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Presenter
Presentation Notes
This is a brief overview of fungi, their place in the natural world and their impact on human affairs.



Some people think fungi are plants... 

Image  from Growing Gourmet and Medicinal 
Mushrooms by Paul Stamets, Ten Speed Press Image  from Texas Mushrooms: A Field Guide by Susan Metzler & Van Metzler 

… but no, they’re NOT! 

Photo by Jo Weightman 

Presenter
Presentation Notes
For most of the last 200 years fungi were thought to be peculiar plants, but in the middle of the twentieth century it was recognised that this was not so.



Fungi are fungi! 

There are three major Kingdoms of 
eukaryotes 
 

  Eumycota, ‘true’ fungi; 
  Plantae, all green plants; 
  Animalia, all multicellular animals. 

Presenter
Presentation Notes
Instead, it’s now quite clear that fungi form a kingdom of organisms distinct from plants and also distinct from animals (although they are more closely related to animals than to plants!).



Image  from The Fifth Kingdom by 
Bryce Kendrick, Mycologue 
Publications 

Presenter
Presentation Notes
This is the current understanding of the relationships of organisms on Earth; with Eubacteria and Archaebacteria (or, simply, Archaea) making up the Prokaryota; and Animalia, Plantae, and Fungi (in this diagram called Eumycota) making up the Eukaryota, together with the Protozoa and a heterogeneous group of algae and other microorganisms that are grouped into kingdom Chromista.



Fungi are fungi! 
“...This classification scheme...requires 

changes in social organization of 
biologists, many of whom as botanists 
and zoologists, still behave as if there 
were only two important kingdoms (plants 
and animals)...”. 

 
Margulis, L. (1992). Biodiversity - molecular biological domains, 
symbiosis and Kingdom origins. BioSystems 27, 39-51. 

Presenter
Presentation Notes
Unfortunately, even now (well into the 21st Century) it still seems to be the case that most people are ignorant of the different biology of fungi, their enormous diversity and the important part they play in every ecosystem. The result of this ignorance is that most people can only think of ‘Nature’ as involving animals and/or plants (and in this I include those who teach biology in Universities).



Fungi are fungi! 

“... animals and fungi are sister 
groups while plants constitute an 
independent evolutionary 
lineage...”. 

 
Baldauf, S. L. & Palmer, J. D. (1993). Animals and fungi are 
each others closest relatives - congruent evidence from 
multiple proteins. Proceedings of the National Academy of 
Sciences of the U. S. A. 90, 11558-11562. 

Presenter
Presentation Notes
There is still uncertainty in the exact sequence of divergence of the major kingdoms, probably because of:variable rates of evolution between the different groups examined, and variable rates of evolution between the different molecules analyzed. 



3.5 billion years ago 

There is evidence for the activity 
of living organisms in terrestrial 
rocks that are 3.5 × 109 years old. 

Presenter
Presentation Notes
The history of life on Earth extends back 3.5 billion years.



2 billion years ago 

Eukaryotes and eubacteria last 
shared a common ancestor about 
2 × 109 years ago. 

Presenter
Presentation Notes
Eukaryotes diverged (probably from an Actinomycete-like ancestor) about 2 billion years ago. 



1 billion years ago 

Eukaryotic kingdoms diverged about 
1 × 109 years ago. 
 
Doolittle, R. F., Feng, D. F., Tsang, S., Cho, G. & Little, E. 
(1996). Determining divergence times of the major kingdoms of 
living organisms with a protein clock. Science 271, 470-477. 

Presenter
Presentation Notes
After a long period of existence as a single-celled ‘stem eukaryote’ (that is, a generalised eukaryote with a mixture of animal, fungal and plant characteristics) these organisms became diversified sufficiently for the line leading to plants to diverge first, followed subsequently by the animal line diverging from the fungal. This occurred at least one billion years ago. So fungi are fungi! … and they have been for a thousand million years!



Been there! Seen that! 

Remains of two mushrooms have been 
found in amber which is 90 to 94 
million years old. 
 They bear a strong resemblance to the existing 
genera Marasmius and Marasmiellus yet when they 
were preserved the dinosaurs still ruled the Earth … 
 
Hibbett, D. S., Grimaldi, D. & Donoghue, M. J. (1995). 
Cretaceous mushrooms in amber. Nature 377, 487. 

Presenter
Presentation Notes
Fungal evolution tends to be conservative. They evolved early in the tree of life on Earth and in many cases changed little although the animals and plants around them were changing greatly.  



…so the mushrooms YOU see when 
you trek through the forest ... 

Videostill from The Making of Walking With Dinosaurs © BBC MCMXCIX 

Presenter
Presentation Notes
This means that the mushrooms of today…



…are almost identical to those seen 
by dinosaurs in their forests 

Videostill from The Making of Walking With Dinosaurs © BBC MCMXCIX 

Presenter
Presentation Notes
… are much the same as those existing in the times of the dinosaurs.



Be thankful they’ve gone ... 

This kind of 
encounter ... 

Videostills from The Making of Walking With Dinosaurs © BBC MCMXCIX 

Presenter
Presentation Notes
Although the forest trees, other plants and animals are now very different.



.. Can be more than alarming! 

Videostill from The Making of Walking With Dinosaurs © BBC MCMXCIX 

Presenter
Presentation Notes
And tend to have smaller teeth.



Been there! Done that! 

‘...evidence accumulates to support 
the long-held view that the history of 
fungi is not marked by change and 
extinctions but by conservatism and 
continuity…’ 
 
Pirozynski, K. A. (1976). Fungal spores in fossil record. 
Biological Memoirs 1, 104-120. 

Presenter
Presentation Notes
This feature of fungi is summed up in this quotation.



Been there! Done it all! 

In other words: 

   if it works, 
     … don’t fix it 
 

Presenter
Presentation Notes
This is a less formal way of putting it.



We all know what mushrooms look 
like 

Image  from Texas Mushrooms: A Field Guide by Susan Metzler & Van Metzler 

Fruit bodies of Cantharellus minor 

Presenter
Presentation Notes
We have a mental model of what fungi look like, which is based on our present day experience.



We all know what mushrooms look 
like 

Videostill from Journey to the Center of the Earth, a Twentieth Century-Fox production 

Presenter
Presentation Notes
But in the very distant past fungi might have looked very different indeed. Could these images depict a Macrolepiota - known in England as the Field Parasol mushroom?  My field guide describes Macrolepiota procera as a “Large distinctive pale brownish agaric with scaly cap; white gills, and pale grey-brown stem with ring, and with banded markings.”



Maybe ancient mushrooms were 
gigantic… 

Videostill from Journey to the Center of the Earth, a Twentieth Century-Fox production 

Presenter
Presentation Notes
But my field guide doesn’t say anything about the species being several METRES tall!



…like ancient reptiles were gigantic? 

Videostills from Journey to the Center of the Earth, a Twentieth Century-Fox production 

Presenter
Presentation Notes
Could it be that alongside the giant reptiles and insects of ancient times there were giant fungi?



Of course, it’s all fiction! 

Videostill from Journey to the Center of the Earth, a Twentieth Century-Fox production 

Presenter
Presentation Notes
These images come from a science fiction film.



Or is it? … 

… dated July 31, 2000 

A press cutting from The 
Bangkok Post … 

Presenter
Presentation Notes
But I was reading my copy of the Bangkok Post at breakfast one day (well, … don’t you?).



… or do you prefer the Philosophical 
Transactions of the Royal Society of 
London? 

Presenter
Presentation Notes
And, less dramatically, you can also read about it in the professional scientific literature.



Quotations: 
‘…It has been suggested that some of 
the nematophytes (Prototaxites) were 
terrestrial fungi… (specimens of 
Prototaxites over 1 metre wide have 
been reported)…’ [and they were up 
to nine metres high!] 
 
Wellman, C. H. & Gray, J. (2000). The microfossil record of 
early land plants. Philosophical Transactions of the Royal 
Society of London, Series B 355, 717-732. 

Presenter
Presentation Notes
They are called nematophyte fossils because when first found at the end of the nineteenth century they were interpreted as fossil tree trunks. They start in rocks more than 450 million years old and were an important element of terrestrial ecosystems from the Ordovician to the early Devonian (which is the best part of 100 million years) both in terms of abundance and diversity. It also seems that they included by far the largest organisms in early terrestrial ecosystems (specimens of Prototaxites over 1 metre wide and up to nine metres high have been reported).



Prototaxites was the largest organism in 
its ecosystem 

A painting by Geoffrey Kibby depicting the landscape of the Devonian Period 

Presenter
Presentation Notes
This is an artist’s impression of the landscape of the Devonian period of some 400 million years ago, dominated by specimens of Prototaxites up to 9 metres tall in a painting by Geoffrey Kibby that appeared as a rear cover image on the magazine Field Mycology in April 2008. In the landscape portrayed in the painting the fungus Prototaxites dominates as the largest terrestrial organism to have lived up to this point in time. Although vascular plants had emerged by this time, these landscapes were still dependent on the more ancient primary producers: cyanobacteria (blue-green algae), eukaryotic algae, lichens and mosses, liverworts and their bryophyte relatives. What you are seeing here is the physical expression of the dominance of fungi in the Earth’s biosphere. This physical dominance of Prototaxites lasted at least 40 million years (about 20 times longer than the genus Homo has so far existed on Earth). Image kindly supplied by Geoffrey Kibby, senior editor of Field Mycology.



Fungi make a crucial contribution to 
our ecosystem 

The part played by fungi in nature 
make them crucially important to the 
maintenance of life on Earth. 

Presenter
Presentation Notes
Although very much smaller than Prototaxites in physical size, the part played by fungi in nature today make them crucially important to the maintenance of life on Earth; they are enormously useful to us now in industry and they have an enormous potential for us to exploit in the future.



Fungi help the balance of nature by 
nutrient recycling 

  Fungi decompose 
things. 

  Importantly, fungi are 
about the only organisms 
that can digest wood. 

  Lignin digestion is a 
fungal specialty. 

Images  from The Fifth Kingdom by Bryce Kendrick, Mycologue Publications 

Presenter
Presentation Notes
Fungi decompose things (decomposers are called SAPROTROPHS [biotrophs that digest living tissue as parasites & necrotrophs that digest recently dead animals and plants are the other nutritional categories]), and a particularly important fact is that fungi are the only organisms that can digest wood, because the lignin which is complexed with the cellulose in wood is so difficult to degrade. Lignin digestion is a fungal speciality but they gain nutrition from living or dead animals as well as plants, and the breakdown of other complex molecules such as cellulose and tannins in soils is due mostly to fungal enzymatic activity. The total length of hyphae in grassland soil has been estimated at over 1 km g-1, and fungi make up 90% of the total living BIOMASS in forest soils.



Fungi make a crucial contribution to 
our ecosystem 

Fungi make up 90% of the total living 
biomass in forest soils. 
The total length of hyphae in 
grassland soil has been estimated at 
over 1 km g-1. 

Presenter
Presentation Notes
Almost all fungi exist primarily as MYCELIUM, the only numerous exceptions are the YEASTS, which are single-celled organisms specialised for life in liquid environments, often in small volumes (like flower nectaries and dew/rain drops on fruits and flowers). 



Fungal mycelium in food webs 

Fungal mycelium in most soils makes 
a major contribution to food webs, 
being eaten by numerous vertebrates 
and invertebrates including insects, 
mites, molluscs and nematodes. 

Presenter
Presentation Notes
There is such a large amount of fungal mycelium in most soils that it makes a major contribution to FOOD WEBS by being eaten by numerous invertebrates including insects, mites, molluscs and nematodes (which are themselves food sources for vertebrates large and small). Microarthropods are responsible for shredding organic matter in soil (and so prepare it for the final mineralization processes carried out by MICROBES), but about 80% of the tens of thousands of microarthropod species in forest soils are FUNGIVORES - they depend on the fungal mycelium for food. 



Fungal fruit bodies in food webs 

Presenter
Presentation Notes
When the mycelium makes fruit bodies (like MUSHROOMS, BRACKETS and TRUFFLES), these are also vital food sources for many animals, from molluscs to mammals (including humans). The photographs here show a slug (an orange form of the large black slug, Arion ater, completely demolishing a Coprinellus micaceus mushroom fruit body). Because most small mammals depend on HYPOGEOUS fruit bodies (especially truffles) for a significant part of their diets the influence of fungi on the food web extends even further. 



Fungal fruit bodies in food webs 

Top predators, like birds of prey, eat 
small mammals that subsist almost 
entirely on fungal fruit bodies, and 
are themselves indirectly dependent 
on the fungi of the soil. 

Presenter
Presentation Notes
Top predators, like birds of prey, eat small mammals that subsist almost entirely on hypogeous fungal fruit bodies, and are themselves indirectly dependent on the fungi of the soil.



Fungal mycelia act as sinks of organic 
carbon and nitrogen 

In many forests, a lot of carbon 
fixed by photosynthesis ends up 
in fungal mycelium because of 
the mycorrhizal symbiotic 
association in which the fungus 
assists the growth of forest 
trees. 

Images  from The Fifth Kingdom by Bryce Kendrick, Mycologue Publications 

Presenter
Presentation Notes
Fungal mycelia act as SINKS of organic carbon and nitrogen nutrients in the soil. In many forests, a lot of carbon fixed by photosynthesis ends up in fungal mycelium because of the MYCORRHIZAL symbiotic association in which the fungus assists the growth of forest trees (and other plants). What is important is that the mycelial sink keeps the nutrients on site preventing loss of nutrient from the soil by leaching. The benefits of mycorrhizas to plants include efficient nutrient uptake, especially phosphorus; enhanced resistance to drought stress; and direct or indirect protection against some pathogens. Mycorrhizal fungi also link plants together into communities that are more resilient to stress and disturbance than single plants. When plants are connected by a common fungus, the products of PHOTOSYNTHESIS can move through the fungus from a well-placed donor plant to a shaded recipient plant. In nutrient-poor soils, mycorrhizal fungi can provide nitrogen to their host plant that their mycelia have obtained by saprotrophic digestion of nutrients in the soil.



Fungi exude polysaccharides 

These are important in gluing soil 
particles into aggregates that improve 
soil aeration and drainage.  
This is a critical contribution the fungi 
make to soil structure because most 
terrestrial organisms are so strongly 
aerobic. 

Presenter
Presentation Notes
Fungi, especially mycorrhizal fungi, exude polysaccharides from their mycelia which contribute to the conditioning of the soil by binding the mineral particles together, making it more granular.



Even fungal plant pathogens 
enrich the natural environment 
Plants killed by disease provide organic matter 
for nutrient cycling. 
Dead branches or heart rot in live trees create 
cavities for nesting animals. 
Gaps in stands of dominant plants create 
species diversity and diversity of food for 
animals from insects to elk. 

Presenter
Presentation Notes
Even fungal PLANT PATHOGENS enrich the structure of the natural environment. Plants killed by disease provide organic matter for nutrient cycling. Dead branches or heart rot in live trees create habitat for cavity nesting animals and gaps in stands of dominant pants created by disease allow development of other plants, contributing to both species diversity and diversity of food for animals from insects to elk.



… but not always ... 

This is what Dutch 
Elm disease does to 
the ‘urban forest’. 

Images  from the website of the Coalition to 
Save the Elms at the URL 
http://www.savetheelms.mb.ca 

Presenter
Presentation Notes
Dutch elm disease is caused by the fungus Ophiostoma, and is spread by the Elm bark beetle; a disease + vector combination that has killed hundreds of millions of Elm trees in Asia, the Americas and Europe.



Why not use pathogens in Biological 
Control? 

Weeds might be 
controlled by 
fungal diseases. 
This policy has 
an overall 
success rate of 
67%. Image  from The Fifth Kingdom by Bryce Kendrick, Mycologue Publications 

Presenter
Presentation Notes
The illustration experimental plots (the left one untreated, the right one treated) showing how application of spores of Colletotrichum gloeosporioides f.sp. malvae effectively eliminate the weed Malva pusilla, a serious weed of crops such as flax. In agriculture, fungal pathogens may be useful for the BIOLOGICAL CONTROL of weeds. In the United States, 13 of the top 15 weeds are introduced species, and in Canada, 78 of the 107 most troublesome weeds were introduced (accidentally) to the country. The best way to control such alien plants is to introduce diseases from their home territories. This policy has an overall success rate of 67%.



More aggressive Biological Control? 

Maybe use fungal diseases in the 
drugs war? Fusarium oxysporum 

against cocaine 
plantations. 

Videostills from Panorama: Britain’s Secret War on Drugs © BBC MM 

Presenter
Presentation Notes
Similar biological agents can achieve 99% destruction of the target - and they are highly specific to the one host.



More aggressive Biological Control? 

Pleospora papaveracea against heroin 
poppies. 

Videostills from Panorama: Britain’s Secret War on Drugs © BBC MM 

Presenter
Presentation Notes
There are important questions of ethics (because this amounts to biological warfare) and delicate international politics (‘producing countries’ are unlikely to invite ‘attacks’ on their own territory). And it’s a very small step between targeting a narcotics crop and targeting a food crop. But the tools are there.



Biological Control can be used 
against other pests 

Weevil killed 
by Metarhizium 

Mycar is a mycoacaricide 
used to prevent the build-up 
of populations of citrus rust 
mite 

Metarhizium kills 
spruce budworm 
larvae 

Images  from The Fifth Kingdom by Bryce Kendrick, Mycologue Publications 

Presenter
Presentation Notes
But biological agents are promising components of control measures of many horticultural and agricultural pests. 



Humans have been using fungi for 
many thousands of years 

Ötzi, the Ice 
Man, carried 
three separate 
fungal 
products for 
his trek across 
the Alps.  

Image  from James M. Deem’s website Mummy Tombs at http://www.mummytombs.com 

Presenter
Presentation Notes
Humans have been using fungi for many thousands of years. Over 5,000 years ago a Neolithic traveller set out across the Alps but he died in the ice and snow, and his corpse was preserved in the glacier to be eventually exposed at the edge of the ice sheet in 1991 close to the Austrian-Italian border. A remarkable feature of the Iceman’s equipment is that it included three separate fungal products.One was a mass of fibrous material of a fungus with a long history of use as a tinder, so clearly it was part of the Iceman’s fire-making kit.The other two were pieces of a bracket fungus threaded onto leather thongs. The fungus (actually called Piptoporus betulinus) is known to accumulate antiseptics and chemicals (known as SECONDARY METABOLITES) able to reduce fatigue and sooth the mind. Perhaps they were chewed on when the going got tough on his trek over the Alps.



Today’s fungal metabolites 

Alcohol (including biofuels) 
Citric Acid 
Penicillin 

Cyclosporin 
Mevinolin-derived compounds 

(Pravastatin, Simvastatin and Lovastatin, 
for example). 

Presenter
Presentation Notes
Today, ALCOHOL and CITRIC ACID are the world’s most important fungal metabolites in terms of production volume, although, PENICILLIN is still an important antibiotic. Most antibiotics that we use today actually originate from bacteria, but fungi produce some other useful (even crucial) pharmaceuticals.The fungal product called CYCLOSPORIN is capable of suppressing the immune response in transplant patients so as to avoid organ rejection.Another natural compound obtained from fungi that has great medical value is called MEVINOLIN. This is produced by the fungus Aspergillus terreus and is the basis of the ‘STATINS’ which are used to reduce cholesterol levels (high cholesterol levels being considered to be a risk factor in heart disease).Three compounds derived from mevinolin, Pravastatin, Simvastatin and Lovastatin, had worldwide sales that put them individually in the top ten selling pharmaceuticals in 1995, with combined sales valued at 5 billion U.S. dollars. If penicillin was the ‘wonder drug’ of the twentieth century, statins may well be the wonder drugs of the twenty-first century.



Most of the steroids in clinical use today 
are modified during manufacture by 
using fungi to make specific chemical 
transformations. 
There is promise in immunomodulators - 
making the immune system more active 
against the cancer cells. 

Some other fungal products 

Presenter
Presentation Notes
Most of the steroids in clinical use today are modified during manufacture by using fungi to make specific CHEMICAL TRANSFORMATIONS that may avoid anything up to twenty or thirty steps of pure chemistry. Using fungi in this way allows specific compounds to be made which would be otherwise very difficult, impossible, or just too expensive to produce by direct chemical synthesis.ERGOT TOXINS in low, and controlled, concentrations are valuable drugs causing dilation of veins and a decrease in blood pressure as well as contraction of smooth muscles. The ergot alkaloids are now produced by FERMENTATION.Many fungal products have been found to inhibit the growth of cancers in animal tests. Specificity and safety limit the medical usefulness of most of these compounds (they may have adverse effects on healthy tissue as well as the tumor). Compounds that work by modifying the activity of the patient’s own immune system (IMMUNOMODULATORS) - making it more active against the cancer cells - seem likely to offer the greatest value.



Mushroom cultivation 
This is the most obvious 
way in which we exploit 
fungi. 

Presenter
Presentation Notes
MUSHROOM CULTIVATION is the most obvious way in which we exploit fungi. In this worldwide industry about 30 species are commercially cultivated, 7 being cultivated on what could be described as industrial scale, but mushroom cultivation suits all scales from peasant farms, through small-holdings and on to multi-million dollar, and highly mechanised, farms.



Mushroom cultivation in the final 
quarter of the twentieth century 

 By the mid 1970s 
Agaricus accounted for 
over 70% of total global 
mushroom production; 

 today, it accounts for 
30% even though total 
production tonnage has 
more than doubled in 
the intervening years. 

Presenter
Presentation Notes
China produces about 70% of the world’s cultivated mushrooms.



Mushroom cultivation in the final 
quarter of the twentieth century 

World production of 
mushrooms in 1996 was 
estimated to be 5.8 
million metric tonnes. 
Overall annual point-
of-sale value is in the 
region of 30 billion US-
dollars. 

Presenter
Presentation Notes
We must mention non-cultivated mushrooms, too. Not a topic for this discussion, but an important part of the market. There is now a significant world trade in picked or collected mushrooms. The world market for chanterelles (collected, not cultivated) was estimated recently at more than 1.5 × 109 US$ The commercial picking industry has now expanded to a system of harvesters, buyers, processors, and brokers. Harvesters locate and pick the mushrooms. Buyers, typically associated with a specific processor, set up buying stations near wooded areas known to produce mushrooms and advertise their willingness to buy. Processors grade, clean, pack, and ship the product while providing the cash directly to the field workers. Brokers market the mushrooms around the world. This is a model which has become common in Europe and the United States. One of the things that makes it viable is the easy access to rapid trans- and intercontinental transport. As transport and communications continue to improve, the commercial picking industry is bound to continue to expand. [My local Stockport (Cheshire, UK) supermarkets regularly offer fresh mushrooms collected or cultivated in China, South America, and Africa as well as Eastern Europe].



Market mushrooms 
‘Exotic’ 
mushrooms 
(Lentinula and 
Pleurotus) are 
now routinely 
found alongside 
Agaricus in 
supermarkets 
around the 
world. 

Presenter
Presentation Notes
There is an astonishing depth of ignorance about the basic structure of fruit bodies and their developmental biology; indeed some people have expressed doubts about applicability of the term ‘developmental biology’ to fungi. Yet any attempt to apply physiological, biochemical, and even many genetic studies to crop production depends on intimate knowledge of tissue interactions during development. 



1 mm 

‘Embryology’ of Coprinopsis 

Presenter
Presentation Notes
Control of fungal morphogenesis: the image shows successive microscope sections of the very earliest stages in development of the mushroom fruit body of the inkcap mushroom Coprinopsis cinerea. Homologues and analogues of all of the developmental mechanisms known in animals and plants can be found in fungimechanical effectstemporal sequencingpattern formation and morphogenetic fieldsreaction with extracellular matrixa fungal kind of programmed cell deathBut there are differences, e.g. reinforcement of differentiationHyphal cells require regular reinforcement of their differentiation 'instructions'. This reinforcement is part of the context within which they normally develop.



Fungi are modular organisms 
Fungi are ‘modular organisms’, like 
clonal corals and vegetatively-
propagated plants. 
Mushrooms are appendages of their 
mycelium, not individual organisms. 
 
Andrews, J. H. (1995). Fungi and the evolution of growth form. Canadian 
Journal of Botany 73, S1206-S1212. 
Harper, J. L. et al. (1986). The Growth and Form of Modular Organisms. 
The Royal Society: London. 

Presenter
Presentation Notes
It is important to emphasise that mushrooms are not individual organisms; they are fruit bodies, like the apples on a tree. 



Mushroom morphogenesis 

What we do know indicates complex 
relationships. For example:  
 
 expansion of the fruit body cap in Lentinula 
edodes and Pleurotus pulmonarius occurs by 
hyphal multiplication; 
 the same process in Agaricus bisporus and 
Coprinopsis occurs by hyphal inflation.   

Presenter
Presentation Notes
There is also a tremendous diversity in the cell biology, physiology and metabolism that drives differentiation.



Mushroom morphogenesis 

Both require water uptake, 
  but Agaricus and Lentinula accumulate 
mannitol as osmoregulator; 
  in Coprinopsis, mannitol is undetectable but 
urea accumulates to drive water into the cap; 
  and in Pleurotus both mannitol and urea 
accumulate in the cap! 

Presenter
Presentation Notes
It is as though a general rule is established but each species solves the detailed application of that rule for itself.



Mushroom morphogenesis 

More studies of 
basic physiology 
and basic histology 
are essential to 
understand how 
shape and form 
arise.   

Image  from Growing Gourmet and Medicinal Mushrooms by Paul Stamets, 
Ten Speed Press 

Presenter
Presentation Notes
It seems that fungal morphogenesis is organized into a collection of distinct developmental processes (called 'subroutines') recognizable at all levels. Developmental subroutines are distinct genetically and physiologically.



Normal morphogenesis is made up 
of developmental subroutines 
  subroutines for hymenophore, 

hymenium, stem, cap, etc., 
  subroutines can be put into operation 

independently of one another, 
  under separate genetic control, 
  under separate physiological control. 

Presenter
Presentation Notes
Developmental subroutines are distinct genetically and physiologically as well as in terms of their cell biology. They may run in parallel or in sequence, but when played out in their correct arrangement, ‘normal’ morphology is obtained.



Developmental abnormalities 
Twin fruit bodies of Clitocybe nebularis Twin fruit bodies of Clitocybe nebularis Triple fruit bodies of Melanoleuca melaleuca 

Photos by H. van der Aa, from Mycologist, volume 11, part 2 (May 1997), p. 81 

Presenter
Presentation Notes
If some subroutines are disabled, an abnormal morphology results. Subroutines may be disabled genetically or through physiological stress. Such developmental abnormalities are observed in the laboratory but also in the wild (as shown in these images of fruit bodies collected from nature).



Developmental abnormalities 
Close up showing how one fruit body of Clitocybe nebularis has burst out of the internal tissues of its twin 

Photo by H. van der Aa, from Mycologist, volume 11, part 2 (May 1997), p. 81 

Presenter
Presentation Notes
Close-up of one mushroom emerging from within the tissues of another. The appearance of abnormalities like this emphasises the high level of developmental control that normally exists in mushrooms.



Volvariella bombycina 

Presenter
Presentation Notes
Fruit bodies of Volvariella bombycina normally look like this.



Volvariella bombycina 

Abnormal fruit bodies still produce spores. 

Presenter
Presentation Notes
Adverse conditions, particularly desiccation, result in a variety of abnormalities in V. bombycina. Flexibility in expression of developmental subroutines allows the fruit body to react to adverse conditions and still produce a crop of spores. I call this tolerance of imprecision. Fungal fruit bodies can tolerate imprecision of their development. Ability to tolerate uncertainty in development is what makes the fungi so successful.Developmental errors are not limited to fungi, of course. 10 to 15% of human embryos suffer major malformations (defined as primary errors of development) soon after conception - the majority are aborted. About 0.7% of newborns have multiple major malformations, about 3% have one major malformation and 14% have a single minor malformation. 



For the 
full story ... 
Fungal Morphogenesis  
by David Moore 
Published by 
Cambridge University 
Press, New York Office 
xiv + 469 pages 

ISBN 0 521 
55295 8 

Presenter
Presentation Notes
The book you need for more information about fungal developmental biology.



Fungal Morphogenesis 
The book brings together for the first time the full scope of fungal developmental 
biology, providing a coherent account which will be the basis for research in the future. 
The treatment also releases fungal morphogenesis from the confines of mycology, 
showing how and why this eukaryotic Kingdom deserves to be in the mainstream of 
developmental research. The author's view is quite simply that if you are ignorant of 
fungal morphogenesis then your understanding of developmental biology is 
incomplete. 
The book is aimed at all biologists. Throughout, the author blends together 
physiological, biochemical, structural and molecular descriptions within an 
evolutionary framework, combining the older literature with the most recent. A 
comprehensive description of fungi is not attempted, though sufficient information is 
provided about fungal biology to give the general reader a rounded view of the 
mycological context within which fungal morphogenesis is played out, without 
obscuring the broader biological significance. Jargon is avoided, technical terms 
demystified and a reader with knowledge of basic biology should not need to bring any 
other knowledge with him/her, nor need to refer elsewhere, in order to appreciate 
fungal morphogenesis. 

Presenter
Presentation Notes
First published in 1998 and, in 2012, still the ONLY book available with broad and imaginative coverage of this topic.



Fungal Morphogenesis 
CONTENTS 
The first chapter is an overview of the evolutionary origins of fungi and the central role they 
played (and still play) in the evolution of life on Earth. The second chapter introduces hyphal 
growth, the essence of the fungal life style, and identifies features which are crucial aspects of 
morphogenesis. Chapter 3 summarises fungal primary and secondary metabolism, necessary here 
because adaptation of primary metabolism and exploitation of secondary metabolism are both 
critical to fungal morphogenesis. In chapter 4 the impact of physiology on morphogenesis is 
discussed, with the genetic components of differentiation and morphogenetic change being dealt 
with in chapter 5. The development of form and structure is the main theme of a lengthy chapter 
6, and the ideas developed here are brought together and summarised in the final chapter 7. 
 
Fungal Morphogenesis was well received on publication (indeed, it appeared in the Top-ten Best 
Sellers list in the Professional Titles, Biology category produced by Yankee Book Peddlers for 
the 4th quarter of 1998).  
 
 
YOU CAN ORDER the book from the publisher, Cambridge University Press, at this URL: 
http://www.cup.cam.ac.uk/Scripts/webbook.asp?isbn=0521552958 
 

Presenter
Presentation Notes
First published in 1998 and an immediate best-seller, in 2012 it is still the ONLY book available with broad and imaginative coverage of this topic.

http://www.cup.cam.ac.uk/Scripts/webbook.asp?isbn=0521552958
http://www.cup.cam.ac.uk/Scripts/webbook.asp?isbn=0521552958


Fungi as food 

 Good content of protein (20-30% of dry 
matter) that contains essential amino acids,  
 chitinous walls as a source of dietary fibre, 
 contain B-vitamins, 
 low in fat, 
 virtually free of cholesterol. 

Presenter
Presentation Notes
In the human food arena mushrooms occur as flavourful delicacies but they have great promise as “front-line” foods.



Quorn™ myco-protein (Fusarium 
venenatum) 

Quorn™ and the Quorn™ logo are trademarks of Marlow Foods Ltd. 

Presenter
Presentation Notes
Ready-made meals are made with the mycelium of Fusarium venenatum.



Quorn™ myco-protein fermenter 
Two of the world’s 
largest continuous flow 
culture systems are 
used to produce the 
Quorn™ myco-protein. 
Each fermentation 
tower is 50 m tall and 
155,000 litre capacity. 
Installation was 
completed in May 
1994. 

Photos © Marlow Foods Ltd. Quorn™ and the Quorn™ logo are trademarks of Marlow Foods Ltd. 

Presenter
Presentation Notes
The mycelium being produced in gigantic fermenters.



Quorn™ myco-protein products 

Quorn™ and the 
Quorn™ logo are 
trademarks of Marlow 
Foods Ltd. 

Presenter
Presentation Notes
The processed Fusarium mycelium is a cholesterol-free, highly nutritious meat-replacement.



Fusarium, Agaricus and yeast! 
 

Ultimate 
fungus 
food? 

Quorn™ and the Quorn™ logo are trademarks of Marlow Foods Ltd. 

Presenter
Presentation Notes
Mushrooms, yeast extract and Quorn - all in one pie! What more could you want?



Ganoderma is naturally variable 

Presenter
Presentation Notes
Ganoderma is naturally variable; here it is shown growing as a bracket fungus (without a stem) on the trunk of a tree in the background, and also supported on 5 to 10 cm-high stems where it is growing from the roots of the same tree coming into the foreground.



Ganoderma is cultivated, but not as a 
food ... 

Presenter
Presentation Notes
On mushroom farms Ganoderma is grown on log segments in compost to produce fruit bodies with long stems.



Ganoderma is used for medicinal 
purposes 

Presenter
Presentation Notes
It is not used for food, but as a remedy in traditional Chinese medicine.



Opportunities for the twenty-first 
century 

 Fungal protein foods can compete successfully 
with animal protein foods like meat on health 
grounds.  
 Because fungal foods can be produced using 
waste products as substrates, they should also be 
able to compete successfully on grounds of 
primary cost. 

Presenter
Presentation Notes
There are many further opportunities for the use of fungi, particularly in the waste-recycling arena.



Industry produces wastes 

Oyster and paddy straw 
mushrooms grow well on 
cotton waste of textile and 
garment industries. 

Presenter
Presentation Notes
All agricultural production generates enormous waste because so little of each crop is actually used, but cash crops of mushrooms can be grown on many of these waste products.



All of agriculture produces wastes 

Typically, 80 to 90% of the total 
biomass of agricultural production 
is discarded as waste. 

Presenter
Presentation Notes
Cereal straw is an obvious waste product as the crop is grown only for the grain (the seeds).



Agriculture produces wastes 
From this entire field of rape (canola) only the oil 
from the seeds will be used. 

Presenter
Presentation Notes
All agricultural production generates enormous waste because so little of each crop is actually used; 95% of the total biomass produced in palm and coconut oil plantations is discarded as waste, 98% of the sisal plant is waste, 83% of sugar cane biomass is waste, and in 1995 the global production of cereal straw was estimated at 3.2 × 109 metric tonnes. 



Agriculture produces wastes 

This is an unacceptable loss of 
primary production but we could 
grow a lot of fungi on agricultural 
residues and convert wastes into 
food, animal feed, pharmaceuticals 
and other products. 

Presenter
Presentation Notes
An alternative view is that agricultural wastes could be recycled into other products.



Traditional Lentinula cultivation in 
China ... 

… still the 
most widely 
used method 
though it is 
devastating 
hill forests.  

Presenter
Presentation Notes
For example. Traditional shiitake (Lentinula) cultivation in China uses locally-felled logs (oak, chestnut, hornbeam, maple and others) >10 cm diam. (= 20/30 yrs old) & 1.5/2 m long. Each log gives 0.5 to 3 kg mushrooms, each spring and autumn, for 5 to 7 years.‘back of an envelope calculation’: if each log prod. 5 kg mushrooms/yr & annual production today is one million metric tonnes = we need 200,000 2 m logs = 50,000 to 100,000 trees every year just to maintain current production levels. This, combined with other demands for timber, has contributed to a loss of 87% of the native forests in China. Rate of deforestation currently much greater than the rate of reforestation.Regulations about planting/felling young trees, difficult to monitor. ‘Conservation awareness’ low among poor peasants in remote mountainous regions.And there may be 10 million mushroom farmers in China… (FOR COMPARISON the USDA National Agricultural Statistics Service reports that in 1998/99 there were just 340 mushroom growers in the United States (only 150 Agaricus growers)).



Opportunities for the twenty-first 
century - themes for exploitation 
  Use of substrates that are waste 
products from other industries;  
  combining bioremediation with 
mushroom crop production; 
  sustainable use of a wider range of 
the biodiversity evident in natural 
populations. 

Presenter
Presentation Notes
It’s an attractive notion to use the fungus to digest the waste and by so doing produce a cash crop of mushrooms. Even more attractive is that after the mushrooms have been harvested the ‘spent compost’ can be a useful:animal feed (the mushroom mycelium boosts its protein content),soil conditioner (it is a compost still rich in nutrients and with polymeric components that enhance soil structure)and even used to digest pollutants (like polychlorinated phenols) on land-fill waste sites because it contains populations of microorganisms able to digest the natural phenolic components of lignin.



Sustainable cultivation of Lentinula 
… uses 'artificial logs' made 
from hardwood chips and 
sawdust packed into polythene 
bags.  

Presenter
Presentation Notes
The Lentinula crop is harvested after basidiospore release has started. So with outdoor cultivation there are dangers resulting from cross contamination between cultivated and natural populations. A very limited gene pool is presently exploited in cultivated strains in China, but there is an enormous biodiversity in the wild.Wider use of indoor cultivation with artificial logs and exploitation of a wider range of natural genotypes would safeguard both cultivated and natural populations of Lentinula and avoid denuding hillsides of mature trees. Commercial advantages of indoor cultivation include: consistency of yield, shorter production cycle, use of industrial/agricultural wastes in the substrate.



Bioremediation with fungi 

Many wastes are hazardous because 
they contain tannins and phenolics, 
toxic to plants and animals.  
 residues from extraction of oils such as cotton, 
rape, olive, palm oils; 
 fruit processing residues, like citrus wastes; 
 wastes contaminated with pesticides. 

Presenter
Presentation Notes
Several cultivated mushrooms (e.g. Pleurotus and Lentinula species) can degrade lignin in plant litter. And these enzymes detoxify phenolic residues as well. Producing a crop of mushrooms whilst disposing of an otherwise hazardous waste has become a popular ‘research model’ in recent years. Pleurotus cultivation may even aid removal of pollutants from landfill or contaminated waste sites.



Bioremediation with Pleurotus 
The spent compost is able to remove the biocide 
pentachlorophenol (PCP) very effectively. 

Presenter
Presentation Notes
The slide shows the ability of the spent compost of laboratory-grown cultures of Pleurotus to remove pentachlorophenol by metabolising the biocide rather than simply adsorbing it.



Bioremediation with Pleurotus 

PCP has been the most heavily used 
pesticide throughout the world; it is very 
persistent in the natural environment and a 
common cause of soil contamination.  
 Using spent mushroom substrates in landfill sites 
combines soil conditioning with degradation of 
organopollutants as an effective strategy for 
bioremediation in situ. 

Presenter
Presentation Notes
Pentachlorophenol is one of the most widely-used pesticides.



Heavy metal warning ... 

Care is needed because mushrooms 
accumulate metal ions. 
 

 Wastes gathered from industrial 
sources for use in mushroom compost 
may be contaminated by heavy metals.  

Presenter
Presentation Notes
Simply farming mushrooms on sites contaminated with industrial wastes is not recommended. Cadmium content in experimental Pleurotus fruit bodies reached 0.03 mg g-1 dry wt when this was done. FAO/WHO recommend weekly intake of cadmium by adult humans should not exceed 0.4 - 0.5 mg; only 20 g (dry wt) of heavily contaminated oyster mushroom (which do not show any abnormality in appearance) would exceed this level. Cadmium poisoning causes kidney, liver and skeletal disorders. Regular monitoring of the metal contents of edible mushrooms produced in bioremediation programmes is recommended, and it would be better to use the spent compost from mushroom farms located away from the contaminated site. 



The non-green revolution 

On average, agriculture currently loses 40% 
of its primary production to pests and diseases 
and then throws away more than 70% of 
what’s left because the crop always represents 
so little of what is grown. 
That works out to an overall 18% efficiency, 
at best. 

Presenter
Presentation Notes
One thing we must do is make better use of what the Earth already produces. On average, agriculture currently loses 40 percent of its PRIMARY PRODUCTION  to pests and diseases and then throws away more than 70 percent of what’s produced on the farm because the crop always represents so little of what is grown. That works out to an overall 18% efficiency, at best.  Fungi, especially the mushroom fungi, are ideal candidates to degrade waste vegetation, including any polluted with pesticides. Many pesticides are chemically similar to the complex phenolic compounds found in wood and because the fungi can decompose wood, they can also be used to degrade ENVIRONMENTAL POLLUTANTS in soils and wastewater discharges.



Wake up to fungi! 

Today fungi range from amongst the 
smallest to the largest individuals on 
Earth. 
 
Yeasts are amongst the smallest, yet we 
use them to make enough alcohol every 
year to refloat the Titanic. 

Presenter
Presentation Notes
Arguably, the first higher organisms to evolve, in a sense fungi gave rise to plants and animals, maybe 2 billion years ago. Later, they enabled plants to invade the land to start terrestrial development of planet Earth, helping the plants to shape nature as we know it today. We would not be here without fungi because their interventions and contributions have been crucial in the development of life on land to the point where it could support larger animals. And all the while, the fungi themselves were so well adapted to even dramatically changing environments that their own evolution was slow and relaxed.



Wake up to fungi! 
In the Malheur National Forest in eastern 
Oregon the largest organism on Earth 
dwells. 
It covers an area of 890 hectares, weighs in 
at around 150 metric tons and is at least 
2,400 years old. 
It is, of course, a fungus, a clone of a tree 
root pathogen known as Armillaria ostoyae. 

Presenter
Presentation Notes
The largest organism on Earth is a fungus.



83 

When all that’s left of the 
primates are their buildings 

and artifacts ... 

Presenter
Presentation Notes
The fungi existed on Earth long, long before the first appearance of humans.



the buildings will crumble, but ... 

Presenter
Presentation Notes
The fungi have survived, indeed they have benefitted from, all the major extinction events of the past.



… the fungi 
will still be 
here … .. ... 

Presenter
Presentation Notes
So there’s no reason to expect that they will do anything other than benefit from any future extinction events.



Wake up to fungi! 

Presenter
Presentation Notes
Wake up to fungi!



A new textbook 
for serious study 
of fungi: 

21st Century Guidebook 
to Fungi by David Moore, 
Geoffrey D. Robson and Tony 
Trinci. 

Published by Cambridge 
University Press  

ISBN: 9780521186957 

Presenter
Presentation Notes
For serious study you need a seriously good textbook. Try this one.



Fungi have their own unique cell biology and life cycle, but also play critical roles in 
wider biological systems. This textbook provides an all-round view of fungal biology, 
ranging in scope from the evolutionary origins of fungi and other eukaryotes more than a 
billion years ago, to the impact fungi have on our everyday lives. Bringing mycology 
teaching right up to date, this unique systems biology approach emphasises the 
interactions between fungi and other organisms to illustrate the critical roles that fungi 
play in every ecosystem and food web. With more than 60 colour figures, examples of 
computational modelling and resource boxes directing students to areas of interest online, 
this uniquely modern textbook gives students an appreciation of fungi both at the 
organism level and in the context of wider biology. A companion CD features a 
hyperlinked version of the book and the fully integrated World of Cyberfungi website 
complete with the Neighbour-Sensing interactive fungal growth simulator program.   
 
Publication date: July 2011; 640 pages + 406 b/w illus. + 57 tables  
 

ISBN: 9780521186957  

21st Century Guidebook to Fungi 
by David Moore, Geoffrey D. Robson and Tony Trinci 

Presenter
Presentation Notes
For serious study you need a seriously good textbook. Try this one.
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