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Overview

After a short introduction, the distinctions between Kingdoms Protista and Fungi are discussed. A summary of the features of Kingdom Fungi and a review of how the kingdom came to be recognized are given.

Kingdom Fungi includes five phyla of fungi. Life cycles and discussions of the economic importance of representative members of each phylum are presented. Nematode-trapping fungi, Pilobolus, truffles, morels, ergot, yeasts, stinkhorns, puffballs, bracket fungi, bird’s-nest fungi, smuts, rusts, poisonous and hallucinogenic fungi, shiitake mushrooms, mushroom culture, antibiotics, industrial products obtained from fungi, and fungi in nature are discussed. The chapter concludes with an examination of various forms of lichens. Natural dyeing is briefly explored, and the economic importance of lichens is reviewed.

Some Learning Goals


1.
Know the general features that distinguish Kingdom Fungi from the other kingdoms.


2.
Distinguish the phyla and subphyla of fungi from one another on the basis of their cells or hyphae and their reproduction.


3.
Learn the form and function of sporangium, conidium, coenocytic, mycelium, dikaryotic, zygospore, ascus, and basidium.


4.
Assign each of the following to its phylum and/or subphylum of true fungi: athlete’s foot, Dutch elm disease, Pilobolus, Penicillium mold, stinkhorn, yeast, ergot, chestnut blight fungus, puffball, smut.


5.
Know five economically important fungi in each of the different major groups of true fungi.


6.
Understand how lichens are classified and identified.


7.
Learn the basic structure of a lichen.

hen it comes to breaking down organic materials of all kinds and making them available for recycling, fungi and bacteria are the most important organisms known. The major oil spill that occurred in Alaska in 1989 intensified efforts to find better and faster ways of cleaning up such disasters than was possible in the past. Although there are bacteria that break down oil molecules, very few such organisms survive the salt water of the ocean for any length of time. Attention now, however, is being given to a fungus that breaks down many types of oils to harmless simpler molecules, such as carbon dioxide.

This fungus, known as Corollospora maritima, occurs naturally on almost all the beaches of the world and flourishes in ocean surf, which, as mentioned in Chapter 18, contains oils produced by diatoms. Ways of culturing the fungus inexpensively and in large quantities are being explored, and also strains that produce the oil-degrading enzymes in significantly larger amounts are being sought. This chapter examines the nature, reproduction, and other features of this and the thousands of other known true fungi found all over the world.

The word fungus may evoke images of mushrooms or some sort of powdery or spongy, creeping growth. Although mushrooms are indeed fungi, and while many fungi do appear to be creeping along the ground, the forms of fungi seem almost infinite. There are about 100,000 known species of mushrooms, rusts, smuts, mildews, molds, stinkhorns, puffballs, truffles, and other organisms in Kingdom Fungi, and over 1,000 new species are described each year. There may be as many as 1.5 million species yet undiscovered or undescribed, and our daily ravaging of rain forests and other fungal habitats undoubtedly is dooming many species to extinction before they can be found.

As they grow, most fungi produce an intertwined mass of delicate threads that tend to branch freely and often also fuse together. The individual, usually more or less tubular, threads are called hyphae (singular: hypha). Hyphae may or may not be partitioned into cylindrical cells (Fig. 19.1).

A mass of hyphae is collectively referred to as a mycelium. When appropriate food is available, fungi grow very rapidly. In fact, despite the microscopic size of individual hyphae, all those produced by a single fungus in one day when laid end to end could extend more than a kilometer (0.6 mile). Some fungi thrive in freezers if the temperature is not lower than –5°C (23°F), while others grow best at temperatures of 55°C (131°F) or higher.

Besides being vital to the natural recycling of dead organic material, fungi, along with bacteria, also cause huge economic losses through food spoilage and disease; these topics are explored in the sections on human and ecological relevance of fungi later in the chapter. Scientists who study fungi are known as mycologists (from the Greek word myketos, a fungus). Consumers of mushroom-type fungi are called mycophagists.
Distinctions Between Kingdoms Protista and Fungi

In the past, the true fungi, slime molds, and bacteria were all placed in a single division (phylum) of the Plant Kingdom. Once the fundamental differences between prokaryotic and eukaryotic cells became known, however, the bacteria were placed in the prokaryotic Kingdom Monera. Then it became increasingly apparent that the metabolism, reproduction, and general lines of diversity of fungi were different from those of members of the Plant Kingdom, with the fungi evidently having been independently derived from ancestral unicellular organisms. Accordingly, fungi were placed in their own -kingdom.

All true fungi are filamentous or unicellular heterotrophs, most of which absorb their food in solution through their cell walls. Some are saprobes (organisms that live on dead organic matter); others are parasitic decomposers; still others (mycorrhizal fungi) have a mutualistic relationship with plants. The slime molds engulf their food and were discussed in Chapter 18; they appear to be related to protozoa, which are single-celled protists included in Kingdom Protista. Chytrids and water molds are also funguslike, but their classification is controversial because, like most protists, their reproductive cells have flagella. However, chytrids, like other fungi, have chitin in their cell walls, and recent molecular research suggests the chytrids are probably more closely related to the true fungi than they are to members of Kingdom Protista; therefore, they are discussed here under Kingdom Fungi. The water molds, however, which have cellulose but no chitin in their cell walls, continue to be more appropriately included in Kingdom Protista.

The members of Kingdom Fungi are placed in five phyla. With the exception of some chytrids and all yeasts, they are filamentous. Most, but not all, fungi lack motile cells. Filamentous fungi produce hyphae that grow at their tips. Structures such as mushrooms are formed from hyphae tightly interwoven and packed together. The cell walls of true fungi consist primarily of chitin, a material also found in the shells of arthropods (e.g., insects, crabs). Fungi exhibit a variety of forms of sexual reproduction. The food substances that most fungi absorb through their cell walls are often broken down with the aid of enzymes secreted to the outside by the cells. Because of the great variety of form and reproduction throughout Kingdom Fungi, a neat pigeonholing of all the members into distinct groups is difficult. Broad groups can, however, be recognized, based mainly on vegetative and reproductive structures.

Kingdom Fungi—
The True Fungi

Phylum Chytridiomycota—
The Chytrids

If you were to immerse dead leaves or flowers, old onion bulb scales, dead beetle wing covers, or other organic material in water that has been mixed with a little soil, within a day or two, thousands of microscopic chytrids (pronounced kítt-ridds) probably would appear on the surfaces of the immersed objects (Fig. 19.2). These simple, mostly one-celled organisms include many parasites of protists, aquatic fungi, aquatic flowering plants, and algae. Some parasitize pollen grains, and many other species are saprobic (feed on nonliving organic material). Some of the most common chytrids consist of a spherical cell with colorless, branching threads called rhizoids at one end. The rhizoids anchor the organism to its food source.

Other chytrids may develop short hyphae or even a complete mycelium whose hyphae contain many nuclei. Such multinucleate mycelia without crosswalls are said to be coenocytic (pronounced seé-no-sitt-ik). The cell walls of a few chytrids have been reported to contain cellulose in addition to chitin.

Many chytrid species reproduce only asexually through the production of zoospores within a spherical cell. The zoospores, which each have a single flagellum, settle upon release and grow into new chytrids. Some species undergo sexual reproduction by means of the fusion of two motile gametes with haploid nuclei or by the union of two nonmotile cells whose diploid zygote nuclei undergo meiosis. The zygote commonly is converted into a resting spore. The origin of chytrids is unknown, but the presence of a flagellum on the motile cells has led some authorities to suggest they may have originated from the -protozoa.

Phylum Zygomycota—
The Coenocytic True Fungi

Although black bread molds are probably the best-known members of Phylum Zygomycota, they are not the only fungi that grow on bread. So many organisms can, in fact, contribute to bread spoilage that nearly all commercially baked goods have, in the past, had chemicals such as calcium propionate added to the dough to prevent or retard the growth of such organisms. There is now a trend toward eliminating preservatives from bread, pies, and other bakery items since the chemicals that have made the goods a less-suitable medium for the growth of fungi apparently are unhealthy for humans after prolonged use. Alternative ways of retarding fungal growth and spoilage are being sought.

Rhizopus (Fig. 19.3), a well-known representative black bread mold, has spores that are -exceedingly common everywhere. They have been found in the air above the North Pole, over jungles, on the inside and outside of buildings, in soils, clothing, automobiles, and hundreds of kilometers out to sea, easily carried there by prevailing winds and breezes.

Asexual Reproduction

When a spore lands in a suitable growing area, it germinates and soon produces hyphae that may become an extensive mycelium. Like the mycelium of water molds, it is coenocytic (not partitioned into individual cells) and contains numerous haploid nuclei. After the mycelium has developed, certain hyphae called sporangiophores grow upright and produce globe-shaped sporangia at their tips (Fig. 19.4). Numerous black spores are formed within each sporangium. When these spores are released through the breakdown of the sporangium wall, they may blow away and repeat the cycle.

Sexual Reproduction

Black bread molds reproduce sexually by conjugation. Although there is no visible difference in form, black bread mold mycelia occur in two different mating strains, often indicated as “+” and “–.” When a hypha of one strain encounters a hypha of the other, the chemicals they produce create an attraction, and swellings called progametangia develop opposite each other on the hyphae. The progametangia grow toward each other until they touch. A crosswall is formed a short distance behind each tip, and the two gametangia merge, becoming a single, large multinucleate coenozygote in which the nuclei of the two strains fuse in pairs. A thick, ornamented wall then develops around this coenozygote or zygospore with its numerous diploid nuclei. This structure, called a zygosporangium, is the characteristic sexual spore of members of this division. A zygosporangium may lie dormant for months, but eventually, it may crack open, and one or more sporangiophores with sporangia at their tips grow out. Meiosis apparently takes place just before this occurs, and thousands of black spores are produced in the sporangia. In some species, the spores are produced externally on hyphae instead of being formed in sporangia. 

One dung-inhabiting genus of fungi in this phylum has the scientific name of Pilobolus, derived from two Greek words meaning “cap thrower.” The name is quite appropriate, as the mature sporangia are catapulted a distance of up to 8 meters (26 feet), where they adhere to grass or other vegetation (Fig. 19.5). When the vegetation is ingested by animals, the spores germinate in the digestive tract and are already growing in the dung when it is released.

The sporangia of Pilobolus fungi are forcibly released precisely in the direction of light, to which the sporangiophores are very sensitive. This action can be demonstrated by placing some horse dung (preferably at least 2 days old) in a glass dish that has a lid and then covering the dish with black paper. An opening of any shape is cut in the paper; the dish should then be set where it will receive adequate light for a few days. Any Pilobolus sporangia that have been produced and forcibly discharged will form a black pattern on the glass closely corresponding to the cut-out area. The sporangia are thrown far from the dung, frequently sticking to blades of grass, where they will be ingested again and ultimately end up in a new dung pile.

Human and Ecological Relevance of the Coenocytic True Fungi

One species of bread mold is used in Indonesia and adjacent areas to produce a food called tempeh. Tempeh basically consists of boiled, skinless soybeans that have been inoculated with a bread mold and set aside for 24 hours. The mycelium that develops holds the soybeans together, produces enzymes that increase the content of several of the B vitamins, and renders the soybean protein more digestible. The tempeh is fried, roasted, or diced for soup and is prepared fresh daily. Other bread mold species are used with soybeans to make a Chinese cheese called sufu.
At least two species of Rhizopus (R. arrhizus, R. nigricans) are used commercially to carry out important steps in the manufacture of birth control pills and anesthetics, while others are used in the production of industrial alcohols and as a meat tenderizer. Yet another species produces a yellow pigment used for coloring margarine.

Phylum Ascomycota—
The Ascomycetes (Sac Fungi)

Should you happen one summer to be touring or visiting in the south of France, you might be startled to see men and women with coils of rope slung around their shoulders pushing pigs in wheelbarrows. They happen to be wheeling the pigs into the woods to help them find truffles.
Truffles are gourmet “mushrooms,” which grow mostly between 2.5 and 15 centimeters (1 and 6 inches) beneath the surface of the ground, usually near oak trees. They are somewhat prunelike in appearance and may be more than 10 centimeters (4 inches) in diameter, although most are smaller. They give off a tantalizing aroma that has been shown to contain pig sex pheromones (chemicals that produce specific responses). Pigs can detect truffles a meter (3 feet) below the surface and more than 15 meters (50 feet) away. The animals, in an attempt to get to them, strain at the ropes that are tied around their necks. The owners dig up the truffles, which were selling in the United States in 2006 for about $400 a pound, and reward the pigs with acorns or other less interesting food. Trained dogs are now often substituted for pigs in truffle hunting, as they are less likely to eat the truffles.

Truffles are the reproductive bodies of representatives of a large and varied phylum of true fungi called ascomycetes (sac fungi). More than 30,000 species, including yeasts, powdery mildews, brown fruit rots, ergot, morels, microscopic parasites of insects, fungi associated with canned fruit, and many others, have thus far been described. Most produce mycelia superficially similar to those of the water molds and coenocytic true fungi, but the hyphae are partitioned into individual cylindrical cells. Each crosswall has one or more pores through which the single to many tiny nuclei can pass. Little bodies that serve as plugs are located near the pores. The “plugs” seal off individual cells if they become damaged.

Asexual Reproduction

Asexual reproduction is by means of conidia (singular: conidium). Conidia are spores that are produced -externally—-outside of a sporangium—either singly or in chains at the tips of hyphae called conidiophores (see Fig. 19.34). Asexual reproduction in yeasts is by budding (Fig. 19.6). As a yeast cell buds, the nucleus divides, and a small protuberance appears to balloon out slowly from the cell. One daughter nucleus moves into the bud, which becomes pinched off as it grows to full size.

Sexual Reproduction

Sexual reproduction involves the formation of tiny fingerlike sacs called asci (singular: ascus). When hyphae of two different “sexes” become closely associated in the more complex sac fungi, male antheridia may be formed on one and female ascogonia on the other, although in many species, antheridia and ascogonia may be produced on the same mycelium. Hyphae grow and connect an antheridium and an ascogonium to each other; male nuclei then migrate into the ascogonium. There, the male nuclei pair with the female nuclei present but do not unite. New hyphae (ascogenous hyphae), whose cells each contain one male and one female nucleus, grow from the ascogonium, the cells dividing in a unique way so that each cell has one of each kind of nucleus. This special cell division begins with the cell at the tip of an ascogenous hypha forming a hook called a crozier. The two nuclei in the crozier divide simultaneously, and crosswalls then form so that there are now three cells, the middle cell containing one male and one female nucleus. This middle cell becomes an ascus in which the two haploid (n) nuclei unite and become a diploid (2n) zygote nucleus. The fingerlike, tubular asci develop in a layer (referred to as the hymenium) at the surface of a structure called an ascoma (previously called an ascocarp). The zygote nucleus undergoes meiosis, and the resulting four haploid nuclei usually divide once more by mitosis so that there is a row of eight nuclei in each ascus. These nuclei become ascospores as they are walled off from one another with a little cytoplasm (Fig. 19.7).

Thousands of asci may be packed together in an ascoma, which often is cup shaped (apothecium—Fig. 19.8) but also may be completely enclosed (cleistothecium—Fig. 19.9) or flask shaped with a little opening at the top (perithecium). Truffles actually are enclosed ascomata (apothecia). Cup-shaped ascomata may be several centimeters (2 to 3 inches) in diameter and may be brilliantly colored on the inside. When ascospores are mature, they are often released with force from the asci. If an open ascoma is jarred at maturity, it may appear to belch fine puffs of smoke consisting of thousands of ascospores that are dispersed to new locations by air currents.

When an ascospore lands in a suitable area, it may germinate, producing a new mycelium, and then repeat the process. In many instances, however, a number of asexual generations involving conidia are produced between the sexual cycles.

Sexual reproduction in yeasts is somewhat streamlined in that individual yeast cells function as ascogonia and antheridia. When two haploid cells unite, they become a diploid fusion cell that may serve as an ascus in which meiosis takes place and ascospores are formed—all within the original cell wall. In some yeasts, however (including the common baking and brewing yeast Saccharomyces cerevisiae), the fusion cell may multiply asexually into a diploid colony, with all the cells eventually undergoing meiosis.

Human and Ecological Relevance of the Sac Fungi

Morels, which some people have called the world’s most delicious mushrooms, and truffles have been prized as food for centuries. Most mushrooms are, however, included in the club fungi discussed in the next section “Phylum Basidiomycota—The Basidiomycetes (Club Fungi).” Wealthy Romans and Greeks used to insist on preparing morels personally according to various recipes they had concocted, and they are still prized as gourmet food today. Prior to 1982, numerous unsuccessful attempts were made to cultivate them under controlled conditions, but morels now can be mass-produced commercially and are presently being marketed. Morels (Fig. 19.10) are tan in color in North America (and can be black in other parts of the world), and have a spongelike, somewhat cone-shaped top on a stalk that resembles a miniature tree trunk. The numerous depressions between the ridges each contain thousands of asci. Although well-cooked morels are perfectly edible by themselves, some persons have become ill after consuming undercooked specimens or consuming them with alcohol. Caution in this regard is advised.

A related mushroom called a false morel or beefsteak morel is considered a delicacy by many but has caused death in others. False morels contain a volatile toxin (monomethyl hydrazine) that may render them poisonous to humans if cooking has failed to eliminate all of the toxin.

When rye, and to a lesser extent other grains, comes into flower in a field, they may become infected with ergot fungus (Fig. 19.11). This fungus seldom causes serious damage to the crop, but as it develops in the maturing grain, it produces several powerful drugs. If the infected grain is harvested and milled, a disease called ergotism may occur in those who eat the contaminated bread. The disease can affect the central nervous system, often causing hysteria, convulsions, and sometimes death. Another form of ergotism causes gangrene of the limbs, which can result in loss of the affected limb. It can also be a serious problem for cattle grazing in infected fields. They frequently abort their fetal calves and may succumb themselves.

Ergotism was common in Europe in the Middle Ages. Known then as St. Anthony’s Fire, it killed 40,000 people in an epidemic in a.d. 994. In 1722, the cavalry of Czar Peter the Great was felled by ergotism just as the czar was about to conquer Turkey, and the conquest never took place. Some historians have implicated ergotism in violent social upheavals such as the French Revolution and the Salem Witchcraft Trials. In 1951, an outbreak hospitalized 150 victims in a French village. Five persons died and 30 became temporarily insane, imagining they were being chased by snakes and demons.

In small, controlled doses, ergot drugs are medically useful. They stimulate contraction of the uterus to initiate childbirth and have been used in abortions and in the treatment of migraine headaches. Ergot is also an initial source for the manufacture of the hallucinogenic drug lysergic acid diethylamide, popularly known as LSD.

Fungi in this phylum play a basic role in the preparation of baked goods and alcohol. Enzymes produced by yeast aid in fermentation, producing ethyl alcohol and carbon dioxide in the process. The carbon dioxide produced in bread dough forms bubbles of gas, which are trapped, causing the dough to rise and giving bread its porous texture. Part of the flavor of individual wines, beers, ciders, sake, and other alcoholic beverages is imparted by the species, or strain, of yeast used to ferment the fruits or grains.

Yeasts are at least indirectly involved in the manufacture of a number of other important products. Ephedrine, a drug also produced by mormon tea, a leafless western desert shrub, is obtained commercially from certain yeasts. The drug is used in nose drops and in the treatment of asthma. Yeasts are also a rich source of B vitamins and are used in the production of glycerol for explosives. Ethyl alcohol is used in industry as a solvent and in the manufacture of synthetic rubber, acetic acid, and vitamin D. Yeast contains about 50% protein and makes a nourishing feed for livestock. Its enzyme, invertase, catalyzes the conversion of sucrose into glucose and fructose and is used to soften the centers of chocolate candies after the chocolate coating has been applied.

Several very important plant diseases are found in this phylum of fungi. Dutch elm disease (caused by Ophiostoma ulmi or O. nova-ulmi), a disease originally described in Holland, has devastated the once numerous and stately American elm trees in many towns and cities in the midwestern and eastern United States and has spread to the West and South. When Dutch elm disease was first discovered, limited control of the disease was achieved by spraying the trees with DDT to kill the elm bark beetles that spread the disease from tree to tree. DDT killed many useful organisms as well, however, and its use for such purposes was eventually banned. 

Other sprays have since been used, again with limited success, and biological controls are now being sought. One such control was reported in 1980 by Gary Strobel of Montana State University. He injected Pseudomonas bacteria into 20 diseased trees and saved 7 of them when the bacteria multiplied and killed the Dutch elm disease fungus. In 1987, Dr. Strobel injected a genetically altered strain of Pseudomonas bacteria with more powerful toxins against Dutch elm disease into 15 elm trees but then cut the trees down in protest to the red tape involved in not previously obtaining permission from the Environmental Protection Agency for his experiment. Whether or not this control technique will meet with widespread success remains to be seen, but it is the type of control that is much to be preferred to poisonous sprays that upset delicate ecological balances (see Appendix 2, which deals with biological controls).

Chestnut blight has virtually eliminated the once numerous American chestnut trees from the eastern deciduous forests. Wounding of oak trees in areas where houses are being built has facilitated the spread of another serious tree disease, oak wilt. Attempts to control these diseases have met with very limited success thus far. Much better success has been obtained in controlling peach leaf curl, a disease that attacks the leaves of some stone fruits, especially peach trees (Fig. 19.12). Sprays that contain copper or zinc salts apparently inhibit the germination of spores of peach leaf curl and have been effective in preventing serious damage when applied to trees before the dormant buds swell and open in the spring.

Phylum Basidiomycota—
The Basidiomycetes (Club Fungi)

At the end of my first year in college, I did odd jobs during the summer, including various types of yard work. On one occasion while cleaning dead leaves and debris from a shaded garden area, I noticed a peculiar, unpleasant odor. On checking to see where the odor was coming from, I noticed two or three “growths,” about the width of a pencil and the length of a finger, rising above the surface of the ground. On closer inspection, I saw that these “growths” had the consistency and appearance of a sponge and the tips were partially covered with a slimy and putrid-smelling substance. The “growths” turned out to be fungi called stinkhorns (Fig. 19.13), whose odor attracts flies; the flies disseminate the sticky spores that adhere to their bodies.

Stinkhorns are interesting but relatively unimportant representatives of another large phylum of true fungi, the basidiomycetes (club fungi). Other members of this phylum include mushrooms (Fig. 19.14A), or toadstools (the only distinctions between mushrooms and toadstools are based on folklore or tradition, with edible species being called mushrooms and poisonous species being called toadstools—mycologically, there is no difference), puffballs, earth stars (Fig. 19.14B), shelf or bracket fungi (Fig. 19.14C), rusts, smuts, jelly fungi, and bird’s-nest fungi. They are called club fungi because in sexual reproduction, they produce their spores at the tips of swollen hyphae that often resemble small clubs. These swollen hyphal tips are called basidia (singular: basidium). The hyphae, like those of sac fungi, are divided into individual cells. These cells, however, have either a single nucleus or, in some stages, two nuclei. The crosswalls have a central pore (dolipore) that is surrounded by a swelling, and both the pore and swelling are covered by a cap. This cap, with some exceptions, blocks passage of nuclei between cells but allows cytoplasm and small organelles to pass through.

Asexual Reproduction

Asexual reproduction is much less frequent in club fungi than in the other phyla of fungi. When it does occur, it is mainly by means of conidia, although a few species produce buds similar to those of yeasts, and others have hyphae that fragment into individual cells, each functioning like a spore and forming a new mycelium after germination.

Sexual Reproduction

Sexual reproduction in many club fungi mushrooms begins in the same way as it does for members of the two fungal phyla previously discussed. When a spore lands in a suitable place—often an area with good organic material and humus in the soil—it germinates and produces a mycelium just beneath the surface. The hyphae of the mycelium are divided into cells that each contain a single haploid nucleus. Such a mycelium is said to be monokaryotic. Monokaryotic mycelia of club fungi often occur in four mating types, usually designated simply as types 1, 2, 3, and 4. Only types 1 and 3, or types 2 and 4, can mate with each other.

If the growth of the hyphae of compatible mating types happens to bring them close together, cells of each mycelium may unite, initiating a new mycelium in which each cell has two nuclei. Such a mycelium is said to be dikaryotic. Dikaryotic mycelia sometimes have little walled-off bypass loops called clamp connections between cells on the surface of the hyphae (Fig. 19.15). The clamp connections develop as a result of a unique type of mitosis that ensures each cell will have one nucleus of each original mating type within it.

After developing for a while, the dikaryotic mycelium may become very dense and form a compact, solid--looking mass called a button. This pushes above the surface and expands into a basidioma (formerly known as a basidiocarp), commonly called a mushroom (Fig. 19.16). Most mushrooms have an expanded umbrellalike cap (pileus) and a stalk (stipe). Some have a ring called an annulus on the stalk. It is the remnant of a membrane that extended from the cap to the stalk and tore as the cap expanded. Some mushrooms, such as the notorious death angel and destroying angel mushrooms (Amanita spp.), also have a cup called a volva at the base (Fig. 19.17). Thin, fleshy--looking plates called gills radiate out from the stalk on the underside of the cap. Microscopic examination of a gill reveals it is composed of compacted hyphae, with large numbers of basidia oriented at right angles to the flat surfaces of the gill.

As each basidium matures, the two nuclei unite, and the diploid nucleus undergoes meiosis. The four nuclei that result from meiosis migrate through four (in a few species, two) tiny pegs at the tip of the basidium, walls forming around the nuclei in the process. The resultant cells are now basidiospores. The tiny pegs, called sterigmata (singular: sterigma), serve as stalks for the basidiospores (Fig. 19.18). One large mushroom may produce several billion basidiospores within a few days. These are forcibly discharged into the air between the gills. They then drift downward and blow away with the slightest breeze.

If you remove a mushroom stalk and place the cap gill-side down on a piece of paper, covering it with a dish to eliminate air currents, the spores will fall and adhere to the paper in a pattern perfectly reflecting the arrangement of the gills. The dish and cap can be removed a day later, and the spore print (Fig. 19.19) can be made more or less permanent with the application of a little clear varnish or shellac. Such spore prints can be used as an aid to identification, employing white paper for dark-colored spores and black paper for white or light--colored spores.

In nature, some of the basidiospores eventually repeat the reproductive cycle. Often a dikaryotic mycelium radiates out from its starting point, periodically producing basidiomata in so-called fairy rings (Fig. 19.20). If conditions are favorable, the mycelium continues to grow at the edges for many years while dying in the center as food resources are depleted. Some mycelia have been known to grow in this fashion for over 500 years.

Some mushrooms such as boletes produce their spores on the surfaces of thousands of tiny pores instead of on gills (Fig. 19.21).

Shelf, or bracket, fungi (Fig. 19.22) grow out horizontally from the bark or dead wood from which they have grown, some adding a new layer of growth each year. Perennial species can become large enough and so securely attached that they can support the weight of a human adult.

Other members of this phylum produce spores within parchment-like membranes, forming somewhat ball-like basidiomata called puffballs. Puffballs, which prior to developing their spores are generally edible, range in diameter from a few millimeters to 1.2 meters (0.125 inch to 4 feet) (Fig. 19.23). They have minimal or no stalks and rest in contact with the ground. Literally trillions of spores may be produced by a large puffball. These are released through a pore at the top or from random locations when the outer membrane breaks down. Earth stars (see Fig. 19.14B) are similar to puffballs but differ from them in having at the base an additional membrane that splits and resembles a set of woody flower petals.

Bird’s-nest fungi (Fig. 19.24) grow on wood or manure and form nestlike cavities in which small, egglike bodies containing basidiospores are produced. In some species, each “egg” has a sticky thread attached to it. When raindrops fall in the nests, the eggs may be splashed out, and as they fly through the air, the sticky threads catch on nearby vegetation, whipping the eggs around it (Fig. 19.25). When animals graze on the vegetation, the spores pass unharmed through the intestinal tract.

Smuts are parasitic club fungi that don’t form basidiomata. They do considerable damage to corn, wheat, and other grain crops. In corn smut (Fig. 19.26), the mycelium grows between the cells of the host. The hyphae absorb nourishment from these cells and also secrete substances that stimulate them to divide and enlarge, forming tumors on the surfaces of the corn kernels. These eventually break open, revealing millions of sooty black spores, which are blown away by the wind. Some smuts affect only the flowering heads or grains, whereas others infect the whole plant.

Rusts are also parasites that don’t form basidiomata. They attack a wide variety of plants. Some rusts grow and reproduce on only one species of flowering or cone-bearing plant. Others, however, require two or more different hosts to complete their life cycles. Black stem rust of wheat, which has reduced wheat yields by millions of bushels in a single year in the United States alone, has plagued farmers ever since wheat was first cultivated thousands of years ago. More than 300 races of black stem rust are now known. This rust requires both common barberry plants and wheat to complete its life cycle (Fig. 19.27).

Since two hosts are necessary for black stem rust of wheat to complete its life cycle, it was believed that control of the disease could be accomplished through eradication of common barberry bushes. In an attempt to eradicate the disease, an estimated 600 million such plants were destroyed in the United States between 1918 and 1990, but it has proved impossible to eliminate the species altogether, partly because the urediniospores (binucleate spores produced in the summer) can overwinter in southern fields and reinfect wheat seedlings in the spring. Producing rust-resistant strains of wheat has helped, but even as new strains are developed, the rusts themselves hybridize or mutate, producing new races capable of attacking previously resistant varieties of -cereals—a striking example of adaptation and natural selection in action.

Another serious rust with two hosts is the white pine blister rust, which has caused huge losses of valuable timber trees in both the eastern and western United States. Basidiospores infect the pine trees, and when the basidiospores germinate, other types of spores are produced. These different spores, in turn, infect currant and gooseberry bushes, and the spores formed on the currants and gooseberries eventually give rise to new basidiospores, completing the cycle. The U.S. Forest Service had a program of gooseberry bush eradication in operation for many years in an attempt to alleviate the problem, but the program was only partially successful. Spraying programs have more recently been implemented with some success, and rust-resistant trees also are being selected and bred as alternatives.

Other rusts with two hosts include cedar-apple rust (alternate host: cedar trees), poplar leaf spot (alternate host: larch or tamarack trees), and corn rust (alternate host: sorrel).

A relative of black stem rust was recently discovered in the Rocky Mountains of Colorado. This rust causes its rock cress host plants to produce fake flowers that look and smell so real many insects are fooled by them. When bees and butterflies visit the fake flowers, they find a sugary, nectarlike secretion. While gathering the sticky fluid, they inadvertently also pick up fungal sex cells, which are spread to other rock cress plants.

Human and Ecological Relevance of the Club Fungi

Of the approximately 25,000 described species of club fungi, fewer than 75 are known to be poisonous. Many of the latter are, however, common and not readily distinguishable by amateurs from edible species. Also, some edible forms, such as the inky cap mushrooms, cause no problems by themselves but may make one very ill if consumed with alcohol. Few of the poisonous forms normally are fatal, but unfortunately, some—such as Amanita spp., which cause 90% of the fatalities attributed to mushroom poisoning—are relatively common.

Poisoning from death angels and similar species is due to alpha-amanitin (an alkaloid). The poison completely blocks RNA synthesis, and symptoms of poisoning usually take from 6 to 24 hours to appear. Treatment, which in the United States usually includes pumping of the stomach and ingestion of activated charcoal, is seldom successful by the time the intense stomachache, blurred vision, violent vomiting, and other symptoms occur.

In the late 1950s there were claims that administration of alpha lipoic acid (thioctic acid) in a few instances prevented a fatality, but subsequent research has failed to substantiate the claims. In Europe, injections of silibinin and silymarin (extracts of milk thistle—Silybum marianum) do appear to have been at least partially effective as antidotes. Oral forms of silymarin are available in North America, but they are much less effective than the injectable forms. Injectable silibinin and silymarin have not yet received FDA approval for treatment of mushroom poisoning in the United States. When a small, nonfatal ingestion has occurred, the mushroom poison usually leaves the patient with hypoglycemia (a blood sugar deficiency), which can be countered with the intravenous administration of glucose. Some wild--mushroom lovers have fed a part of their collection to a dog or cat, and when nothing happened to the animal after an hour or two, they have eaten the mushrooms themselves. Both they and the animals later succumbed. Others have mistakenly believed that the toxic substances are destroyed by cooking. Records show, however, that before the discovery of milk thistle antidotes, death ensued in 50% to 90% of those who had eaten just one or two of the deadly mushrooms, cooked or raw, and that even as little as 1 cubic centimeter (less than a 0.5 cubic inch) can be fatal.

There are many widespread but very unreliable beliefs about distinctions between edible and poisonous mushrooms. Some believe that a silver coin placed in the cooking pan will turn black while the mushrooms are cooking if any poison is present. However, there are both edible and poisonous species that will turn such a coin black, and others will not. Another superstition holds that edible species can be peeled while poisonous ones cannot. Again, this is a fallacy, for Amanita mushrooms peel quite easily. Still other erroneous beliefs maintain that poisonous mushrooms appear only in the fall or the early spring, or that all mushrooms eaten by snails and beetles are edible, or that all purplish-colored mushrooms are poisonous, or that all mushrooms growing in grassy areas are edible. Again, these notions simply are not supported by the facts. Wild mushrooms can be eaten with some confidence only if they have been identified by a knowledgeable authority. It is foolhardy for anyone to do otherwise.

Some poisonous mushrooms cause hallucinations in those who eat them. During the Mayan civilization in Central America, a number of teonanacatl (“God’s flesh”) sacred mushrooms (Fig. 19.28) were used in religious ceremonies. The consumption of these mushrooms has continued among native groups in Mexico and Central America to the present. Ingestion of small amounts results in sharply focused, vividly colored visions. Similar use of the striking fly agaric mushroom (Fig. 19.29; see also the chapter-opening photo) in Russia, and for a while in the Indus valley of India, dates back to many centuries b.c. Users appear to go into a state of intoxication. It is believed that the ancient Norwegian beserkers, who occasionally exhibited fits of exceptionally savage behavior, did so after consuming fly agaric mushrooms. Related species that occur in the United States have not produced the same effects but have, instead, caused the user to become nauseated and to vomit. In Siberia, users have noted that the intoxicating principle is passed out in the urine, and some persons have adopted the practice of drinking the urine of persons who have consumed fly agaric mushrooms. Reindeer, incidentally, are reported to be obsessed with both fly agaric and human urine.

More than 90% of a mushroom is water, and mushrooms generally contain smaller quantities of nutritionally valuable substances than most foods. An apparent exception is the legendary shiitake mushroom, grown for centuries in China and Japan on oak logs and now cultured in the United States. It has more than double the protein of ordinary, commercially grown mushrooms and is very rich in calcium, phosphorus, and iron. It has excellent flavor and also contains significant amounts of B vitamins, vitamin D2 (ergosterol), and vitamin C.

Ancient Chinese royalty believed that eating shiitake mushrooms would promote healthful vigor and retard the aging process, but no extensive research either supporting or refuting the claims has yet been conducted.

Lentinacin, an agent capable of lowering human cholesterol levels, has been obtained from shiitake mushrooms, and purified extracts from spores of the mushrooms have demonstrated antiviral activity against influenza and polio viruses in laboratory animals.

Since ancient times, many types of mushrooms have been cultivated for food. In the 2nd century b.c., a Greek doctor by the name of Nicandros taught people how to grow mushrooms underneath fig trees on soil fertilized with manure. Andrea Cesalpino, a noted Italian botanist and physician of the 16th century, cultivated mushrooms by scattering pulverized poplar bark on very rich soil near poplar trees with which the mushrooms were associated. In more recent times, Italians have cultivated mushrooms on waste material from olives, on coffee grounds, on remnants of oak leaves after tannins have been extracted for leather tanning, and on laurel berries. Today, jelly fungi and various mushrooms are cultivated in the Orient on media composed of wood and manure.

In Geneva, Switzerland, there is a special market for wild mushrooms where more than 50 species are sold under the supervision of a state mycologist. Although wild mushrooms are consumed by many in North America, fewer such species are sold in markets. Only one species of mushroom (Agaricus bisporus—portabella mushroom) is extensively cultivated commercially, although several others such as shiitake and oyster are steadily gaining in popularity. Mushrooms have been grown in basements, caves, and abandoned mines, but contrary to widespread belief, light does not at all affect their growth.

Large-scale mushroom-growing operations generally use windowless warehouses with stacked rows of shallow planting beds because temperatures, humidity, and other climatic factors are easier to control in such buildings (Fig. 19.30). The mushrooms are grown on compost made from straw and horse or chicken manure. Prior to use, the compost is pasteurized for a week to destroy microorganisms, unwanted fungi, and insects and their eggs. Then it is inoculated with spawn, which is compact mycelium grown from germinated basidiospores sown on bran of wheat or other grains. After inoculation, the spawn is covered with a thin layer of soil. The moisture content of the compost is controlled with regular, light waterings, and a humidity of about 75% is maintained.

The mycelium grows in temperatures ranging from just above freezing to 33°C (91.4°F), but commercial growers try to keep the temperatures between 9°C and 13°C (48°F to 55°F) because the mushrooms are less subject to disease or insect attacks and are also firmer when grown under cool conditions. The mushroom buttons appear within a week to 10 days after spawn is planted and continue appearing for 6 months or more. About 1 kilogram (2.2 pounds) of mushrooms is obtained from each 10 square decimeters (slightly over 1 square foot) of growing area. An estimated 59,000 metric tons (65,000 tons) of mushrooms are produced annually in the United States, and lesser but significant amounts in Canada.

Fungi are constantly breaking down dead wood and debris and returning the components to the soil where they can be recycled. Sometimes, as we have seen, they can be very destructive from a human viewpoint, attacking everything from living plants and harvested or processed food to shoe leather, paper, cloth, construction timbers, paint, petroleum products, upholstery, and even glass, particularly in warmer humid climates.

Phylum Deuteromycota—The Deuteromycetes (Imperfect Fungi)

Any fungus for which a sexual stage has not been observed is classified as an imperfect fungus. Many otherwise unrelated fungi are grouped together in this artificial phylum, which includes several well-known disease organisms as well as fungi important in disease control and food processing. If a member of this group is studied further and a sexual stage is discovered, the fungus is reassigned to its appropriate phylum.

Imperfect fungi most commonly reproduce by means of conidia. One such group grows on dead leaves and debris at the bottom of streams with rapidly moving water. The spores often have four long extensions on them. These arms are arranged in such a way that three may catch like a tripod on a flat surface, keeping the fungus from being washed downstream.

One interesting group of imperfect fungi parasitizes protozoans and other small animals in various ways. Some develop an unbranched body inside their victim and slowly absorb nutrients until the host dies. They then produce a chain of spores that may stick to, or be eaten by, another victim. Others capture their prey on sticky hyphae to which passing amoebae adhere. One soil-dwelling group captures nematodes (eelworms) in hyphal rings or loops. In some, the rings are a little smaller than the circumference of a nematode, which tapers at both ends. When a nematode randomly happens to stick its head through such a loop, it frequently tries to struggle forward instead of backing out and becomes trapped (Fig. 19.31). The fungus then produces small, rhizoidlike outgrowths called haustoria that grow into the worm’s body and digest it.

More specialized species of nematode-trapping fungi have loops that constrict around the worm less than a tenth of a second after contact. The loops are spaced so that sometimes the tail of the worm gets caught in a second loop while the worm is thrashing around after being caught by the head. A number of these fungi can easily be grown on agar media, but they do not form loops unless a nematode is placed in the dish. The nematodes evidently produce a substance that promotes the development of the loops. Several species of imperfect fungi are found in ant and termite nests. The insects cultivate their fungus gardens by bringing in bits of leaves, other plant debris, caterpillar droppings, and their own feces, and in so doing, they form a rich growing medium. They also lick the hyphae and constantly probe them, using them for food as they grow.

Some wood-boring beetles have pouches in their bodies that function as fungus spore containers. The spores germinate in the wood tunnels, their mycelia forming a lining that produces yeastlike cells on which the beetles and their larvae feed. As discussed in Chapter 5, many higher plants have mycorrhizal fungi associated with their roots. These fungi greatly increase the absorptive surface area around the roots and may be far more important than root hairs in this regard, particularly in mature roots.

Human and Ecological Relevance of the Imperfect Fungi

Among the best known of the medically important fungi are the Penicillium molds (Fig. 19.32), which secrete penicillin, the well-known and widely used antibiotic (a substance produced by a living organism that interferes with the normal metabolism of another living organism). In 1929, Sir Alexander Fleming of England noticed that certain bacteria would not grow in the vicinity of the mycelium of a Penicillium mold and gave the name penicillin to the chemical in the mold that prevented the bacterial growth.

Fleming apparently did not grasp the significance of his findings, and the findings did not particularly excite the medical profession until the outbreak of World War II some 10 years later. At that time, a team of British and American scientists at Northern Regional Laboratories in Peoria, Illinois, set out to see if they could coax Penicillium molds into producing more of this antibacterial substance. War casualties created a need for greater quantities of more effective medicines that could keep wounds from becoming infected and to prevent the spread of venereal diseases.

The scientists began with cultures from the original mold observed by Fleming, but the amounts of penicillin it produced were so small that it was very expensive to obtain significant quantities for human use. They appealed to the general public, asking them to send in any material they found with a greenish or bluish mold on it. They received whole trainloads of moldy trash from all over the United States.

The breakthrough in the research came, however, when a different species of Penicillium mold—one that yielded 25 times the penicillin produced by the original culture—was found on a moldy cantaloupe from a local market. The scientists set to work germinating individual spores of this new mold on culture media, and by careful selection, they eventually were able to isolate a strain that produced more than 80 times the original quantity of penicillin. Later, when this strain was subjected to X-radiation, still other forms were produced that upped the penicillin output to 225 times that of Fleming’s mold. Today, most of the penicillin produced around the world comes from descendants of that cantaloupe mold. Literally hundreds of other antibiotics effective in combating human and animal diseases have been discovered since the close of World War II, and the production of these drugs is a vast worldwide industry.

Penicillium molds are also used in other ways. Some are introduced into the milk of cows, sheep, and goats at stages in the production of gourmet cheeses, such as blue (Fig. 19.33), Camembert, Roquefort, Gorgonzola, and Stilton. The molds produce enzymes that break down proteins and fats in the milk, giving the cheeses their characteristic flavors.

Since the early 1980s, organ transplants have been aided by the discovery and production of a “wonder drug” from an imperfect fungus found in soil. Called cyclosporine, the drug suppresses immune reactions that cause rejection of transplanted organs without risking the development of leukemia and other undesirable side effects associated with other drugs.

Aspergillus is a genus of imperfect fungi whose species produce dark-brown to blackish or yellow spores (Fig. 19.34). It is closely related to the Penicillium molds and is extensively used in industry. One or more species is used commercially for the production from sugar of citric acid, a substance for flavoring foods and for the manufacture of effervescent salts that were originally obtained from oranges. Citric acid is also used in the manufacture of inks and in medicines, and it is even used as a chicle substitute in some chewing gums.

Aspergillus fungi also produce gallic acid used in photographic developers, dyes, and indelible black ink. Other species are used in the production of artificial flavoring and perfume substances, chlorine, alcohols, and several acids. Further uses are in the manufacture of plastics, toothpaste, and soap, and in the silvering of mirrors.

One species of Aspergillus is used in the Orient and elsewhere to make soy sauce, or shoyu, by fermenting soybeans with the fungus. A Japanese food called miso is made by fermenting soybeans, salt, and rice with the same fungus. More than one-half million tons of miso are consumed annually.

A number of diseases of both human and animals are caused by Aspergillus species. The diseases, called aspergilloses, attack the respiratory tract after the spores have been inhaled. One type thrives on and in human ears. Other diseases caused by different genera of imperfect fungi include those responsible for the widespread problem of athlete’s foot and ringworm, for white piedra (a mild disease of beards and mustaches), and for tropical diseases of the hands and feet that cause the limbs to swell in grotesque fashion. 

Aspergillus flavus, which grows on moist seeds, secretes aflatoxin, the most potent natural carcinogen known. The toxin causes liver cancer, and no more than 50 parts per billion is allowed in human food. In humid climates, such as those of the southeastern United States and adjacent Mexico, improperly stored grain can become moist enough to support the fungus so that foods such as peanuts, peanut butter, and peanut-based dairy feeds become carcinogenic. Dairy cattle feed is even more strictly controlled because concentrations of aflatoxin can accumulate in milk.

One serious disease called valley fever (coccidiomycosis), found primarily in the drier regions of the southwestern United States, usually starts with the inhalation of dust-borne spores of an imperfect fungus (Coccidioides immitis) that produces lesions in the upper respiratory tract and lungs. The disease may spread elsewhere in the body, with sometimes fatal results.

Two imperfect fungi show promise as biological controls of pest organisms. One has already been used with some success in controlling scale insects in Florida and other warm, humid regions. Another may be used to combat water hyacinths, which have caused serious clogging of waterways in areas of the world with mild to tropical climates.

Lichens

A student who was interested in natural dyeing came to me a number of years ago and asked if she could experiment with the dye potential of local plants as a special project. In the course of her experimentation, she obtained beautiful shades of yellow, brown, and green from two dozen common, local plants, using simple “recipes.”1 During the following summer, she extended the project to include lichens growing on the trees and rocks at a camp where she served as a counselor. The rich colors she obtained from the lichens were even more spectacular, which is perhaps not surprising since these organisms were, in the past, a major source of dyes and still are used in a minor way in commercial dyeing.2
Lichens traditionally have been referred to as prime examples of symbiotic relationships. Each consists of a fungus and an alga (or cyanobacterium) intimately associated in a spongy thallus. The thallus can range in diameter from less than 1 millimeter to more than 2 meters (0.04 inch to 6.5 feet). The photosynthetic component supplies the food for both organisms. The fungus protects the photosynthetic organisms from harmful light intensities, produces a substance that accelerates the rate of photosynthesis, and absorbs and retains water and minerals for both organisms. Supporting the belief that a lichen involves a symbiotic relationship is the fact that neither the fungus nor the photosynthetic organisms grow independently where the lichen grows. The physiological evidence suggests, however, that it would probably be more correct to say that the fungus parasitizes the photosynthetic component in a controlled fashion, actually destroying -chlorophyll-containing cells in some instances.

There are about 14,500 known species of lichens. The photosynthetic component is either a green alga or a cyanobacterium, a few lichens having two species of algae present. Three genera of green algae and one genus of cyanobacterium are involved in 90% of all lichen species, and one -species of alga may be found in many different lichens. Each lichen, however, has its own unique species of fungus. With the exception of about 20 tropical species of lichens that have a club fungus and one species (associated with bald cypress trees) that has a bacterial component, lichens have members of the sac fungi for their fungal components. It is possible to isolate and culture the components separately. When this is done, however, the fungus takes on a very different, compact but indefinite shape, and the algae or cyanobacteria grow faster than they do when they are part of a lichen. The fungal component is very rarely found growing independently in nature, while the photosynthetic component is known to thrive independently of the lichen in some instances. Lichen species, therefore, are identified according to the fungus present.

Lichens grow very slowly, at a maximum rate of 1 centimeter (0.4 inch) and a minimum of as little as 0.1 millimeter (0.004 inch) per year. They are capable of living to an age of 4,500 or more years and are tolerant of environmental conditions that kill most other forms of life. They are found on bare rocks in the blazing sun or bitter cold in deserts, in both arctic and antarctic regions, on trees, and just below the permanent snow line of high mountains where nothing else will grow. One species grows completely submerged on ocean rocks. They even attach themselves to manufactured substances, such as glass, concrete, and asbestos.

Part of the reason for the wide range of tolerance of lichens is the presence in the lichens’ thalli of gelatinous substances, which enable them to withstand periods of rapid drying alternating with wet spells. While they are dry, their water content may drop to as low as 2% of their dry weight, and the upper part of the thallus becomes opaque enough to exclude much of the light that falls on them. In this state, most environmental extremes do not affect them at all as they temporarily become dormant and do not carry on photosynthesis.

The lichen thallus usually consists of three or four layers of cells or hyphae (Fig. 19.35). At the surface is a protective layer constituting the upper cortex. The hyphae are so compressed they resemble parenchyma cells, and it is here that the gelatinous substances aid in the layer’s protective function. Below the upper cortex is an algal layer in which algal (or cyanobacterial) cells are scattered among strands of hyphae. Next is a medulla consisting of loosely packed hyphae, which occupies at least half the volume of the thallus. A number of substances produced by the lichen are stored here. A fourth layer, called the lower cortex, is frequently but not always present. It resembles the upper cortex but is usually thinner and is often covered with anchoring strands of hyphae called rhizines.
Lichens have been loosely grouped into three major growth forms, which have no basis in their natural relationships but are convenient as a first step in their identification (Fig. 19.36). Crustose lichens are attached to or embedded in their substrate over their entire lower surface. They often form brightly colored crusty patches on bare rocks and tree bark. The hyphae of some that grow on sedimentary rocks penetrate as much as 1 centimeter (0.4 inch) into the rock. Others grow just beneath the cuticle of the leaves of tropical hardwood trees, with no apparent harm to the leaves. Foliose lichens have somewhat leaflike thalli, which often overlap one another. They are weakly attached to the substrate. The edges are frequently crinkly or divided into lobes. Fruticose lichens may resemble miniature upright shrubs, or they may hang down in festoons from branches. Their thalli, which are usually branched, are basically cylindrical in form and are attached at one point.

It should be stressed that while lichens may be attached to trees or other plants, the majority in no way parasitize them. There are, however, a very small number of species that do produce parasitic rhizines that penetrate the cortical parenchyma cells of their hosts.

Although the fungal component of a lichen usually reproduces sexually, lichens are naturally dispersed in nature primarily by asexual means. In about a third of the species, small powdery clusters of hyphae and algae called soredia (singular: soredium) are formed and cut off from the thallus in a set pattern as it grows. Rain, wind, running water, and animals act as agents of dispersal. In other lichens, specialized parts of the thallus, known as isidia, may break off or be separated by decay.

Sexual reproduction in lichens is similar to that of the sac fungi except that the ascomata produce spores continuously for many years. No one has yet observed the initiation of a new thallus in nature, but it is believed that they arise after ascospores carried by the wind come in contact with independently living algae, germinate, and parasitize them. Lichen algae reproduce by mitosis and simple cell division.

Human and Ecological Relevance of Lichens

One environmental factor from modern civilization has a marked effect on lichens. They are exceptionally sensitive to pollution, particularly that of sulfur dioxide. In fact, their sensitivity to this air pollutant is so great that it has been possible to calculate the amount of sulfur dioxide present in the air solely by mapping the occurrence or disappearance of certain lichens in a given area. Such studies have shown that some species of lichens have disappeared entirely from industrial areas and are now facing extinction due to air pollution. They are also very sensitive to nuclear radiation and were used on one occasion to monitor radioactive contamination when a satellite fell to earth in a remote area. After the nuclear meltdown in Chernobyl, reindeer moss lichens in Lapland absorbed radioactive elements and rendered the meat of reindeer that fed on the contaminated lichens unsafe to eat.

Lichens contribute to the degradation of historic ruins and other exposed rock or stone materials. Archaeological sites such as those of Troy (in modern Turkey) and Machu Picchu in Peru have suffered damage from the acids produced by lichens, and sometimes older gravestones slowly become covered by various lichen species.

Lichens provide food for many lower animals as well as large mammals. Reindeer and caribou can survive exclusively on fruticose lichens in Lapland when other food is unavailable, while North African sheep graze on a crustose lichen. By themselves, lichens do not make good food for human consumption, but they have been used as a food supplement (e.g., in soups) in parts of Europe. Most have acids that make them unpalatable, and some (e.g., rock tripe) have had harsh laxative effects on those who have tried them.

More than half of the lichens investigated have antibiotic properties. One lichen substance has been used in Europe in combination with another antibiotic in the treatment of tuberculosis. Europeans have also used lichen antibiotics to produce salves that have been effective in treating cuts and skin diseases.

Lichens were used for dyes by the Greeks and Romans, and a lichen dye industry persisted for many centuries in Europe. Native Americans and others also used lichens for dyes. Coal tar dyes now have largely replaced those of lichens, but lichens are still used in the manufacture of Scottish tweeds and East Indian cotton fabrics. Lichens are used in the preparation of the litmus paper used in elementary chemistry laboratories as an acid-alkaline indicator. The paper turns red under acid conditions and blue under alkaline ones.

Soaps are scented with extracts from lichens, and such extracts are still used in the manufacture of some European perfumes. Because of their resemblance to miniature trees and shrubs, some fruticose lichens are used by toy makers for the scenery of model railroads and car tracks. The importance of lichens in initiating soil formation is discussed in Chapter 25.

Summary


1.
A mass of fungal threads collectively is called a -mycelium.


2.
True fungi, chytrids, water molds, and slime molds apparently were derived independently of each other.


3.
Kingdom Fungi, whose members differ from those of other kingdoms in reproduction, metabolism, and lines of diversity, consists of five phyla of organisms.


4.
True fungi are all filamentous or unicellular with chitinous walls; they are mostly nonmotile, and most produce spores. Sexual reproduction is varied. Fungi may thrive at temperatures below freezing or well above human comfort levels. They are major natural decomposers and cause huge economic losses through food spoilage and diseases.


5. 
Phylum Zygomycota (coenocytic fungi)—represented by Rhizopus—has coenocytic mycelia that produce sporangiophores with sporangia containing numerous spores at their tips. Sexual reproduction involves gametangia produced on hyphae of opposite strains that merge, creating a single large cell, which becomes a zygosporangium and in which nuclei fuse in pairs. Meiosis occurs prior to the zygosporangium cracking open.


6. 
In Rhizopus, spores are produced externally on hyphae and released through a breakdown of the sporangium wall. Pilobolus releases its sporangia with force toward a light source. Bread molds are used to make tempeh and sufu and can also be used for various industrial purposes.


7. 
The hyphae of most true fungi are partitioned into cells with pores in their crosswalls.


8. 
Phylum Ascomycota (sac fungi) includes truffles, yeasts, powdery mildews, brown fruit rots, ergot, morels, and insect parasites. Asexual reproduction is by conidia or budding. Sexual reproduction involves the formation of asci following union of male and female structures.


9. 
Ergotism is a disease produced when rye infected with ergot is ingested. Yeasts produce carbon dioxide and alcohol used in baking and brewing, the drug ephedrine, and proteins and vitamins used for human and livestock consumption. Dutch elm disease, chestnut blight, and peach leaf curl are caused by ascomycetes.


10. 
Phylum Basidiomycota (club fungi) includes mushrooms, bracket fungi, rusts, smuts, puffballs, stinkhorns, earth stars, jelly fungi, and bird’s-nest fungi. The hyphae are partitioned into cells with either one nucleus (monokaryotic) or two nuclei (dikaryotic).


11. 
Asexual reproduction in basidiomycetes is usually by conidia. Sexual reproduction involves the fusion of cells of two mating types of monokaryotic hyphae. The union initiates the development of a dikaryotic mycelium that usually has clamp connections between adjacent cells. The dikaryotic mycelium often develops basidiomata.


12. 
The cap of a mushroom is usually on a stalk, which may have an annulus around it and sometimes a volva at the base.


13. 
Basidia and basidiospores are produced on gills that radiate out from the stalk under the cap.


14. 
Puffballs and earth stars are stalkless club fungi that may each produce trillions of spores. Shelf fungi may add a new layer of growth each year.


15. 
Bird’s-nest fungi produce their basidiospores in “eggs” that may become attached to vegetation ingested by animals. The eggs pass through the intestinal tract of the animals unharmed.


16. 
Smuts infest cereals. Rusts, which may have more than one host, infest cereals and other important plants.


17. 
Most club fungi are not poisonous. Death angel and destroying angel mushrooms cause about 90% of the fatalities attributed to mushroom poisoning. In Europe, milk thistle extracts appear to be at least partial antidotes to mushroom poisoning.


18. 
For safety, poisonous and edible mushrooms should be distinguished from each other only by authorities.


19. 
Some mushrooms have been used for intoxication and hallucinatory purposes. Most mushrooms are not high in nutritional value. Agaricus bisporus is the mushroom under most commercial cultivation in the United States.


20. 
Fungi and bacteria play a major role in natural recycling processes. They are also destructive of many economically important substances.


21. 
Members of Phylum Deuteromycota (imperfect fungi) all lack known sexual reproductive phases but otherwise resemble members of the other phyla of true fungi.


22. 
Some imperfect soil fungi trap and digest nematodes. The Penicillium molds, which produce penicillin, and Aspergillus, some species of which are used in the production of shoyu, miso, and other commercial products, are primarily imperfect fungi. Other imperfect fungi also cause diseases, such as athlete’s foot and ringworm.


23. 
Some imperfect fungi are cultivated by ants and termites in their nests and form mycorrhizal associations with the roots of higher plants.


24. 
The bodies (thalli) of lichens consist of an alga or cyanobacterium and a fungus in intimate symbiotic relationship. The photosynthetic component is usually a green alga or a cyanobacterium that may occur in many different species of lichens. Each lichen species has its own unique fungus (mostly sac fungus) component by which it is identified.


25. 
Lichens grow very slowly and may live to be thousands of years old. They are exceptionally sensitive to industrial pollution.


26. 
The lichen thallus usually consists of several layers of hyphae, one of which has algae or cyanobacteria between the threads.


27. 
Lichens occur in three growth forms: crustose, foliose, and fruticose.


28. 
Lichens reproduce sexually but are naturally dispersed primarily by soredia and other asexual means. Lichens provide food for animals, antibiotics, perfume, litmus paper, and natural dyes.

Review Questions


1. 
Why are fungi placed in a kingdom separate from protists and bacteria?


2. 
How do the cells of fungi differ from those of other organisms?


3. 
What does coenocytic mean? To which groups of organisms does it apply?


4. 
What means of asexual reproduction do the fungi exhibit?


5. 
If you were looking at hyphae of a bread mold, a sac fungus, and a club fungus through a microscope, could you distinguish among the three? How?


6. 
Which fungi produce zoospores?


7. 
Define conidia, haustoria, zygosporangium, sporangiophore, ascus, mycelium, ascoma, monokaryotic, dikaryotic, and clamp connection.


8. 
Is there any one best way to tell a poisonous mushroom from an edible one?


9. 
What is ergotism?


10. 
Discuss the human relevance of the sac fungi.


11. 
What is a spore print?


12. 
To which phylum of fungi do each of the following belong: truffles; puffballs; fungi involved with LSD; stinkhorns; peach leaf curl; late blight of potato; bird’s-nest fungi; jelly fungi; downy mildew of grape; death angel; shelf, or bracket, fungi?


13. 
What is a fairy ring, and why does it form?


14. 
How do rusts and smuts attack their hosts?


15. 
Under what conditions do commercially produced mushrooms grow best?


16. 
Why are some fungi referred to as being “imperfect”?


17. 
Discuss the economic importance of imperfect fungi.


18. 
What is the relationship between an alga and the fungus in a lichen?


19. 
What makes up the basic structure of a typical lichen?


20. 
How is it possible for lichens to live to such great ages?

Discussion Questions


1. 
Since fungi produce so many trillions of spores, why is it we are not overrun by them?


2. 
Why are fungal diseases much more common now in the United States than they were at the time of the Declaration of Independence?


3. 
If all rusts had only one host, would they (theoretically, at least) be easier to control?


4. 
Since most lichens are not good for food and are not very important economically, should we be as concerned about some of them becoming extinct as we are about whales disappearing?
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Fly agaric mushrooms (Amanita muscaria). (© Willard Clay Photography)

Figure 19.1A  Typical fungal hyphae. The black dots are sporangia. 10.

Figure 19.1B  Colonies of fungi growing on the surface of stale brewed coffee.

Figure 19.2  Chytrids on a dead leaf submerged in water.

Figure 19.4  A zygomycete sporangium. Spores are visible in the split. Scanning electron micrograph. ×2,000. (Courtesy Kenneth D. Whitney)
Figure 19.7  Life cycle of a sac fungus. When hyphae of two different strains of a sac fungus become closely associated, male antheridia may be formed on one and female ascogonia on the other. Male nuclei migrate into an ascogonium and pair but do not fuse with the female nuclei present. Then new hyphae (ascogenous hyphae), whose cells each contain a pair of nuclei, grow from the ascogonium. In a process involving fusion of the pairs of nuclei (followed by meiosis), fingerlike asci, each containing four or eight haploid nuclei, are formed in a layer called a hymenium, which lines an ascoma. The haploid nuclei become ascospores, which are discharged into the air. They are potentially capable of initiating new mycelia and repeating the process.

Figure 19.8  An ascoma of a sac fungus.

Figure 19.9  Closed ascomata (cleistothecia) of a powdery mildew on an oak leaf. ×200.

Figure 19.12  A peach leaf infected with peach leaf curl.
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Figure 19.14  A. A common Russula mushroom. B. Earth stars (Astreus sp.) C. A shelf or bracket fungus (Phaeolus). (B. Courtesy Perry J. Reynolds; C. Courtesy Richard Critchfield)
Figure 19.15  Development of a clamp connection. Left to right. A protrusion appears in the wall of a cell, and one nucleus migrates into the loop. Both nuclei undergo mitosis, and the loop carrying the daughter nucleus turns toward the cell wall. A clamp connection is established, and the daughter nuclei pair in two cells. 

Figure 19.16  Life cycle of a typical mushroom.

Figure 19.18  A small part of a mushroom gill showing basidiospores produced on the club-shaped basidia. 500.

Figure 19.19  A spore print.

Figure 19.20  A fairy ring of mushrooms. The mushrooms appear periodically toward the edge of a dikaryotic mycelium that grows out from a point where the first dikaryotic cell was initiated. (Courtesy Clark Ovrebo)
Figure 19.21  A bolete (Suillus sp.) mushroom. The basidiospores are produced at the margins of pores instead of along gills.

Figure 19.22  A shelf, also called bracket, fungus growing out from the trunk of a tree. (Courtesy Cliff Pelchat)
Figure 19.23  A giant puffball. (Courtesy John Hardy)
Figure 19.24  Bird’s-nest fungi. Each “egg” in a nest contains basidiospores that are dispersed when raindrops splash them out.

Figure 19.26  Corn smut fungus on an ear of corn.

Figure 19.27  Life cycle of black stem rust of wheat.

Figure 19.28  Teonanacatl mushrooms (Psilocybe cyanescens). (Courtesy Fred Stevens)
Figure 19.29  Fly agaric mushrooms. (© Digital Vision/PunchStock)

Figure 19.30  Mushroom beds in a commercial mushroom farm in Petaluma, California.

Figure 19.31  A nematode-trapping fungus with a victim. (After Drechsler, C. 1937. “Some hyphomycetes that prey on free-living terricolous nematodes.” Mycologia 29:447–552. Redrawn by permission.)
Figure 19.32  A Penicillium colony. 

Figure 19.33  Blue cheese. The dark areas are conidia of a species of Penicillium that gives the cheese its unique flavor.

Figure 19.34  A conidiophore of Aspergillus. Rows of conidiospores (also called conidia) are radiating out from the conidiophore. 500.

1. For further information on natural dyeing techniques, see Appendix 3.

2. Because the existence of many species of lichens is now threatened and they are also exceptionally slow growing, collecting of lichens for natural dyeing should no longer be encouraged.

Figure 19.35  A section through a foliose lichen. (Photomicrograph by G.S. Ellmore)
Figure 19.36  Three types of lichen thalli. A. Crustose lichens on the surface of a rock. B. A foliose lichen. C. Fruticose lichens.

A.

C.

B.

The sustainability of earth’s ecosystems depends upon a balance between production of biomass by photosynthetic organisms and breakdown of that biomass and recycling of the nutrients it contains. In the process of recycling, the fungi play prominent roles in all major ecosystems. In addition, as food, as agents of disease, and as sources of antibiotics and other drugs long used by humans, the fungi have had important influences on the quality of the human environment and have even changed the course of history. Fungi are also a source of many plant diseases, such as the Dutch elm disease, chestnut blight, and the black stem rust of wheat, which have devastated plant populations across entire continents. Lichens, which can grow under some of the most extreme environmental conditions, are remarkably sensitive to air pollution and are useful indicators of air quality. 

Figure 19.3  Life cycles of the black bread mold Rhizopus.
Figure 19.5  The dung fungus Pilobolus. The spores, which are in a cap, are released with force toward a light source. 

Figure 19.6  Asexual reproduction in yeast via budding.

Figure 19.10  A morel. (© Doug Sherman/Geofile)
Figure 19.11  Ergotized rye. The prominent darker objects scattered throughout the rye are kernels infected with ergot fungus. (Copyright © Loran Anderson)
Figure 19.13  A common stinkhorn. Note the slimy, stinky mass of spores toward the tip that attracts flies. (Courtesy Leland Shanor)
Figure 19.17  Death angel mushrooms (Amanita virosa). Note the egglike volva at the base of these specimens. (Courtesy Clark Ovrebo) 

Figure 19.25  How the “eggs” in a bird’s-nest fungus are dispersed. (After Harold J. Brodie. 1951. “The splash-cup dispersal mechanism in plants.” Canadian Journal of Botany 29:224–34. Reproduced by permission of the National Research Council of Canada from the Canadian Journal of Botany, 29:224–34.)
