mycorrhizae. Observe the fungal hyphae winding through the root tissues. The fungus can grow much faster than the roots of the plants it interacts with, and can obtain nutrients from a large area of soil. It funnels these nutrients back to the plant, in exchange for some of the stored food in the root. 



Things to Remember 

Know the general life cycle of fungi. Compare and contrast the special structures unique to sexual reproduction in each phylum of fungi. 



Ecological, Evolutionary, and Economic Importance 

Chytrids are known for their ability to decompose some of the toughest biomaterials, such as chitin, keratin, and pollen. They also help many herbivores digest cellulose.

Mycorrhizae (glomeromycetes) are essential for the healthy growth of most modern plants,  and were vital to the successful invasion of the land surface by primitive plants.

Many fungi are edible, including gourmet fungi like morels and truffles. 

Without fungi we would have no soy sauce, no fermented tofu (big deal!), no saki, no soy sauce, no beer, no wine, no bread, no cheese, and therefore (gasp) no pizza!! 

Fungi cause many diseases, such as athlete's foot, yeast infections, ring worm, and histoplasmosis (lung disease), all caused by ascomycetes. Fungi are also the source of many antibiotics, including penicillin. 

Fungal rusts and smuts (basidiomycetes) are major agricultural pests, as are some chytrids (black wart disease in potatoes ex.). 

Lichens, formed mainly by ascomycetes, are an important food for tundra animals like reindeer. 

Ergot fungi (ascomycotes) produce LSD, a strong hallucinogenic drug. This fungus, a type of ascomycete, changed the history of the Russian empire by decimating large portions of the population in certain areas, and may have been the root cause of the Salem witch trials. 



Introduction to Slime Molds 

Slime molds as sometimes referred to as "orphan phyla", sometimes treated as a phylum of fungi, sometimes classified as a weird type of colonial protist. Slime molds can be either plasmodial slime molds, like Physarum, or cellular slime molds like Dictyostelium. 

The Acrasiomycota, or cellular slime molds, spend much of their lives as little creeping amoeboid cells, feeding on decaying vegetation. When the local food supply begins to run dry, a chemical signal goes out to reproduce, and they swarm together, climbing up over one another to form a slug-like body. This mass of cells even leaves a trail of slime behind as it moves, like a real slug. It develops a tiny stalk, with a sporangium on top in which spores develop. New amoeba emerge from the dispersed spores. 

The Myxomycota, or plasmodial slime molds, are basically similar to the cellular slime molds, but have a far more complex life cycle. The feeding stage, or plasmodium, has many nuclei inside a network of cytoplasm. If you look closely you might see cytoplasmic streaming, the constant back and forth flow of the slime mold's cytoplasm, which is thought to circulate oxygen and food throughout the body. Slime molds are a wonderful example of what happens when you try to pin neat little labels like plant, or animal, or fungi on the incredible diversity of living things!! 



Consider This 
Mycorrhizal fungi were vital to the successful invasion of the land surface by primitive plants. Why? (Hint: What was the surface of the land like before the first plants or animals?) 

The largest organisms on Earth are not blue whales or dinosaurs, but basidiomycetes. The current record holder is a single basidiomycete, underlying 37 acres of a Montana conifer forest. It is estimated to be 1,500 years old, and weighs about 10,000 kilograms (22,000 pounds!!). How do we know that every mushroom in the woods is a fruiting body of the same fungus? (Hint: what can a study of genetics tell us about these mushrooms?) 





8 - Primitive Plants – Green Algae, Bryophytes, Ferns and Fern Allies 
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Introduction to Green Algae
Green algae are an extremely diverse group of fresh water and marine species, with unicellular, multicellular, and colonial forms. While we have long suspected that green plants were related to green algae, molecular methods have revealed that the relationship is even closer than we thought. Land plants are essentially glorified green algae! Members of the Order Charales are closest to land plants. Chara, a common fresh water green algae, even looks like a tiny underwater version of a land plant like the horsetail (Equisetum). The genus Chlamydomonas, on the other hand, closely resembles the most primitive green algae. It is microscopic, unicellular, and flagellated.

There are many similarities between green algae and land plants. Both have cell walls made of cellulose; both have chlorophyll a and b; both have alternation of generations; both store glucose as starch. There are also some fundamental differences between them.
The young plant sporophyte starts to develop inside the tissues of parent gametophyte

Plant sporophytes and gametophytes don’t look alike, and develop differently, and the two stages are both multicellular. Algae and plants diverged about one billion years ago. Algae diversified into marine forms (most of the chlorophytes) and fresh water forms (some green algae and the charophytes).


Introduction to Bryophytes (Mosses, Liverworts, and Hornworts)
As we pass from mosses to ferns, we see a gradual transition from primitive to modern traits. There are two major trends in this transition. The first is a transition in life cycles, the second is a change in basic internal structure. First, all plants undergo an alternation of generations, between a multicellular haploid gametophyte stage and a multicellular diploid sporophyte stage. In the most primitive plants, like mosses, the gametophyte is dominant (i.e. it's big and green). In higher plants like ferns and fern allies, the sporophyte stage is dominant. Gametophytes produce gametes (sperm and eggs) in a special structure called a gametangium (-ia), while sporophytes produce spores in a special structure called a sporangium (-ia). 

Second, all plants need to get water to their cells. Primitive bryophytes like mosses and liverworts are so small that they can rely on diffusion to move water in and out of the plant. Mosses have some primitive water conducting cells in their central stem, but nothing like the large and well organized network of tubes in tracheophytes, or "tube plants". The vascular tissues in the more advanced ferns and fern allies are made up of xylem and phloem, which conduct water, nutrients, and food throughout the plant body.. 

Bryophytes also need a moist environment to reproduce. Their flagellated sperm must swim through water to reach the egg. So mosses and liverworts are restricted to moist habitats. There are no mosses in the desert. But mosses are surprisingly resistant to drying up, and can survive under very harsh conditions. Mosses are the most abundant plants in both the Arctic and the Antarctic. Asexual reproduction in bryophytes is accomplished by fragmentation or by tiny vegetative "sprouts" called gemmae, which form in special little structures called gemmae cups. 

Mosses, liverworts and hornworts are often lumped together as bryophytes, plants lacking true vascular tissues, and sharing a number of other primitive traits. They also lack true stems, roots, or leaves, though they have cells that perform these general functions. The leafy green plant that we see when we look at a moss or a liverwort is really the gametophyte, which is the dominant stage in all bryophytes. The sporophytes of bryophytes do not have a free-living existence. They grow directly out of the fertilized egg in the archegonia, and remain dependent on the parent gametophyte for their nutrition. 



Characteristics of Phyla 

Phylum Chlorophyta (7,000 sp., fr. Greek chloros = yellow-green) – Chara, Chlamydomonas, Spirogyra, Volvox 

Several multicellular organisms have arisen from this very diverse group of algae, including the unknown ancestor of all green plants. Like higher plants, they use chlorophyll a and b for photosynthesis; have cell walls of cellulose and pectin; and store food as starch. There are several colonial forms, such as Volvox. Groups of cells unite to form a colonial organism, in which certain groups of cells perform certain tasks. It is one of the simplest organisms to show a true division of labor, true multicellularity. Volvox colonies can contain 500-60,000 vegetative cells. The colony has polarity, a head and tail end. It even has special reproductive cells concentrated at its tail end. The flagella that stick out from its surface cells moves the colony forward by causing it to spin clockwise. Volvox crosses a major evolutionary boundary. When Volvox reproduces, the new daughter colonies form inside the parent colony. The only way they can be released is for the parent colony to burst open and die. It is this final act of sacrifice that tells us an invisible line has been crossed. Single celled bacteria and protists are immortal. They can go on dividing in two forever, and so never truly die. But in the Kingdom Protista, we see the beginnings of specialization among groups of cells, specialization which entails the death of certain cells so that other cells can survive. As Volvox reminds us, the price of complex multicellularity is death.

Phylum Bryophyta - (10,000 sp.) - mosses, Mnium, Sphagnum 

Mosses come in two basic types, a cushiony type, with erect stalks, and a feathery type, which forms flattened mats of low-lying and highly branched moss plants. In both cases, the leafy green gametophytes are dioecious They can be male plants, with antheridia at the top of the plant, or female plants, with archegonia at the top. Remember that these gametophytes are always haploid (1N) plants. 

Sperm are produced within each antheridium, and an egg in each archegonium. Because the plant is already haploid, these gametes can be created by mitosis, simple cell division. The sperm swims to the archegonia through a thin film of water, drawn by a chemical attractant produced by the female plant, then swims down the neck of the archegonia to the egg. A good morning dew is more than sufficient water for the sperm to swim. Once the sperm enters the archegonia, it fuses with the egg. The 2N zygote develops into a diploid sporophyte plant, a small stalk that grows directly out of the top of the archegonium. This stalk is initially green, and photosynthetic, but later turns brown and becomes essentially a parasite on the female gametophyte. 

The sporophyte plant consists of a stalk, and a small capsule on the top. Within the capsule, cells undergo meiosis to produce tetrads of haploid spores. When the capsule is ripe, its hinged lid or operculum opens up, and the spores are quickly dispersed by wind and water. The spores germinate into a tiny green thread, which looks like a simple strand of green algae. This similarity is one more clue that bryophytes are descended from green algae. This early threadlike stage is called the protonema (= first thread, plural = protonemata, like stigma/stigmata). The new adult gametophytes grow from a tiny bud that develops on the protonema. Eventually these gametophytes will grow to produce gametes, and the whole cycle will start over again. Mosses can also reproduce asexually by fragmentation or by growing little vegetative buds called gemma, which can break off and grow into a new plant . 

While bryophytes in general are more interesting than important, in the usual sense, a conspicuous exception are mosses of the genus Sphagnum. Sphagnum moss forms dense mats which become compressed into peat, which can be used as fuel, although it’s very smoky. Peat also contains other plants such as reeds, that grow amid the sphagnum. In dried form, peat moss is remarkably absorbent and, and has been used for diapers, for enriching poor garden soils, and as a field dressing for wounds. Whereas cotton absorbs 4-6 times its dry weight, dried sphagnum can absorb 20 times its own weight in fluids! Peat bogs are very important and interesting ecosystems. Sphagnum mosses greatly increase local acidity by releasing H+ ions, and the pH of peat bogs can drop to 4 or lower, perhaps the most acidic natural environment. Peat bogs cover about 1% of the Earth’s land surface, an area about half the size of the United States. 

Phylum Hepaticophyta - (8,000 sp.), liverworts, Marchantia, Conocephalum, Porella 

Liverworts have the simplest bodies of all the green plants. The gametophyte, the dominant stage, looks like a flat scaly leaf, with prominent lobes. It looks for all the world like a tiny flattened liver, hence the scientific name hepatico-phyta = liver plant. During the Middle Ages, this similarity caused physicians to prescribe liverwort for diseases of the liver. According to the Doctrine of Signatures the Creator had designed all of nature, including plants, with our welfare in mind. People believed that plants had been intentionally designed to resemble the organs of the body they were supposed to heal! Hence liver-wort, wyrt being the Anglo-Saxon word for herb. The shape of the liverwort was the signature of the Creator in nature. Can you guess what walnuts were supposed to cure ? (diseases of the brain) 

Liverworts don’t store food as starch but as oils. Cultures of the aquatic liverwort Porella in lab often smell of rancid oils, oils that went a little funky while the plant was being shipped. Another characteristic unique to liverworts is their lack of stomata, which are found in all other plants, including mosses and hornworts. 

In many species of liverworts, such as Marchantia, the one you will most likely see in lab, the antheridia and archegonia are not on top of the plant, but hanging down from the underside of odd little structures that look like tiny umbrellas. (These umbrella-shaped structures are called the antheridiophore and archegoniophore). The bi-flagellated sperm swims to the egg, and fertilization takes place to form a diploid (2N) zygote. The tiny diploid sporophytes, which remain attrached to the parent plant, have a very simple structure. Meiosis within the sporophyte produces a number of haploid spores. These spores are surrounded by curious long and twisted moist cells called elaters. When the capsule dries and bursts, the elaters twist and jerk around in a way that scatters the spores in all directions. Liverworts can also reproduce asexually by means of special structures called gemmae cups. These little cups can be easily seen on the surface of the plant. Each gemma cup contains a number of tiny plantlets called gemmae, and a single drop of water will disperse them. These little vegetative “clones” will then grow into a new gametophyte. 

Phylum Anthocerophyta - (500 sp.), hornworts, Anthoceros 

The green gametophytes of the hornwort look very much like a liverwort. But their small sporophytes more closely resemble those of mosses. The sporophytes grow out of the gametophyte, and look like a little upright horn. Like mosses, hornworts have stomata, and so are probably more closely related to mosses and other plants than to the liverworts they mat resemble. These plants are symbiotic with the cyanobacteria Nostoc or Anabaena. The cyanobacteria fixes nitrogen for the hornwort. 



Taxonomy 

Kingdom Plantae (= Viridiplantae)
Phylum Chlorophyta – green algae (Chara, Chlamydomonas, Spirogyra, Volvox)
Bryophytes 

Phylum Bryophyta - mosses (Mnium, Sphagnum; fr.Gr. bryon = moss) 

Phylum Hepaticophyta - liverworts (Marchantia, Conocephalum, Porella; 
                                               fr.Gr. hepato = liver) 

Phylum Anthocerophyta - hornworts (= Anthocerotophyta; Anthoceros; 
                                               fr.Gr anthos = flower, keras = horn) 



Things to Remember 

Know the life cycle of the moss in detail, and be able to recognize the various stages. 

Hint: Be sure you understand the general life cycle of plants, and can tell which stages are haploid gametophytes (1N) or diploid sporophytes (2N). We'll learn several life cycles in lecture and in lab (moss, fern, pine, flowering plant), but all of them are variations on the same basic theme. 



Ecological, Evolutionary, and Economic Importance 

Green algae are ancestral to land plants.
Mosses are important in landscaping and gardening, especially peat moss (Sphagnum). 

Peat moss (Sphagnum) has been used historically as dressings for wounds. 

Peat moss can be used as fuel. 

Mosses are the most primitive living land plants. 

Hornworts contain symbiotic colonies of the cyanobacteria Nostoc and Anabaena. 


Consider This 

What does the life cycle of Volvox tell us about division of labor and coloniality? 
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shining club moss
Introduction to Tracheophytes - Ferns and Fern Allies 

Tracheophytes (vascular plants) completed the conquest of the earth’s surface begun by the more primitive bryophytes. Just as the evolution of spores was the key to the invasion of the land surface by bryophytes, the invention of complex vascular tissues let tracheophytes complete the conquest of dry land. There are about 250,000 species of vascular plants, grouped in nine primary phyla. Tracheophytes all have a well developed root-shoot system, with highly specialized roots, stems, and leaves, and specialized vascular tissue (xylem and phloem) that function like miniature tubes to conduct food, water, and nutrients throughout the plant. Because ferns and fern allies posses true vascular tissues, they can grow to be much larger and thicker than the bryophytes. 

The ferns and fern allies (non-seed tracheophytes) mark two major evolutionary strides. In these and in all more advanced plants, the leafy green diploid sporophyte now becomes the dominant stage. The tiny gametophyte may be either autotropophic (like the fern prothallus) or heterotrophic (like the gametophytes of some lycopsids), and is generally free living and independent of the parental sporophyte. Unlike the vascular sporophytes, the gametophytes have no vascular tissue at all. These gametophytes are therefore very small, and develop best in moist areas, where they can absorb water directly from their surroundings. 

Like the bryophytes, ferns and fern allies are still restricted to moist habitats. Their flagellated sperm need a thin film of water to swim between the antheridium and the archegonium. And when the baby sporophyte grows up from the gametophyte, it is exposed to desiccation (drying up). This basic strategy of a free-swimming sperm and a non-motile egg is shared by plants, animals, and algae. It makes sense, because it means only one set of gametes has to make the perilous journey outside of the organism. 
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ground pine (Lycopodium) showing strobili
The ferns and fern allies germinate from spores. These plants are mostly homosporous - their spores are identical and you can't differentiate which will grow into male or female plants. They are also monoecious - both the archegonia and antheridia (male and female reproductive structures) are borne on the same plant. Contrast these primitive vascular plants with the more advanced seed plants, the gymnosperms and angiosperms, which germinate from seeds rather than from spores. Seed plants are all heterosporous. It is easy to differentiate the larger female megaspore from the smaller male microspore. The sperm of seed plants have no flagella. They lack antheridia, and only a few still have an archegonia. Unlike the more primitive ferns and fern allies, seed plants are mostly dioecious, having separate male and female plants. 

The gametes of homosporous plants can come from the same gametophyte or from different gametophytes. The gametes of heterosporous plants, however, always come from different gametophytes. Thus heterosporous plants are more advanced because they have potentially more variation for natural selection to work with. 

In many of these primitive plants, certain leaves are specialized for reproduction. These modified leaves, or sporophylls, bear the sporangia at their bases. These sporophylls usually branch out from a shortened stem, forming a club shaped structure called a strobilus. The pine cone and the flower are elaborate variations on these primitive strobili. 

There are four main phyla of non-seed tracheophytes, vascular plants that reproduce by means of spores - the Psilophyta, Lycophyta, Sphenophyta, and Pterophyta. We are still working out the relationships between these clades, but molecular studies have given us much firmer ground for sorting them out. During the early Devonian, land plants reached a major fork in the road. The lycophytes (club mosses etc.), which lack true leaves, diverged from the euphyllophytes, plants with true leaves (euphylls). This euphyllophyte lineage split once more in the late Devonian, with one line leading to the ferns and fern allies (monilophytes), and another line (lignophytes) leading ultimately to the seed plants (spermatophytes).
Before the non-seed tracheophytes evolved, the bryophytes were the dominant form of plant life. The evolutionary edge of having a more efficient conducting system, and a well-developed root-shoot system enabled the tracheophytes to outcompete the bryophytes. If you’re lucky enough to see ground pine or other club mosses growing in the shade of a large pine tree, think for a moment about how these tiny plants were once the masters of the planet, forming vast forests with trunks from 20 to 100 feet tall! 



Taxonomy 

Kingdom Plantae 

Tracheophytes (vascular tissue, no seeds) 

Phylum Lycophyta - club moss, quillworts (Lycopodium, Selaginella) 

Phylum Sphenophyta - horsetails (Equisetum; fr.L. equus = horse) 

Phylum Psilophyta - whisk fern (Psilotum) 

Phylum Pterophyta - true ferns (Pteris; fr.Gr. pteridion = little wing) 



Characteristics of Phyla 

Phylum Lycophyta - (1,000 sp., fr. Gr. lycos=wolf), club mosses, quillworts, Lycopodium (podus=foot) 

Their are only five living genera of lycopsids, but at one time from the distant Devonian, about 400 mya, well into the Carboniferous, they were the dominant form of vegetation on the face of the Earth. Now they are reduced to a shadow of their glorious past, inconspicuous little plants in the forest understory. The tropical species are small epiphytes (plants that grow on other plants). 
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Their roots grow from special underground stems called rhizomes, as do most of these primitive tracheophytes. Their leaves are not “true” leaves (euphylls), but small scaly leaves called microphylls. Microphylls (which have only a single unbranched midrib of vascular tissue) evolved independently from true leaves. True leaves were a major evolutionary innovation, an adaptive response to a major decline in carbon dioxide levels in the atmosphere. We think this decline was due to the rapid expansion of land plants, which sucked enormous amounts of CO2 from the air for photosynthesis. This spurred the evolution of more advanced plants, which evolved leaves and other characteristics making them better able to exploit the reduced levels of CO2.

In some species the sporophylls are mixed in with the scale-like leaves. In many species, the sporophylls are organized into strobili, hence the common name of “club moss”. The sperm swim down the strobilus to the archegonia, and the zygote that forms is retained in the cone, which ripens and falls to the ground. The gametophytes are independent and free-living, They are curious creatures that look and act nothing like their sporophyte parents. They can be either heterotrophic or autotrophic, and usually have a symbiotic fungi associated with them. Many of the lycopsids (Selaginella and Isoetes ) are heterosporous. 
Phylum Psilophyta - (fr Gr. psilo = smooth), whisk ferns, Psilotum 

There are only two living genera of whisk ferns, sole survivors of a large and widespread group of early land plants. The whisk ferns resemble primitive vascular plants in many ways. They are the only living vascular plants that lack a true root-shoot system, a characteristic they share with both extinct phyla of ancestral vascular plants. Molecular evidence now suggests that the living genera of psilopsids are very closely related to ferns, and their primitive appearance results from the secondary loss of true leaves and roots. 
Psilopsids are found in tropical and subtropical areas, and occurs throughout the southern US. I once found one growing on my back porch under the leaves of a spider plant that probably started life in Jamaica. Whisk ferns are a common weed in greenhouses all over the world. They are simple green upright stems, with dichotomous branching. The outer tissue of the stem does all the photosynthesis. A portion of the stem called a rhizome runs along the ground, or just below it. A rhizome is a horizontal stem that spreads the plant around. Roots grow out the bottom of the rhizome, and a new plant can arise at the same point from the top. 

The green stem-like plant is the diploid sporophyte, the dominant stage in the life cycle. In the small sporangia (bright yellow) that form along the upper stems, the spore mother cell forms haploid spores by meiosis. Their gametophytes are tiny little thread-like underground plants that lack chlorophyll, and live as heterotrophs in the soil, looking and acting much like a tiny fungi. It actually contains a symbiotic fungi, the same mycorrhizae that live in the rhizomes of the adult sporophyte. 

Phylum Sphenophyta - (15 sp., one genus, fr. Gr. sphen=wedge), horsetails, Equisitum 

In waste places, disturbed areas like trails and railroad beds, and in odd corners of fields and forests you might find another small plant quietly dreaming of its former splendor, the horsetail. Horsetails appeared in the late Devonian, and were among the dominant forest trees for hundreds of millions of years. Only one genus of Sphenophyta still exists, the genus Equisetum, and it may be the oldest living genus of plants on earth. 
Horsetails towered among the Carboniferous forests, reaching heights of 30-60 feet. Much of the coal deposits we exploit for fuel today were formed from horsetails and other trees during the Carboniferous, toward the end of the Paleozoic. 

Horsetails have true roots, stems, and leaves, though the leaves are little more than flattened stems. Their ribbed stems are hollow in the center and jointed (much like a stalk of bamboo) and a whorl of leaves arises at each joint. The plants are spread vegetatively by rhizomes. The stems feel very rough, because the epidermal tissues are impregnated with tiny grains of silica (sand). This probably helps protect the plant against herbivores. These rough stems made this plant ideal for pioneer women to use for scrubbing pots and pans, hence its other common name, “scouring rush”. 

The green plant we see is the diploid sporophyte generation. The stalks can be highly branched vegetative stalks, which actually look like horse tails, or straight unbranched reproductive stalks, which are tipped with a large strobilus containing the sporangia. The homosporous spores develop into a teeny-tiny green gametophyte, just a few mm long, that looks like the gametophyte of a fern. The gametophyte is haploid, free-living, and autotrophic. 

Phylum Pterophyta - (12,000 sp., fr. Gr. pteridion=little wing), ferns 

Ferns probably evolved sometime in the Devonian, relatively early on in land plant evolution. They are very abundant and diverse, ranging in size from a single centimeter to trees 24 meters tall with 5 meter fronds. Ferns have been better competitors with seed plants than other seedless vascular plants, and are a conspicuous part of the landscape throughout the world, but especially in the tropics, where 75% of their 12,000 species occur. 

Ferns are relatively advanced plants, with true roots, stems and leaves. The blade of the fern is called a frond, and the little individual leaflets are called pinnae. Ferns have true leaves (euphylls). While the leaves of more primitive plants, which are called microphylls, are simply extensions of the epidermis of the stem, the leaves of ferns and higher plants were formed as a web of tissue stretched between small terminal branches.
The life cycle of the fern is typical of other non-seed vascular plants. The leafy green plant is the sporophyte. Fertile fronds develops clusters of small sporangia on the underside of the frond. These clusters of sporangia are called sori (sing. sorus). Sori are often protected by a tiny umbrella-like cap called an indusium (-ia). Ferns are mostly homosporous, though some are heterosporous. The heterosporous state is a more advanced condition, that seems to have evolved independently in several groups of plants. 

The haploid spores are formed by meiosis inside the sporangium. They are ejected in a miniature explosion caused by the unequal drying of the alternate thick and thin-walled cells that line the outer surface. The top pulls slowly back until it reaches a critical point and then snaps forward at an incredible speed. At that size scale, the expulsion of fern spores is one of the most explosive events in nature. 
The spores germinate into tiny gametophytes. The little heart shaped gametophyte is called a prothallus, literally “first-body” (pl prothalli). the prothallus has no vascular tissue. Its small size lets it rely entirely on diffusion. Its tiny rhizoids are associated with mycorrhizal fungi. The little prothallus is green, and photosynthetic, and bears either antheridia and archegonia, or sometimes both together, on its upper surface (lab slides have both on same prothallus). The archegonia are always found at the arch of the heart, and the antheridia are tucked away among the tiny rhizoids at the other end. The sperm swims to the egg to fuse into a diploid zygote. The new sporophyte grows directly out of the top of the gametophyte. When it first begins to uncurl, the frond looks like the scrolled neck of a violin or fiddle, and this stage of development is called a fiddlehead. 
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Things to Remember 

Know the life cycle of the fern. 



Economic, Ecological, and Evolutionary Importance 

Ferns and fern allies are primarily responsible for our modern deposits of coal. 

The fiddleheads of some species of ferns are edible. 

Ferns are important for the florist, gardening and landscape industries. 



Consider This 

Why are all these plants restricted to wet habitats? 

Which group of protists gave rise to these plants? (How do we know?) 

Why is the epidermis of the horsetail so rough? What does it need protection from? 

All of the fern allies once towered 50-100 feet or more. What happened? 





9 - Gymnosperms and Angiosperms 
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Introduction 

When mosses and liverworts first evolved, they dominated the terrestrial environment. But they were soon challenged by the more advanced tracheophytes. The ferns and "fern allies" formed the great planetary forests of the late Paleozoic. By the end of the Paleozoic, a new group of plants was challenging the 150 million-year domination of the ferns and fern allies. The seed plants protected the embryonic sporophyte from drying up by encasing it in a tough waterproof seed coat. 

The evolution of the seed is as profound a step as the evolution of the shelled egg in reptiles. Just as the evolution of the amniotic egg enabled reptiles to become the first truly terrestrial vertebrates, to break that final link with their aquatic heritage, so did the evolution of the seed allow plants to escape the limitation of growing in very moist environments. Seeds have the added advantage of providing a dormant phase, allowing the embryo to wait until conditions are right for germination. Seed plants soon became the dominant plants.
The first seed plants (gymnosperms) rapidly became the dominant plants. But their success was short-lived. During the mid to late Mesozoic, the first flowering plants or angiosperms appeared. They rapidly dominated the more primitive gymnosperms, and are the dominant plants on Earth today. These waves of competition are typical of the history of life. The survivors are relegated to scattered populations in restricted habitats, where they live in the shadows of their more successful competitors. Among the gymnosperms, only the conifers are major competitors with flowering plants. Having evolved in a dryer, cooler climate, conifers are better adapted to dry or cool habitats, and dominate forests in northern latitudes, at high elevations, and on sandy soils. 

Today we will examine both gymnosperms and angiosperms, and compare their complex life cycles. The trend toward a dominant sporophyte stage is now complete. The gametophytes of seed plants are microscopic. The female gametophyte consists of a handful of cells buried in the tissues of the sporophyte. The male gametophyte, the pollen grain, has a brief free-living stage while it is carried from plant to plant by wind, water, or animals. No longer relying on flagellated sperm, and with their developing embryos protected from desiccation, seed plants break the last link with their aquatic ancestors. 
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Introduction to Gymnosperms 

The first seed plants evolved relatively early on, in the late Devonian. By the end of the Paleozoic they were competitive enough to replace the club mosses, horsetails, and whisk ferns, and become the dominant vegetation of the Mesozoic, the era of the dinosaurs. By the end of the Mesozoic, they too would be swept aside by the newly evolved angiosperms, the flowering plants. There are only 720 living species of gymnosperms, a pale remnant of a once diverse and dominant race. 

Living gymnosperms are a diverse group of plants, most of which bear their sporangia in large, prominent strobili or cones. These strobili are similar to those of lycopsids and horsetails. Strobili consist of a shortened stem with several modified leaves (sporophylls) that bear sporangia. Like all seed plants, gymnosperms are heterosporous. The sporangia that generate the male microspores and female megaspores are usually borne on separate cones. Male cones (staminate cones) are typically much smaller than female cones (ovulate cones). Sporophylls that bear microsporangia are called microsporophylls. Sporophylls that bear macrosporangia are called macrosporophylls. The pine life cycle is typical of gymnosperms, and is described in detail below. 



Taxonomy 

Kingdom Plantae 

Gymnosperms 

Phylum Gnetophyta - Ephedra, Gnetum, Welwitschia 

Phylum Cycadophyta - cycads (Cycas revoluta) 

Phylum Ginkgophyta - Ginkgo biloba 

Phylum Coniferophyta - conifers (Pinus) 



Characteristics of Phyla 

Phylum Cycadophyta - (~100 sp., 9 genera, fr. Gr. kyos=palm, phyton=plant) - cycads 

Cycads have very thick leaves, that look like very tough versions of fern fronds. These palm-like plants have unbranched stems, with a terminal crown of leaves. These leaves are incredibly well defended with sharp tips and with complex secondary compounds, including potent neurotoxins and carcinogenic compounds. They reached their peak during the Mesozoic, with species reaching from 6-60 feet. The Mesozoic is sometimes called the Age of Cycads. A giant cycad today might reach 9-10 feet max. 

They are unisexual or dioecious, having separate male and female plants. Dioecious means two houses, vs. monoecious = one house (bisexual, both sexes in one). Only one genus of cycad (Zamia) is native to North America. The Seminoles ate the starchy roots of Zamia pumila, found in southern Florida. In India, Japan, and Sri Lanka, sago flour is often made from cycad stems (it is also made from real palms, which are angiosperms). 

Cycads are widely grown as ornamental landscape plants. Cycads also enrich the fertility of barren soil, because they are symbiotic with nitrogen-fixing cyanobacteria. Cycads are extremely slow growing, and can live 1,000 years or more. They are wind pollinated, a strategy which requires immense amounts of airborne pollen. A few may have been pollinated by beetles attracted to the edible pollen grains. This may be the humble beginnings of the complex animal pollination developed by flowering plants. The pollen sacs and ovules are born on scalelike sporophylls in compact cones. Unlike pine cones, the cones of cycads are often very large in relation to the plant. 

Phylum Ginkgophyta - one sp., Ginkgo biloba (maidenhair tree) 

Ginkgo trees are commonly seen in cities today. They are attractive shade trees, reaching 100 feet or more, with beautiful yellow foliage in the Fall. They are very resistant to air pollution and insects. You can see these trees right on campus (Richardson [Architecture] and the traffic loop in front of Gibson Hall). 

That the sole remaining species did not join its brethren in extinction we owe to the ancient Chinese and Japanese, who cultivated it in their temple gardens for centuries. Their may no longer be a single living wild tree. It is a popular tree for bonsai, because the leaves will readily miniaturize, and the branches are easy to shape. The species name biloba comes from the two distinct lobes of its fan-shaped leaves, very different from the straplike or needle shaped leaves of other gymnosperms. The common name maidenhair tree comes from the similarity of ginkgo leaves to fronds of the maidenhair fern. 

Ginkgos and cycads show a transitional stage between the primitive ferns and the more advanced conifers and flowering plants. They have flagellated sperm, but the male gametophyte grows a pollen tube, a long filament through which the sperm can safely swim to the egg. The pollen grains of other seed plants grow similar tubes. The megasporangia, which contains the eggs, form tiny female strobili on the tips of special branches on the female tree. The microsporangia, which produce the pollen grains, are in male strobili that hang down like little pine cones on the male tree. 

The seed that forms on the female trees is covered with a thick fleshy coat which makes the seed look like a little fruit (which it is technically not). They have an incredible odor when they ripen, which one otherwise stodgy botany text describes as “rotting dog vomit”. So be very careful if you plant one of these wonderful trees and select a male tree!! Although in fairness to the female tree, its seed is prized in China as a source of medicinal drugs. 

Phylum Gnetophyta - (70 sp. in 3 genera), Gnetum, Ephedra, Welwitschia 

This odd little group of gymnosperms are mainly xerophytes, plants that are adapted to dry conditions. They are very common in desert areas of the American West and Mexico. We used to think they shared a common ancestor with flowering plants. Each genera has some species that produce nectar, and attract insects. Double fertilization, a trait we thought was unique to flowering plants, also occurs in Ephedra, one of the three surviving genera of gnetophytes. Recent molecular analysis, however, has disproven this “anthophyte” hypothesis, and we are now unsure how gnetophytes are related to other gymnosperms. One hypothesis holds that they are closely related to conifers, while a competing hypotyhesis maintains thay are a sister clade to all the other seed plants. If this latter hypothesis is true, what we now call “gymnosperms” becomes a paraphyletic group.

Ephedra, incidentally is the natural source of the alkaloid ephedrin, used to treat hay fever, sinus headaches, and asthma. Its medicinal properties have been known for at least 5,000 years! Modern drugs like sudafed use pseudoephedrine, a synthetic version of the natural plant product.
Most gnetophytes are stem plants, like Ephedra, branched photosynthetic stems with no leaves. Gnetum has leaves like those of modern flowers. But the third genus, Welwitschia, is one of the strangest plants on earth. Welwitschia really looks like something out a science fiction novel. It grows in the deserts of southwestern Africa. Most of the plant is deep underground, with a root stretching down to the water table. The top appears above the soil as a squat cup- shaped stem with two strap-shaped leaves. These are the only leaves the plant will ever grow, and they may live a hundred years or more and reach several meters, usually torn into strips. Male or female strobili grow from the margins of the upper stem. 

Phylum Coniferophyta - (550 sp. in 50 genera, fr. Gr. conus=cone, ferre=to bear) - conifers 

The conifers are the largest and most successful group of living gymnosperms. Many of our familiar forest trees are conifers, including pines, spruces, firs, hemlocks, yews, redwoods and cypress trees. Conifers are the longest lived trees on earth. The current record holder is a bristlecone pine at least 4,900 years old, the oldest living multicellular organism on Earth! Other bristlecone pines may be over 7,000 years old. Conifers are an ancient group, dating back 290 mya. They evolved during the Permian, toward the end of the Paleozoic, at a time when the climate was very cool and dry. Their special water conducting cells, called tracheids, allowed them to thrive in these climates and these same adaptations let them continue to dominate in colder and dryer environments today, such as northern latitudes, mountain slopes, and sandy soils. Because they are superior competitors in such habitats even today, they are the only phylum of gymnosperms to successfully compete with the flowering plants. 

Most conifers are evergreens, with the larch and the bald cypress being notable exceptions. Their needle-shaped leaves are also an adaptation to conserve water. Needles usually occur in small bundles, each bundle emerging from a base that is actually a greatly truncated branch. Conifers have tremendous economic importance, as a source of timber and for byproducts such as pitch, tar, turpentine, and amber and other resins. Millions are sold each year as Christmas trees. 



Pine Life Cycle 

All conifers produce cone shaped strobili, both male cones (often called pollen cones) and female cones (often called seed cones or ovulate cones). Both male and female cones are usually produced on the same tree, but not at the same time, so the trees do not fertilize themselves. Female cones are large and conspicuous, with thick woody scales. Seed cones can persist on the tree for several years after fertilization. Male cones are small and puny looking, and usually don’t last long on the tree. A few species, like junipers and the locally common Podocarpus (front of Richardson), have seeds that are covered with a fleshy coating, and resemble small berries. (not real fruit - Incidentally, all parts of the Podocarpus are poisonous.) 

The sporangia produced by the sporophytes are located at the bases of the sporophylls, and collected in the strobilus we call a pine cone. The microspore mother cell in the microsporangia produces the haploid pollen grains. Each scale or sporophyll in the male cone has two microsporangia on its lower surface. Each pollen grain consists of only four cells. When the immature pollen grain finally reaches the seed cone, the megaspore mother cell in the megasporangium produces four haploid megaspores. Three of these megaspores degenerate, and only the fourth germinates into the female gametophyte. 

The female gametophyte consists of two or more archegonia, with a single egg in each one. All eggs are usually fertilized. Female cones are a little more complicated than male cones (wouldn’t you know). Each visible scale in the seed cone is really a much reduced lateral branch in itself. So each scale is homologous with the entire male cone. The megasporangium, which is called a nucellus in seed plants, is covered with a layer of protective cells called an integument, which is open at one end. This tiny opening, the micropyle, marks the point where the male pollen tube will grow into the megasporangium. The megasporangium, together with its integument, makes up the ovule. Seeds develop from ovules. Each scale in the seed cone has two ovules on the upper surface of the scale, and so will ultimately bear two seeds side by side. 

The pollen grains formed in the microsporangia of pines have tiny wing on either side. (Why? Because they are wind-pollinated? Maybe...but we’ve recently found that it helps them to float up through the micropyle to the egg, like tiny water wings.). The ovulate cones open to receive pollen, then close again to protect the developing embryos. 

When pollen grains land on the ovulate cones, they grow a long pollen tube. By the time this tube reaches the archegonia, about 15 months after pollination, the male gametophyte is fully mature. The pollen tube enters through the micropyle. The sperm nucleus divides in two, and the pollen tube discharges two sperm. One sperm nucleus degenerates, the other fertilizes the egg. It takes the female gametophyte about 15 months to mature, and about the same time for the pollen tube of the male gametophyte to reach it. 

The seed develops within the megasporangium. The seed is the structure containing the embryonic plant and the stored nutrition to support it. A section of the surface of the scale usually detaches along with the seed, giving the seed a little wing to help disperse it farther from the tree. 

Conifer seeds are very complex little structures, containing cells from three generations of the tree. The nutritive tissues inside the seed are actually the haploid body cells of the female gametophyte. The seed also contains the developing diploid sporophyte, the little embryonic conifer. The outer wrapping of the seed, the tough and protective seed coat, is formed from the diploid cells of the parent sporophyte. Pine seeds, along with acorns, are the most important source of plant food for North American wildlife. 



Things to Remember 

Know the life cycle of the pine. 



Ecological, Evolutionary, and Economic Importance 

Ephedra is the natural source of the drug ephedrin, which is used to treat hay fever, sinus headaches, and asthma (eg. sudafed tablets). 

Zamia floridana is the only cycad native to the U.S., and was used by the Seminoles as a source of food. 

Conifers are used for resin, pitch, turpentine, lumber, paper, and Christmas trees. 

Pine seeds are a critical source of food for wildlife. 

Cycads are important for landscaping, and add nitrogen to the soil for other plants. 

Cycad stems are ground for use as sago flour in India, Japan, and other eastern nations. 

Ginkgos are used for bonsai, as a source of herbal medicine, and as popular urban shade trees (because of their yellow autumn foliage and their resistance to air pollution). 



Consider This 

Why do conifers have an adaptive advantage in cool, dry environments? 

Conifer seeds are very complex structures, containing cells from three generations of the tree. Can you figure out which tissues come from which generation of the conifer? 
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Introduction to Angiosperms 

Just as Gymnosperms forced non-seed plants into the ecological background, the evolution of Angiosperms, sometime during the Cretaceous, forced gymnosperms into restricted habitats. Wherever the earth was cold or dry, gymnosperms could prevail. But in all other habitats, flowering plants rapidly became the dominant plant life. Their evolutionary origin, however, remains a deep mystery.
Flowering plants are able to survive in a greater variety of habitats than gymnosperms. Flowering plants mature more quickly than gymnosperms, and produce greater numbers of seeds. The woody tissues of angiosperms are also more complex and specialized. Their seeds are enclosed in a fruit for easy dispersal by wind, water, or animals. The leaves of angiosperms are mostly thin, extended blades, with an amazing diversity of shapes, sizes, and types. 

The surface of the pollen grain has a complex three-dimensional structure. This structure is unique for each species, like a floral thumbprint. This is one of the ways that female plants can “recognize” pollen grains of the right species. It also means that pollen grains, which are abundant in the fossil record, allow us to reconstruct ancient plant communities, and these communities in turn tells us about ancient climates. 

All angiosperms produce flowers, reproductive structures that are formed from four whorls of modified leaves. Most flowers have showy petals to attract pollinators, bribing insects and other animals with nectar, to get them to carry the male gametophyte through the air to another flower. Animal pollination is common in angiosperms, in contrast to the mostly wind-pollinated gymnosperms. 

The ovules in angiosperms are encased in an ovary, not exposed on the sporophylls of a strobilus, as they are in gymnosperms. Angiosperm means "covered seed". The ovules develop into seeds, and the wall of the ovary forms a fruit to contain those seeds. Fruits attract animals to disperse the seeds. 

Flowers consist of four whorls of modified leaves on a shortened stem: sepals, petals, stamens (an anther atop a slender filament), and one or more carpels. Imagine a broad leaf with sporangia fastened along the edges of the leaf. (Some ferns actually look like this.) Now fold that leave over along the midrib, and you've enclosed the sporangia in a protected chamber. Congratulations! You've just made a carpel. Just as sporophylls are leaves modified to hold spores, carpels are leaves modified to hold seeds.
Usually one or more carpels are fused together to form a stigma (upper surface), a style (long, slender neck), and an ovary (round inner chamber at the bottom) containing one or more ovules. Carpels lie at the heart of every flower. The flower is analogous to the strobilus of pines and more primitive plants, except that only the inner two whorls (stamens and carpels) actually bear sporangia. The base of the flower is called the receptacle, and the tiny stalk that holds it is the pedicel. The life cycle of flowering plants is described in more detail below. 



Taxonomy 

Kingdom Plantae - Angiosperms 

Phylum Anthophyta - flowering plants (= Magnoliophyta, Angiospermophyta) 

Class Monocotyledonae - monocots (Zea, Lilium) 

Class Dicotyledonae - dicots (Helianthus, Tilia) 





Flowering Plant Life Cycle 

Let’s start with the male plants, which are a little less complicated...Microspores develop in microsporangia in the anthers, at the tip of the stamen. Each anther has four microsporangia. Microspores develops by meiosis from the microspore mother cell. These microspores develop into pollen grains. 

Pollen grains are the male gametophytes in flowering plants. Inside the pollen grain, the microspore divides to form two cells, a tube cell and a cell that will act as the sperm. Cross walls break down between each pair of microsporangia, forming two large pollen sacs. These gradually dry out and split open to release the pollen. 

Meanwhile, inside the ovary, at the base of the carpel, the ovules, are developing, attached to the wall of the ovary by a short stalk. The megasporangia is covered by an integument, protective tissues that are actually part of the parent sporophyte. The nucellus and integuments together make up the ovule ( ----> seed). 

The megaspore mother cell divides by meiosis to produce four haploid megaspores. Three of these megaspores degenerate, and the surviving fourth megaspore divides by mitosis. Each of the daughter nuclei divides again, making four nuclei, and these divide a third time, making a grand total of eight haploid nuclei. This large cell with eight nuclei is the embryo sac. This embryo sac is the female gametophyte in flowering plants. 

One nucleus from each group of four migrates to the center. These are called the polar nuclei. The remaining three nuclei of each group migrates to opposite ends of the cell. Cell walls form around each group of three nuclei. The mature female gametophyte thus consists of only seven cells, three at the top, three at the bottom, and a large cell in the middle with two nuclei. One cell of the bottom three cells will act as the egg. 

When the pollen grain reaches the stigma of the carpel, it germinates to form a pollen tube. This pollen tube will grow through the neck or style, all the way down to the bottom of the carpel, to a small opening called the micropyle. 

The male gametophyte has two cells. One is the tube cell, the other will act as a sperm. As the pollen tube grows closer to the embryo sac, the sperm nucleus divides in two, so the mature male gametophyte has three haploid nuclei. 

While the pollen tube is entering the ovule, the two polar nuclei in the female gametophyte fuse together, making one diploid nucleus. The two sperm nuclei enter the embryo sac. One sperm nucleus fuses with the egg nucleus to form a diploid zygote. The other sperm nucleus fuses with the fused polar nuclei to make a triploid cell. 

This 3N cell will divide repeatedly to form the endosperm, the stored nutritive material inside the seed. This double fertilization occurs only in angiosperms and in Ephedra, the gnetophytes (though Ephedra doesn’t form endosperm). 

The integuments develop into the tough outer seed coat, which will protect the developing embryo from mechanical harm or dessication. Thus the ovule, the integuments and the megasporangium they enclose, develops into the seed. The walls of the ovary then develop into the fruit. All angiosperms produce fruit, although we might not recognize many of these structures as “fruits”. (No such thing as “vegetables”, a convenient way to refer to a combination of fruits and leafy plant parts). 

Whew...... 




Seeds and Fruits 

There is an incredible diversity of flower structure, not only in the number of sepals, petals, stamens, and carpels, but also in the way these modified leaves are attached with respect to the ovary. Linnaeus used these very characteristics to sort out the different related groups of flowering plants in his invention of binomial nomenclature, genus and species. All of these differences can affect the final physical appearance of the fruit. The ovary wall has three layers, each of which can develop into a different part of the fruit. 

Simple fruits are fruits that develop from a single ovary. They can be either dry, like grains, nuts and legumes, or fleshy, like apples, tomatoes and cucumbers. Compound fruits develop from a group of ovaries. They can be either multiple fruits or aggregate fruits. In multiple fruits, like the pineapple, the group of ovaries come from separate flowers. Each flower makes a fruit, and these fruit fuse together. In aggregate fruits, like strawberries and blackberries, the fruit develops from a flower with many carpels. Each of these carpels develops as a separate fruitlet, that fuse together to form the compound fruit. 

Seeds all bear the plant version of the belly button. They have a crescent-shaped scar called a hilum, where the ovule was attached to the wall of the ovary. Right above the hilum, if you look very carefully, you can also see a little pinprick scar that is a vestige of the micropyle. 

Inside the seed, the tiny sporophyte embryo develops. When it is nearly ready to germinate, the seed contains one or two thick embryonic leaves. These seed leaves, or cotyledons, will support the tender baby plant while it establishes its roots and starts to grow its regular leaves. 

Most angiosperms, like roses, marigolds, and maple trees, are members of the Class Dicotyledones, the dicots (190,000 sp.). These flowers have seeds with two seed leaves (di - cotyledon). Some angiosperms, like lilies, onions, and corn , are in the Class Monocotyledones, the monocots (65,000 sp.). The seeds of monocots have only one seed leaf (mono - cot..). There are several other differences between these two groups, which are summarized in the chapter on plant structure. There are seed leaves everywhere in Spring, and its impossible to tell what they will become just by looking at them. 



Things to Remember 

Know the life cycle of flowering plants. 

Understand the functions of flowers, seeds, and fruit. 



Economic, Ecological, and Evolutionary Importance 

Most of our agricultural crops are angiosperms. 

Commercial fruits and flowers are multi-billion dollar industries. 

Angiosperms are the dominant planetary vegetation. 



Consider This 

Why are angiosperms better competitors than gymnosperms in most habitats? 

The evolutionary innovation of the seed is analogous to the evolution of the amniotic egg in reptiles. Both allowed a large group of organisms to become fully terrestrial. How does the seed give angiosperms an evolutionary advantage over more primitive plants? 

The competitive success of angiosperms is partly due to animal pollination, which allowed angiosperms to exist as small scattered populations. The wind pollinated gymnosperms needed large contiguous populations for effective pollination. The coevolution of angiosperms and their pollinators has greatly increased the diversity of angiosperms. 





10 - Plant Structure 
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Introduction
The transition from small aquatic forms to large terrestrial forms posed a series of major evolutionary problems. Several changes in plant body structure were necessary to meet the new challenges of the terrestrial environment. 

The root-shoot system solved the problem of gravity faced by the first truly terrestrial plants. No longer buoyed up by water, land plants have to anchor themselves in the soil with root systems, and develop upright stems to hold their leaves toward the sun. Roots also have to obtain the water and nutrients that aquatic plants are bathed in. 

Becoming larger also poses a serious evolutionary problem. Smaller primitive plants could rely on diffusion to move materials in and out of their bodies. Diffusion is too slow, however, to reach the innermost cells of larger organisms, and these internal cells would quickly starve. Larger and more advanced land plants evolved a network of tubes (vascular tissue) to quickly conduct water, nutrients (like nitrogen and phosphorous), and food throughout their bodies. 

With over 230,000 species of flowering plants, it is amazing that there are only a few basic patterns of external anatomy that are repeated over and over again. Biologists use these basic patterns (and their endless variations) to help identify and classify organisms. They use a dichotomous key, a guide that presents you with two choices (e.g. leaves simple or compound). Each choice leads to two more choices, until you've successfully identified the organism. Being able to recognize a few of these simple patterns also helps us to appreciate the fundamental unity that underlies the sometimes bewildering diversity of the natural world. 



Plant Structure 

Plant cells differ in many respects from animal cells. They have chloroplasts, for one thing, and thick cell walls to support their thin cell membranes. The cell walls may be impregnated with lignin for extra rigidity. There are many types of cells commonly found in plants, with a variety of functions. 

 1. Growth - meristem cells 
 2. Support - parenchyma cells, collenchyma cells, sclerenchyma cells 
 3. Transport - xylem cells, phloem cells 

Meristem cells are undifferentiated cells that have the ability to divide quickly and repeatedly to build up new tissues of various types. Parenchyma cells are the most common type found throughout the body of the plant They make up the “background tissue” or pith. Collenchyma cells provide support in areas of primary growth. Their walls are sufficiently thickened to provide moderate support for the growing cells. The stringy stuff in celery is made of collenchyma cells. Sclerenchyma cells have a secondary cell wall, impregnated with lignin, and deposited inside the original cell wall. This makes them extra tough, and they are used wherever strong support is needed. 

Phloem cells conduct food throughout the plant (ph-loem = f-ood). This conduction can go in either direction, up or down, depending on the concentration gradient of food in the plant. The sieve cells are the conducting elements. These living cells are aided by companion cells, which function to maintain the sieve cells. Xylem cells conduct water and dissolved mineral nutrients throughout the plant. Xylem cells conduct water in one direction, from the roots to the leaves. Xylem cells die soon after differentiating. There are two types of xylem commonly found in plants. The more primitive tracheids, which are characteristics of gymnosperms, and the larger diameter vessels, which are characteristic of angiosperms. 

These larger bore vessels are part of the angiosperm’s competitive edge. They are much faster at conducting materials than the thinner tracheids. But, ironically, the more primitive tracheids are one of the main things that have allowed the conifers to still claim dominance over large parts of the planet, the parts that are cold or dry. From the standpoint of the plant, cold and dry and sandy are really all the same thing. All three conditions are major sources of water stress. Sandy is dry, because water quickly percolates down through sandy soils beyond the reach of the roots. Cold means snow and ice, and a tree standing in frozen water might as well be standing in a desert. The narrow needle-shaped leaves of conifers are one adaptation to cold or dry conditions. And the more primitive tracheids also give conifers an edge in cold or dry habitats. 

Trees depend on an very thin unbroken column of water, rising from the roots all the way up to the leaves. Water constantly enters through the roots, and constantly leaves through the stomata of the leaves, rising like mercury rises in a thermometer. Whenever water is scarce or hard to get, this column of water often breaks, or cavitates. Cavitation can be deadly, because the plant must quickly reestablish this column of water before it wilts and dies. The larger bore vessels of angiosperms have a hard time coping with cavitation. The narrow tracheids of gymnosperms, however, resist cavitation and can quickly reestablish the flow when it is interrupted. So gymnosperms can outcompete angiosperms in habitats where water is scarce or hard to get, like in the far north, on frozen mountain slopes, or on sandy soils throughout the world. This is why we have mostly hardwoods south of Lake Pontchartrain, where the soils are mostly damp deltaic clays, and mostly pines north of the Lake, where the soils are very sandy. 

These different types of plant cells combine into three types of tissues: epidermal tissue, ground tissue, and vascular tissue. Epidermal tissue form the outer layer of the plant body, its “skin”. It includes epidermal cells (“skin” or bark), root hairs, and the guard cells that open and close the stomata. Ground tissue, mostly parenchyma cells, makes up the bulk of the plant. Inside the stem it forms the pith, which functions in support and as a storage site for the sugars made during photosynthesis. Ground tissue on the outer edges of the stem is called the bark (stems) or cortex (roots). This tissue photosynthesizes or stores nutrients. Most root tissues are cortex tissues for food storage. Vascular tissues, the xylem and phloem, function to conduct food, water, and nutrients throughout the plant. Xylem and phloem are found together in vascular bundles, strands of tubes that run side by side. 

Despite their superficial diversity, all flowering plants develop in roughly the same way. At the tip, or apex of the plant, both top and bottom, there is an area of very active cell division. These actively dividing cells, extending the shoot and roots, make up the apical meristem. Primary growth is controlled by tissues called meristems (fr. Gr. meri = part of, sta = stem). Primary growth extends the shoot up into the air and the roots down into the ground. Early in development, primary growth is the only type of growth. Many herbaceous annual plants, like lilies and violets, have only primary growth, and never increase much in thickness. But as most plants mature, they begins to thicken. The primary growth (apical meristem) is supplemented by secondary growth (lateral growth) or thickening. And this lateral growth comes from another type of meristematic tissue, the lateral meristem. Whereas the apical meristem occurs at the tips of the plant, the lateral meristem is a thin cylinder of tissue that rises through the plant. 
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Structure of Stems 

Let’s start with the shoot, or stem. At the very top of the stem, and at the very tip of all the growing branches, is an apical meristem. The tender meristem tissue is protected by a terminal bud. Buds are really just greatly shortened stems. The scales of the bud are small modified leaves. These bud scales fall off, after new growth starts at the stem tip or branch tip in the spring. When they fall, they leave behind a characteristic scar, called a bud scale scar, that looks like several circular scars very close together. By counting backwards from the tip of the branch, and counting the number of these bud scale scars, you can actually tell exactly how old a branch is. 

New lateral branches emerge from smaller buds called axillary buds, because they are found in the “axil” or armpit of the leaf, just above where the leaf joins the stem. And if you examine any branch, you will see that leaves and branches don’t just pop out at any point along the stem. There are certain points where all such growth occurs, called nodes. The length of stem between these growing points, or nodes, is the internode. So leaves and branches emerge at the nodes. 
After the leaves fall off the stem, you can still see a crescent shaped scar, or leaf scar, on the stem where the curved base of the leaf was attached. Vascular bundles extend out from the stem into each and every leaf on the plant. If you look carefully at the leaf scars, you can see a series of tiny pinprick holes. These are the scars of the vascular bundles, or bundle scars. 

What do we see when we cut a stem open? The lateral meristem forms the vascular cambium, which develops into new xylem and phloem cells, rising in a cylinder through the stem. Outside the cylinder of the vascular cambium is the cortex. Inside the cylinder is the pith. As the vascular cambium divides and develops into new vascular tissues, it always develops phloem toward the outside of the stem and xylem towards the inside of the stem. 

This is very easy to see in lab. Xylem cells are always larger, and stain a dark red. They are always toward the inside of the vascular bundle. Phloem cells are smaller, and stain a light green. They are always found on the outside of the vascular bundle. In dicot stems, which you see here, the vascular bundles are neatly organized as little ovals around the ring of vascular cambium that creates them. In monocots, this vascular cambium is scattered in small strands throughout the pith. As a result, the vascular bundles are scattered throughout the stem, not organized into a ring as they are in dicots. When you look at a monocot stem, the scattered bundles look like little monkey faces. So for monocot, think monkey face. 

Vascular tissues are replaced each year. Last year’s phloem is crushed against the bark by the new phloem. Xylem cells grow as a new ring of cells surrounding last year’s xylem cells. Old xylem cells are very stiff, and form what we call the “wood” of the plant. They can also be used as a dumping ground for various compounds in the plant. These annual growth patterns form the growth rings that are easily seen when you cut down a tree. Growth rings each have a broad band of lighter colored wood and a narrow band of darker colored wood. The broad band is the rapid growth of spring, while the narrow darker band is the slower growth of summer. 

Stems can be modified in a variety of ways. We’ve already seen one major modification, the rhizome, a horizontal stem that spreads the plant. Stolons, or runners, are another type of modified stem that plants like the strawberry use to spread themselves around. Bulbs, like the onion, are actually a very compressed underground stem. The scales of the onion that we can easily peel back are highly modified leaves. Another type of stem specially modified for food storage is the tuber, the best example of which is the potato. Vines are another form of modified stem. Vines take the strategy of climbing up existing stems, thereby not needing to invest heavily in support structures like a rigid stem. 



Things to Remember 

Know what growth rings are, and know the difference between spring and summer wood. 

Understand the difference between primary and secondary growth. How does this relate to the annual versus perennial growth habit of plants? 

Know the position and functions of the apical and lateral meristem tissues in the body of the plant. 

How do plant cells differ from animal cells? 



Ecological, Evolutionary, and Economic Importance 

Important "stem crops" include onions, potatoes, asparagus, and sugar cane. 



Structure of Roots 

Roots serve not only to hold the plant in the soil, and take up water and dissolved nutrients, but also as a site to store food for the plant. The main body of the root is called the primary root. The lateral or secondary roots develop as lateral extensions from the primary root. Along the outer surface of the root are thousands of root hairs, finger-like extensions of the epidermal cells which handle the actual uptake of water. Unlike the epidermis of the stem, the epidermis of the root has no waxy cuticle to keep water in or out. The outer layer of the root is a thick cortex, used for food storage. 

The cylinder of vascular tissue, or stele, runs up through the center of the root. It forms a broad X, very distinctive. The larger cells of the X are the xylem, and the smaller cells nestled in between these arms are the phloem. The outer cells of the ring that encloses the vascular bundles is a special tissue called the endodermis. The endodermis (inner skin) controls the flow of water into the center of the root where the xylem sits. These cells are bordered on every side but one by a thin waxy strip called the Casparian strip. Water and dissolved materials can’t get between or around the endodermal cells. Water must actually pass through them, giving the root a living interface to regulate the influx of water into the plant. (This inner ring of cells, incidentally, is where the lateral roots emerge.) 

If we examine the tip of the root, we find the other apical meristem. This meristem is covered by a tough layer of cells called the root cap. (Why?) Just behind the apical meristem is a zone in which cells are growing longer and larger, the zone of elongation. Above this zone is the area of the root where the new cells are starting to differentiate into specialized cells like xylem and phloem. This is the zone of differentiation. 
There are several different kinds of roots. Most roots are either tap roots or fibrous roots. Tap roots, like those of carrots or dandelions, are huge primary roots with lots of stored food. Plants like grasses and other monocots, on the other hand, have fibrous roots, in which no one root dominates the rest. Many plants, like English Ivy and cat’s claw vines, have roots that emerge directly from the stem. Such roots are called adventitious roots. A few plants, like corn and mangroves, have large roots that emerge above ground, near the base of the shoot, and help prop up the plant. These roots are called prop roots. 


Economic, Ecological, and Evolutionary Importance 

Important root crops include carrots, sweet potatoes, turnips, radishes, and beets. 





Structure of Leaves 

Leaves are structured to make the process of photosynthesis as efficient as possible. Leaves have an upper and lower epidermis, covered by a waxy cuticle. Both surfaces are dotted with numerous stomata, with bean-shaped guard cells that regulate the passage of gases and water vapor to and from the leaf. Most of the stomata are found on the bottom of the leaf. 

Between the upper and lower epidermis is a layer of parenchyma cells with many chloroplasts. It is in this “mesophyll” or middle leaf layer that most photosynthesis occurs. Below the upper epidermis is a fairly solid layer of rectangular cells called palisade parenchyma. Below this is a much more open layer of palisade cells, a spongy parenchyma layer, with many air spaces for diffusion of xygen and carbon dioxide. 

Leaves consist of a simple flat blade on a stalk. The stalk, or petiole, has a swollen, curved base, where it attaches to the stem. This curved base is called the stipule. Celery is a modified leaf in which the petiole and stipule are very long and fleshy, with a short leaf on the top. A large midrib passes through the center of the leaf, carrying the vascular bundle from the stem out into the tissue of the leaf, sending out numerous side branches, or veins, to reach all parts of the leaf. 

Simple leaves consist of a single blade on a single petiole. But many flowering plants have compound leaves, with many leaflets sharing a single petiole. If these leaves are arranged like the fingers on the palm pf your hand, we call them palmately compound. If they are arranged like the barbs on a feather, or “pinna”, we call them pinnately compound. Leaves can be arranged on the stem in one of three ways: they often occur in pairs, opposite one another. Or they may alternate on either side of the stem. Sometimes they emerge in little tufts, or whorls. 

Within these basic patterns, leaves vary in a bewildering number of ways. They help botanists to identify plants. Their overall shape, the shape of their bases, the different kinds of leaf margins, or edges, and the different types of hairs on their surface are some of the traits we use to identify different flowering plants. 

One of things leaves can tell us at a glance is whether a flowering plant is a monocot or a dicot (the two Classes of flowering plants). The pattern of the veins running through the leaf is a big clue. The veins of monocots run parallel to one another. Just think of a blade of grass. The veins of dicots form a net. Net venation can be either pinnate (oak leaves) or palmate (maple leaves). Let's summarize the external differences between monocots and dicots, a very ancient split in the evolution of flowering plants. 

Monocots - one cotyledon (seed leaf), vascular bundles scattered in the pith, flower parts in threes, leaves with parallel venation

Dicots - two cotyledons, vascular bundles in a ring, flower parts in 4’s, 5’s, or multiples, leaves with net venation




Economic, Ecological, and Evolutionary Importance 

Important leaf crops include lettuce, cabbage, celery, chicory, and spinach. 



Consider This 

Gymnosperms like pines are the only major group of plants to compete successfully with angiosperms (flowering plants). What aspect of their internal anatomy has enabled gymnosperms to out-compete angiosperms in habitats that are dry or sandy or cold? 

What is the evolutionary strategy of a vine? 
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