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e Over 20 resource boxes spread throughout the text point the
reader towards external resources that provide further
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Sensing interactive fungal growth simulator program
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Psathyrella multipedata (crowded brittlestem) photographed by David Moore at Harlow Carr Gardens. ‘A thousand
mushrooms crowd to a keyhole ... They lift frail heads in gravity and good faith ... They are begging us, you see,
in their wordless way ... To do something, to speak on their behalf ... Or at least not to close the door again.’
(Lines from Derek Mahon's poem ‘A disused shed in County Wexford' In: Collected Poems, Gallery Press, 1999.)
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PREFACE

Why write a textbook? That’s a question we've asked
ourselves several times over the past few years; sometimes
with exasperation, often in dismay at the mountain of tasks
that remained to be completed. The authors have taught a
general mycology course in the University of Manchester for
many years. From the year 2000 increasing emphasis was
given to Internet/Intranet-delivered modules for this course,
providing students with yearly-enhanced resources in the
form of PDF downloads of lecture notes, PowerPoint
presentations as Flash movies, broadcast video and audio
files streamed to the registered student end-user, and an
extensive resource of reference material provided as full-text
PDF for download from the Faculty Intranet. By the 2008/9
session these resources were distilled into a completely new
online textbook: the first draft of 21st Century Guidebook to
Fungi.

So we didn’t actually make a decision to write a textbook;
rather it emerged from our everyday (and every year)
teaching. For something like 20 years our course portrayed
Kingdom Fungi as a major eukaryotic Kingdom in its own
right. Fungi have their own unique cell biology, their own
unique developmental biology and their own unique
lifestyle, and play critical roles in every ecosystem and every
food web, and we thought it essential that biology
undergraduates should be given the opportunity to
understand all this.

In adapting these resources to a print-format manuscript
we have taken the opportunity to structure the manuscript in
a way that satisfies the various definitions of the phrase
systems biology:

e we emphasise interactions between fungi and other
organisms to bring out the functions and behaviours of
biological systems;

e we concentrate on integration rather than reduction,
which satisfies those who would see systems biology as a
paradigm of scientific method, and we show original
research data and how interpretations are drawn from
them;

e we include all sorts of computational modelling and
bioinformatics for those who view systems biology in
terms of operational research protocols;

e and we bring together data about the biological systems
from diverse interdisciplinary sources, from astrophysics
to zoology;

o finally, we make it all computer friendly with an
accompanying CD which features a hyperlinked version of
the entire book, the fully integrated World of Cyberfungi
website and the Neighbour-Sensing interactive fungal
growth simulator program.

This makes 2 1st Century Guidebook to Fungi unique for a
textbook of fungal biology, and other unique features
include the fact that this book has been written in this
century and gives a ‘new-millennium’ treatment to Kingdom
Fungi as a biological system with its own intrinsic interest
rather than as a diverse group of individually fascinating, but
still separate, organisms. We call this a Guidebook because
we have always been aware of the impossibility of writing a
comprehensive, monographic treatment of an entire
Kingdom, so we decided to follow the model of a tourist
guide to a holiday destination. These do not attempt a
comprehensive depiction of a location, but they bring
attention to a broad range of places you might find
interesting, describe enough for you to decide if you are
interested, and tell you how to get there. Each section of your
Guidebook to Fungi directs you to an interesting aspect of
fungal biology and, perhaps unusually for a textbook,
provides references to external resources that will provide
more information. Some of those references are to Internet
resources, particularly videos; others are to reprinted papers
and articles. If you are fortunate enough to take the course as
a registered student at the University of Manchester, just a
click of your mouse will immediately download a PDF full-
text version of over 700 such articles from the Faculty’s
Intranet.

Here, we cannot provide another 7000 or so pages of
reprint collection, but we can give you the means to access
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them quickly and you will find that the vast majority of our
references include a DOI number (indeed the complete DOI
URL). The acronym DOI stands for Digital Object Identifier,
which uniquely identifies where an electronic document (or
other electronic object) can be found on the Internet and
remains fixed. Other information about a document may
change over time, including where to find it, but its DOI
name will not change and will always direct you to the
original electronic document. To access one of these
references using the printed information enter the DOI URL
into your browser and you will be taken to the document on
the website of the original publisher. Alternatively, the DOI
references on the accompanying CD version of the book are
live hyperlinks so, providing you have a live Internet
connection, just a click of your mouse will take you to the
original publisher’s website. Almost always you will have
free access to the abstract or summary of the article, but if
your institution maintains a subscription to the products of
that publisher you may be able to download the complete
text of the article. Save the downloaded document to your
hard disk to build your own reprint collection.

There is a broader reason why we have written this
textbook, which is that mycology teaching needs some
tender, loving care. It's in danger of disappearing altogether.

Over the last 25 years there has been a large increase in the
number of students proceeding to university but this has
been accompanied by a substantial decrease in the funding
provided per student. Change in teaching provision has been
accompanied by a narrowing of biological sciences research,
which has become increasingly focussed on the more
biomedical aspects of the subject, resulting in a
consequential narrowing in the scope of biological science
subjects taught in universities, both in the UK and
worldwide.

These changes in biological sciences teaching and research
have been encouraged by several features. Universities have
sought economies of scale by merging Biological Science
departments. For example, the University of Manchester
merged eleven Biological Science departments into a single
Department of Biological Sciences.' This Department became
the Faculty of Life Sciences in the new institution formed
when UMIST and the Victoria University of Manchester
merged in 2004.

! Wilson, D. (2008). Reconfiguring Biological Sciences in the Late
Twentieth Century: A Study of the University of Manchester.
Manchester, UK: Centre for the History of Science, Technology and
Medicine. ISBN-10: 095589719X, ISBN-13: 978-0955897191.

With most other UK universities following Manchester’s
lead, only the Universities of Oxford and Cambridge now
have Departments of Botany, the traditional host department
for mycology teaching and research. This reduction in the
scope of biological sciences teaching intensified as many
staff in traditional areas of biology, for example, taxonomy
and ecology, failed to appreciate the importance of molecular
biology and the influence it would have on their subject
areas. Indeed, in the 1980s some biological science staff
viewed molecular biology as a self-contained discipline that
had little or no relevance to their work. Unfortunately, many
mycologists were among those who held this view. So, one
purpose of the present text is to dispel lingering doubts about
the importance of molecular biology to all aspects of
mycology by illustrating from the start how the molecule-
level perspective improves our understanding of fungi.

Inevitably, the natural importance that governments
attach to health care has caused funding bodies to focus
support on biomedical research at the expense of other areas
of the subject, including mycology. During the latter part of
the twentieth century, reduced funding for biological science
teaching and channelling of funding to biomedical research
strongly influenced the way in which universities
redeveloped their biological science departments. Today,
some such departments largely serve the perceived needs of
teaching and research in medicine, that is, they mainly
support or underpin medical activities. In our opinion, this
type of interdepartmental relationship is unlikely to generate
high-quality research in either biological sciences or
medicine. Would the research of George Beadle and Edward
Tatum, working with Neurospora crassa, or Paul Nurse,
working with Schizosaccharomyces pombe or Lee Hartwell
(who worked with Saccharomyces cerevisiae) flourish in such
an environment? When Beadle and Tatum, and Nurse and
Hartwell initiated the research that eventually resulted in
their becoming Nobel laureates, they were almost certainly
unaware of the relevance of their work to medicine. It is our
view that, although biological sciences and medical
departments should collaborate closely, each should be
independent of the other, and, to a greater or lesser extent,
each should foster all aspects of its subject area. If evolution
has taught us anything it is about the advantage gained by
populations that have large gene pools, and there’s not much
academic diversity in a Department of Human Biology.

In view of all this, an underlying purpose of the present
text is to emphasise the broad importance of fungi to man
and the economy. Every hour of our day depends on the
activities of fungi. The feature which has figured most in our
decision to write on this topic is that although fungi comprise



what is arguably the most crucial kingdom of organisms on
the planet, these organisms are often bypassed and ignored
by the majority of biologists. We use the word ‘crucial’ in the
previous sentence because molecular phylogenies place
animals and fungi together at the root of evolutionary trees.
It is likely that the first eukaryotes would have been
recognised as ‘fungal in nature’ by features presently
associated with that kingdom. So in a sense, those primitive
‘fungi’ effectively invented the lifestyle of so-called higher
organisms. Fungi remain crucial to life on Earth because
animal life depends on plant life for continued existence and
plants depend on fungi (over 95% of terrestrial plants require
fungal infection of their roots by mycorrhizas for adequate
root function; Section 13.8). The number of fungal species
has been conservatively put at 1.5 million, though the true
number may be much higher than this. Among this number
is included the largest organism on Earth; one individual
mycelium of Armillaria gallica covering some 8.9 km? in the
Malheur National Forest, Oregon (see Section 14.4). Fungi
also include some of the most rapidly moving organisms on
Earth, because when some fungal spores are discharged they
can be subjected to forces of acceleration several thousand
times greater than that experienced by astronauts during the
launch of the Space Shuttle (Section 9.8)! Fungi also provide
an essential service to the planet by being responsible for the
majority of the biomass recycling, particularly the
decomposition of dead plants. Saprotrophic degradation is
the characteristic lifestyle of the majority of fungi, and
without this activity we would be buried under dead plant
litter (see Chapter 10).

The contribution that fungi make to human existence is
close to crucial, too. Imagine life without bread, without
alcohol, without antibiotics, without soft drinks (citric acid),
coffee or chocolate, without cheese (fungal rennet), salami or
soy sauce, or without cyclosporine, which prevents organ
rejection by suppressing the immune response in transplant
patients, without the statins, which keep so many people
alive these days by controlling cholesterol levels, and even
without today’s most widely used agricultural fungicides, the
strobilurins, and you are imagining a much less satisfactory
existence than we currently enjoy.

But fungi are not always benevolent. There are fungal
diseases of all our crops, and in many cases crop losses of
20% to 50% are expected by the industry. And there is
more to fungal infection of humans than athlete’s foot;
the majority of AIDS patients now die of fungal infections,
and opportunistic fungal infections of patients with
chronic immunodeficiency is an increasing clinical
challenge.

Preface Xi

Unfortunately, even though fungi make up such a large
group of higher organisms, most current biology teaching,
from school level upwards, concentrates on animals, with a
trickle of information about plants. School curricula around
the world are almost completely silent about fungal biology
as most school curricula persist with the Victorian obsession
to compare animals with plants. But fungi are not plants, and
are so different from plants that no amount of plant biology
will give an adequate understanding of any fungus.
Similarly, although more closely related, in molecular terms,
to animals, fungi are not animals and a deficiency of fungal
biology cannot be compensated by more zoology. Yet none
of the school science curricula we have examined (not even
those claiming to specialise in ‘biology’) give adequate
accounts of all the different sorts of organisms that exist on
Earth. The result is that the majority of school and college
students (and, since they’ve been through the same system,
most current university academics) are ignorant of fungal
biology and therefore of their own dependence on fungi in
everyday life. This is a self-sustaining cycle of ignorance that
results in institutions being oblivious to fungi; all generated
by the lack of an even-handed treatment of fungal biology in
national school curricula. It seems to apply throughout
Europe, North and South America, and Australasia; indeed,
through most of the English-speaking world.

We believe, though we have small hope of seeing it, that
biological science departments need to guard against
overspecialisation, particularly as most universities are
following an identical strategy of focussing on biomedical
activities. We fear that emerging concerns about food
security will result in the UK regretting its lack of
mycologists and plant scientists, as it presently regrets its
lack of nuclear engineers. It is important for Europe to
maintain a critical mass of mycologists in both universities
and research institutes; and we’ve written this book to
educate them.
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21st century fungal communities

In this book we aim to provide a broad understanding of the biology of fungi and the biological
systems to which fungi contribute. Our scope ranges from the evolutionary origins of fungi and other
eukaryotes more than a billion years ago (though the discussion covers all of time), through to the many
contributions that fungi make to our present, everyday, lives. The book provides an all-round view of fungal
biology, including ecology, evolution, diversity, cell biology, genetics, biochemistry, molecular biology,
biotechnology, genomics and bioinformatics.
Our book emphasises interactions between fungi and other organisms to bring out the functions and
behaviours of biological systems:
e We concentrate on integration rather than reduction, which satisfies those who would see systems biology
as a paradigm of the scientific method;
e we include computational modelling and bioinformatics for those who view systems biology in terms of
operational research protocols;
o and we bring together data about biological systems from diverse interdisciplinary sources.
In this chapter we examine present-day communities; starting with the essential terrestrial habitat and
the nature and formation of soil. We emphasise the contributions made by fungi to soil structure and
chemistry; and particularly what has come to be called geomycology. We also discuss the diversity of
organisms in soil and illustrate interactions between bacteria, amoebae (including slime moulds), fungi,
nematodes, microarthropods and larger animals. The origins of agriculture are briefly mentioned and
our dependence on fungi illustrated.
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1.1 What and where are fungi?

‘How many of you think that fungi are bacteria?’ is a
question asked at a recent Summer School for year 10 pupils
(4th year in secondary school, 14 years of age at entry), by
one of the pupils who had attended a workshop session of
ours. When all attendees (approximately 170 pupils) were
asked ‘Hands up all those who think fungi are plants,” about
15 hands went up, but when asked ‘Hands up all those who
think fungi are bacteria,” at least 150 hands went up!

As teachers we are used to battling against the mistaken
idea that fungi are plants, but it was a shock to find that so
many pupils believe that fungi are bacteria so close to the
end of their statutory education. After all, it’s a bigger error
than for them to think that whales are fish; at least whales
and fish are in the same biological kingdom. Does such
ignorance matter? We say it does. The practical reason it
matters is because the activities of fungi are crucially
important in our everyday lives. The educational
reason it matters is that fungi form what is arguably
the largest kingdom of higher organisms on the planet.
Ignorance of this kingdom is a major blot on our
personal education.

Fungi are not bacteria, because fungi are eukaryotes and
they have the complex cell structures and abilities to make
tissues and organs that we expect of higher organisms.
Unfortunately, even though fungi make up such a large
group of higher organisms, most current biology teaching,
from school level upwards, concentrates on animals, with a
trickle of information about plants. The result is that the
majority of school and college students (and, since they've
been through the same system, current university academics)
are ignorant of fungal biology and therefore of their own
dependence on fungi in everyday life. This institutional
ignorance about fungi, generated by the lack of an
appropriate treatment of fungal biology in national school
curricula, seems to apply throughout Europe, North and
South America and Australasia; indeed, most of the world.

The feature which has figured most in our decision
to write this textbook is that although fungi comprise
what is arguably the most pivotal kingdom of organisms on
the planet, these organisms are often bypassed and ignored
by the majority of biologists. We say ‘pivotal’ because
molecular phylogenies place animals and fungi together at
the root of evolutionary trees. It is likely that the first
eukaryotes would have been recognised as ‘fungal in nature’
by features presently associated with that kingdom. So in a
sense, those primitive ‘fungi’ effectively invented the
eukaryotic lifestyle.

The contribution that fungi make to human existence
is close to crucial, too. Imagine life without bread, without
alcohol, without soft drinks, without cheese, coffee
or chocolate; without cholesterol-controlling drugs
(the ‘statins’) or without antibiotics, and you are imagining
a much less satisfactory existence than we currently enjoy.
As we will show in later chapters:

e Fungi (known as anaerobic chytrids) help to digest the
grass eaten by cows (and other domesticated grazing
animals) and by so doing indirectly provide the milk for
our breakfast, the steak for dinner and the leather for
shoes.

o Fungi make plant roots work more effectively (more
than 95% of all terrestrial plants depend on mycorrhizal
fungi) and, even leaving aside the effect of this on the
evolution of land plants, by so doing mycorrhizal fungi
help provide the corn for our cornflakes, oats for our
porridge, potatoes, lettuce, cabbage, peas, celery, herbs,
spices, cotton, flax, timber, etc. And even oxygen for our
daily breath.

o The characteristic fungal life style is the secretion of
enzymes into their environment to digest nutrients
externally; and we harness this feature in our
biotechnology to produce enzymes to start our
cheese-making, clarify our fruit juices, distress denim for
‘stone-washed’ jeans, and, conversely, provide fabric
conditioners to repair day-to-day damage to our clothes
in the weekly wash.

e Fungi also produce a range of compounds that enable
them to compete with other organisms in their ecosystem;
when we harness these for our own purposes we create
products like:

e cyclosporine, which suppresses the immune response
in transplant patients and prevents organ rejection;

o the statins, which help increase the lifespan of so
many people these days by controlling cholesterol
levels;

e and even today’s most widely used agricultural
fungicides, the strobilurins.

But fungi are not always benevolent. There are fungal
diseases of all of our crops that we need to understand and
control. In many cases crop losses of 20% to 50% are
expected by the agricultural industry today. As the human
population increases such losses in primary production
cannot be sustained. And there is more to fungal infection of
humans than athlete’s foot and a disfigured toenail.
Opportunistic fungal infections of patients are an increasing
clinical challenge as the majority of patients with chronic



immunodeficiency now die of fungal infections; and yet we
lack a sufficient range of good drugs to treat fungal
infections.

Our answers to the questions in the title of this section
‘What and where are fungi?’ are that fungi comprise the most
crucial kingdom of eukaryotic organisms on the planet, and
that they exist everywhere on planet Earth.

1.2 Soil, the essential terrestrial habitat

The conventional estimate is that 75% of the Earth is
covered with water; oceans, lakes, rivers, streams. However,
less than 1% of the known species of fungi have been found
in marine habitats (see pp. 346-351 in Carlile et al., 2001).
Fresh water is inhabited by many water moulds (an informal
grouping that includes the most ancient fungi and
fungus-like organisms, which will be discussed in more
detail in Chapter 3), but the overwhelming majority of fungi
occur in association with soil; where ‘in association with’
means in or on the soil, or in or on some live or dead plant or
animal that is in or on the soil.

As Wikipedia points out ‘Soil is also known as earth:
it is the substance from which our planet takes its name’
(http://en.wikipedia.org/wiki/Soil). Soil is, therefore, the
essential terrestrial habitat. In saying this we do not
underestimate the importance of other categories of habitat.
But they are categories: grassland, forest, coastal, desert,
tundra and even cities and suburbs, and ultimately all these
habitats depend on their soil. Without soil, no grass, so no
grassland habitat. Without soil, no trees, so no forest habitat.
Few, if any, organisms can be found on bare rock,
wind-blown sand or ice. Fundamentally, terrestrial life on
Earth depends upon the earth, and to show how fungi
contribute to the formation of soil, this is where we choose to
start our story.

1.3 How much soil is there and where is it?

Only about 7.5% of the Earth’s surface provides the
agricultural soil on which we depend for the world’s food
supply (Table 1.1), and this fragment competes, sometimes
unsuccessfully, with all other needs: housing, cities, schools,
hospitals, shopping centres, landfills, etc.

Indeed, there may not be enough soil in the first place.
A subsistence diet requires about 180 kg of grain per person
per year, and this can be produced on 0.045 hectares of land.
In contrast, an affluent high-meat diet requires at least four
times more grain (and four times more land, 0.18 hectares)

1.4 The nature of soil and who made it

Table 1.1 How much soil is there? Broad
estimates of the coverage of the Earth’s surface
by different features

Percentage
Surface feature coverage
Aquatic: oceans, seas, rivers and lakes 75
Deserts: polar and mountain regions 12.5

unsuitable for agriculture

Rocky and other poor-quality terrestrial 5
regions unsuitable for agriculture

Terrestrial regions suitable for 7.5
agriculture

because the animals are fed on grain and conversion of grain
to meat is very inefficient.

The Earth has about 0.25 hectares of farmland per person,
but only about 0.12 hectares per person of farmland is
suitable for producing grain crops. As it stands, the Earth
does not have enough land for all inhabitants to enjoy an
affluent diet as that is presently defined (see Table 1-2 in
Miller & Gardiner, 2004, and see Fig. 11.12, p. 275, for a
potential alternative).

1.4 The nature of soil and who made it

Soil is that part of the Earth’s surface that is composed of
fragmented rock and humus. It is made up of solid, liquid and
gaseous phases.

o The solid phase is mineral and organic matter and includes
many living organisms.

o The liquid phase is the ‘soil solution’, from which plants
and other organisms take up nutrients and water.

o The gaseous phase is the soil atmosphere, supplying
oxygen to plant roots and other organisms for respiration.

The solid phase of soil is made up of minerals and organic
matter. Minerals may be either primary or secondary.
Primary minerals are those that cooled from a molten mass,
and are chemically unchanged from the day they came into
existence. Secondary minerals form by chemical
modification, precipitation or recrystallisation of chemicals
released by the weathering of parental rocks. Rocks are
mixtures of minerals. Igneous rock forms from molten
magma, sedimentary rocks are cemented accumulations of
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minerals; common sedimentary rocks include limestone,
sandstone, quartzite and shale. Metamorphic rocks include
slate (hardened shale) and marble (hardened limestone).

Weathering is the term applied to the processes that cause
rocks and minerals to disintegrate into smaller parts. Loose or
unconsolidated products of weathering are called soil. Soil
minerals may be fragmented versions of primary minerals
(e.g. sand is fragmented quartz rock) or may be secondary
minerals, like clays, slowly formed through chemical
interactions in the soil, then becoming further chemically
modified with time. The elements most commonly found in
soil minerals are silicon, oxygen and aluminium.

Physical and chemical processes contribute to weathering.
The main physical weathering effect is the force exerted by the
expansion of water as it freezes, so physical weathering is
most pronounced in cold climates. In dry climates abrasion
by materials suspended in the wind causes weathering (and a
similar effect occurs in flowing water). Chemical weathering
predominates in warm and/or moist climates, and chemical
weathering is generally more important for soil formation than
physical weathering. Chemical processes include:

o oxidation and reduction (of great importance for iron-
containing minerals);

e carbonation (dissolution of minerals in water made acidic
by carbon dioxide);

o hydrolysis (when water splits into hydrogen and
hydroxide, and one or both components participate
directly in the chemical process); and

o hydration (when water is incorporated into the crystal
structure of a mineral, changing the properties of that
mineral) (Miller €& Gardiner, 2004).

Soils are highly dynamic environments; they change over
time, and all the while their particles are moved: downward
by the leaching effect of rainwater; laterally by wind, water
and ice.

The most potent soil-forming factor is often considered
to be the climate, mainly temperature and rainfall.
Temperature affects the rates of chemical reactions, so that
soils of warmer climates tend to mature more rapidly than
soils of temperate climates. However, living organisms (the
soil biota) both affect, and are affected by, soil formation. First
thoughts tend to be about the profound effects of vegetation
on soil formation. For one thing, the extent of vegetation
cover influences water runoff and erosion. Fairly obviously,
also, the vegetation type and amount directly affects the type
and amount of organic matter that accumulates on and in the
soil. Grasslands and forests form different soils, there being
more rapid nutrient cycling in grassland.

Organic matter deposited on the surface contributes to soil
solids. It is moved downward physically through rainwater
leaching, and influences soil chemistry, pH and nutrient
supply as it goes. This organic matter is the food source for
most microorganisms in the soil, so the vegetation influences
soil microbial populations by providing their nutrients. Old
soils can lose their ability to produce vegetation fast enough
to keep up with microbial decomposition. In healthy
agricultural soils organic material is initially decomposed
rapidly, but within about a year organic materials like crop
residues ‘stabilise’; the remaining residues decay very slowly.
This slowly decomposing material is composed of humic
substances (commonly called humus). Humic substances are
natural non-living organic substances that occur in all
aquatic and terrestrial environments, being found in
sediments, peat, sewage, composts and other deposits. This
soil organic matter represents the main carbon reservoir in
the biosphere, estimated at a grand total of 1600 x 10'° g C
(Grinhut et al., 2007). The organic matter of soil is crucial to
its agricultural value because it aids structure, nutrition and
water relations; everything that contributes to soil tilth (tilth
is an Old English word that describes the structure and
quality of cultivated soil in the sense that good tilth
corresponds to potentially good crop growth).

Decomposing organic matter provides nutrients to other
soil organisms (including, but not exclusively, crop
plants). Stable organic matter does not do this, but it
improves the ability of the soil to hold nutrients and water.
An organic soil is dominated by organic matter, rather
than minerals. Such soils are found in wetlands, especially
cold wetlands, where the primary production of organic
materials by the plants exceeds the rates of decomposition in
the soil. Ultimately, this equation results in peat formation.

The spaces between soil particles form the pore space,
which contains air and water. The water, called the soil
solution, contains soluble salts, organic solutes and some
suspended colloids. The amount and behaviour of soil water
is controlled to a great extent by pore size (influenced by
proportions of coarse material (like sand) and fine minerals
(such as clays). Small pores have a greater affinity for water
and hold it very tightly. Larger pores allow water to escape
easily, by drainage or into the atmosphere by evaporation.
Soil ‘air’ has more CO, but less O, than the open atmosphere.
This is because organisms in the soil consume O, and
produce CO,, producing corresponding concentration
gradients between the soil and the atmosphere. Similarly, soil
air always has a relative humidity near 100%. Respiration
releases water vapour, which evaporates only slowly into the
atmosphere above the soil.



So soil is a dynamic matrix of organic and mineral
constituents enclosing a network of voids and pores, which
contain liquids and gases. It is also a living system. Soil organic
matter includes living organisms ranging from bacteria, fungi,
algae, protozoa, and multicellular animals from rotifers and
microarthropods to worms and small mammals. Although
living macroorganisms are usually not considered part of the
soil, they can have considerable effect on soil (remember
Darwin’s experiments on earthworms: Darwin (1881, reprinted
1985 in facsimile)), leaving aside human activities like
ploughing, irrigating, mining, clearing, waste-disposing,
excavating, levelling, building, draining, flooding, etc.

1.5 Soil biota are extremely varied
and numerous

In about 5 cm? of agricultural soil you are likely to find:

o At least 5 billion bacteria

e 5 million protozoa

e 5000 nematodes (about 0.3-1.5 mm long); the most
common multicellular animals in soil

e About 6 mites and other microarthropods: this equates to
up to 600 000 per square metre.

For larger organisms we have to look at quadrats of about
1 square metre:

e Earthworms - maybe 300 per square metre. Earthworm
casts add more bacteria back to the soil than the worm
eats. More bacteria mean healthier soil.

e There may be around 20 000 kilometres of hyphae
per square metre. Above ground, a meadow may look
like separate plants. Underground, the plants are
interconnected by their fungal associates (mycorrhizas) so
they all belong to a single web of living things.

e Small mammals; mice, voles, shrews and moles, which
depend on the earthworms, arthropods and fungi for their
nutrition, and in their turn feed predators; owls, foxes, etc.,
so the food web extends from microbes to large animals.
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1.6 Microbial diversity in soil

1.6 Microbial diversity in soil

The word ‘diversity’ when used in relation to organisms in a
habitat describes complexity and variability at different
levels of biological organisation:

e genetic variability within taxons (which may be species)
e the number (also called richness) of taxa

e relative abundance (or evenness) of taxa

e and number and abundance of functional groups.

Important aspects of diversity at the ecosystem level are:

o the range of processes
e complexity of interactions
e number of trophic levels.

Thus, measurements of microbial diversity must include
multiple methods, integrating measures at the total
community level and partial approaches that target subsets
of the community having specific structural or functional
attributes. For example, you might be trying to assess

all decomposers, or all leaf-eaters, all root diseases, etc.,
each of which will give you just a partial view of the
community in the habitat.

Simply attempting to count the number of microorganisms
in soil raises difficulties. Because they are microscopic
counting and identifying them with conventional techniques
requires them to be cultivated. Yet not all can be cultivated;
some have growth requirements that are so fastidious they
may be difficult or impossible to provide and it seems that in
many other cases the growth requirements are simply
unknown. The filamentous nature of most fungi creates the
additional difficulty of recognising an individual fungus, and
disentangling an extensive mycelial network from the
substratum it is exploring and penetrating. Techniques based
on chemical analysis to quantify some characteristic
component of the fungal cell have been successfully used to
quantify fungal biomass in soils, composts (in mushroom
farming) and timber. Measurement of chitin (as amino sugar)
can be used where confusion with arthropod exoskeletons

Thomas E. Loynachan, Professor of Agronomy and Microbiology at lowa State University, has created a set

of 16 short digital videos showing the scope of life in the soil.

Visit http://www.agron.iastate.edu/~loynachan/mov/ to view these.
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Fig. 1.1 This picture (from Torsvik & (Ivreas, 2002) shows an
epifluorescence micrograph of soil microorganisms stained with the
fluorochrome DAPI (4'-6-diamidino-2-phenylindole), which detects
intact DNA. This sample had a visible count of 4 x 10'° cells g~ ! soil
(dry weight); but the viable count was 4 x 10° colony-forming units
g~ ! soil (dry weight) when estimated by plating on agar media.
(Reproduced with permission from Elsevier.) See Plate section 1 for
colour version.

can be excluded; but measurement of ergosterol, which is a
characteristic component of fungal membranes, is more
generally applicable. More recently, novel methods based on
RNA and DNA probes and PCR have been developed to
identify particular organisms and to reveal an immense
diversity of microbes in natural habitats (Prosser, 2002;
Torsvik & (vreds, 2002; Wellington et al., 2003; Anderson €&
Parkin, 2007). Frequently, less than 1% of the
microorganisms detected this way can be cultivated and
characterised as live cultures (Fig. 1.1).

This contrast between the numbers of microbes (of all
sorts) that can be seen to be alive and the numbers that can

be cultivated is not unusual, and certainly applies to fungi
(Prosser, 2002; Mitchell €& Zuccaro, 2006; Anderson €t
Parkin, 2007). There may be several reasons for it, including
fastidious growth requirements of presently unknown nature,
and our current inability to break the dormancy of many of
the living cells that can be detected.

1.7 Microbial diversity in general

Microorganisms exist in every conceivable place on Earth,
even in extreme environments. The tropics are considered to
be richer in microbial species diversity than the temperate
zones, but deserts may feature an equal amount, if not more,
microbial diversity, and microbial communities can be found
on rocks and within deep rock crevices (e.g. Staley et al., 1982).
Temperature may be the only limitation as to where they can
and cannot exist and/or function (Hunter-Cevera, 1998).

Mycologists estimate that there are 1.5 million species of
fungi on Earth, of which only 98 000 species have been
isolated or described (Hawksworth, 1997, 2001). The
estimate was made by comparing the number of species of
fungi and vascular plants described for particular geographic
regions. For example, in the British Isles there are about six
times more species of fungi than species of vascular plants.
Extrapolating this ratio to the 270 000 species of vascular
plants in the world gives an estimate of 1 620 000 fungi.
Now, this figure needs to be corrected (to 1 504 800) to
account for the double-counting of fungal species resulting
from the practice of giving separate specific names to the
asexual and sexual stages of some fungi (because it may not
be known that the two reproductive stages belong to the
same fungus).

If you subtract the 98 000 described species from the
estimated total 1.5 million species of fungi on Earth, you
might well ask: ‘Where are the other 1.402 million
undescribed fungi?’

Part of the answer to that question is that there are not
many mycologists in the world today and not much work
has been done in several unique geographical regions or
habitats. Many ‘missing fungi’ may be associated with
tropical forests, for example. Insects may be another large
source of missing fungi as many fungi are already known
to be associated with insects. Finally, many missing fungi
may be discovered in specialised habitats which have not yet
been explored at all, or have been only poorly investigated.
The rumen and hindguts of herbivorous animals and the
inner surfaces of Antarctic rocks do not sound like very
promising habitats, but they are examples of habitats that
have, unexpectedly, already yielded novel fungi.
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1.8 Geomycology

About the diversity of fungi

We do not intend to expand further on the topic of fungal biodiversity here because we prefer to

concentrate on other particular aspects of the fungal contribution to the soil community, but if you wish to

investigate fungal diversity further we recommend the following literature references.

Feuerer, T. & Hawksworth, D. L. (2007). Biodiversity of lichens, including a world-wide analysis of checklist
data based on Takhtajan’s Xoristic regions. Biodiversity and Conservation, 16: 85-98. DOI: http://dx.doi.

org/10.1007/s10531-006-9142-6.

Gams, W. (2007). Biodiversity of soil-inhabiting fungi. Biodiversity and Conservation, 16: 69-72.

DOI: http://dx.doi.org/10.1007/s10531-006-9121-y.

Hyde, K. D., Bussaban, B., Paulus, B., Crous, P. W., Lee, S., Mckenzie, E. H. C., Photita, W. & Lumyong, S.
(2007). Diversity of saprobic microfungi. Biodiversity and Conservation, 16: 7-35. DOI: http://

dx.doi.org/10.1007/s10531-006-9119-5.

Mueller, G. M. & Schmit, J. P. (2007). Fungal biodiversity: what do we know? What can we predict?
Biodiversity and Conservation, 16: 1-5. DOI: http://dx.doi.org/10.1007/s10531-006-9117-7.

Mueller, G. M., Schmit, J. P., Leacock, P. R. Buyck, B., Cifuentes, J., Desjardin, D. E., Halling, R. E, Hjortstam,
K., Tturriaga, T., Larsson, K.-H., Lodge, D. J., May, T. J., Minter, D., Rajchenberg, M., Redhead, S. A.,
Ryvarden, L., Trappe, J. M., Watling, R. & Wu, Q. (2007). Global diversity and distribution of macrofungi.
Biodiversity and Conservation, 16: 37-48. DOI: http://dx.doi.org/10.1007/s10531-006-9108-8.

Schmit, J. P. & Mueller, G. M. (2007). An estimate of the lower limit of global fungal diversity. Biodiversity
and Conservation, 16: 99-111. DOI: http://dx.doi.org/10.1007/s10531-006-9129-3.

Shearer, C. A., Descals, E., Kohlmeyer, B., Kohlmeyer, J., Marvanova, L., Padgett, D., Porter, D., Raja, H. A,,
Schmit, J. P., Thorton, H. A. & Voglmayr, H. (2007). Fungal biodiversity in aquatic habitats. Biodiversity
and Conservation, 16: 49-67. DOI: http://dx.doi.org/10.1007/s10531-006-9120-z.

Wherever they occur, fungal communities are very diverse
metabolically, physiologically and taxonomically, and given
the benefits that man has derived from the fungi we know
about, it is surprising, and disappointing, that more efforts
have not been made to seek out these still unisolated fungi.

1.8 Geomycology

The fungal contribution to the soil community is usually seen
as some aspect of their involvement in biomass recycling
(releasing nutrients for plants), or direct involvement as
components of food webs (as part of the nutrition of some
animal, large or small). These aspects of fungal biology are
undeniably extremely important and will be discussed in
some detail in later chapters in this book. Here we will only
mention these points because we want to emphasise

something that usually gets much less attention, which is the
fungal involvement in the geological transformations that
produce and modify soils.

Fungi are intimately involved in biogeochemical
transformations on large and small scales, and although
such transformations occur in both aquatic and terrestrial
habitats, the terrestrial environment is where fungi have the
greatest influence. The areas in which fungi have
fundamental importance include:

e organic and inorganic transformations and element
cycling (e.g. Lepp et al., 1987),

e rock and mineral transformations,

e bioweathering,

e mineral formation,

e fungal-clay interactions,

o and metal-fungal interactions (Fig. 1.2).
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Fig. 1.2 Diagrammatic representation of fungal action on

organic and inorganic substrates which may be naturally occurring
and/or man-made. Key: 1, organic and inorganic transformations
mediated by enzymes and metabolites, e.g. H ions, carbon dioxide
and organic acids, and physicochemical changes occurring as a
result of metabolism; 2, uptake, metabolism or degradation of
organic substrates; 3, uptake, accumulation, sorption, metabolism of
inorganic substrates; 4, production of organic metabolites,
exopolymers and biomass; 5, production of inorganic metabolites,
secondary minerals and transformed metal(loid)s; 6, chemical
interactions between organic and inorganic substances,

e.g. complexation and chelation, which can modify bioavailability,
toxicity and mobility. Organisms in this model may also
translocate nutrients. (Modified from Gadd, 2004.)

Many of these processes are relevant to the potential use of
fungi in environmental biotechnology such as
bioremediation (Burford et al., 2003; Gadd, 2004, 2007).
Fungi also affect the physical structure of soils at a variety
of spatial scales via electrostatic charge, and adhesive and
enmeshment mechanisms. They also produce large quantities
of extracellular polysaccharides and hydrophobic
compounds that affect water infiltration properties of soils.
Fungal decomposition of organic matter can also destroy soil
structure through effects on soil aggregation. In turn, soil
structure affects fungi. The filamentous growth form of fungi
is an efficient adaptation for life in a heterogeneous
environment like soil, but the labyrinthine pore network will
itself determine how fungal mycelia can grow through and
function within the soil (Fig. 1.3).
The distribution of water within soils plays a crucial
role in governing fungal development and activity,
as does the spatial distribution of nutrient resources
(Ritz & Young, 2004). In aerobic environments fungi are of

great importance on rock surfaces, in soil and at the plant
root-soil interface (Table 1.2).

Many fungi can grow oligotrophically, which means they
can thrive in environments that are low in food sources. They
do this by scavenging nutrients from the air and rainwater
and this ability enables them to survive on stone and rock
surfaces. Fungi are able to cause weathering of a wide range
of rocks. In Iceland and other subpolar regions
bioweathering of basalt outcrops by fungal communities is
believed to be chronologically the first weathering process.
Lichens are important at early stages of rock colonisation
and mineral soil formation, while free-living fungi are also
major biodeterioration agents of stone, wood, plaster, cement
and other building materials. There is increasing evidence
that fungi are important components of rock-inhabiting
microbial communities with significant roles in mineral
dissolution and secondary mineral formation.

Several fungi can dissolve minerals and mobilise metals
more efficiently than bacteria. Mycorrhizal fungi are
involved in mineral transformations and redistributions of
inorganic nutrients (e.g. essential metal ions and phosphate;
Figs 1.4-1.6).

These roles of fungi in soil geochemistry, especially metal
cycling, have been included under the term geomycology,
defined as ‘the study of the role fungi have played and are
playing in fundamental geological processes’ (Burford et al.,
2003; Gadd, 2004, 2007).

1.9 The origins of agriculture and our
dependence on fungi

As the last ice age came to an end, the consequential climatic
and environmental changes forced humans to utilise an ever
wider variety of food resources. Although hunting and
gathering persisted (and still exists today in certain regions
of the world), new food production techniques gained
importance. The controlled cultivation of plants, what we
might now call agriculture, began to be practised in different
parts of the world between 14 000 and 11 000 years ago. This
was soon followed by the close management and eventual
domestication of the animals that are common on farms
today. The four major centres from which agriculture
evolved were the Middle East and Europe, Africa, the
Americas, and China and Southeast Asia.

European agriculture originated in the ‘Fertile Crescent’,
centred on the Tigris and Euphrates rivers. The region is also
known as Mesopotamia, which refers to an area now
occupied by modern Iraq, eastern Syria, southeastern Turkey,
and southwest Iran. Farmers in Mesopotamia were using
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Fig. 1.3 Fungal mycelia visualised in the soil environment. A,
unidentified hyphae bridging roots of Plantago lanceolata growing
in non-sterile field soil. Note the shiny films of mucilage; image
width = 2 cm. B, hyphae of Fusarium oxysporum f. sp. raphani
colonising a pair of adjacent soil aggregates. Aggregate on left is
sterile, hence extensive mycelial development. Aggregate on right is
non-sterile; reduced mycelial growth is due to competition from
other microorganisms and reduced nutrients; image width = 1 cm.
C, unidentified mycelium growing in soil pore, visualised in a thin-

irrigation to improve crop yields 8000 years ago. This region
saw the domestication of wild cereals like wheat (Triticum)
and barley (Hordeum), as well as a number of legumes and
fruit including grapes, melons, almonds and dates. The
region also saw the first domestication of many of the
animals with which we are familiar today: dogs, goats, sheep,
pigs, cattle, horses, camels, were domesticated in succession
from wild relatives indigenous to the region.

Plants and animals were domesticated through
human-controlled selection (an unconscious use of applied
genetics). Animals provided food resources in the form of
meat, and a variety of secondary products including milk,

section of undisturbed pasture soil with a fluorescent stain. Note
proliferation of hyphae on pore wall in left of image. Bright
spherical objects are sporangia; image width = 150 um. D,
mycelium of Rhizoctonia solani growing in sterilised arable soil,
visualised in thin-section with a fluorescent stain; image width =
150 um. (Modified from Ritz & Young, 2004 using images kindly
supplied by Professor Karl Ritz, Cranfield University, UK.
Reproduced with permission from Elsevier.) See Plate section 1 for
colour version.

dairy products, hides, wool and other materials. Animals
also provided traction and power, more extensive

travel and new forms of energy. Improved crops gave greater
surpluses and provided a source of wealth for economic
exchange and trade, providing some release from the
daily search for food and the opportunity to develop a
civilised way of life. Within just a few thousand years,
farming lifestyles became a global phenomenon. The shift
from hunting and gathering to agriculture spread quite
rapidly from the various originating centres by both
migration with colonisation, and adoption of new
technologies.

1
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Table 1.2 Roles and activities of fungi in biogeochemical processes

Fungal role and/or activity

Growth and mycelium development

Metabolism: carbon and energy metabolism

Inorganic nutrition

Mineral dissolution

Biogeochemical consequences

Stabilisation of soil structure; soil particulate aggregation;
penetration of pores, fissures and grain boundaries in rocks and
minerals; mineral tunnelling; biomechanical disruption of solid
substrates; plant colonisation and/or infection (mycorrhizas,
pathogens, parasites); animal colonisation and/or infection
(symbiotic, pathogens, parasites); translocation of inorganic and
organic nutrients; assisted redistribution of bacteria; production
of exopolymeric substances (serve as nutrient resource for
other organisms); water retention and translocation; surfaces for
bacterial growth, transport and migration; cord formation
(enhanced nutrient translocation); mycelium acting as a
reservoir of nitrogen and/or other elements (e.g. wood decay
fungi).

Organic matter decomposition; cycling and/or transformations
of component elements of organic compounds and biomass:
carbon, hydrogen, oxygen, nitrogen, phosphorus, sulfur,
metals, metalloids, radionuclides (natural and accumulated from
anthropogenic sources); breakdown of polymers;

altered geochemistry of local environment, e.g. changes

in redox, oxygen, pH; production of inorganic and organic
metabolites, e.g. protons, carbon dioxide, organic acids,

with resultant effects on the substrate; extracellular enzyme
production; fossil fuel degradation; oxalate formation;
metalloid methylation (e.g. arsenic, selenium); xenobiotic
degradation (e.g. polynuclear aromatic hydrocarbons);
organometal formation and/or degradation (note: lack

of fungal decomposition in anaerobic conditions

caused by waterlogging can lead to organic soil formation,
e.g. peat).

Altered distribution and cycling of inorganic nutrient
species, e.g. nitrogen, sulfur, phosphorus, essential and
inessential metals, by transport and accumulation;
transformation and incorporation of inorganic elements into
macromolecules; alterations in oxidation state; metal(loid)
oxido-reductions; heterotrophic nitrification; siderophore
production for iron(IIl) capture; translocation of nitrogen,
phosphorus, calcium, magnesium, sodium, potassium through
mycelium and/or to plant hosts; water transport to and
from plant hosts; metalloid oxyanion transport and
accumulation; degradation of organic and inorganic sulfur
compounds.

Rock and mineral deterioration and bioweathering including
carbonates, silicates, phosphates and sulfides; bioleaching of
metals and other components; manganese dioxide reduction;
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Fungal role and/or activity

Mineral formation

Physico-chemical properties; sorption of soluble and
particulate metal species; exopolysaccharide
production

Mutualistic symbiotic associations: mycorrhizas,
lichens, insects and other invertebrates

Biogeochemical consequences

element redistributions including transfer from terrestrial to
aquatic systems; altered bioavailability of, e.g. metals,
phosphorus, sulfur, silicon, aluminium; altered plant and
microbial nutrition or toxicity; early stages of mineral soil
formation; deterioration of building stone, cement, plaster,
concrete, etc.

Element immobilisation including metals, radionuclides,
carbon, phosphorus, and sulfur; mycogenic carbonate
formation; limestone calcrete cementation; mycogenic metal
oxalate formation; metal detoxification; contribution to patinas
on rocks (e.g. ‘desert varnish’); soil storage of carbon and other
elements.

Altered metal distribution and bioavailability; metal
detoxification; metal-loaded food source for invertebrates;
prelude to secondary mineral formation. Complexation of
cations; provision of hydrated matrix for mineral formation;
enhanced adherence to substrate; clay mineral binding;
stabilisation of soil aggregates; matrix for bacterial growth;
chemical interactions of exopolysaccharide with mineral
substrates.

Altered mobility and bioavailability of nutrient and

inessential metals, nitrogen, phosphorus, sulfur, etc.; altered
carbon flow and transfer between plant, fungus and rhizosphere
organisms; altered plant productivity; mineral dissolution and
metal and nutrient release from bound and mineral sources;
altered biogeochemistry in soil-plant root region; altered
microbial activity in plant root region; altered metal
distributions between plant and fungus; water transport to and
from the plant.

Pioneer colonisation of rocks and minerals; bioweathering;
mineral dissolution and/or formation; metal accumulation and
redistribution; metal accumulation by dry or wet deposition,
particulate entrapment; metal sorption; enrichment of carbon,
nitrogen, etc.; early stages of mineral soil formation;
development of geochemically active microbial populations;
mineral dissolution by metabolites including ‘lichen acids’;
biophysical disruption of substrate.

Fungal populations in gut aid degradation of plant material;
invertebrates mechanically render plant residues more
amenable for decomposition; cultivation of fungal gardens by
certain insects (organic matter decomposition and recycling);
transfer of fungi between plant hosts by insects (aiding infection
and disease).

13
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Table 1.2 (cont.)

Fungal role and/or activity Biogeochemical consequences

Pathogenic effects: plant and animal pathogenicity Plant infection and colonisation; animal predation

(e.g. nematodes) and infection (e.g. insects, etc.); redistribution
of elements and nutrients; increased supply of organic material
for decomposition; stimulation of other geochemically active

microbial populations.

Such activities take place in aquatic and terrestrial ecosystems, as well as in artificial and man-made systems, their relative importance depending
on the species present and physico-chemical factors that affect activity. The terrestrial environment is the main locale of fungal-mediated
biogeochemical change, especially in mineral soils and the plant root zone, and on exposed rocks and mineral surfaces. There is rather a limited amount
of knowledge on fungal biogeochemistry in freshwater and marine systems, sediments, and the deep subsurface. Fungal roles have been arbitrarily
split into categories based on growth, organic and inorganic metabolism, physico-chemical attributes and symbiotic relationships. However, it should
be noted that many if not all of these are interlinked, and almost all directly or indirectly depend on the mode of fungal growth (including symbiotic
relationships) and accompanying heterotrophic metabolism, in turn dependent on a utilisable carbon source for biosynthesis and energy, and other
essential elements, such as nitrogen, oxygen, phosphorus, sulfur and many metals, for structural and cellular components. Mineral dissolution and
formation are outlined separately although these processes clearly depend on metabolic activity and growth form.Source: Modified from Table 1 in
Gadd (2007).

free-living and

mycorrhizal fungi hypha living
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[secondary minerals] [ secondary minerals}
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. metal jon™*
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> . n+ Clay particles
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metal complexes ' d

Fig. 1.4 Action of free-living and mycorrhizal fungi on insoluble metal ion™

metal minerals in the terrestrial environment resulting in release of
mineral components: metal(s), anionic substances, trace organics
and other impurities. These can be taken up by living organisms
(biota) as well as forming secondary minerals with soil components

living

organisms soil components

or fungal metabolites and/or biomass. Released minerals can also be
absorbed or adsorbed or otherwise removed by organic and
inorganic soil components. The dashed arrows imply secondary
mineral formation as a result of excreted metabolites as well as
fungal action on non-biogenic minerals. Possible losses to
groundwater are not shown. Pale grey arrows indicate processes
driven by the fungi. (Modified from Gadd, 2004.)

Fig. 1.5 Proton- and organic-acid-mediated dissolution of metals
from soil components and minerals. Proton release from the
hypha results in cation exchange with metal ions on clay particles,
colloids, etc. and metal displacement from mineral surfaces.
Released metals can interact with biomass, can be taken up by other
organisms and can react with other environmental components.
Organic acid anions, e.g. citrate, may cause mineral dissolution

or removal by complex formation. Metal complexes can interact
with live organisms as well as environmental constituents: in
some circumstances complex formation may be followed by
crystallisation, e.g. metal oxalate formation. Pale grey arrows
indicate processes driven by the fungi. (Modified from Gadd, 2004.)
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Fig. 1.6 Photomicrographs of fungal hyphae showing examples of
minerals formed by hyphal growth; in these cases formation of
uranium-containing biominerals following growth on medium
containing uranium salts or uranium ore. Scale bars: A, 2 um; B, 5

Agriculture reached the central Mediterranean region
about 8000 years ago; most of Western Europe about 7500
years ago; and the Iberian Peninsula and British Isles about
7000 years ago (Whittle, 2001; Renfrew & Bahn, 2004).

With the spread of agricultural civilisation went the spread
of agricultural fungi, good and bad. Fungi have always
accompanied the steady march of civilisation across human

1.10 References and further reading
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pum; C, 20 um; D, 5 pm. (Modified from Gadd, 2007 using graphic
files kindly supplied by Professor G. M. Gadd, University of Dundee,
UK. Reproduced with permission from Elsevier.)

settlements; the animals and plants were accompanied by
their fungal parasites and commensalisms, and fungi
accompanied technologies like baking, brewing and cheese-
making. We have been dependent on fungi since we became
human. That observation raises the questions of how long the
fungi have been on Earth and where they came from. And
those topics are dealt with in Chapter 2.
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Evolutionary origins

The evolutionary origins and phylogenetics of fungi are the topic of this chapter, and we present it against the
background of global evolution in the hope of improving appreciation of the timescale involved.

Reading this chapter could be the longest task you'll have in your life as a student, because we plan to
deal with all the time that has ever existed. We are doing this to provide some context to the enormous
lengths of time that we have to think about when discussing the origins of one of the major eukaryotic
kingdoms. Using the most recent molecular phylogenetic analyses, we describe fungi as an ancient and
successful lineage, arguably the first terrestrial eukaryotes. To do this we have to talk in billions (10°) of
years, and we find it difficult to envisage a billion years. It's even less easy, given the amazing changes
witnessed during a pitifully short human lifetime, to imagine the sorts of changes that can occur in a billion
years.

It's slightly easier to think in terms of fractions and percentages and to take in the lifetime of the
universe by equating a billion years to a little over 7% of the total age of the Universe, and extending that
to realise that the lifetime of our Sun is about one-third of the age of the universe.

Well, we did say only slightly easier!

From there we go on to consider planet Earth as a habitat (your habitat) and the unique series of events
that make this planet (the ‘Goldilocks planet’) so suitable for the sustained evolution of life. Following
discussion of the three domains that make up the tree of life, we outline the origin of Kingdom Fungi from the
opisthokonts, discuss some fossil fungi and introduce the fungal phylogeny.



2.1 Life, the universe and everything

The ultimate end product of the long pathway of cosmic
evolution is your habitat. This little bit of rock with some
unique characteristics is where you were born. It keeps you
alive right now and it will deal with your remains after you
die. So it is important that you understand how this pretty
blue planet got here and how the unique set of circumstances
arose that make your existence possible.

Enough preamble, let’s sweep back to the beginning of the
story: 13.7 billion years ago the universe, and all time and
space, began with the big bang.

e 300 thousand years after the big bang, hydrogen nuclei
captured electrons, forming the first atoms.

e 600 million years after the big bang the first galaxies were
formed.

Most cosmologists believe that present-day galaxies resulted
from the gravitational consequences of small variations in

Fig. 2.1 Ultra Deep Field of the
Hubble Space Telescope (credit:
NASA, ESA, S. Beckwith (STScI)
and the HUDF Team). The HUDF is
actually two separate images
(assembled by Anton Koekemoer)
taken by Hubble’s Advanced
Camera for Surveys (ACS; an 11.3
day exposure) plus the Near
Infrared Camera and Multi-object
Spectrometer (NICMOS; a further
4.5 day exposure). The HUDF field
contains an estimated 10 000
galaxies that existed between 400
and 800 million years after the big
bang. In ground-based images, the
patch of sky in which the HUDF is
located (in the constellation
Fornax, just below the
constellation Orion) is empty to the
eye and is even empty to the best
ground-based optical telescopes.
(Image produced by STScI (Space
Telescope Science Institute), 3700
San Martin Drive, Baltimore, MD
21218, USA.) See Plate section 1
for colour version. For further
information and images visit
http://hubblesite.org. For more
information about cosmology,
visit Cosmology: The Study of the
Universe at http://map.gsfc.nasa.
gov/m_uni.html.

2.1 Life, the universe and everything

the density of matter in the universe. For example, when
the universe was one-thousandth its present size (about

500 000 years after the big bang), the density of matter in
the region of space that now contains our home galaxy (the
Milky Way) might have been 0.5% higher than in adjacent
regions. The higher density caused this region of space to
expand more slowly than surrounding regions, because of
gravitational interactions; and that, in turn, increased the
relative over-density.

Later, when the universe was one-hundredth its present
size (around 15 million years after the big bang), our region
of space was probably 5% denser than the surrounding
regions. This evolution continued as the universe expanded
and aged, and when the universe was one-fifth its present
size (roughly 12.5 billion years ago), our locality was
probably twice as dense as neighbouring regions.

The inner portions of our Galaxy (and similar galaxies)
were assembled about 12 billion years ago. Stars in
the outer regions of our Galaxy were probably assembled
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Fig. 2.2 This image shows
the place of the HUDF data
within NASA'’s
interpretation of the history
of the universe (note the
time axis is logarithmic).
(Image credit: NASA and

A. Field, STScI (Space
Telescope Science Institute),
3700 San Martin Drive,
Baltimore, MD 21218, USA.)
See Plate section 1 for
colour version. For further
information and images
visit http://hubblesite.org.
For more information about
cosmology, visit Cosmology:
The Study of the Universe at
http://map.gsfc.nasa.gov/
m_uni.html.
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in the more recent past; in particular, our Sun was formed
about 5 billion years ago (that is, when the universe was 64%
of its current age).

Of course, we can’t see into the ultra deep time at the birth
of the universe; but the Hubble Space Telescope can get
pretty close. In March 2004 astronomers at the Space
Telescope Science Institute released the deepest view so far
achieved of the visible universe. Called the Hubble Ultra Deep
Field (HUDF), the million-second-long exposure (that’s about
16 days) reveals the first galaxies to emerge from the
time shortly after the big bang when the first stars reheated
the cold, dark universe (Figs. 2.1 and 2.2).

The HUDF image is an astonishing portrait of the origin of
your habitat. Importantly, it shows that galaxies evolved
quickly.

The HUDF shows numerous galaxies. Galaxies mean stars.
Stars mean nuclear reactions producing an ever widening
range of elements. When the universe was created it was
composed of hydrogen and helium, with some lithium, boron
and beryllium. Stars emit radiation, including visible light, as
a by-product of the nuclear fusion reactions in their core,
which create the more massive elements, such as carbon,
oxygen, nitrogen, iron, calcium, etc., by fusing together
atoms of the lighter ones. When the star’s nuclear fuel is
exhausted the star explodes, scattering its outer layers back

into space, adding to the gas clouds within which later stars
form. Those later stars will contain more of the heavier
elements, and will be able to create even more massive
elements in their nuclear fusion reactions. Repetitive cycling
within stars produces all of the elements of the Periodic
Table, but ‘All of the atoms on the Earth except hydrogen and
most of the helium are recycled material; they were not
created on the Earth. They were created in the stars.’

(Nick Strobel in the Astronomy Notes website at
www.astronomynotes.com).

The HUDF shows that some of the most important
developmental changes happened in the universe well
within one billion years of the big bang. In the present
universe star lifetimes vary with the mass of the star from
about 3 x 10° years for stars with masses around 60 times
the mass of the Sun, to about 32 x 10° years for those
with masses about 10 times that of the Sun, and on to
10° years for stars of about the same mass as the Sun. So, the
first billion years (which is a little over 7% of the total age of
the universe) would have provided sufficient time for
several to many star lifetimes. These stellar life cycles would
have created, even that distance of time ago, all the elements
which are the building blocks of chemistry. And chemistry
means evolution. Chemical evolution provides the potential
for life.
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Fig. 2.3 The Earth and Moon
as imaged by the Mariner 10
spacecraft in 1973 from 2.6
million km distance. These
images have been combined
to illustrate the relative sizes
of the two bodies. (Credits:
NASA/JPL/Northwestern
University.) See Plate
section 1 for colour version.

2.2 Planet Earth: your habitat

The Earth was formed 4.5 x 10° years ago by accretion
within the cloud of dust and gases left over from the
formation of the Sun. Its main ingredients were iron and
silicates, with smaller quantities of many other elements,
some of them radioactive. Energy released by radioactive
decay (mostly of uranium, thorium and potassium) heated
the planet to high enough temperatures to melt some of the
constituents. The iron melted before the silicates, and, being
denser, sank toward the centre of the aggregate, where it
accumulated to form our liquid iron core.

At the time the Earth formed, other planets were also being
formed, of course. These eventually became our present-day
neighbours in the solar system. But in addition, another
planetary body formed in the same orbit as the young Earth.
It was roughly the size of present-day Mars (a third or half
the size of Earth), is sometimes called Theia, and it hit the
Earth late in Earth’s growth process. Heat energy of the
impact melted the two planets; the iron Theia contained
slurped into the Earth’s liquid iron core, and rocky debris

2.3 The Goldilocks planet

from the impact exploded into orbit around the Earth and
gradually aggregated into our Moon (Fig. 2.3).

Around the molten iron core (now itself the size of
present-day Mars) a thin but stable crust of solid rock formed
as Earth cooled. Water, rising from the interior of the planet
through volcanoes and fissures and arriving from space
through comet impacts, collected in natural depressions in
the crust to form the oceans. And that highlights another
important point: the Earth is comfortably located in what
astronomers have called the ‘Goldilocks orbit’, which is at
just the right distance from the Sun to be in a temperature
range in which water can exist as a liquid (Goldilocks
because in the fairytale Goldilocks found a breakfast that was
‘just right, not too hot and not too cold’. Astronomers are
simple, gentle people).

2.3 The Goldilocks planet

So why are we describing all this cosmology in a chapter
about the evolutionary origins of the fungi? Our reason
is that all this cosmology was essential to make the
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Earth-Moon binary system such a very special habitat for
life. A habitat that is unique in its:

e orbital position: not too hot and not too cold;
e molten iron core;
e nature as a binary planetary system.

As mentioned, our orbital position is crucial to maintaining
liquid water on the surface of the planet. You only have to
think of our seasonal changes to realise how exact that
positioning must be. The Earth’s axis is tipped over about
23.5° from the vertical and it’s our annual orbital motion
around that which causes our seasons. We're European
northern hemisphere people, and used to wintry ice and snow
from December to February and warm summers from June to
September. But these seasons only result from the old planet
being angled slightly towards the Sun in summer, or away
from the Sun in winter. Just that small rotational shift
towards or away from the Sun is sufficient to generate an
enormous temperature differential. The highest recorded
temperature in Europe (in Seville, Spain) is 50 °C, compared
to the lowest recorded European temperature of —55°C (at
Ust-Shchugor, Russia). You will appreciate that if Earth’s
orbit was very slightly closer to the Sun, let’s say by about
one Earth radius, surface temperatures would be intolerably
high all the time. Alternatively, if the planet was a similar

Resources Box 2.1

distance further from the Sun, it would be in permanent
deep freeze.

That highly improbable impact between proto-Earth and
Theia not only topped up the Earth’s liquid iron core but it
imparted increased rotation to both planet and core. The
molten core spins now, and the spinning iron generates our
magnetic field, the magnetosphere, producing a magnetic
field strong enough to protect Earth from the solar wind.

The solar wind is a stream of charged particles ejected
from the upper atmosphere of the Sun and consists mostly
of high-energy electrons and protons. Mars is unprotected
and the solar wind has stripped away up to a third of its
original atmosphere. Even the dense atmosphere of Venus
is being eroded by the solar wind, so much so that space
probes have discovered a comet-like tail that stretches
back to the orbit of the Earth.

But Earth is safe, protected from the solar wind by its
magnetic field, which deflects charged particles but also
serves as an electromagnetic energy transmission line to the
Earth’s upper atmosphere and ionosphere through the aurora
borealis and aurora australis. By preventing the solar wind
stripping away the ozone layer our magnetosphere also
protects the surface of Earth from biologically harmful
ultraviolet (UV) radiation emitted by the Sun as well as the
high-energy particles of the solar wind. This is crucially

The story of Planet Earth

For more information about the origins of the Earth we recommend the following collection of

publications and websites.

Burger, W.C. (2002). Perfect Planet, Clever Species: How Unique Are We? Amherst, NY: Prometheus Books.

ISBN 1591020166.

Davies, P. (2006). The Goldilocks Enigma: Why Is the Universe Just Right for Life? London: Penguin/Allen

Lane. ISBN 9780713998832.

Lamb, S. & Sington, D. (1998). Earth Story: The Forces that Have Shaped our Planet. London: BBC

Worldwide. ISBN 0563487070.

Earth Story: The Shaping of Our World was broadcast by the BBC as a series of documentaries presented
by Aubrey Manning in 1998. The programmes were published as DVD videos by BBC Worldwide in 2006
[Visit http://www.bbeshop.com/invt/bbedvd 1988 €tsource=2239].

Visit the following web pages:
http://www.psi.edu/projects/moon/moon.html
http://en.wikipedia.org/wiki/Giant_impact_theory
http://en.wikipedia.org/wiki/Impact_event


http://www.bbcshop.com/invt/bbcdvd1988&e_x0038;source=2239
http://www.psi.edu/projects/moon/moon.html
http://en.wikipedia.org/wiki/Giant_impact_theory
http://en.wikipedia.org/wiki/Impact_event

important to biology; UV radiation with wavelengths shorter
than 280 nm (also known as germicidal UV or UV-C) is
entirely screened out by ozone at around 35 km altitude.
For radiation with a wavelength of 290 nm (UV-B, which is
most damaging to DNA), the intensity at Earth’s surface is
only 107 that at the top of the atmosphere, thanks mainly
to high-altitude ozone.

And that leaves the contribution of our enormous Moon,
by far the largest satellite in the solar system (in proportion
to its planet) and constructed from the rocky remnants of the
Theia-Earth impact (Fig. 2.3). The presence of the Moon
gradually reduced the rotation rate to a level that reduces
temperature variations on the Earth’s surface to life-
supporting limits. But it also stabilises our axial tilt, which
ensures annual seasons and challenging environments to
drive evolution. Similarly, the Moon generates tidal effects
in both rocks and water, and the latter also produce variable
shoreline environments that spur chemical and biological
evolution.

2.4 The tree of life has three domains

There is evidence for the activity of living organisms in
terrestrial rocks that are 3.5 x 10° years old. These oldest
known fossils are the remains of bacteria-like organisms.
Over the last 3.5 billion years, which is about a quarter of the
age of the universe, living organisms on Earth have
diversified and adapted to almost every environment
imaginable.

For a rather lesser period of time, something like a few
hundred years, humanity has worked at systematically
finding, naming and classifying all those organisms. In 1866
Ernst Haeckel made one of the first attempts at constructing a
phylogenetic classification by dividing organisms into three
categories: the Plantae, the Animalia and the Protista
(microorganisms). So for the best part of a century, biologists
were content to classify living things as either a plant or
animal, because in this classification fungi and lichens were
classified with bacteria and algae in a group called the
Thallophyta that formed part of the Kingdom Plantae.
Because of this, mycology developed as a branch of botany.
This is somewhat ironic since we now know that the true
fungi are more closely related to animals than they are to
plants.

Towards the middle of the twentieth century the nature of
bacteria became clearer, but fungi were still classified in the
Plant Kingdom (strictly speaking into the Subkingdom
Cryptogamia, Division Fungi, Subdivision Eumycotina) and
were separated into four classes: the Phycomycetes,
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Ascomycetes, Basidiomycetes and Deuteromycetes (the latter
also known as Fungi Imperfecti because they lacked a sexual
cycle). These traditional groups of ‘fungi’ were identified by
the morphology of their sexual organs, whether or not their
hyphae had septa (cross-walls), and the ploidy (degree of
repetition of the basic number of chromosomes) of nuclei
in their vegetative mycelium. The slime moulds, all grouped
in the Subdivision Myxomycotina, were also included in
Division Fungi.

By the 1950s and 1960s it had become very clear that this
system failed to deal properly with the fungi protists and
bacteria and in 1969 R. H. Whittaker published a
classification scheme in which he divided organisms into five
kingdoms: Animalia, Plantae, Fungi, Protista (eukaryotic
microorganisms, and a mixed grouping of protozoa and
algae) and Monera (prokaryotic microorganisms, bacteria
and archaea). So by the 1970s, a system of five kingdoms had
come to be accepted as the best way to classify living
organisms. Fundamentally, a distinction is made between
prokaryotes and the four eukaryotic kingdoms (plants,
animals, fungi and protists). The prokaryote/eukaryote
distinction recognises the ‘higher organism’ traits that
eukaryotic organisms share, such as nuclei, cytoskeletons,
internal membranes, and mitotic and meiotic division cycles.

The most convincing endosymbiosis theory (Margulis,
2004) accounts for the origin of the set of features that
characterise the modern eukaryote through a sequence of
symbiotic relationships being established between
‘prokaryotic’ partners. The mitochondria of eukaryotes
evolving from aerobic ‘bacteria’ living within a host cell;
chloroplasts of eukaryotes evolving from endosymbiotic
‘cyanobacteria’; eukaryotic cilia and flagella arising from
endosymbiotic ‘spirochaetes’, the basal bodies from which
eukaryotic cilia and flagella develop being able to create the
mitotic spindle and thus contribute to the cytoskeleton.

The early eukaryotes were anaerobic, sometimes
aerotolerant organisms that lacked mitochondria and
peroxisomes. It is presumed that these groups diversified
prior to the endosymbiotic events which gave rise to
mitochondria. Today, most of these ‘primitive’ eukaryotes are
parasites of other eukaryotes, from microorganisms to
humans, but free-living relatives of these parasites branch
deep in the evolutionary tree.

These kinds of classification schemes of organisms were
historically based on taxonomy according to similarity but
this approach has been replaced by one firmly based on
phylogenetics. The term comes from the Greek words phyle,
meaning ‘tribe’ or ‘race’, and genetikos, meaning ‘from birth’,
so it is applied to the study of evolutionary relatedness
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among taxa. Phylogenetic taxonomy is a ‘natural’ taxonomy
because the classification is based on grouping by ancestral
traits. However, before the development of molecular
techniques, it really was not possible to determine
evolutionary relationships of present-day organisms on a
sufficiently comprehensive scale to construct a meaningful
tree of life.

The breakthrough was made by Carl Woese who concluded
that, as all organisms possessed small subunit rRNA (SSU
TRNA, so called because they form part of the small subunit
of a ribosome), the small subunit rRNA gene would be a
perfect candidate as the universal chronometer of all life.

These SSU rRNA genes (16S rRNA in prokaryotes and
mitochondria, 18S rRNA in eukaryotes) display a mosaic of
conservation patterns, with rapidly evolving regions
interspersed among moderately or nearly invariant regions
(it has been estimated that about 56% of the nucleotide
positions in 18S rRNA data sets are not free to vary and have
not undergone substitutions useful in phylogenetic
reconstructions). This variation in conservation permits SSU
rRNA gene sequences to be used as sophisticated
chronometers of evolution with the slowly evolving regions
recording events that occurred many millions of years ago,
and the rapidly evolving regions chronicling more recent
events.

In Woese’s procedure, pairs of SSU rRNA gene sequences
from different organisms were aligned, and the differences
counted and considered to be some measure of ‘evolutionary
distance’ between the organisms. Pairwise differences
between many organisms were then used to infer
phylogenetic trees, maps that represent the evolutionary paths
leading to the SSU rRNA gene sequences of present-day
organisms. Of course, such trees rely on many assumptions,
among which are assumptions about the rate of mutational
change (the ‘evolutionary clock’) and that rRNA genes are free
from artefacts generated by convergent evolution or lateral
gene transfer (Woese, 1987; Woese et al., 1990).

Woese’s studies called into question many beliefs about
evolutionary relationships between organisms and brought
order to biological diversity. Most importantly, the tree of life
constructed from SSU rRNA gene sequences led Woese to
recognise three primary lines of evolutionary descent (first
called Kingdoms, but subsequently renamed Domains, a new
taxon above the level of Kingdom): the Bacteria (now called
Eubacteria), the Archaea and the Eucarya (now called
Eukaryota). These three domains were thought to have
diverged from some ‘universal ancestor’. The first two
domains contain prokaryotic microorganisms and the third
domain contains all eukaryotic organisms.

There has been a good deal of speculation about the
universal ancestor, which, rather than being a primitive
‘prokaryote’, might well have had a complex cell like a
eukaryote, with archaea and eubacteria evolving from it by
reduction and simplification (Doolittle, 2000). Penny & Poole
(1999) pointed out that modern eukaryotes use RNAs to
catalyse intron splicing and stable RNA processing and
suggested that these processes could be ‘molecular fossils’
from the RNA-world that may have been the first step in the
origin of life, before the evolution of protein catalysis. So, the
universal ancestor might have possessed some extremely
primitive features that are now considered to be
characteristic of present-day eukaryotes. If these relics of the
RNA world were present in the universal ancestor, it doesn’t
mean that the ancestor was eukaryotic. Rather, the ancestor
contained a mix of features that were selected and combined
in different ways during evolution of the present-day
archaea, eubacteria and eukaryotes.

Unfortunately, because the evolutionary clock is not
constant in different lineages, the time of occurrence of
evolutionary events in the tree of life cannot be extracted
reliably from SSU rRNA gene sequences alone, so other
sequences have to be brought into the analysis. All molecules
chosen for phylogenetic studies must:

e be universally distributed across the group chosen for
study;

e be functionally homologous;

e change in sequence at a rate proportionate with the
evolutionary distance to be measured (the broader the
phylogenetic distance being measured, the slower must be
the rate at which the sequence changes).

Although SSU rRNA genes satisfy these criteria, it is
important not to allow phylogenetic trees based on a single
gene to dominate evolutionary and systematic conclusions.
Instead, account needs to be taken of phylogenetic trees
based on a range of conserved molecules with a judgement
being made about the weight to be given to the different lines
of evidence so obtained.

Among the sequences that have been used successfully in
multigene phylogenies are ATPase genes; the ATPase
enzymes are composed of several different kinds of subunits,
each related among themselves. The F-, V- and A-enzymes
have catalytic and non-catalytic subunits, which are thought
to have arisen during early gene duplications prior to the
separation of the three domains. Because of this, the
phylogenetic tree inferred from catalytic subunits can be
rooted with the non-catalytic subunits. Using ATPase
subunits, the root of the tree of life was placed on the
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Table 2.1 Ribosomal rRNA sequences used to identify and classify fungi

Structural
rRNA molecule rRNA?
18S rRNA Yes
(small subunit RNA)

5S rRNA Yes

28S rRNA Yes
(large subunit RNA)

Internally transcribed No
spacers (ITS) 1 and 2

Intergenic spacer (IGS) No

Transcribed?

Yes

Yes

Yes

Yes

No

Level of conservation

Highly conserved domains interspersed
with conserved domains

Conserved domains

Conserved domains interspersed with
variable domains

Variable domains

Highly variable domains

Taxa that can be
distinguished

From domains to
classes

Classes and orders

From phyla to
species

Species and closely
related genera

Strains and races

eubacterial branch, making the Eukaryota and Archaea sister
taxa. This conclusion was supported by studies using
aminoacyl tRNA synthetase gene sequences. These genes
form a series of 20 enzyme families, with each family the
result of gene duplication, again argued to predate the origin
of the three domains. Thus, aminoacyl tRNA synthase
phylogenetic trees can be rooted in a fashion similar to that
for the ATPase trees.

The ribosomal gene cluster is another regular contributor
to construction of phylogenetic trees. Ribosomal genes are
usually present in genomes in large numbers (100 to 200
tandem repeats) but they evolve as a single unit. The large
quantities of rRNAs expressed by cells make their isolation
and purification relatively easy despite the nearly ubiquitous
occurrence of stable RNAses. Additionally, rDNA can be
sequenced using specific oligonucleotide primers and the
polymerase chain reaction (PCR). Because each genome
contains many identical copies of the ribosomal genes, at
least one copy for molecular analysis can usually be
recovered, even from low-quality DNA preparations.
Importantly, rDNA sequencing results in fewer artefacts than
rRNA sequencing, and offers the opportunity of sequencing
both strands of the rRNA sequences, providing a further
check against sequencing errors.

Three regions of the ribosomal gene cluster in eukaryotes
code for rRNA genes, which are transcribed into 5.8S, 18S
and 28S RNA molecules that form part of the ribosome
structure. Of the approximately 9000 nucleotides in a
ribosomal repeat, the 18S gene accounts for about 1800 bp,
the 5.8S gene for about 120 bp and the 28S gene for about
3200 bp. Interspersed between the rRNA genes are spacer
regions. The areas that lie between the 18S and 5.8S and

between the 5.8S and 28S genes are called internally
transcribed spacers (ITS1 and ITS2).

The ITS1 and ITS2 regions are transcribed together as a
single unit, then cleaved into separate RNA products, and
finally eliminated in the process that yields rRNA. The region
that separates one ribosomal gene cluster from the next is
called the intergenic spacer region (IGS), which is made up
of the non-transcribed spacer region (NTS) and the externally
transcribed spacer region (ETS). The rRNA product from
the ETS region suffers a similar fate to the internally transcribed
spacers. The rRNA genes, the transcribed spacers (ITS and
ETS) and the non-transcribed spacer (NTS) evolve at different
rates and because of this their sequences have become widely
used to discriminate between fungal taxa at levels from the
kingdom to the intraspecific strains and races (Table 2.1).

Sequences other than the ribosomal gene cluster and
ATPases that have been used in phylogenetic studies of
eukaryotes include: ribosomal protein factors, a-tubulin,
B-tubulin, actins and cytochromes. Protein sequences, which
are made up of 20 amino acids, offer several advantages over
DNA sequences (made up of four nucleotides) for some
phylogenetic studies because homology (similarity due to
shared ancestry) is more easily distinguished from analogy
(similarity in structure or function that evolved through
different pathways and different ancestries, a process known
as convergent evolution). Further, length changes are
infrequent in protein-coding genes because insertions and
deletions often lead to such large shifts in the reading frame
that they are fatal, and so fail to persist in the lineage.
Mitochondria and their protein coding genes are present in
multiple copies in most cells and mitochondrial genes are
easy to amplify, even from starting DNA of low quality.
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Eukaryota

Archaea Crenarchaeota-Eocytes

Euryarchaeota

Eubacteria

Fig. 2.4 One view of the most ancient relationships of the major
lineages of the domains of life, redrawn from the Tree of Life Project
(http://tolweb.org/Life_on_Earth/1/1997.01.01 in the Tree of Life
Project, http://tolweb.org/). There are two kingdoms within the
Archaea: the Euryarchaeota composed of methanogens and extreme
halophiles, and the Crenarchaeota composed of the extreme
thermophiles. Eocytes are a group of sulfur-dependent bacteria with
a unique pattern of organisation of ribosomal large and small
subunits. They are closely related to eukaryotes.

However, relatively few phylogenetic studies of fungi have
used mitochondrial protein coding genes.

It has been estimated that the Domain Eubacteria and
the common ancestor to the Domains Archaea and
Eukaryota diverged about 4 billion years ago, with the
Eukaryota arising on the Archaea lineage about 2 billion
years ago (Fig. 2.4).

The root of the universal tree of life remains
controversial, though. Evidence for ancient lateral transfers
of genes and uncertainty over the ancestry of Archaea
makes the distant origins of the major lineages of life
uncertain. Inferring ancient relationships is full of
difficulties. If the data contain too little information,
random errors can swamp the truth, and random errors can
be introduced by the mathematical model used to interpret
the data. The method used to establish the phylogenetic trees
can also introduce more systematic errors if it is too
simplistic (explanations and further references in Keeling
et al., 2005).

Errors amplify as you attempt to reach back further in
time, in what is called deep time (hundreds of millions to
billions of years; Table 2.2) where you are looking for
deep divergences between major groups of organisms.
Fossils are necessary to calibrate phylogenetic trees to a real
timeline, but there is a very patchy fossil record and the
older the fossil the greater the debate about its nature. The
result of such errors and uncertainties is that the timings
inferred for major events (like the divergences of major
eukaryote groups) in different studies can differ by several
hundred million years, or more. For example, one study
claims the common ancestor of living eukaryotes existed
2.3 billion years ago. Another puts the time of eukaryote
divergence at 1.26 to 0.95 billion years ago. The two
studies used different methods and different phylogenetic

models; their different dates could mean that the
common ancestor existed for a billion years before
evolving into the plant, animal and fungal lines or it
could mean that the best we can say is that the
divergence event occurred some time between 2.3 and
0.95 billion years ago.

Archaea and Eukaryota are sister groups with a common
ancestor (Fig. 2.4), so their modern representatives share
many properties that differ from those found in the
Eubacteria. For example, the RNA polymerase of Archaea
and Eukaryota resemble each other in subunit composition
and sequence far more closely than either resembles the type
of polymerase found in Eubacteria. Also, the Archaea and
Eukaryota use TATA-binding proteins to regulate the
initiation of transcription, whilst the Eubacteria use sigma
transcription factors.

Overall, the Archaea and Eukaryota are more closely
related to each other than either is to the Eubacteria and it
follows from this that, despite their prokaryotic nature,
members of the Archaea should not be regarded as bacteria, a
conclusion that some bacteriologists still find difficult to
accept (similarly, some mycologists find it difficult to accept
that the Oomycota are not true fungi).

A more complete fossil record, improved molecular dating
method and a better understanding of molecular evolution
will be needed before the true ages of the eukaryote lines of
evolution can be determined with any certainty.

The opinions presented above are based on a range of
relatively recent work (for example: Doolittle et al., 1996;
Embley & Hirt, 1998; Aravind & Subramanian, 1999;
Philippe et al., 2000; Keeling et al. 2005). The studies
represented in these references (together with many, many
others; for a comprehensive account visit the Tree of Life
Project at http://tolweb.org/Eukaryotes) build on the
established schemes of evolutionary relationships developed
using morphology and biochemistry. But, as we have
explained above, phylogenetic trees are currently built using
a wide variety of data, which are largely, but not entirely,
molecular in nature. It is now accepted that molecular
sequences are generally more revealing of evolutionary
relationships than are classical (mainly morphological)
phenotypes and this is particularly true for microorganisms.
Some of the terminology that has grown up in this area of
research is explained in Table 2.2.

At the moment we have to be satisfied with
generalisations, and the generalisations we favour are
that eukaryotes and prokaryotes diverged 2 billion years
ago, and plants, animals and fungi diverged 1 billion
years ago.


http://tolweb.org/Eukaryotes
http://tolweb.org/Life_on_Earth/1/1997.01.01
http://tolweb.org/

2.4 The tree of life has three domains

Table 2.2 Some terminology explained (with particular reference to fungi)

Classification: the assignment of objects to defined categories. Biologists classify species of organisms. Classification is
focused on placing organisms within groups that show their relationships to other organisms. Modern classification
was started by Carolus Linnaeus in the eighteenth century, who grouped species according to shared physical
characteristics. Linnaean groupings were subsequently revised to make them consistent with the Darwinian principle
of common descent. See http://en.wikipedia.org/wiki/Scientific_classification.

Systematics: the study of relationships and classification of organisms and the processes by which it has evolved and by
which it is maintained. Systematics deals specifically with relationships through time. Used to understand the
evolutionary history of life on Earth and uses taxonomy as a primary tool in understanding organisms and existing
classification systems.

Nomenclature: the allocation of scientific names to the taxons a systematist considers to merit formal recognition
(nomenclature of fungi is governed by the International Code of Botanical Nomenclature even though fungi are not
plants).

Taxonomy: the describing, identifying, classifying and naming of organisms. Organisms are grouped according to
their morphological and/or molecular characteristics into taxa of particular ranks: species, which are grouped into genera
(singular: genus), and then higher taxa, like families, orders, classes, phyla (singular: phylum) or divisions, kingdoms,
domains. In phylogenetic taxonomy (or cladistic taxonomy), organisms are classified by clades, which are based on
evolutionary grouping by ancestral traits. By using clades as the criteria for separation, cladistic taxonomy, using
cladograms, can categorise taxa into unranked groups.

Visit the following web pages:
http://en.wikipedia.org/wiki/Taxonomy
http://taxonomicon.taxonomy.nl/
http://sn2000.taxonomy.nl/

Taxonomy of fungi is also governed by the International Code of Botanical Nomenclature. The rank of species is basic,
although there is no universally applicable definition!

CABI Bioscience maintains, either solely or in association with others, a number of internationally important databases:
http://www.indexfungorum.org/
http://www.indexfungorum.org/BSM/bsm.asphttp://www.indexfungorum.org/Names/Names.asp

Taxon (plural: taxa) is a taxonomic group of any rank.

Cladistics: a method of systematics which aims to reconstruct the genealogical descent of organisms through objective
and repeatable analysis, leading to a natural classification or phylogeny.

Cladistics is based on three basic assumptions:

e that taxa are united into natural groups on the basis of shared derived characters;

e that all groups recognised must be descended from a single ancestor (i.e. be monophyletic);

e that the most parsimonious pattern (i.e. the one requiring the fewest steps to account for relationships) is the
one most likely to be correct.

The product of cladistic analysis is a tree-like branching diagram (called a cladogram or phylogenetic tree) which shows the
pattern of relationships between the organisms based on the characters used.

In a cladogram, organisms form the leaves (extreme ends of branches), and each branching node (divergence) is ideally
binary (two-way). The two taxa on either side of a divergence are called sister taxa or sister groups. Each subtree, whether
it contains one item or a hundred thousand items, is called a clade.
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Table 2.2 (cont.)

A natural group has all its organisms sharing a unique ancestor (one which they do not share with any other organisms on
the diagram) for that clade. See http://en.wikipedia.org/wiki/Cladistics.

Monophyletic groups, also called clades, are composed of a single ancestor together with all of its descendants, and are
generally considered as the only ‘natural’ grouping. They are very important in phylogenetic classification. In contrast,
a paraphyletic group contains some, but not all, of the descendants of a common ancestor. The members included are
those that have changed little from the ancestral state; those that have changed more are excluded. Polyphyletic groups
are formed when two lineages convergently evolve similar characters. Organisms classified into the same polyphyletic
group share observable similarities rather than phylogenetic or evolutionary relationships.

Common ancestor: a group of organisms is said to have common descent if they have a common ancestor. In biology, the
theory of universal common descent proposes that all organisms on Earth are descended from a common ancestor or
ancestral gene pool. See http://en.wikipedia.org/wiki/Common_descent.

Deep time: deep time is the concept of geological time. See http://www.pbs.org/wgbh/evolution/change/deeptime/index.

html.

Deep divergences: divergence between taxons inferred to have occurred in deep geological time, typically at least 1 billion

years ago.

A little fungal taxonomy:

Principal taxonomic ranks (and the characteristic word-endings) in use for fungi today are as follows:

Domain Eukarya
Kingdom Fungi
Phylum ...mycota
Subphylum
Class
Order
Family
Genus (always underline or print in italics)

...mycotina
...Imycetes
...ales
...aceae

Species (always underline or print in italics)

Mycologists have developed an extensive terminology to describe fungal morphology. Fortunately, two good dictionaries are available (Ulloa &
Hanlin, 2000; Kirk et al., 2008) to help you with terms you do not understand.

Today microbes often live in mixed communities that
are capable of rapid attachment to surfaces as a biofilm.
Biofilms are an important component of our present
environment, being found essentially everywhere on
Earth, including in extreme environments (Sutherland,
2001). Most are beneficial or harmless but those that form on
clinical equipment and many household surfaces can cause
harm. Biofilm formation is so obviously beneficial to the
organisms in the community that it must have arisen at an
early stage in evolution. So perhaps we should think in
terms of the microorganisms that existed for the first
3 billion years of life on Earth forming extensive biofilms
over moist surfaces (and that would include the surfaces
of bodies of shallow water). Some of those biofilms

would have contained photosynthetic microbes,
cyanobacterial as well as algal.

Knauth & Kennedy (2009) analysed carbon isotope
ratios in ancient carbonate rocks. They concluded that
the ‘greening of Earth’ started about 850 million years
ago in coastal regions and resulted in an extensive
spread of photosynthetic microbes (as ‘an explosion of
photosynthesising communities on late Precambrian land
surfaces’). They suggest that by 1000 million years ago this
‘greening’ was sufficient to increase atmospheric oxygen,
alter the chemical breakdown of rocks on the Earth’s surface
and increase nutrient flux and organic matter in ancient soils
and sediments (Hand, 2009; for counter-arguments see
Arthur, 20009).


http://en.wikipedia.org/wiki/Cladistics
http://en.wikipedia.org/wiki/Common_descent
http://www.pbs.org/wgbh/evolution/change/deeptime/index.html
http://www.pbs.org/wgbh/evolution/change/deeptime/index.html

Primitive biofilms would have contained fungi, too; and
an important ability of hyphal growth is that filamentous
hyphae can escape from the biofilm. Even more importantly,
filamentous hyphae can exploit the biofilm, digesting the
adhesives, gums and other polymers that make up the
biofilm matrix and parasitising the photosynthetic microbes
to recruit photobionts into primitive lichen-like
arrangements.

2.5 The Kingdom Fungi

As we have seen, around the middle of the twentieth century
the three major kingdoms of eukaryotes were finally
recognised. One of the crucial character differences was the
mode of nutrition:

e animals engulf;
o plants photosynthesise;
o fungi absorb externally digested nutrients.

To these can be added many other differences. For
example: in their cell membranes animals use cholesterol,
most fungi use ergosterol; in their cell walls, plants use
cellulose (a glucose polymer), fungi use chitin (a glucosamine
polymer); recent genomic surveys show that plant genomes
lack gene sequences that are crucial in animal development,
and vice versa, and fungal genomes have none of the
sequences that are important in controlling multicellular
development in animals or plants. This latter point implies
that animals, plants and fungi separated at a unicellular
grade of organisation.

The fungal kingdom is now recognised as one of the oldest
and largest clades of living organisms. Kingdom Fungi is a
monophyletic group which diverged from a common
ancestor with the animals about 800 to 900 million years
ago. In the most recent phylogenetic classification scheme,
the true fungi (or Eumycota), which make up this
monophyletic clade called Kingdom Fungi, comprise the
seven phyla (the taxon ‘phylum’ has been borrowed from
animal taxonomy):

Chytridiomycota (706 species in 105 genera);
Blastocladiomycota (179 species in 14 genera);
Neocallimastigomycota (20 species in 6 genera);
Microsporidia (1300+ species in 170 genera);
Glomeromycota (169 species in 12 genera);
Ascomycota (64 163 species in 6355 genera);
Basidiomycota (31 515 species in 1589 genera).

The last two phyla are combined in the Subkingdom
Dikarya (Hibbett et al., 2007), and there are four subphyla

2.5 The Kingdom Fungi

that were traditionally placed in the phylum Zygomycota
(1065 species in 168 genera). These taxa will be described in
more detail in Chapter 3 and we say something about
Zygomycota below.

For the moment remember that when fungi were still
classified in the Plant Kingdom (Subkingdom Cryptogamia,
Division Fungi, Subdivision Eumycotina) they were
separated into four classes:

e Phycomycetes

e Ascomycetes

o Basidiomycetes

e Deuteromycetes (the latter also known as Fungi Imperfecti
because they lacked a sexual cycle).

You may still encounter these traditional names for groups
of fungi, but if they are used today, you must appreciate
that they can only be used informally. Many organisms
included in these groups (particularly among the
phycomycetes and the slime moulds) are no longer
considered to be true fungi, even though mycologists might
study them. This applies to many of the water moulds,
like the Oomycota (which include the plant pathogen
Phytophthora), and Hyphochytriomycota, all of which have
been removed from the fungi, and are now classified with
brown algae and diatoms in the Kingdom Chromista. Similarly,
the Amoebidales, which are parasites or commensals of living
arthropods and previously considered to be trichomycete fungi
within the Zygomycota, are now considered to be protozoan
animals. None of the slime moulds are now considered to belong
to Kingdom Fungi and their relationship to other organisms,
especially animals, is still in dispute.

Molecular analyses have led to dramatic changes
in our understanding of relationships of fungi placed in the
traditional phyla Chytridiomycota and Zygomycota.
The Chytridiomycota is retained in the 2007 scheme, but in a
much more restricted sense. For one thing, one of its
traditional orders, the Blastocladiales, has been
raised to phylum status as the Blastocladiomycota.
Similarly, the group of anaerobic rumen chytrids
previously known as Order Neocallimastigales has also
been recognised as a distinct phylum, the
Neocallimastigomycota.

In contrast, the phylum Zygomycota is not accepted
in the most recent classification because of remaining
doubts about relationships between the groups that
have traditionally been placed in this phylum. The
consequences of this decision are the recognition
of the phylum Glomeromycota and of four subphyla
incertae sedis (meaning ‘of uncertain position’):
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Mucoromycotina, Kickxellomycotina, Zoopagomycotina
and Entomophthoromycotina. As more work is done and
the position clarifies, the name Zygomycota may be
reinstated to encompass some of the taxa once represented
in the traditional group. At the time of writing Zygomycota
has not been given a proper diagnosis and can only be
used informally. We continue to use it in Chapter 3 as a
convenient ‘container’ for the four subphyla mentioned
above and, more importantly, because you are bound to
encounter it in other, older, books.

Kingdom Fungi has also gained a few recruits on the basis of
recent molecular phylogenetic analysis, notably Pneumocystis,
the Microsporidia and Hyaloraphidium. Pneumocystis carinii
(= P. jirovecii) is a pathogen causing pneumonia in mammals,
including humans with weakened immune systems
(pneumocystis pneumonia or PCP is the most common
opportunistic infection in people with HIV and has been a
major killer of people infected with HIV). Pneumocystis was
initially described as a trypanosome, but evidence from
sequence analyses of several genes places it in the
Taphrinomycotina in the Ascomycota.

The Microsporidia are obligate intracellular parasites
of animals. They are extremely reduced organisms,
without mitochondria. Most infect insects, but they are
also responsible for common diseases of crustaceans and
fish, and have been found in most other animal groups,
including humans (probably transmitted through
contaminated food and/or water). They were thought to be
a unique phylum of protozoa for many years. Recent
molecular studies show that these organisms are related
to the Zygomycota.

Hyaloraphidium curvatum, an organism previously
classified as a colourless green alga, is now recognised as
a fungus on the basis of molecular sequence data, which
show it is a member of the Monoblepharidales in the
Chytridiomycota.

Fig. 2.5 A cladogram
(phylogenetic tree) showing the
relationships of the eukaryotes.
Note that the top branch of
this tree shows the opisthokont
clade as distinct from the
other eukaryotic clades. The
opisthokont clade subsequently
diverges into animals and fungi
as sister clades. (Adapted from
the Tree of Life Project [http://
tolweb.org/Eukaryotes].)

2.6 The opisthokonts

The opisthokont clade is a distinct lineage of eukaryote
groups which share an ultrastructural identity and have no
evident sister group; it comprises all the true fungi including
chytrids, microsporidia, collar-flagellate protists
(Choanozoa), and Kingdom Animalia (which includes us in
the Metazoa) (Fig. 2.5).

All molecular and ultrastructural studies have
strongly supported the idea that opisthokonts form a
monophyletic group. The name ‘opisthokont” comes from
the Greek and means ‘posterior flagellum’, so the common
characteristic that gives them their name is that flagellate
cells, when they occur, are propelled by a single posterior
flagellum, and this applies as much to chytrid zoospores as to
animal sperm. In contrast, other eukaryote groups that have
motile cells propel them with one or more anterior flagella,
and that ‘one or more’ phrase results in the name heterokont.

Heterokonts are organisms in which the motile cells have
unequal flagella. This is the most nutritionally diverse
eukaryote supergroup and includes several ecologically
important groupings. The formal name of the assemblage
is the Heterokonta and it is placed within the Kingdom
Chromista alongside haptophytes and cryptomonads
(Cavalier-Smith & Chao, 2006). The Chromista seems to
represent an independent evolutionary line that diverged
from the same common ancestor as plants, fungi, and
animals. Heterokonta includes:

o Multicellular brown seaweeds, which are the most
common type of seaweed on rocky beaches, some forming
kelp forests with fronds up to 50 m long.

o The usually parasitic oomycetes that include
Phytophthora, the pseudofungus that caused the great Irish
potato famine of 1845, and Pythium, cause of seed rot and
damping off in seedlings, which have been confused with

_[ Animals (Metazoa)
opisthokonts Choanoflagellates (collared flagellates)

Fungi (including Microsporidia)

Chromista (water moulds, diatoms, brown algae,

chrysophytes, other algae and protozoa)
Alveolates (dinoflagellates, ciliates, apicomplexa)

Rhodophyta (red algae)
Viridiplantae (green plants, including green algae and higher plants)

Other protist lineages (including cryptomonads,
euglenids, glaucophytes, etc.)


http://tolweb.org/Eukaryotes
http://tolweb.org/Eukaryotes

fungi because of their filamentous growth form. The
inclusion of several groups of ‘pseudofungi’ and ‘water
moulds’, especially genera that have been studied long and
hard by mycologists over the years (names to look out for
are genera like Saprolegnia, Achlya, Albugo, Bremia,
Plasmopara), is why the Heterokonta is important to us.

e Numerous protists of major importance, like
photosynthetic diatoms, which are a primary component
of plankton.

e Numerous groups of chlorophyll-c-containing algae
(chlorophyll-c and a number of other pigments found in
the Chromista are not found in any group of true plants).

e Several non-photosynthetic groups that feed
phagotrophically or absorptively.

This is one of the most actively researched groups of
eukaryotes, partly because some biologists doubt that the
group is monophyletic, so the components of the group, and
its name, are frequently revised.

A few people treat the Chromista as identical in
composition with the heterokonts, describe them as
stramenopiles (might be spelled straminopiles) or seek to
change the name of the kingdom to Straminipila. However,
the name Chromista has nomenclatural precedence (see
discussion in Cavalier-Smith & Chao, 2006). You might like
to visit this web page: http://www.ucmp.berkeley.edu/
chromista/chromista.html, and we also suggest you visit the
Tree of Life Project at: http://tolweb.org/Stramenopiles/2380/
1995.01.01, although at the time of writing the page is in
need of revision as it still uses the name stramenopile.

2.7 Fossil fungi

Most fungal structures are very poor candidates for
preservation over long periods of time as fossils. Fungal
hyphae have so few unique morphological features that it
has been difficult to establish much of a fossil record for
fungi.

Some of the oldest terrestrial fossils of any sort are large
fibrous things called nematophytes. They are part of what is
known as ‘phytodebris’ and provide the earliest evidence for
land organisms. They have been found from the mid
Ordovician (460 million years ago; see the geological
timescale in Fig. 2.6) to the early Devonian, suggesting that
they lasted a period of at least 40 million years. This
phytodebris certainly contains fossils of bryophyte-like
plants, but it has been suggested that some of the
nematophytes (particularly the genus Prototaxites) were
terrestrial fungi (Hueber, 2001).

2.7 Fossil fungi

Two remarkable things about these fossils are that
they were extremely large (Fig. 2.7), and so common that
they were a major component of these early terrestrial
ecosystems, both in terms of abundance and diversity.

They included by far the largest organisms present in these
ancient environments. Indeed, ‘specimens of Prototaxites
over a metre wide have been reported’ (Wellman &

Gray, 2000).

Boyce et al. (2007) measured the ratio between different
carbon isotopes to determine the nature of the fossils. The
argument runs that a photosynthetic primary producer will
have a relatively constant ratio of carbon isotopes between
individuals because they are all using atmospheric carbon.
On the other hand organisms (like fungi) that are classified as
consumers will take on the isotope ratios of whatever they
are digesting locally, and therefore individual specimens end
up with widely differing isotope ratios. Boyce et al. (2007)
found too much isotopic variance between individual
Prototaxites fossils for them to be photosynthetic primary
producers. Instead, Prototaxites was a consumer, and taken
together with direct microscopic observation of their
anatomy (Hueber, 2001) this demonstrates that these
enormous fossils, the largest land organisms to have lived up
to their point in time, were actually giant fungi. Another
interesting factor is that the isotope ratios of Prototaxites
fossils can indicate the sorts of primary producers available
for its mycelium to digest, and a number of the Prototaxites
individuals tested come from environments that just did not
include the vascular plants that dominate the modern world.
Even though conquest of the land by vascular plants had
begun about 40 million years prior to the emergence of
Prototaxites. Instead, the Prototarxites environment was still
dependent on the more ancient primary producers:
cyanobacteria (blue-green algae), eukaryotic algae, lichens
and mosses, liverworts and their relatives (bryophytes).

So the current understanding is that the first really large
terrestrial organisms were large multicellular fungi that
developed to take advantage of 2 billion years’ worth
of accumulated bacterial, protist and bryophyte debris
(Fig. 2.8).

Many of the most convincing fungal fossils are associated
with plant fossils, including glomeromycotan (used to be
called glomalean) mycorrhizas, and ascomycete or chytrid
parasites. Among the most ancient of these are from the
Devonian Rhynie Chert of Aberdeenshire in the north of
Scotland (400 million years old) in which mycorrhizal fungi
(recognisably from the Glomeromycota) and several other
fungi have been found associated with the preserved tissues
of early vascular plants (Taylor et al., 2004, 2006).
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Fig. 2.6 The geological timescale. The figure shows how the entire
span of time during which the Earth has existed is classified into

eras and epochs. Time axes on the central and right-hand panels are
magnified views of the upper section of the previous panel. The last

Eocene (54-34 million years ago), the Oligocene (34-24 million
years ago), the Miocene (24-5 million years ago), the Pliocene (5-1.8
million years ago) and the Pleistocene or Ice Ages (1.8 million years

65 million years is called the Cenozoic era, and is divided into a

number of epochs, which began with the Paleocene approximately

65 million years ago, and runs to the present day. The Paleocene,
which lasted from 65 to 54 million years ago, is followed by the

Glomeromycotan fossils have also been found in mid-
Ordovician rocks of Wisconsin (460 million years old). The
fossilised material consisted of entangled, occasionally
branching, non-septate hyphae and globose spores. The age
of these fossil glomeromycotan fungi indicates that such
fungi were present before the first vascular plants arose,

when the land flora most likely only consisted of bryophytes,

lichens and cyanobacteria. Today, the Glomeromycota form

the arbuscular mycorrhizal symbiosis, which is ubiquitous

in modern vascular plants and has also been reported in
modern hepatics and hornworts. As the ancient fungi were
present both prior to the emergence of vascular plants and in
the tissues of early vascular plant fossils it seems reasonable
to suppose that arbuscular mycorrhizas played an important
role in the success of early terrestrial plants (Redecker et al.,
2000).

Other convincing fossils are more recent. Microfossils of

hyphae with clamp connections are known from the

ago to 10 000 years ago). The period since the last retreat of the
glaciers and present glacial warming is called the Holocene, or

Recent (10 000 years ago to present day). (Source: http://www.geo.
ucalgary.ca/~macrae/timescale/timescale.html.)

Pennsylvanian/Carboniferous (300 million years ago; see
Fig. 2.6). However, the only convincing mushroom fossils
found so far are preserved in amber dating from the
Cretaceous (about 90 million years ago). These ‘mushrooms
in amber’ (Hibbett et al., 1995) are particularly interesting
because they bear a strong resemblance to the existing
genera Marasmius and Marasmiellus, which are quite
common in modern woodlands; yet when they were
preserved the dinosaurs still ruled the Earth. In other
words: the mushrooms you see when you trek through the
forest are almost identical to those seen by dinosaurs in
their forests. Although, of course, the forest plants are
very different.

Amber dated to the Eocene (54-34 million years ago; see
the geological timescale in Fig. 2.6) has been found that
contains the remains of several filamentous mould fungi.
Among the finds are sooty moulds in European amber dating
back to 54-22 million years ago. Present-day sooty moulds
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Fig. 2.7 Lower Devonian Prototarites compression fossils,
approximately 2m tall, in sifu in the Bordeaux Quarry, near Cross
Point on the Restigouche River in the Gaspésie region of eastern
Quebec, Canada. What you are looking at here is a stream bed that is
turned more or less on end (that is, at right angles to its original
position), so that you are now looking down on it. You can see
fossilised impressions of at least three large Prototarites specimens

are a mixed group of saprotrophs, usually with dark-
coloured hyphae, which produce colonies superficially on
living plants (as harmless epiphytes). Most present-day sooty
moulds use arthropod excretions for nutrition and live
closely associated with aphids, scale insects and other
producers of honeydew. All the fossils are composed of
darkly coloured hyphae with features identical to the
present-day genus Metacapnodium, suggesting that
Metacapnodium hyphae have remained unchanged for
tens of millions of years (Rikkinen et al., 2003). Possibly
the most impressive fossil is a piece of amber from the
Baltic region that contains an inclusion of a springtail

(a collembolan arthropod) which is overgrown by an
Aspergillus species (Dorfelt & Schmidt, 2005). The surface
of the springtail is densely covered in places by excellently
preserved hyphae and conidiophores. Numerous sporulating
conidiophores can be seen easily, and conidial heads with
radial chains of conidia are clearly visible. As well as
superficial hyphae on the cuticle, the springtail is loosely
penetrated by branched substrate hyphae, so the authors
suggest that the fungus may be parasitic and describe it

2.7 Fossil fungi 33

that must have formed something like a log jam in the

stream. Dr Francis Hueber, who first made the suggestion that
Prototacites fossils are fungal in origin (Hueber, 2001), is posing
alongside as a scale marker. (This image, kindly supplied by Dr Carol
Hotton of the Smithsonian Institution, appears as Fig. 1A in Boyce
et al., 2007.) See Plate section 1 for colour version.

as a new species, Aspergillus collembolorum (Dorfelt €
Schmidt, 2005).

So fossil evidence shows the fungi to be important
members of terrestrial ecosystems up to 500 million years
ago. Molecular phylogenetic evidence suggests that fungi are
much older.

To begin with, molecular phylogenetic studies tended to
use single gene sequences. The most popular have been the
nuclear ribosomal DNA (rDNA) locus, particularly that
encoding small subunit (18S) ribosomal RNA but including
the nuclear large ribosomal RNA subunit (nucLSU),
mitochondrial rDNAs, and complete or near-complete
mitochondrial genomes. Single-gene phylogenies may
not provide sufficient information nor be truly representative
to resolve a fungal phylogeny with sufficient confidence
so broader studies provide better information. Sequences
of protein-coding genes can be a problem because it’s
difficult to design primers for PCR amplification that
can be reliably applied to a wide range of taxa. Also
heterozygous loci in heterokaryons can complicate
interpretations.
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Fig. 2.8 Two artistic impressions of the Lower Devonian landscape
of some 400 million years ago, dominated by specimens of
Prototaxites up to 9 metres tall. Top is a painting by Mary Parrish of
the Smithsonian Institution, Washington, which was prepared for
the publication about Prototaxites fossils by Hueber (2001). At
bottom is a painting by Geoffrey Kibby that appeared under the title
‘an artist’s impression of the landscape of the Devonian period’ as a
rear cover image on the magazine Field Mycology in April 2008. In
the landscape portrayed in these paintings the fungus Prototaxites
dominates as the largest terrestrial organism to have lived up to this
point in time. Although vascular plants were already present at 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).
(Images kindly supplied by Tom Jorstad of the Smithsonian
Institution and Geoffrey Kibby, senior editor of Field Mycology.)
See Plate section 1 for colour version.
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A global phylogeny of fungi is emerging from the
‘Assembling the Fungal Tree of Life’ (AFTOL) project funded
by the US National Science Foundation (visit: http://www.
aftol.org/.).

This international consortium of 71 researchers recently
produced a new tree of life for Kingdom Fungi by using data
from six gene regions: 18S rRNA, 28S rRNA, 5.8S rRNA,
elongation factor-1 (EF1), and two RNA polymerase II
subunits (RPB1 and RPB2). They combined data for all
six genes (a total number of 6436 aligned nucleotides) for
199 fungi (James et al., 2006). This obviously results in an
enormous cladogram which we can’t reproduce here, but
a highly simplified evolutionary tree is shown in Fig. 2.9.

Significantly, this extensive analysis generally supports
the more traditional arrangement into: Ascomycota,
Basidiomycota, Glomeromycota, Zygomycota and
Chytridiomycota, but it then goes on to add new detail to that
traditional structure. Ascomycota and Basidiomycota are
united as the Dikarya, fungi in which at least part of the life
cycle is characterised by cells with paired nuclei. The closest
relatives of these two sister groups are the Glomeromycota
(which was for a long time included as the Glomales within
the Zygomycota). Neither the Zygomycota nor the
Chytridiomycota are monophyletic groups; they have
representatives in different clades or branches of the tree that
are grouped into those phyla by their shared primitive
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Entomophthorales (Zygomycota) and Olpidium (Chytridiomycota)

Blastocladiales (Chytridiomycota)
Euchytrids (Chytridiomycota)

the Glomeromycota. Neither the Zygomycota nor the
Chytridiomycota are monophyletic groups; they have represen-
tatives in different clades or branches of the tree that are grouped
into those phyla by their shared primitive morphologies (such
groups are called paraphyletic). Note the Microsporidia and Rozella
branches, which come out as basal to all other fungi in this analysis.
(Redrawn after Bruns, 2006.)

morphologies (such groups are called paraphyletic). This is
why in the latest classification (see Chapter 3) the
Chytridiomycota is redefined and the Zygomycota is
demoted from rank as a formal taxon and becomes an
informal name, at least for the time being.

Note the Microsporidia and Rozella branches in Fig. 2.9,
which come out as basal to all other fungi in this analysis.
Rozella, a genus of chytrid that is parasitic on other
Chytridiomycota, seems to be one of the most primitive
fungi. Microsporidia, which are parasites of animals, seem to
be derived from an endoparasitic chytrid ancestor similar to
Rozella, on the earliest diverging branch of the fungal
phylogenetic tree.

The fungi, animals and plants are the only three eukaryotic
kingdoms of life that developed multicellular tissues in
terrestrial environments. They are thought to have diverged
from each other roughly 1 billion years ago. This study
continues to support the view that the ancestors of fungi
were simple aquatic cells with flagellated spores, similar to
current chytrids. What it changes is the idea that there was a
single loss of the chytrid flagellum as terrestrial fungi
diversified. Rather, the study argues for at least four
independent losses of the flagellum during early evolution of
Kingdom Fungi, coinciding with the evolution of new
mechanisms of spore dispersal.

Estimating the historical time of appearance of the major
fungal groups remains a major problem; a study that
includes six genes in 199 species is a monumental
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Fig. 2.10 A summary of fungal evolution. This phylogenetic tree
summarises current ideas about the broad sweep of fungal
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evolution, and puts it into context by showing some markers of
geological time and animal and plant evolutionary features. This is



achievement, but it only scratches the surface.

A significant contributing point to the problem is that
fungi have been so successful in the billion years or so
of their existence.

Today’s fungal kingdom is arguably the most abundant
and diverse group of organisms on Earth. Fungi are found in
every terrestrial ecosystem as mutualist partners, pathogens,
parasites or saprotrophs. It is estimated that the kingdom
contains 1.5 million species (Hawksworth, 2001), but only
about 5% of these have been described. If most of the
unknowns are members of the traditional taxa, then current
phylogenetic inferences will be unchallenged by additional
discoveries. However, novel fungal groups could be awaiting
discovery by DNA-based environmental sampling, which is
already starting to reveal microscopic, undescribed and
unculturable fungi. Because unknowns are unknowns, we
can’t predict how such discoveries might affect our
understanding of fungal origins and evolution. A quotation
we’d like to associate with this summary is: ‘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’ (Pyrozynsky, 1976). In other
words, fungal evolution is based on the principle: if it
works ... don’t fix it. Our current understanding of the broad
sweep of fungal evolution is summarised in Fig. 2.10.

An interesting development in the first few years of the
21st century has been the growing trend to suggest that the
first terrestrial eukaryotes might have been fungal. A few
titles will illustrate this, and we’ll leave you to read the
original papers for greater detail. ‘Terrestrial life - fungal
from the start?’ (Blackwell, 2000); ‘Early cell evolution,
eukaryotes, anoxia, sulfide, oxygen, fungi first (?), and a
Tree of Genomes revisited’ (Martin et al., 2003); and
‘Devonian landscape heterogeneity recorded by a giant
fungus’ (Boyce et al., 2007).

Caption for Fig. 2.10 (cont.)

a cladogram showing phylogeny of the true fungi based on the 18S
rDNA gene sequence. Branch lengths in the cladogram are proportional
to the average rate of nucleotide substitution (1% per 100 million years),
so the cladogram becomes an evolutionary tree, which has been
calibrated using fossil fungi, fungal hosts and/or symbionts. The
timescale on the right shows the context of other major evolutionary
events in geological time. The numerals and cartoons on the cladogram
illustrate major milestones of fungal morphological evolution:
terrestrial higher fungi diverged from water moulds (1) as branching
filaments without septa (2) about 550 million years ago (Mya); the
Glomeromycota diverged from the progenitor of ascomycetes and
basidiomycetes about 490 Mya, and the latter lineage evolved septate
filaments (3); clamp connections mark early basidiomycetes (4); basidia
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Finally, to illustrate the ancient importance of fungi, and
maybe suggest something that accounts for their success
throughout geological time we offer a few quotations, which
relate to the Permian-Triassic (P-Tr) extinction event that
occurred approximately 251 million years ago. The evolution
of life on Earth has been interrupted by several mass
extinction events. The P-Tr event, informally known as the
Great Dying, was the Earth’s most severe extinction event (so
far!), with about 96% of all marine species and 70% of
terrestrial vertebrates becoming extinct. This catastrophic
ecological crisis was triggered by the effects of severe
changes in atmospheric chemistry arising from the largest
volcanic eruption in the past 500 million years of Earth’s
geological history, which formed what are now known as the
Siberian Traps flood basalts. When first formed these are
thought to have covered an area in Siberia about the size of
Australia.

Plants suffered massive extinctions as well as animals:
‘excessive dieback of arboreous vegetation, effecting
destabilisation and subsequent collapse of terrestrial
ecosystems with concomitant loss of standing biomass’
occurred ‘throughout the world’.

However, the result of all this death and destruction is that
‘sedimentary organic matter preserved in latest Permian
deposits is characterised by unparalleled abundances of
fungal remains, irrespective of depositional environment
(marine, lacustrine [lake sediments], fluviatile [river/stream
deposits]), floral provinciality, and climatic zonation’. The
quotations were taken from Visscher et al. (1996).

The Cretaceous-Tertiary (K-T) extinction of 65 million
years ago is another one that we all know a little bit about,
because it was caused by a meteor collision that caused the
Chicxulub crater in Mexico and is blamed for the extinction
of the dinosaurs. The K-T boundary is characterised by high
concentration of the element iridium, which is rare on Earth

(smut-like, 5), asexual spores (6) and asci (7) probably evolved early

in the major radiations of basidiomycetes and ascomycetes; filamentous
ascomycetes diverged from the yeast lineage about 310 Mya, and
fruiting bodies (8) presumably evolved before the Permian divergences
because they are present in all the lineages today; mushroom fungi

(9), with their characteristic holobasidium (10) probably radiated
200-130 Mya, soon after flowering plants became an important part of
the flora. It is interesting to note that coals deposited in the Cretaceous
and Tertiary periods show much more evidence of fungal decay than the
much older Carboniferous coals, reflecting the radiation of aggressive
wood-decay basidiomycetes from the Triassic onwards. Also note the
relatively recent radiation of (anaerobic) chytrids as grasses and grazing
mammals became more abundant. (Revised from Moore €& Novak
Frazer, 2002.)
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but common in space debris, such as asteroids and meteors.
Current understanding is that a meteor hit the Earth at the
end of the Cretaceous and the iridium-rich layer is the settled
worldwide dust cloud produced by the impact. As the
Cretaceous is the last geological period in which dinosaur
fossils are found, the belief is that the meteor collision at
Chicxulub caused the extinction of the dinosaurs. There was
also widespread deforestation right at the end of the
Cretaceous, which is assumed to be due to post-impact
conditions of high humidity (caused by widespread rain),
decreased sunlight and cooler global temperatures resulting
from increased atmospheric sulfur aerosols and dust.
However, coincident with all this death and destruction of
animal and plant life at the K-T boundary there is a massive
proliferation of fungal fossils. Vajda & McLoughlin (2004)
put it like this: ‘This fungi-rich interval implies wholesale

dieback of photosynthetic vegetation at the K-T boundary
in this region. The fungal peak is interpreted to represent
a dramatic increase in the available substrates for
[saprotrophic] organisms (which are not dependent on
photosynthesis) provided by global forest dieback after the
Chixculub impact.’

So it is the same story as at the P-Tr extinction boundary:
while the rest of the world was dying, the fungi were having
a party! But that might not be the full significance of this
anecdote, because Casadevall (2005) suggests that the
massive increase in the number of fungal spores in the
atmosphere of the time caused fungal diseases that ‘could
have contributed to the demise of dinosaurs and the
flourishing of mammalian species’. The impact of fungi on
our own origins is as great as their impact on the world
habitat.
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Natural classification of fungi

In this chapter we will give you an overview of the organisms that make up Kingdom Fungi. We'll try to
emphasise a more ecosystem-oriented approach because we want to avoid rambling taxonomy-driven
species lists, but there may be as many as 1.5 million species of fungi currently present on Earth (see below),
so we need to know some by name and understand the natural classification of fungi. A natural
classification is the arrangement of organisms into groups on the basis of their evolutionary relationships.

To begin with we will describe enough of the taxonomic structure to provide a foundation for
understanding the breadth of the group we are studying, and the major phyla that make up the kingdom:
Chytridiomycota, Blastocladiomycota, Glomeromycota, Microsporidia (for which see Section 16.2),
Zygomycota, Ascomycota and the Basidiomycota. We will then discuss what the word (or, better, concept)
‘species’ means in fungi and the ways in which a fungal species might be defined. In the final sections of
the chapter we will examine those fungus-like organisms, which we call the ‘untrue fungi’, and which have
some of the characteristics of fungi without being closely related in an evolutionary sense. In our final
section we draw a few key aspects about fungi in the natural environment and in their natural communities
from this overview of Kingdom Fungi that we will develop more fully in later chapters about ecosystem
mycology.
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3 Natural classification of fungi

3.1 The members of the Kingdom Fungi

Approximately 98 000 fungal species have been described to
date, the majority being members of the Ascomycota (about
64 000 known species) and the Basidiomycota (about 32 000
known species). These numbers will always be approximate
because about 1000 new species are described each year (an
average of 1229 species per year during 1980-9, 1097 species
per year in 1990-9, though only 850 species were described in
2007), and because not all ‘new’ descriptions are genuinely
new; some have been described before under different names.
In these cases the names are described as synonyms and one of
them is chosen as the true name for the species (the earliest,
most accurate description that follows the international rules
of nomenclature) and the rest are reduced to synonymy, but
they stay on the list and can never be used for any other
species.

Because there are so many species of fungi for which no
sexual stage is known, at least at the time when they are
first described, a particular peculiarity of fungal taxonomy
is the practice of assigning different generic and specific
names to the asexual (called the anamorph) and sexual stages
(called the teleomorph). When subsequent work establishes
the connection between the two stages, two names will apply
to the one organism and in this case the name that was defined
first will take precedence. A particular example is that the
well-known Aspergillus nidulans is an anamorph that has a
teleomorph which was named Emericella. Strictly speaking,
the generic name Emericella should take precedence, but it’s
taken a long time for the geneticists and molecular biologists
who have spent their lives working with Aspergillus nidulans
to call their strains Emericella nidulans. This sort of thing
can be a confusing complication to students of mycology,
so you have to be aware of this peculiarity and take it in your
stride because it is likely to happen more frequently as more
molecular taxonomy is performed and reveals more
synonyms. One thing this peculiarity of giving different
names to sexual and asexual stages does do, of course, is
increase the number of taxonomic names recorded for fungi.

In fact, around 300 000 species names exist, and this
provides another opportunity for estimating how many real
species we know about because major ‘monographs’ (the
research studies in which taxonomists critically review all
the species in a genus or family) suggest an average rate of
synonymy of about 2.5 invalid names for each valid name.
So if this ratio is applied to all 300 000 names we can
estimate the upper limit of accepted known species to be
about 120 000. This compares with an estimate of 1.5 million
species currently present on Earth (Hawksworth, 2001).

Our Outline classification of fungi (and related organisms)
is shown in Appendix 1 of this text; in this chapter we
will concentrate on the biology of the organisms classified
as fungi.

3.2 The chytrids

Members of the phylum Chytridiomycota, often referred to
as chytrid fungi or chytrids, are morphologically simple
organisms with a global distribution and approximately 700
described species that can be found from the tropics to the
arctic regions. Chytrids occur in aquatic environments such as
streams, ponds, estuaries and marine systems, living as
parasites of algae and planktonic organisms. Many chytrids,
perhaps the majority, occur in terrestrial forest, agricultural
and desert soils, and in acidic bogs as saprotrophs on difficult-
to-digest substrata like pollen grains, chitin, keratin and
cellulose. Some soil chytrids are obligate parasites of
vascular plants.

Chytrids reproduce through the production of motile
spores (zoospores), which are typically propelled by a single
flagellum directed towards the rear. Chytrid morphology is
very simple (Fig. 3.1).

Eucarpic chytrids are those that consist of a sporangium
and filamentous rhizoids, and contrast with holocarpic
chytrids which produce thalli that are entirely converted to
sporangia during reproduction. Zoospore-producing
sporangia (zoosporangia; always the result of asexual
reproduction) have thin walls. Resting spores may be formed
sexually or asexually; they have thick cell walls and may
germinate to produce a sporangium after a dormant period.

In monocentric chytrids the thallus produces a single
sporangium, whereas those described as polycentric are
individual chytrids in which several sporangia form on a
network of rhizoids termed a rhizomycelium. Other features
used for taxonomy include whether the sporangium has a
lid-like operculum that opens to release zoospores, and
whether there is (subsporangial) swelling just below the
sporangium (called the apophysis). Chytrids have also been
distinguished on the basis of whether they grow on
(epibiotic) or within (endobiotic) their substratum.

Zoospores are usually 2-10 pm diameter, lack a wall,
contain a single nucleus and are propelled by a single
posterior whiplash flagellum (though some anaerobic rumen
chytrids, closely related but classified in a separate phylum,
the Neocallimastigomycota, have multiflagellate zoospores)
(Fig. 3.2).

Names to look out for among the Chytridiomycota include
Rhizophydium, which is the largest genus in the Chytridiales,



rhizoids

Fig. 3.1 General morphology of chytrids. A, sketch diagram of a
eucarpic chytrid thallus. The most obvious morphological feature is
the thallus, the main body of the chytrid, perhaps 10 pm diameter, in
which most of the cytoplasm resides and from which a system of
branching elements emerges. The latter is called the rhizoidal
system; the rhizoids anchor the fungus in its substratum and excrete
digestive enzymes. The thallus is converted into a sporangium
during reproduction, so the sporangium is sac-like and its
protoplasm becomes internally divided to produce unicellular
zoospores. B, phase-contrast microphotograph of a thallus of the

its members having one reproductive centre per thallus

(i.e. monocentric), have rhizoids (i.e. eucarpic) and develop
endogenously (the zoospore cyst enlarges to form the
zoosporangium). Species of Rhizophydium release zoospores
through one or more pores or, in some species, a large part of
the sporangial wall melts away to release zoospores.
Rhizophydium sphaerotheca develops on pollen grains and
R. globosum develops on algae.

Among plant parasites are Synchytrium on potatoes and
Olpidium on curcurbits (including cucumber, squashes,
pumpkins, gherkins, melons of all kinds and various gourds).

The only known chytrid parasite of vertebrates is
Batrachochytrium dendrobatidis which causes a fatal
epidermal infection (chytridiomycosis) of amphibian species
and has been responsible for mass mortality and major
population declines of amphibians around the world
(see Section 16.7). Batrachochytrium grows on the keratinised
skin of adult frogs and keratinised mouth parts of tadpoles.
The resulting epidermal hyperplasia (increase in the number of
the cells as a chronic inflammatory response) impairs
cutaneous respiration and osmoregulation causing widespread
fatalities in adults. Toxin production has not been implicated.

Although most chytrids are infrequently encountered and
scarce to rare, a few species are relatively common, even

3.2 The chytrids

rumen chytrid, Neocallimastix sp., showing the single sporangium of
the monocentric thallus and its rhizoidal system. C, the same field of
view as in B, but this time with DAPI (4’-6-diamidino-2-
phenylindole) fluorescence staining. DAPI forms fluorescent
complexes with natural double-stranded DNA, so very specifically
stains nuclei. In image C the fluorescent staining is limited to the
thallus/sporangium, showing that the rhizoids do not contain nuclei.
Scale bar = 40 pum. (Images B and C modified from Trinci et al.,
1994; reproduced with permission of Elsevier.)

abundant, in most freshwater and soil habitats (e.g. species

of Rhizophydium, Rhizophlyctis, Phlyctochytrium and
Chytriomyces are readily isolated by flooding soil samples
with water and ‘baiting’ with cellulose, chitin, pollen grains

or hemp seeds). In fact, chytrids are very important components
of freshwater ecosystems, and in their review of environmental
factors that affect growth and population composition of
chytrids in aquatic habitats, Gleason et al. (2008) identify five
roles for chytrids in food-web dynamics as:

chytrid zoospores are a good food source for zooplankton;
chytrids decompose particulate organic matter;

chytrids are parasites of aquatic plants;

chytrids are parasites of aquatic animals;

chytrids convert inorganic compounds into organic
compounds.

Anaerobic chytrids are probably the most economically
important members of the group, and the most numerous,
because they occur in the rumen and hindgut of many larger
mammalian herbivores; and that includes all farmed animals
(see the section on Neocallimastigomycota immediately
below).

There has always been debate about whether or not
chytrids are ‘true’ fungi, but they have chitin in their cell
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Fig. 3.2 Light micrographs of representative chytrids to give some intercalary zoosporangia. B, Spizellomyces plurigibbosus
indication of their biodiversity. A, Catenomyces persicinus monocentric, inoperculate zoosporangium (zs), with swollen,
polycentric thallus with apophysate (swollen) rhizoidal axis and apophysate rhizoidal axis (ap) and branched rhizoids that are blunt




walls, they use the a-aminoadipic acid pathway to synthesise
lysine and use glycogen as storage carbohydrates, which are
all characteristics of true fungi. So for many years the
chytrids have been considered to be true fungi, but very
primitive ones because of their simple morphology and their
dependence on zoospores for sexual reproduction. Recent
phylogenetic evidence using both mitochondrial genes and
nuclear rDNA sequences conclusively demonstrated that
chytrids are true fungi and that they occupy a basal position
in the fungal phylogenetic tree.

We are basing our descriptions of the group on the AFTOL
summary of chytrid phylogeny (James et al., 2006) and the
subsequent overall classification of Fungi published by
Hibbett et al. (2007). Prior to AFTOL, and on the basis of life
cycle and mode of reproduction, together with gross
morphology and zoospore ultrastructure, the
Chytridiomycota were divided into five orders:

o Chytridiales (characterised by zygotic meiosis in which
haploid individuals fuse to form a diploid zygote which
immediately undergoes meiosis).

o Spizellomycetales (separated from the Chytridiales on the
basis of distinctive ultrastructure).

e Monoblepharidales (which are oogamous).

o Neocallimastigales (anaerobic rumen symbionts).

o Blastocladiales (which have sporic meiosis, in which
meiosis results in the production of haploid spores, and an
alternation of sporophytic and gametophytic generations)
(now = Blastocladiomycota; see Section 3.4 below).

The AFTOL study identified four major lineages of chytrid
fungi (that is, the Chytridiomycota as described above is not
monophyletic). In particular the Blastocladiales and
Neocallimastigales are both phylogenetically distinct from

Caption for Fig. 3.2 (cont.)

at the tips. C, Chytriomyces hyalinus monocentric, operculate
zoosporangium (zs) with long branched rhizoids that taper to less
than 0.5 pm at the tips. D, Terramyces subangulosum monocentric,
inoperculate sporangium with a thick rhizoidal axis, and densely
branched rhizoids (rh) that taper to less than 0.5 um at tips. E,
Coelomomyces stegomyiae elliptical resting spores inside the anal
gills of its mosquito host. F, Monoblepharis polymorpha mature
zygote or oospore (0s), empty and mature antheridia (an) and male
gametes (antherozoids, at) emerging from antheridium. G,
Catenochytridium sp., monocentric, operculate (op) zoosporangium
with catenulate (i.e. chain-like) rhizoids (rh). H, Lobulomyces
angularis monocentric, operculate sporangium with thread-like
rhizoids that branch several micrometres from the sporangial base. I,
Rozella allomycis parasitising hyphae of Allomyces (another chytrid,
though now placed in the related phylum Blastocladiomycota). The

3.3 More chytrids: the Neocallimastigomycota

other chytrids and were elevated to the level of phylum
(Blastocladiomycota and Neocallimastigomycota).

Interestingly, the Neocallimastigomycota emerges as
the earliest-diverging lineage. So the lineage originated
long, long before its current hosts, ruminant herbivores,
appeared on the geological scene. Removing the
Neocallimastigomycota and Blastocladiomycota leaves
four orders within Chytridiomycota: Chytridiales,
Spizellomycetales, Rhizophydiales and Monoblepharidales.
Further molecular analysis may resolve other
phylogenetically distinct clades of flagellated fungi
(James et al., 2006).

3.3 More chytrids: the
Neocallimastigomycota

The economically important anaerobic chytrids occur in
terrestrial and aquatic anaerobic environments, and most
particularly within the rumen and hindgut of most large
mammalian herbivores, including all farmed animals
(Trinci et al., 1994). Although they are morphologically
similar to other chytrids, differences are sufficient for
them to be placed in their own phylum, called
Neocallimastigomycota (Hibbett et al., 2007). Right up to
the 1980s it was believed that obligately anaerobic fungi did
not exist but these chytrids are truly obligate anaerobes
that lack mitochondria but contain hydrogenosomes instead.
Obligately anaerobic chytrids have a crucial role in the
primary colonisation and enzymic degradation of
lignocellulose in plants eaten by herbivores, and therefore
crucial to the evolution of herbivores and to the prosperity of
animal husbandry since humans first domesticated animals
(see Section 15.5). These chytrids are potent producers of

parasite grows inside the host and causes it to produce
hypertrophied, highly septate cells within which the parasite forms
thick-walled resting spores (rs) or unwalled zoosporangia (zs) that
use the host’s cell wall as its own. J, the polycentric thallus of
Polychytrium aggregatum with at least two sporangia; the inset
shows the zoospores of P. aggregatum. K, Blyttiomyces helicus
growing on pollen grain and forming an epibiotic, inoperculate
sporangium with distinct helical pattern. Scale: approximate sizes
indicated by scale bar in A = 10 pm. (Images by Dr Timothy

Y. James, Department of Ecology and Evolutionary Biology,
University of Michigan, Dr Joyce E. Longcore, School of Biology
and Ecology, The University of Maine and Dr Peter M. Letcher,
Department of Biological Sciences, University of Alabama.) (Figure
modified from James et al., 2006 using graphic files kindly supplied
by DrT. Y. James. Reprinted with permission from Mycologia. ©The
Mycological Society of America.)
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Fig. 3.3 Generalised
pathway of aerobic
carbohydrate degradation in
eukaryotes compared to that
of the anaerobic fungus
Neocallimastix frontalis.
Aerobic degradation is
indicated by grey arrows
and the Neocallimastix
anaerobic route by black
arrows. In the mitochondrial
pathway pyruvate is
reductively decarboxylated
to acetyl-CoA by the
pyruvate dehydrogenase
complex. In the
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enzymes needed to degrade cellulose. Their own carbon
metabolism relies on fermentation of glucose to acetate,
lactate, ethanol and hydrogen. They possess an organelle
called a hydrogenosome that generates ATP and appears to
be a degenerate mitochondrion lacking a genome (Trinci

et al., 1994; van der Giezen, 2002). Figure 3.3 shows you a
little further information about the metabolism of anaerobic
chytrids.

Anaerobic chytrids may be monocentric or polycentric,
and zoospores may be multiflagellate or uniflagellate. Six
genera (20 species) have been described in the single Order
Neocallimastigales: examples are Neocallimastix frontalis,
the original isolate from the domestic cow and notable for
multiflagellate zoospores; Orpinomyces, which occurs widely
in cattle; and Piromyces, which has been isolated from horses
and elephants.

Rumen chytrid zoospores encyst on plant material in the
animal’s rumen and intestine, forming a thallus with a well-
developed rhizoidal system that penetrates the plant
material. These chytrids are potent producers of enzymes
needed to degrade cellulose (animals do not produce their
own cellulose-degrading enzymes) so they are crucial to the
herbivore’s ability to digest its food. The chytrids pass from
mother to offspring, probably through licking or faecal
contamination of feed. No sexual stage is known.

3.4 Blastocladiomycota

Members of this phylum, which you will find called

Blastocladiales in older textbooks, are saprotrophs as well as
parasites of fungi, algae, plants and invertebrates, and may
be facultatively anaerobic in oxygen-depleted environments.



Fig. 3.4 The Allomyces life
cycle. Allomyces produces
a branched thallus with
marked polarity (basal
rhizoids and apical
sporangia). Sexual
reproduction by
anisoplanogametes - female
gametes are colourless
(produced in oogonia) and
twice the size of the orange
male gametes (produced in
antheridia). Two different
thalli are formed: haploid
gametothallus and diploid
sporothallus (the diploid
phase is prolonged). See
Plate section 1 for colour

zoospores

thin-walled
mitosporangium

produces diploid
Zoospores

version.

zygote
germinates

The saprotrophs are easily found on decaying fruits and plant
litter. All members of this phylum have zoospores with a
distinct ribosome-filled cap around the nucleus.

The thallus may be monocentric or polycentric and
becomes mycelial in Allomyces. Other representative genera
are: Physoderma, Blastocladiella and Coelomomyces.
Physoderma spp. are parasitic on higher plants,
Coelomomyces is an obligate endoparasite of insects with
alternating sporangia and gametangia stages in mosquito
larvae and copepod (fish lice) hosts, respectively.

Characteristically, the Blastocladiomycota have life cycles
with what is described as a sporic meiosis; that is, meiosis
results in the production of haploid spores which can develop
directly into a new, but now haploid, individual. This results
in a regular alternation of generations between haploid
gametothallus and diploid sporothallus individuals (Fig. 3.4).
In general terms, a multicellular diploid adult organism (the
sporothallus) produces a sporangium within which meiosis
occurs. Meiosis typically produces four haploid meiotic
products, which are zoospores. Under proper conditions these
germinate and develop into a multicellular haploid
gametothallus organism. This differentiates gametangia that
produce gametes by mitosis. Gametangia and gametes are

3.4 Blastocladiomycota

haploid zoospores
germinate to haploid

Ndichotomously branching
4)511 thick-walled

brown meiosporangia
produces haploid

haploid thallus produces
male gametangium and
female gametangium

thallus
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small, active,
orange with

carotene
female gametes
large, sluggish,
6 colourless
karyogamy
zygote
encysts plasmogamy

both haploid. Gametes find each other, unite and produce a
diploid zygote which matures into a young diploid
sporothallus to complete the life history.

Allomyces is anisogamous; female gametes are colourless
and sluggish, male gametes are orange (contain a-carotene)
and very active, swimming in arcs interspersed with a jerky,
tumbling movement. This activity is an aspect of the
mechanism that allows male gametes to find female gametes,
which they do because female gametes produce a chemical
attractant.

This is a hormone, called sirenin (Fig. 3.5), which is a
sesquiterpene that consists of a cyclopropyl ring attached to
an isohexenyl side chain (C;5H,,0, with a molecular mass
of 236). To synthesise this molecule the female gamete
converts acetyl-CoA to farnesylpyrophosphate, which in
turn is converted to sirenin. So much acetyl-CoA is diverted
to form sirenin that there is less ATP available in the
mitochondrion for flagella motion, which is why the female
gametes are not active.

However, the male gametes are active and they swim in
arcs; they have membrane receptors that respond to sirenin
concentration. Sirenin stimulates the influx of calcium ions
(Ca®™) into the sperm cytoplasm and the physiological

47



48

3 Natural classification of fungi
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Fig. 3.5 Molecular structure of the Allomyces male-attracting
pheromone sirenin. Biological activity requires a terminal
hydroxymethyl group on the side chain and a hydrophobic group
must be present at the other end of the sirenin molecule
(Pommerville et al., 1990). The chemical gets its name from the
Sirens of Greek mythology.

response is to reduce the length of the arc in the swimming of
the male gametes; that is, the pheromone influences the
frequency of directional changes and the duration of the
chemotactic run, the end-product being movement towards
the source of the pheromone (the female).

As the male gamete nears the highest concentration of
sirenin, the arcs disappear; however, the tumbling motion
becomes exaggerated. Thus, the male gametes are very
erratic and active near the female gametes and this response
ensures syngamy. The resultant zygote is a motile zoospore
(with tinsel-type flagellum) that settles down in the
environment to grow eventually into a diploid thallus.

Sirenin is, therefore, a sex pheromone (a hormone
produced by one partner to elicit a sexual response in the
other). Only male gametes respond to sirenin, to which they
are highly sensitive (sensitivity threshold about 1 x 10~ '°
M). In fact their sensitivity of response to sirenin (they react
to as little as 20 pg ml™') is 20 million times greater than
their response to nutrients (400 pg ml~') [pg = 10 2 g,
ug = 10~ ° g]. The importance of this very sensitive hormonal
system in Allomyces is that it enables gametes to find each
other in an aquatic ecosystem (preventing gamete loss or
wastage) and by so doing increases the chance of successful
sexual reproduction.

Besides sirenin, the sperm cells (male zoogametes) of
Allomyces macrogynus produce a female attractant, called
parisin. Some general features of this molecule suggest it
may be similar structurally to sirenin in being a terpene,
but the molecular nature of parisin and its effect on female
gametes have not been completely resolved.

We bring this story to your attention now to make an
important point about the general biology of fungi, which is
that even these ‘primitive’ organisms have evolved a precise
and efficient cell targeting system. This clearly comprises a

very specific chemical attractant produced by one cell and a
very exact receptor of that hormone in the other cell, which
is linked to an intracellular signalling cascade that amplifies
the signal to an extent that makes the reception process
exquisitely sensitive to the hormone. Further discussion of
pheromones in fungi can be found in sections 6.1.4 to 6.1.6
in the book Fungal Morphogenesis (Moore, 1998). The
particular point we want you to notice from this discussion is
that fungi produce a full chemical spectrum of hormones;
terpenoid, sterol and peptide hormones. Just like animals.

Another example that reveals an important truth about
fungal biology is found in the way organisms like
Blastocladiella make their zoospores. Blastocladiella has
been used for extensive research on reproductive physiology,
biochemistry and cell biology, and use of the electron
microscope to examine the ultrastructure of zoospore
formation revealed a unique feature of fungal biology.

To emphasise the significance of this, let’s carry out the
thought experiment of working out what would happen if
these fungi were either animals or plants. The situation is that
we are converting the chytrid thallus, a single sac-like cell,
into a sporangium. Initially there is a single nucleus, but this
will undergo several mitotic divisions so that the volume of
the sporangium can be subdivided into many zoospores, each
of which will have a single mitotically produced nucleus.
How will that subdivision be managed?

If Blastocladiella was an animal then at each division the
dividing cell would become constricted at the equator of the
mitotic spindle and two daughter cells would be produced as
a result of the cleavage of the mother cell. Through
successive rounds of mitosis, more and more cells would be
produced; just like a developing animal embryo.

If Blastocladiella was a plant then at each nuclear division
a daughter cell wall would be formed across the equator of
the mitotic division spindle. Daughter cells would then be
successively halved in size (but doubled in number) as each
round of mitosis occurred.

But Blastocladiella is neither animal nor plant, and it does
neither of these things. Instead, Blastocladiella uses a
uniquely fungal mechanism. Its zoospores are formed by
cleavage of the multinucleate protoplasm in the
zoosporangium, yes, but this happens as masses of
cytoplasmic vesicles fuse to one another to create the
borders between adjacent zoospores. We can do no better
than quote the original description:

Soon after the beginning of flagella formation it is possible
to find early stages of ‘cleavage furrow’ formation ... This
process ... involves the fusion of many small vesicles ...
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Fig. 3.6 The process of sporangium formation and zoospore
differentiation in Blastocladiella. The inner diagrams illustrate the
changing appearance of sporangia during differentiation, as seen in
the light microscope. The outer series summarises the intracellular
changes observed in electron micrographs. Development progresses
clockwise in this figure and the experiments used synchronous
cultures to determine the timing of these events as follows:

1, 15 h 30 min after the start of cultivation (zoospores germinate
synchronously on transfer to a medium containing 10 mM MgCl, +
50 mM KCl; this transfer = time zero); 2, 17 h 30 min; 3, 18 h;

cleavage vesicle fusion results in progressive expansion of
the primary cleavage furrows and it appears that this
activity is simultaneously initiated at many points.
Occasionally vesicles can be found in somewhat linear
arrangements over a short distance. They more often occur
in less orderly clusters and fuse in irregular ring-shaped
patterns lying roughly in the plane of the developing
cleavage furrow. The frequent occurrence of cytoplasmic
peninsulas surrounded by U-shaped areas of cleavage
vesicle suggests that many of the rings may in fact be short
cylinders; if so, the closure and interconnection of the rings

early flagellum
development

3.4 Blastocladiomycota

lipid crown

stage formation

4,18 h 40 min; 5, 19 h to 19 h 13 min. Intracellular events were
timed as follows: A, 15 h 30 min; B, 16 h 30 min to 17h 30 min;
C,16 h30 minto 17 h 30 min; D, 17 to 18 h; E, 18 h; F, 18 h 10 min;
G, 18 h 20 min; H, 18 h 40 min; I, 18 h 50 min; J, 18 h 50 min to 19 h;
K, 19 h 15 min. (Modified from the original drawing by James

S. Lovett in Lessie & Lovett (1968), which illustrates all of these
features with electron micrographs, though it does refer to the
Blastocladiella thalli as both ‘fungus’ and ‘plant’, something that
would not be done now. Reproduced with permission of the
Botanical Society of America.)

may be irregular and only gradually assume the form of a
regular furrow. ... The cleavage furrows also fuse with the
earlier formed vesicles surrounding the flagella with the
result that these finally lie within the cleavage furrows and
outside of the uninucleate blocks of cytoplasm delineated by
the [newly formed] membrane system. (Lessie & Lovett,
1968; Fig. 3.6.)

This remarkably precise zoospore generating pattern is
repeated throughout the chytrids, and indeed throughout the
fungi. Compare the description quoted above with this
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description of sporogenesis in the mucoraceous (terrestrial)
fungus Gilbertella persicaria (Bracker, 1968):

During cleavage, the principal structural changes involve
pattern transformations of protoplasmic membranes ...
small vesicles are formed, apparently from special cisternae
[of the endoplasmic reticulum]. The disappearance of these
initial vesicles coincides with the appearance of cleavage
vesicles ... distinguished by the presence of granules on the
inner surface of the vesicle membrane ... Cleavage is
initiated endogenously by the coalescence of cleavage
vesicles to form a ramifying tubular cleavage apparatus. The
cleavage apparatus demarcates the boundaries of potential
spore initials. Lateral expansion of elements of the cleavage
apparatus results in furrow-like configurations which
converge to cut out spore initials as independent cells.

The cleavage membrane is transformed to the plasma
membrane of spore initials during late cleavage ... The
marker granules that were present around the periphery

of the cleavage vesicles are found on the outer surfaces of
spore plasma membranes after cleavage. The granules fuse
to form a continuous spore envelope, and subsequently the
spore wall is laid down centripetally. Thus, the envelope
becomes the outermost spore wall layer...

The process described here has been called ‘free cell
formation’ and for ascospore formation has also been
summarised (Reeves, 1967):

A summary of the main points of free cell-formation is as
follows: 1. in the 8-nucleate ascus each of the haploid nuclei
forms a beak with a persistent central-body and astral

rays at the tip of the beak; 2. the astral rays swing outward
and down and form a thin membrane which cuts out the
young spore; 3. the membrane around each spore separates
the sporoplasm and included nucleus, leaving the epiplasm
in the ascus...

We are emphasising this point because it makes the
general rule that where a volume of cytoplasm needs to be
subdivided in fungi, the mechanism depends on the
organised distribution of cytoplasmic microvesicles; the
microvesicles then fuse together to create the separation of
the cytoplasm. This is the way the fungi do it (and a similar
cleavage system produces zoospores in sporangia of the
fungus-like Oomycota), so note well this major difference
from plants (no cross-walls formed) and animals (no
constrictive cell cleavage).

We find this mechanism to be remarkable and worthy of
emphasis because it raises so many questions about the
molecular mechanism(s) involved in determining how the
cytoplasmic domains contributing to each individual spore
are defined. We have chosen to illustrate the point with
quotations from papers published at about the same

time in the late 1960s to illustrate another point that we
find remarkable. Which is that we can’t describe the
mechanism(s) in much more detail 40 years later, as this
quotation reveals:

Free cell formation is generally considered a specific feature
of the Ascomycotina although it is evidently shared or
partly shared with the Basidiomycotina. Early stages

of basidiospore development follow the same general
pattern as that of the free cell formation process in the
Ascomycotina: the haploid nuclei become free in the
cytoplasm and develop into individual cells together with
part of the plasma from the mother cell ... The
Basidiomycotina are specialised by way of their nuclei and
part of the plasma, which are forced to migrate by a
vacuolation process, through a sterigma into a special
structure formed by the sporangium wall, which will be cut
off from the basidium and in which the spore formation is
completed. (Tehler ef al., 2003.)

It’s a pity that the molecular mechanism(s) involved in
determining a crucial aspect of the unique cell biology of
fungi is/are still unknown.

3.5 Glomeromycota

Until recently, arbuscular mycorrhizal (AM) fungi have
generally been classified in the Zygomycota (Order
Glomales), but they do not form the zygospores characteristic
of zygomycota, and all ‘glomalean’ fungi form mutualistic
symbioses. Recent molecular studies have suggested a
separate phylum is appropriate for the AM fungi, the
Glomeromycota, and this is the position taken by the AFTOL
study (Redecker & Raab, 2006).

Traditionally, taxonomy of AM fungi has been based on
characteristics of the relatively large (40 to 800 um diameter)
multinucleate spores. There is no evidence that the
Glomeromycota reproduce sexually. Studies using molecular
marker genes have detected little or no genetic
recombination so it is assumed generally that the spores are
formed asexually. Clearly, there is a severe limit to the
morphology that can be used in taxonomy and fewer than
200 species (morphotypes) are recognisable. The spores have
a layered wall and features of this can be used to describe
morphospecies. Similarly, spores may be formed singly, in
clusters or aggregated in so-called sporocarps and the
mode of spore formation has been important in describing
genera and families (Fig. 3.7).

This is a very challenging group to study. The AM fungi
are obligate symbionts and none of these fungi have been
cultivated without their plant hosts. Pure fungal biomass can
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Fig. 3.7 Some characteristic morphological features of
glomeromycotan fungi. A, roots of Plantago media colonised with
hyphae and spores of Glomus clarum. B, arbuscule of Glomus
mosseae stained with chlorazol black. C, vesicle of Glomus mosseae.
D, spore of Glomus sp. showing the hyphal attachment. E, section of
a sporocarp of Glomus sinuosum with spores grouped around a
hyphal plexus and covered by a layer of hyphae. F, spore of
Scutellospora cerradensis, showing bulbous sporogenous cell and
inner flexible walls with germination shield (arrow); inset:
germination shield of Scutellospora scutata in face view

be obtained only from cultures in transformed plant roots
that can be cultivated in tissue culture, but only a small
number of AM species are available in this form. Most
samples can be contaminated by numerous other
microorganisms, including fungi from other phyla, so
progress with multigene phylogenies has been slow and the
nuclear-encoded ribosomal RNA genes have remained the
only widely accessible molecular markers.

Yet, in ecological terms, this is possibly the most important
group of fungi because AM fungi form endomycorrhizal
associations with about 80% of land plants. The association
is essential for plant ecosystem function because the plants
depend on it for their mineral nutrient uptake, which is
efficiently performed by the mycelium of the fungal
symbionts that extends outside the roots. Within root cells
AM fungi form hyphal coils or the typical tree-like
structures, the arbuscules.

Some also produce storage organs, termed vesicles (hence,
another frequently used name for them: vesicular-arbuscular

(photomicrographs by Fritz Oehl, Agroscope Reckenholz-Ténikon,
Switzerland). G, germinating spore of Gigaspora decipiens with
sporogenous cell, warty germination layer and germination hypha.
H, spore of Acaulospora denticulata with tooth-like wall
ornamentations and inner germinal walls. Scale bars = 100 pm
(A, E, F, G), 50 um (D, H), 5 pm (B, C). (Modified from Redecker

& Raab, 2006 using graphic files kindly supplied by Professor

Dirk Redecker, Université de Bourgogne, France. Reprinted with
permission from Mycologia. ©The Mycological Society of America.)
See Plate section 1 for colour version.

mycorrhizas or VAM fungi). In phylogenetic terms they are
important because they are the oldest unambiguous fungi
known from the fossil record (see Section 2.7, p. 31). Put
these two facts together and you get the suggestion that early
colonisation of the land surface on Earth was promoted by
the success of this plant-fungal symbiosis. The multigene
phylogeny of fungi established by the AFTOL project places
the Glomeromycota in a basal position as a sister group of
Ascomycota and Basidiomycota (see the cladogram
illustrated in Fig. 2.9, p. 35).

Ten genera are recognised currently in the
Glomeromycota. Names to look out for include Glomus,
which is the largest genus in the phylum, with more than
70 morphospecies (spores, typically with layered wall
structure, are formed by budding from a hyphal tip),
placed in the Family Glomeraceae, Order Glomerales. It
might be appropriate here to explain a specific point of
nomenclature: why is Glomus classified in the Glomerales?
The International Code of Botanical Nomenclature requires
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the name of a family or order to be formed from the genitive
singular of the name of an included genus. The genitive of
Glomus is Glomeris, and so, by international agreement, the
name of the family should be Glomeraceae and the Order
Glomerales (rather than ‘Glomales’). For a reminder of the
characteristic word-endings used for the principal taxonomic
ranks of fungi today see Table 2.2 (p. 27).

Gigaspora and Scutellospora are closely related genera in
the family Gigasporaceae; their spores form on a bulbous
sporogenous cell and germinate through a newly formed
opening in the spore wall. These two genera do not form
vesicles within roots, and the mycelium external to the root
bears ‘auxiliary cells’ of unknown function. For the Family
Acaulosporaceae the diagnostic feature is the formation of
spores next to a ‘saccule’ that collapses during spore
maturation and eventually disappears; the included genera
are Acaulospora and Entrophospora.

Geosiphon pyriformis (Family Geosiphonaceae) is
the only member of the phylum that is symbiotic with a
cyanobacterium. It forms an endosymbiosis with Nostoc
punctiforme, the photobionts being harboured in fungal
bladders up to 2 mm in size (Redecker & Raab, 2006).

Because of the difficulties (outlined above) resulting from
their obligate symbiosis and our inability to culture them,
there is no clear notion of what constitutes a species in the
Glomeromycota at the moment. Environmental studies using
molecular markers have revealed a great deal of diversity
suggesting that the number of 200 or so described
morphospecies might considerably underestimate the true
diversity of the Glomeromycota.

3.6 The traditional Zygomycota

The members of this group generally have a multinucleate
mycelium with little or no septation (i.e. coenocytic)

that produces asexual spores in a mitosporangium (i.e. a
sporangium in which spores are produced by mitosis). But
the characteristic feature of the Zygomycota (informally,
zygomycetes) is that they form sexual spores in a
zygosporangium.

The name is derived from the way in which they reproduce
sexually. Zygos is Greek for ‘joining’ or ‘a yoke’ (the wooden
cross-piece bound to the necks of a pair of oxen or horses that is
then connected to the load they are pulling). So Zygomycota
reproduce through the fusion or conjugation of two hyphal
branches (gametangia) to form a zygote which eventually gives
rise to the zygosporangium when it produces spores.

The gametangia arise from hyphae of a single mycelium
in homothallic species, or from different but sexually

compatible mycelia in heterothallic species. Zygosporangia
usually have thickened walls and act as resting spores; they
are notoriously difficult to germinate in the laboratory. The
zygospore wall contains sporopollenin, which is a complex,
highly cross-linked polymer also found in the exine (outer
wall layer) of pollen grains. Its presence, together with
melanin, helps to explain the long-lived nature of zygospores.
Long-lived resistant spores spread the organism in time, to
survive periodic adverse environmental conditions; while
non-dormant spores (dispersal spores) spread the organism in
space, to colonise new territory.

These fungi are ecologically very diverse, very widely
distributed and very common, though frequently overlooked;
some of this diversity is illustrated in Fig. 3.8.

Clearly, Zygomycota is a primitive and early diverging
lineage of Kingdom Fungi; primitive features being that they
have coenocytic aseptate hyphae for all or part of their life
cycle and they are unable to make tissues or complex fruiting
structures. They may be primitive, but they are certainly
successful and you are never far away from a member of this
group. In the traditional classification some organisms were
included that are more properly placed with the slime moulds
(e.g. Amoebidiales and Eccrinales), protists that separated
from the true fungi when animals and fungi diverged from
the opisthokont lineage. The problem with the traditional
‘Phylum Zygomycota’ is that it is polyphyletic and cannot
retain rank as a natural phylum. In the 2007 classification
(Hibbett et al., 2007) the name remains undefined leaving the
following subphyla in an uncertain position:

e Mucoromycotina (containing the Orders Mucorales,
Endogonales and Mortierellales);

e Entomophthoromycotina (Order Entomophthorales);

e Zoopagomycotina (Order Zoopagales);

o Kickxellomycotina (Orders Kickxellales, Dimargaritales,
Harpellales and Asellariales).

When relationships among the constituent fungal lineages
are resolved the name Zygomycota could be resurrected and
validated, perhaps including subphylum Mucoromycotina,
which is the core group of the traditional Zygomycota.

Most species are saprotrophic, in soil and dung (Mucorales,
Mortierellales and Kickxellales). Some (Mucorales) are
extremely fast-growing in culture and can often be found
on mouldy bread or fruit. The Zoopagales and
Entomophthorales are parasites of small animals, including
arthropods, rotifers and even amoebae. The Dimargaritales
are obligate mycoparasites, and members of the Zoopagales
and Mucorales may also parasitise other fungi (including
mushrooms and other zygomycetes).
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Fig. 3.8 Scanning electron micrographs of zygomyecetes illustrating
morphological diversity of sexual and asexual reproductive
structures. A-E, Mucorales. Zygospores of A: Cokeromyces
recurvatus, B: Cunninghamella homothallicus, C: Radiomyces
spectabilis and D: Absidia spinosa. E: Hesseltinella vesiculosa
sporangia. F-G, Mortierellales. F: Mortierella (Gamsiella)
multidivaricata chlamydospore. G: Lobosporangium transversalis
sporangia borne on arachnoid mycelium. H-J, Zoopagales.

H: Piptocephalis cormbifera immature sporangia. I: Syncephalis
cornu sporophore bearing senescent sporangia with uniseriate
sporangiospores. J: Rhopalomyces elegans fertile vesicle with

The Harpellales and Asellariales (together called
Trichomycetes) are specialised for attachment to the gut wall of
arthropods and are obligate endosymbionts, so widespread
that just about every arthropod that crawls past you will carry
these fungi within. The Endogonales are either ectomycorrhizal
on plant roots (remember the Glomeromycota are
endomycorrhizal) or are saprotrophic (Fig. 3.9).

Asexual spores in the traditional Zygomycota are single-
celled and include mitosporic sporangiospores (made within
the sporangium by internal cleavage of sporangial cytoplasm

monosporous sporangia. K: Basidiobolus ranarum monosporous
sporangium. L: Dimargaritales, Dispira cornuta two-spored
sporangia. M-0, Kickxellales. Monosporous sporangia of

M: Spiromyces minutus, N: Linderina pennispora and O: Kickxella
alabastrina. Scale bars: A-F, [-0 = 10 um; G, H = 20 um.
(Photographs by Dr Kerry O’Donnell, US Department of
Agriculture, Agricultural Research Service, Peoria, Ilinois. Plate
modified from White et al., 2006 using graphic files kindly supplied
by Dr Merlin White, Boise State University, Idaho, USA. Reprinted
with permission from Mycologia. ©The Mycological Society of
America.)

(as described above for Blastocladiella; see Fig. 3.6) and true
conidia (which are borne on specialised hyphae called
conidiophores). Sporangiospores are dispersed by wind or
animals after rupture of the sporangium wall. Conidia are
formed by the Entomophthorales and are forcibly discharged.
Names to look out for include Mucor, a typical filamentous
mould that occurs as a saprotroph in soil, and on decaying
fruits and vegetables. It is found everywhere in nature. Some
Mucor species cause diseases (called zygomycosis) in
humans, frogs, amphibians, cattle and pigs. Strains isolated
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Fig. 3.9 Phase-contrast photomicrographs of living trichomycetes
illustrating sexual and asexual reproductive structures. A-I,
Harpellales from aquatic insect larvae. A: Orphella catalaunica,
sporulating heads with attached cylindrical asexual spores. B-C:
Harpellomyces eccentricus, trichospores in B with their appendages
visible within generative cells; C shows a zygospore arising from
conjugated cells. D: Smittium culisetae, trichospores attached to
fertile branchlets. E, F: Capniomyces stellatus, E, attached, biconical
zygospore and immature trichospores; F, released trichospores
with multiple appendages. G: Furculomyces boomerangus, released

from human infections are unusually thermotolerant, most
other strains being unable to grow at 37 °C. Species names to
look out for are Mucor hiemalis, M. amphibiorum,

M. circinelloides and M. racemosus.

The genus Rhizopus is characterised by very fast-growing
and coarse hyphae and colonies spread by means of creeping
aerial hyphae known as stolons that branch into pigmented
root-like rhizoids when they contact the substratum.
Sporangiophores, singly or in groups, arise from nodes
directly above the rhizoids. The fungus is common on
decaying fruits, and in soil and house dust, and can be a pest
in microbiology laboratories because its rapid growth and
dry, easily air-distributed spores enable it to take over culture
media in a few days.

bent zygospore with a short collar. H, I: Genistelloides hibernus,

H, biconical zygospores with swollen zygosporophores (similar to
suspensors in zygomycetes) attached to two conjugated branches;
I, released trichospore with two appendages. J, Asellariales from a
marine isopod, Asellaria ligiae, thallus attached by a holdfast cell
to the hindgut cuticle and releasing small cylindrical arthrospores.
Scale bars: A-I = 20 pm; J = 100 pm. (Modified from White et al.,
2006 using graphic files kindly supplied by Dr Merlin White,

Boise State University, Idaho, USA. Reprinted with permission
from Mycologia. ©The Mycological Society of America.)

Rhizopus oligosporous is used to transform soya bean
paste into the fermented food called tempeh in some Asian
countries. However, it also produces the alkaloid agroclavine
which is toxic to humans. Rhizopus oryzae (= R. arrhizus) is
the most common causative agent of zygomycosis,
accounting for some 60% of cases; it is a serious (and often
fatal) opportunistic infection in immunosuppressed patients
(in an opportunistic infection a vigorous saprotrophic
organism becomes a disease organism by taking advantage
of a weakened host).

Rhizopus rot is a soft rot of harvested or overripe
stone fruits, such as peaches, nectarines, sweet cherries and
plums; it can be caused by several species including R.
nigricans and R. stolonifer.



Phycomyces blakesleeanus is another filamentous fungus
in the order Mucorales; this one gets its fame from the
amount of basic research done with it over the years.
Phycomyces produces numerous tall sporangiophores that
are very sensitive to light. An enormous amount of research
has been directed to investigate phototropism, and then other
environmental sensitivities like gravitropism. Spore
germination, carotene biosynthesis and sexual development
have all been studied in depth and genetic analysis carried
out. It may be worth mentioning that the non-septate, and
therefore unicellular, sporangiophores of Phycomyces
blakesleeanus are more than 100 um wide (= 0.1 mm) and
can grow to a height of 60 cm or more. Another remarkable
fungus!

Basidiobolus is usually considered to be a member of the
Entomophthorales (although some phylogenetic studies
have grouped Basidiobolus with the Chytridiomycota), but
in the AFTOL study Basidiobolus spp. emerged in a novel
position, separate from the majority of chytrids and
Entomophthorales (White et al., 2006). Basidiobolus is
isolated from the dung of amphibians, reptiles and
insectivorous bats, as well as woodlice, plant debris and
soil. It is cosmopolitan, but human infections due to
Basidiobolus are reported mostly from Africa, South
America and tropical Asia. Isolates pathogenic to humans
belong to a unique species, Basidiobolus ranarum. The real
claims to fame, though, come from the size of the mycelial
cells - several hundred micrometres long (the apical
compartment can be 300 to 400 pm long) - and the fact that
the cells have a single large nucleus which may be more
than 25 pm in length (a yeast cell is only about 5 um long).
The nucleus undergoes a mitosis that is readily visible by
conventional light microscopy and this feature has been
exploited to study how inhibitors of mitosis work. This is a
good example of using a very unusual fungus to study a
particular biological problem. Importantly, there are many
unusual fungi around for such research!

In addition, Basidiobolus has remarkable conidia which
are shot explosively from the mycelium using what’s been
described as a ‘rocket mechanism’ - the conidium remains
intact and attached to the upper part of the conidiophore.
Basidiobolus appears ideal for studies of the cell cycle,
mitosis and explosive spore dispersal.

The genus Cunninghamella is also commonly found in soil
and plant material, particularly in Mediterranean and
subtropical zones. It has also been recovered from animal
material, cheese, and Brazil nuts. Cunninghamella
bertholletiae, C. elegans and C. echinulata are the most
common species; C. bertholletiae is the only known human

3.7 Ascomycota

and animal pathogen - another opportunistic fungus that
may cause infections in immunocompromised hosts.

Mortierella species are also common soil fungi and the
genus contains over 70 recognised species; however,

M. wolfii is probably the only (again, opportunistic)
pathogen of humans and other animals.

The Greek words entomo + phthora mean ‘insect destroyer’
and Entomophthora is the generic name for fungi that attack
and kill flies and many other insects with two wings (i.e.
Diptera). Entomophthora muscae attacks houseflies. The
fungus grows inside the body of the insect. The mycelium of
the fungus grows into the region of the fly’s brain that controls
behaviour, inducing the fly to land on a nearby surface and
crawl up as high as possible. Eventually the hyphae of the
fungus grow throughout the body of the fly and it dies. The
mycelium then proliferates to the point where it pushes the
abdominal segments apart and bursts through to give the fly a
banded appearance - the bands being tight columns of cells
that produce and shoot off the spores that eventually form a
white halo encircling the body of the dead fly. Waiting to
infect the next victim.

3.7 Ascomycota

With about 64 000 species known, Ascomycota (informally,
ascomycetes) is the largest group in Kingdom Fungi. Like the
fungi that belong to its sister group, the Basidiomycota,

the majority of species within the Ascomycota are
filamentous fungi that produce a mycelium in which the
hyphae are regularly septate. What characterises the
Ascomycota is that their sexual spores (ascospores)

are formed within a sac-like structure hyphal cell

which is called an ascus (from the Greek askos which
means ‘bag’).

Ascomycota includes many species of great importance.
Names to look out for include the plant pathogens Fusarium,
Magnaporthe and Cryphonectria, as well as medically
important genera like Candida and Pneumocystis that cause
human disease, and Penicillium chrysogenum, the producer
of penicillin, the first antibiotic to be discovered, and
Penicillium citrinum and Aspergillus terreus which were
among the first moulds shown to produce precursors of
today’s ‘wonder drugs’, the statins, which are currently
crucial to cholesterol management in many millions of
patients (see Section 10.13).

The majority of the lichenised fungi belong to the
Ascomycota, as does the yeast used in our baking and
brewing industries, Saccharomyces cerevisiae. As we’ll see
later (Section 5.2) this yeast, in particular, has been used as a
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model organism for science experimentation for well over a
century, and is the best characterised of all eukaryotic cells.

Ascomycota contribute to other foods: Penicillium
camembertii and P. roquefortii condition cheese, Fusarium
venenatum provides the mycoprotein used to make the
vegetarian meat substitute Quorn™, and two celebrated
edible fungi are the morel Morchella esculenta and truffles
Tuber magnatum (white truffle of northern Italy) and
T. melanosporum (black truffle of the Périgord region in
France) (see Chapter 11). Some of these moulds (especially
Aspergillus spp.) produce metabolites that spoil food and,
like aflatoxins, can be extremely toxic (see Section 13.4).

Ascomycota also includes the majority of fungi for which
sexual reproduction has not been observed. In traditional
classifications (based largely on morphological features)
these asexual fungi have been placed in a separate group,
variously called Deuteromycetes, Deuteromycotina or
Deuteromycota (according to whether the taxonomist
concerned thought they deserved the status of class,
subphylum or phylum). Molecular techniques now permit
them to be classified among their sexually reproducing
relatives from comparison of nucleic acid sequences, which
makes this separation redundant.

The recent AFTOL review of the phylogeny of Ascomycota
divides this phylum into three major evolutionary lineages
(Blackwell et al., 2006), given the rank of subphylum:

e Taphrinomycotina, also known, informally, as the
archiascomycetes;

e Saccharomycotina, also known, informally, as the
hemiascomycetes;

e Pezizomycotina, also known, informally, as the
euascomycetes.

Members of the Taphrinomycotina do not make fruit bodies
(called ascomata in this phylum). The group includes a
varied collection of organisms, including the filamentous
plant pathogen Taphrina. Taphrina deformans causes peach
leaf curl, and witches’ broom disease of birch is caused by
T. betulina; other species attack oak, poplar, maple and many
others. Taphrina normally grows in a yeast form until it
infects plant tissues in which typical filamentous hyphae are
formed. Ultimately the fungus forms a naked layer of asci on
the deformed, frequently brightly pigmented surfaces of their
hosts (Fig. 3.10).

The fission yeast Schizosaccharomyces pombe is also
placed in the Taphrinomycotina. This species, first isolated in
1893 from East African millet beer (pombe is the Swabhili
word for beer), has been used as a model organism in
molecular and cell biology for over 50 years. These yeast

cells grow by apical extension, and then divide by medial
fission through a new, centrally placed septum to produce
two daughter cells of equal sizes. The regularity of this
process, coupled with ease of cultivation, makes them a
powerful tool in cell cycle research.

The fission yeast researcher Paul Nurse won the 2001
Nobel Prize in Physiology or Medicine for his work on
cyclin-dependent kinases in cell cycle regulation, together
with Lee Hartwell (who developed the genetic analysis of the
cell cycle in budding yeast, Saccharomyces cerevisiae, and
introduced the concept of checkpoints) and Tim Hunt (who
discovered cyclins in sea urchins) (see Section 5.2).

Other, even more enigmatic inclusions in the
Taphrinomycotina are the human pathogen Prneumocystis
and the widely distributed genus Neolecta. Long considered
to be a protozoan, Prneumocystis is now clearly accepted as a
yeast-like fungus. Pneumocystis pneumonia (PCP) is caused
by Pneumocystis carinii (now called P. jirovecii in honour of
the Czech parasitologist Otto Jirovec). Pneumocystosis is one
of the most common infections in immunosuppressed
patients because AIDS and other immunity impairments such
as immunodeficiencies, steroid treatment, organ
transplantation medication and cancers predispose the
patient to Pneumocystis infection.

Neolecta has been found in Asia, North and South America
and northern Europe, in association with trees. The fungus
produces club-shaped and brightly coloured fruiting bodies,
known as ‘earth tongues’, which are a few to several
centimetres tall. Neolecta vitellina grows from rootlets of its
host, but it is not known whether the fungus is parasitic,
saprotrophic or symbiotic.

The Saccharomycotina contains a single order, the
Saccharomycetales, which includes the majority of the
ascomycetous yeasts, including the economically important
genera Saccharomyces and Candida.

Historical records from ancient Egypt and China depict
brewing and baking 10 000 to 8000 years ago although it
was Louis Pasteur, in 1857, who demonstrated that yeasts
caused the fermentation of grape juice to wine. Eventually,
yeasts were recognised as fungi, and the name
Saccharomyces means ‘sugar fungus’. Yeasts usually grow as
single cells that reproduce by budding or less frequently by
fission. Asci and ascospores are not enclosed in the fruiting
bodies (ascomata) commonly found in the filamentous
ascomycetes.

Yeast cellular morphology is rather simple (Figs. 3.11 and
3.12), and yeast genomes tend to be smaller than those of
filamentous fungi, but it is a highly adapted growth form.
Not all yeasts are ascomycetes; there are members of the
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Fig. 3.10 Macro- and micromorphology showing the diversity of
representative taxa in the Taphrinomycotina. A, witches’ broom
disease of a Japanese cherry tree (Cerasus yedoensis) caused by
Taphrina wiesneri. B, mature asci of Taphrina wiesneri on leaf tissue
of a Japanese cherry tree showing ascospore budding
(blastoconidium formation). C, a colony on potato dextrose agar. D,
symptoms of peach leaf curl disease caused by Taphrina deformans.
E, hymenium of Taphrina caerulescens, causal agent of oak leaf
curl. F, galls induced by Protomyces inouyei on stem of Youngia
japonica. G, germination of a thick-walled resting spore of
Protomyces inouyei in water. H, colonies of Rhodosporidium
toruloides (anamorph: Rhodotorula glutinis) (top), Saitoella
complicata (right) and Taphrina wiesneri (left) on potato dextrose
agar. I, Saitoella complicata: transmission electron micrograph

showing enteroblastic budding, characteristic of basidiomycetous
yeast. J, Saitoella complicata: transmission electron micrograph
showing the cell wall ultrastructure of the ascomycete

type composed of one thin, dark layer and a broad, light inner layer.
K, Schizosaccharomyces pombe: fission and an ascus containing
four ascospores. L, Pneumocystis jirovecii: mature cyst containing
intracystic bodies (endospores). M, Neolecta vitellina: bright yellow
fruit bodies that can grow several centimetres tall. Scale bars: B, E, G
=20um; [ =05 um;J=0.1 pm; K=5pm; L =1 pm.
(Modified from Sugiyama et al., 2006 using graphic files kindly
supplied by Professor Junta Sugiyama, TechnoSuruga Co. Ltd.,
Tokyo, Japan. Reprinted with permission from Mycologia. ©The
Mycological Society of America.) See Plate section 1 for colour
version.
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Fig. 3.11 Ascomycete yeasts in pure culture. A, Saccharomyces
cerevisiae: cells dividing by multilateral budding. B,
Saccharomycodes ludwigii: cell division by bipolar budding. Note
the ascus with four spherical ascospores above the dividing cell. C,
Schizosaccharomyces pombe: cell division by fission. Once divided,
the newly formed cells often will be morphologically
indistinguishable from cells formed by budding. D, Eremothecium
(Nematospora) coryli: free, needle-shaped ascospores with whip-like
tails of extended wall material. Members of this group are some of
the few yeasts that are plant pathogens. E, Pachysolen tannophilus:
a single ascus forms on the tip of an elongated refractile tube. The
ascus wall becomes deliquescent and releases four hat-shaped
ascospores. This was the first yeast discovered to ferment the
pentose sugar p-xylose, a major component of hemicellulose from
biomass. F, Lodderomyces elongisporus: persistent ascus with a
single ellipsoidal ascospore. This is the only species of the clade,

which includes Candida albicans and C. tropicalis, that is known to
form ascospores. G, Torulaspora delbrueckii: asci with 1-2 spherical
ascospores. Asci often form an elongated extension that may
function as a bud conjugant. H, Zygosaccharomyces bailii: asci with
spherical ascospores. Often there are two ascospores per conjugant
giving rise to the term ‘dumbbell-shaped’ asci. This species is one of
the most aggressive food spoilage yeasts known. I, Pichia bispora:
ascospores are hat-shaped and released from the asci at maturity.
Hat-shaped ascospores are produced by species in a variety of
different genera (see Fig. 3.12A, for example). Scale bars = 5 pm.
(Figs 3.11A-C, phase contrast. Figs 3.11D-I, bright field; all
photographs by Dr C. P. Kurtzman, ARS, USDA. Modified from Suh
et al., 2006 using graphic files kindly supplied by Dr Sung-Oui Suh,
American Type Culture Collection, Mycology Collection. Reprinted
with permission from Mycologia. ©The Mycological Society of
America.)



Fig. 3.12 Scanning electron
micrographs of yeasts. A,
ascospores of Kodamaea
anthophila. B, end of
ascospores of Metschnikowia
borealis released by treatment
of the ascus with mureinase.
C, agglutinated ascospores
of Saccharomycopsis
synnaedendrus.

D, E, elongated predaceous
cells of Arthroascus schoenii
penetrating ovoid cells of
Saccharomyces cerevisiae

by means of narrow
infection pegs (arrows). Scale
bars = 2 um. (Photographs by
Dr M.-A. Lachance, Western
Ontario University, Canada.
Modified from Suh et al.,
2006 using graphic

files kindly supplied by

Dr Sung-Oui Suh, American
Type Culture Collection,
Mycology Collection.
Reprinted with permission
from Mycologia. ©The
Mycological Society of
America.)

Basidiomycota that adopt a yeast form and the term ‘yeast-
like’ also has been applied to dimorphic members of the
zygomycete genus Mucor. Ascomycete yeasts are usually
found in specialised habitats, which tend to be small volumes
of liquid rich in organic carbon (for example, flower
nectaries). Basidiomycete yeasts, in contrast, seem to be
adapted to colonising solid surfaces that are poor in
nutrients.

Candida albicans is commensal on humans, its success
being apparently the combination of an extracellular lipase
activity, the ability to form invasive hyphae and the ability to
grow at 37 °C.

Candida albicans lives on the skin, in the mouth and gut
and other mucous membranes of about 80% of the human
population, and for most of the time with no harmful effect.
When the balance between the normal microorganisms is
lost, for example as a result of antibiotic treatment, hormonal
disturbance or immunocompromise, overgrowth of
C. albicans results in candidiasis, or ‘thrush’. This
common condition is usually easily cured, but in
immunocompromised patients, such as HIV-positive
individuals, the yeast form of Candida reacts to
environmental cues by switching into an invasive

3.7 Ascomycota

filamentous growth form and a systemic and very serious
infection can result.

The Pezizomycotina or euascomycetes (i.e. ‘true
ascomycetes’) contains about 90% of the Ascomycota. The
characteristic feature of this group is that sexually
reproducing species produce ascomata. Inevitably with such
a large range of organisms, its members can be found in all
aquatic and terrestrial habitats and participating in all
ecosystems, including wood and litter decay, animal and
plant pathogens, mycorrhizas and lichens (with only a few
exceptions, all lichenised fungi belong to this group).

Prior to the application of molecular phylogenetics,
classification of Pezizomycotina was based on the
morphology and development of ascomata and asci. The four
main ascoma morphologies are:

e Apothecia

e Perithecia

o Cleistothecia

e Ascostromata.

Organisms that produce these fruit bodies are said to be
apothecial, perithecial, cleistothecial or ascostromatic, as
appropriate.
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Apothecia are typically disk- to cup-shaped to spoon-
shaped (spathulate) and produce their asci in a well-defined
tissue layer, a hymenium, which is exposed to the air.

Perithecia and cleistothecia are, respectively, partially or
completely closed ascomata; their asci are formed in the
central cavity (‘centrum’) of the ascoma. In perithecia, which
are considered to be ‘true’ ascomata, the inner wall of the
fruit body forms at the same time as the ascogenous hyphae
develop. Asci are formed in a defined hymenium and are
frequently mixed with sterile paraphyses arising from the
subhymenial tissue although paraphyses are absent in some
lineages (e.g. Hypocreales). The term hamathecium or
hamathecial tissue is a general term applied to whatever
tissue separates asci within the ascoma (it’s derived from the
Greek hdma, meaning ‘all together’). It may originate from
different parts of the fruit body, be composed of paraphyses
or other sterile cells, be generally distributed or localised; it
may even be absent (e.g. Dothidea).

In ascostromata, the asci develop in preformed spaces,
called locules, and the stroma often forms a flask-shaped
(pseudothecia) or open, cup-shaped (hysterothecia and
thyriothecia) structure that resembles the gross morphology
of perithecia or apothecia.

Ascus walls appear to be multilayered in transmission
electron micrographs, so a classification of asci has
developed based on the number and thickness of wall layers
as well as on the mechanism by which the ascospores are
released (dehiscence). The descriptive names for the major
ascus types include:

e unitunicate, ascus with relatively thin walls; encompassing
operculate, inoperculate and prototunicate asci
e prototunicate, produced by apothecial, cleistothecial
and perithecial fungi; thin-walled asci, globose to
broadly club-shaped, ascospores released passively by
disintegration of the ascus wall
e operculate, found in apothecial fungi; release ascospores
through a defined opening with a ‘lid’ (operculum) that is
formed either at the ascus apex or just below it
e inoperculate, produced by apothecial, cleistothecial and
perithecial fungi; typically thin-walled, the tip of the
ascus usually has a small pore filled with loose wall
material; the spores are discharged through this pore, or if
there is no pore, dehiscence by rupture of the ascus apex
e bitunicate, conspicuously thick-walled with two walls,
called the exotunica and endotunica; produced by
ascostromatic lichenised and non-lichenised species and
ascohymenial lichens. In the traditional definition of
bitunicate asci, fissitunicate dehiscence occurs

(a fissitunicate ascus is a double-walled ascus where the
inner wall pops completely out of the outer wall during
dehiscence in a jack-in-the-box manner; it happens when
the endotunica ruptures through the exotunica). Other
dehiscence mechanisms exist among ‘bitunicate’ ascus
morphologies involving little to no wall separation; these
occur especially in lichenised taxa.

Some of these morphologies (photographs in Fig. 3.13 and
diagrams in Fig. 9.15) most likely represent ancestral traits
for the Pezizomycotina (e.g. apothecium), while others
have occurred several times through convergent evolution
(e.g. cleistothecium, prototunicate asci).

The current classification, based mainly on DNA
phylogenies of Ascomycota divides Pezizomycotina into ten
classes (in brackets we show their ascoma and ascus
morphologies and we also show some names to look out for):

e Arthoniomycetes (apothecia; bitunicate asci); includes the
lichen Lecanactis abietina

e Dothideomycetes (ascostromata; bitunicate asci); contains
Dothidea, Aureobasidium, Pleospora, Tyrannosorus
(yes, honestly) and Tubeufia

o Eurotiomycetes (perithecia, cleistothecia, ascostromata;
bitunicate or prototunicate asci); contains Aspergillus,
Penicillium, Histoplasma and Coccidioides

e Laboulbeniomycetes (perithecia; prototunicate asci);
comprises ectoparasites of insects and other arthropods
(Laboulbeniales), e.g. Herpomyces, and mycoparasites and
coprophiles (Pyxidiophorales), e.g. Pyxidiophora and
Rhynchonectria; ascospores characterised by holdfasts

e Sordariomycetes (perithecia, cleistothecia; inoperculate,
prototunicate asci); contains the bulk of the traditional
‘pyrenomycetes’, including Sordaria, Cordyceps, Neurospora,
Hypocrea, Verticillium, Bombardia, Xylaria and Diaporthe

e Lecanoromycetes (apothecia, perithecia; bitunicate,
inoperculate, prototunicate asci); composed exclusively of
lichen-forming ascomycetes like Lecanora, Cladonia,
Usnea, Peltigera and Lobaria

e Leotiomycetes (apothecia, cleistothecia; inoperculate,
prototunicate asci); contains Leotia, Sclerotinia, Monilinia,
Mitrula, Hymenoscyphus, Microglossum and Cudonia

e Lichinomycetes (apothecia; bitunicate, inoperculate,
prototunicate asci); includes the lichen Lempholemma,
Peltula, Geoglossum and Trichoglossum

o Orbiliomycetes (apothecia; inoperculate asci); contains
Orbilia

e Pezizomycetes (apothecia; operculate asci); includes the
‘discomycetes’ Peziza, Aleuria, Morchella, Gyromitra,
Tuber and Pyronema.
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Fig. 3.13 Examples of the diversity of ascomata in the
Pezizomycotina. A, apothecia of Aleuria aurantia (Pezizomycetes);
Aleuria fruit bodies are whitish, yellowish to orange (hence the
common name orange-peel fungus) and may be 1 to 30 mm tall and
1 to 160 mm wide. B, apothecia of the cup fungus, Peziza howsei
(Pezizomycetes); Peziza produces soft and fragile, disk- to cup-
shaped fruit bodies, 2 to 120 mm high and 5 to 150 mm across, may
have a stem up to 30 mm long, colour whitish, or yellow, pink, blue,
buff, brown, or grey to blackish. C, yellow apothecia of the glasscup,
Orbilia delicatula (Orbiliomycetes); soft and fragile and only 0.05 to
0.3 mm high, 0.1 to 2 mm wide, on a white mycelium. D, apothecia
of Trichophaea hybrida (Pezizomycetes); 1 to 5 mm high and 1 to
15 mm wide, buff to dark grey and the outer surface downy to hairy.
E, club-shaped or spatulate apothecium of the earthtongue,
Geoglossum cookeanum (Leotiomycetes); generally soft and fragile,
10 to 100 mm tall, 3 to 25 mm wide, purple to brownish black.

The AFTOL data (Spatafora et al., 2006) strongly indicate
that Pezizomycotina, Arthoniomycetes, Eurotiomycetes,
Orbiliomycetes and Sordariomycetes are all monophyletic.
Pezizomycetes and Dothideomycetes are also probably
monophyletic though the statistical support was not strong,
and the outcome was uncertain for Lecanoromycetes.
Leotiomycetes was polyphyletic. The study showed
Orbiliomycetes and Pezizomycetes to be the most basal

F, cinnamon jellybaby, Cudonia confusa (Leotiomycetes); rather
mushroom like, club-shaped fruit body (though the hymenium
covers the outer surface of the ‘cap’ or head), 20 to 80 mm tall,

5 to 20 mm across the head. G, saddle fungus, Helvella crispa
(Pezizomycetes); with a saddle-shaped, folded and stipitate
apothecium, up to 50 mm high and 30 mm wide. H, fruit body of the
morel, Morchella esculenta (Pezizomycetes); the fruit body on the
left has been sliced open vertically to show the hollow stem and
head, 30 to 300 mm high and 15 to 160 mm wide. I, the summer
truffle, Tuber aestivum (Pezizomycetes); fruit body is tuberoid to
spherical, longest dimension up to 70 mm, this specimen has been
sliced open to shown the massively folded spore-bearing inner mass
of flesh (the gleba). See http://www.mycokey.com/ for more details.
(Photographs A-H by Jens H. Petersen, University of Aarhus,
Denmark; I by Jan Vesterholt, University of Copenhagen, Denmark.)
See Plate section 1 for colour version.

classes of Pezizomycotina; both of these consist of species
that produce apothecia.

3.8 Basidiomycota

Basidiomycota (informally, basidiomycetes) is another large
group, comprising about 32 000 known species.
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Morphologically, ecologically and taxonomically this is

a very diverse group, but its members share the feature that
their sexual spores are exospores, formed on a basidium
(and are therefore called basidiospores).

Basidiomycota includes the plant pathogens that cause
smut and rust diseases, ectomycorrhizal species which are of
key significance to forest ecosystems, saprotrophic species
that can decay the lignin (white-rot fungi) as well as the
cellulose of plant litter, and the most noticeable and
frequently encountered mushroom fungi. Several
basidiomycetes have mutualistic associations with insects
(e.g. leaf-cutter ants, termites, ambrosia beetles) that are
based on the ability of the fungus to digest plant litter
efficiently.

All the fungi whose fruit bodies are commercially farmed
as food are basidiomycetes. On the other hand, some
members of this group produce toxins that can be
hallucinogenic (e.g. Psilocybe cubensis) or deadly poisonous
(e.g., the ‘Destroying Angel’, Amanita virosa). The species
that causes cryptococcal meningitis in persons suffering
compromised immunity (due to HIV infection, cancer
chemotherapy, metabolic immunosuppression to maintain a
transplanted organ) is also a basidiomycete; the disease is
caused by the asexual form (called the anamorph), which
grows as a yeast. This form is given the generic name
Cryptococcus. The sexual form or teleomorph is called
Filobasidiella.

The Basidiomycota divides into three distinct evolutionary
groups which are given subphylum status in the AFTOL study
(Blackwell et al., 2006):

o Ustilaginomycotina (smuts and allies; the traditional
ustilaginomycetes)

o Pucciniomycotina (rusts and allies; the traditional
urediniomycetes)

e Agaricomycotina (the traditional hymenomycetes or
basidiomycetes and allies): producing a macroscopic fruit
body with a hymenium spread over gills (as in
mushrooms), within pores (boletes and bracket fungi), or
over a toothed (hedgehog fungi), coralloid (coral fungi),
labyrinthoid (daedaleoid fungi), wrinkled (merulioid
fungi), or smooth to diffusely encrusted (corticioid fungi =
resupinate fruit bodies) tissue structure; or completely
enclosed (gasteroid fungi).

Ustilaginomycotina is a group of about 1200 fungi in
approximately 62 genera, most of which parasitise plants,
mainly non-woody angiosperm herbs, especially grasses
(Poaceae) and sedges (Cyperaceae). The best-known
members, Ustilago and Tilletia, cause diseases of cereals

known as smut or stinking smut that can severely reduce
crop yield. Ustilago maydis, which causes smut disease on
maize (Zea mays), is used widely as a model organism

for plant pathogenesis and was the first basidiomycete plant
pathogen to have its complete genome worked out.

In these fungi the basidiospores establish a yeast-like
budding haploid phase (the cells are called sporidia) that
grows saprotrophically; eventually conjugation of
compatible haploid cells produces a dikaryotic, parasitic
mycelium which infects the host plant (Fig. 3.14).

Mating (controlled by mating type factors; see Section
8.5) is essential for infection of host plants, and the
dikaryotic plant-parasitic phase ends with the production of
teliospores, which, in most of these fungi, develop thick walls
and are the dispersal spore.

Teliospores are formed in a sorus (a sorus is a mass of
spores that bursts through the host epidermis; the word
comes from the Greek soros, ‘heap’) which is on or in the
parenchyma tissue of the host. The location depends on
species; sori may appear on roots, stems, leaves, flowers,
seeds, etc. As the teliospores are usually powdery and dark
brown or black, the plant looks as though it is covered in
particles of dirt or soot, so giving rise to the common name
smut disease.

Other names to look out for are Graphiola, Exobasidium
and Microstroma. The group also includes some animal
pathogens in the genus Malassezia, which are lipophilic
yeasts (no dikaryophase known) isolated from the skin of
warm-blooded animals. These fungi require fat to grow and
are found in areas of the skin with many sebaceous glands:
scalp, face, and upper part of the body. In humans
Malassezia globosa causes dandruff and seborrhoeic
dermatitis. It is possible that Malassezia species originated
from a dikaryophase parasitic on plants.

Roughly 8400 of the species assigned to Basidiomycota
belong to Subphylum Pucciniomycotina. The
Pucciniomycotina differs from the other two subphyla by the
possession of simple septal pores lacking membrane-bound
caps, and by the sugar composition of the cell wall. Most
members of the Pucciniomycotina are parasitic, and about
90% belong to a single order of plant parasites, Pucciniales,
known as rust fungi, that cause some of the most devastating
diseases of crops (Fig. 3.15); but the group also includes
pathogens that attack other fungi and those that attack insects.

The rusts form a natural (monophyletic) group. Names to
look out for include Puccinia (P. graminis causes stem rust of
cereals), Uromyces (U. appendiculatus causes a rust disease in
both temperate and tropical crops of the common bean,
Phaseolus vulgaris). Endophyllum has only been recorded as



Fig. 3.14 Diagram of the life
cycle of Ustilago maydis.
(Modified from Chapter 2 in
Moore & Novak Frazer,
2002.)
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a rust disease of the perennial woody shrub
Chrysanthemoides monilifera; both host and rust originate in
South Africa, but Chrysanthemoides is an aggressive weed in
southern Australia and Endophyllum is showing promise as a
biocontrol agent.

Basidiomycetous yeasts include Rhodosporidium (and its
anamorph Rhodotorula), and Sporidiobolus (Fig. 3.15D, E)
and its anamorph Sporobolomyces, which can be commonly
isolated from surfaces in the domestic environment.

The Agaricomycotina (traditionally known as
hymenomycetes) is a diverse group that includes about
21 400 described species, which is about 65% of known
Basidiomycota (or about a fifth of all fungi). The
Agaricomycotina probably originated between 960 and 380
million years ago. Today the group includes many wood
decayers, litter decomposers and ectomycorrhizal fungi.

It also includes a lesser number of important plant
pathogens, one of which is the largest organism on the
planet. The AFTOL classification scheme for the Subphylum
Agaricomycotina is listed below. Here we will briefly
describe the major groups.

The largest clade is the Order Agaricales or euagarics
clade (in the Subclass Agaricomycetidae), which is made up
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of the mushroom-forming fungi and includes more than
half of all known species of the homobasidiomycetes. More
than 13 200 species; and roughly 410 genera have been
ascribed to the 33 families of the order. Traditionally, the
shape and morphology of the mature fruit body, the colour
of the spore deposit and various anatomical and cytological
features have figured largely in the taxonomy; but because
apparently similar structures and shapes can evolve in
different ways this approach led to the establishment of
many artificial groups. For example there are several ways
of creating the folded surface that we call gills. Since they
arise in different ways such features are only superficially
similar because they have evolved in different ways (like, for
example, the wings of butterflies and birds); they are
described as analogous organs (as distinct from homologous
organs, which are those that have a shared evolutionary
ancestry). Shape and morphology of mature fruit bodies,
even though these are the easiest to find in the field, can be
misleading because they do not contribute to a natural
classification. This is why introduction of molecular
sequence comparisons is prompting major, and sometimes
surprising, revisions in classification of these organisms.
Phylogenies based on analysis of ribosomal RNA sequences
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Fig. 3.15 Representatives of
the Pucciniomycotina.

A, Jola javensis
(Platygloeales) fruiting on
Sematophyllum swartzii
(photograph by Dr Elizabeth
Frieders, University of
Wisconsin-Platteville).

B, Septobasidium burtii
fungal mat completely
covering scale insects
(photograph by Dr Daniel
Henk, Imperial College
London). C, Eocronartium
muscicola fruiting on a
moss (photograph by Dr
Stephen F. Nelsen,
University of Wisconsin-
Madison). D, yeast and
filamentous cells of
Sporidiobolus pararoseus. E,
cultures of two
Sporidiobolus species. F,
Phragmidium sp.
(Pucciniales) on Rosa
rubiginosa. (Modified from
Aime et al., 2006 using
graphic files kindly supplied
by Dr M. Catherine Aime,
Louisiana State University.
Reprinted with permission
from Mycologia. ©The
Mycological Society of
America.) See Plate section
1 for colour version.

has transformed the classification of the Agaricales, and
interestingly, has shown that ecological traits have been
underused in the past in diagnosing natural groups (Fig. 3.16).

Another major group of mushroom-forming fungi that has
representatives in most forest ecosystems around the world is
the Order Boletales. This order contains around 1320
described species although, as it is most diverse in the still
under-researched tropics, this probably underestimates the
real biodiversity. The Boletales includes conspicuous
stipitate-pileate forms (‘mushrooms’ with stems and caps)
that mainly have tubular, but sometimes lamellate (gilled)
hymenophores, as well as intermediates that show transitions
between the two types of hymenophore structures.

The Boletales also includes puffball-like forms (that used to
be called gasteromycetes), resupinate or crust-like fungi that

produce smooth, merulioid (wrinkled to warted) or
hydnoid (toothed) hymenophores. As well as diverse
morphologies, the Boletales exploit diverse habitats,
including wood decay, but they differ from their sister
clades (Agaricales and Atheliales) by not having white-rot
fungi in the group. Instead, saprotrophic Boletales have
developed a unique brown-rot that is especially adapted to
decaying conifer timber by preferentially removing
cellulose and hemicellulose. The majority of Boletales form
mycorrhizal associations and some are mycoparasites

(Fig. 3.17).



Fig. 3.16 Photographs depicting some of the diversity of the
Agaricales. A, Plicaturopsis crispa. B, Podoserpula pusio

3.8 Basidiomycota

(photograph by Heino Lepp). C, Pterula echo (photograph by Dave
McLaughlin). D, Camarophyllus borealis. E, Ampulloclitocybe
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Some of the most eccentric fruit body morphologies occur
in the Hysterangiales, Geastrales, Gomphales and Phallales
(combined in a grouping known as gomphoid—phalloid fungi,
meaning ‘similar to Gomphus and/or similar to Phallus’).
This is where we find the cage fungi, the stinkhorns and
puffballs (Fig. 3.18). The Gomphales contains both gastroid
(fruit bodies ‘stomach-like’ with completely enclosed
hymenium) and non-gastroid taxa, with gastroid morphology
being derived from epigeous taxa (epigeous, i.e. occurring
above the surface of the ground; contrasts with hypogeous,
i.e. underground or semi-underground fruit bodies). On the
other hand, in the Phallales the truffle-like hypogeous form
is an ancestral morphology of the stinkhorn fruiting bodies.
Although basidiospore maturation occurs within the enclosed
young primordial fruiting bodies of the stinkhorn (the ‘eggs’),
lifting the mature spore producing tissue into the air where
flies can easily find it represents an independent instance of
the origin of stipes within the Basidiomycota.

The Cantharellales, which includes mushroom fungi like
Cantharellus and Craterellus (Fig. 3.19) was set apart from
other gilled fungi very early in the history of mycology on
the grounds that the gills are formed when the hymenophore
folds into pleats like a fan, so these were called ‘false gills’ in
comparison with the allegedly ‘true gills’ of most other
mushrooms (understood to be individual, plate-like or blade-
like things, structurally separate from one another and from
the flesh of the cap). In today’s phylogeny the difference is
still important, but is less surprising because we recognise the
lamellate (gilled) hymenophore as a simple strategy to
increase the area available for spore formation, and, more
importantly, it’s a strategy that can be arrived at through
several different evolutionary routes.

The Hymenochaetales, which is dominated by wood-
decaying species, also includes many variations of fruit body
types. Most species have basidiomata that are effused
(stretched out flat) or effused-reflexed (with the edge turned
up or turned back); a few form stipitate mushroom-like
(agaricoid), coral-like (clavarioid) and spathulate (shaped like
a spoon) to rosette-like basidiomata (Fig. 3.20).

Most species have some kind of vegetative (sterile) cells in
the fruit body tissue, often accompanying the basidia in the

Caption for Fig. 3.16 (cont.)

clavipes. F, Resupinatus applicatus. G, Mycena aff. pura. H,
Crucibulum laeve (photograph by Mark Steinmetz, Mykoweb). I,
Nolanea sp. J, Volvariella gloiocephala. K, Crepidotus fimbriatus. L,
Basidiospores with germ pore of Psilocybe squamosa (photograph by
Roy Halling). M, Camarophyllopsis hymenocephala (photograph by
D. Jean Lodge). N, inverse lamellar trama and pleurocystidia of

hymenium. Although these could collectively be called
cystidia, many unique terms have been introduced for
them to describe their distinctive morphologies; a simple
example is that the majority of species in the family
Hymenochaetaceae have characteristic cystidia called setae.
Because microscopic distinctions like these, and fruit body
shapes, formed such an important basis for the traditional
classification of fungi, what is now known as the
hymenochaetoid clade draws its members from several
traditional families: Agaricaceae, Polyporaceae, Corticiaceae,
Stereaceae and Hymenochaetaceae, but includes only the
type genus for the last family mentioned.

The Russulales is, probably, the most morphologically
diverse group, because it contains resupinate, discoid,
effused-reflexed, clavarioid, pileate and gastroid fruit
bodies, and hymenophores that may be smooth, poroid,
hydnoid, lamellate or labyrinthoid. Members of the
Russulales are primarily saprotrophs but others are
ectomycorrhizal, root parasites and insect symbionts
(Fig. 3.21).

The AFTOL classification scheme for the Subphylum
Agaricomycotina looks like this:

o Tremellomycetes
= Cystofilobasidiales
= Filobasidiales
= Tremellales (Fig. 3.22)
o Dacrymycetes
= Dacrymycetales (Fig. 3.22)
e Agaricomycetes
o Agaricomycetidae
= Agaricales (Fig. 3.16)
= Atheliales (Fig. 3.22)
= Boletales (Fig. 3.17)
o Phallomycetidae
= Geastrales (Fig. 3.18)
= Gomphales (Fig. 3.18)
= Hysterangiales (Fig. 3.18)
= Phallales (Fig. 3.18)
e Agaricomycetes (incertae sedis, i.e. position still
uncertain)

Pluteus (photograph from D.E. Stuntz slide collection). O, Clitocybe
subditopoda. P, Cortinarius bolaris. Q, Cylindrobasidium evolvens. R,
Tricholoma columbetta. (Modified from Fig. 2 in Matheny et al.,
2006 using graphic files kindly supplied by Dr P. Brandon Matheny,
University of Tennessee, USA. Reprinted with permission from
Mycologia. ©The Mycological Society of America.) See Plate
section 1 for colour version.



Fig. 3.17 Morphological diversity in Boletales. A, Bondarcevomyces
taxi. B, B. taxi, pores. C, Coniophora puteana. D, Leucogyrophana
mollusca. E, Hygrophoropsis aurantiaca. F, Suillus granulatus. G,
Chroogomphus vinicolor. H, Boletinellus merulioides, hymenophore.
1, Calostoma cinnabarinum. J, Scleroderma septentrionale. K,
Meiorganum neocaledonicum, young hymenophore. L, ‘Tylopilus’

= Auriculariales (Fig. 3.22)
= Cantharellales (Fig. 3.19)
= Corticiales

= Gloeophyllales (Fig. 3.22)

3.8 Basidiomycota

chromapes. M, Phylloporus centroamericanus. N, Xerocomus sp.
(Modified from Fig. 1 in Binder & Hibbett, 2006 using graphic files
kindly supplied by Dr Manfred Binder, Biology Department, Clark
University, USA. Reprinted with permission from Mycologia. ©The
Mycological Society of America.) See Plate section 1 for colour
version.

* Hymenochaetales (Fig. 3.20)
= Polyporales (Fig. 3.22)

= Russulales (Fig. 3.21)

= Sebacinales (Fig. 3.22)
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Fig. 3.18 Macro- and microscopic characters of the gomphoid-
phalloid fungi. A-E represent the Hysterangiales clade. A,
Hysterangium setchellii. B, Mesophellia castanea. C, Gallacea
scleroderma. D, basidiospores of H. inflatum enclosed in utricle. E,
basidiospores of Austrogautieria rodwayi (photograph by

L. Rodway). F-L represent the Phallales clade. F, Phallus impudicus
(photograph by Koukichi Maruyama). G, Aseroé rubra. H,
Tleodictyon cibarium. I, Lysurus mokusin (photograph by Ikuo Asai).
J, Claustula fischeri. K, Phallobata alba (photograph by Peter
Johnston). L, basidiospores of Ileodictyon cibarium. M-T represent
the Gomphales clade: M, Ramaria fennica (photograph by Ikuo
Asai). N, Turbinellus (Gomphus) floccosus (photograph by Ikuo
Asai). 0, Gautieria sp. P, Kavinia sp. (photograph by Patrick
Leacock). Q, basidiospores of Ramaria botrytis with cyanophilic
ornamentation (photograph by Koukichi Maruyama). R, ampullate

hypha of R. eumorpha. S, acanthohypha of R. cystidiophora stained
with cotton blue (photograph by Efren Cazares). T, hyphal mat
formed by Ramaria sp.; note sharp contrast in colour between

the white soil of the mycelial mat and the black soil elsewhere.
U-Z represent the Geastrales clade. U, Geastrum fornicatum.

V, Pyrenogaster pityophilus. W, Sphaerobolus stellatus.

X, basidiospore of G. coronatum. Y, basidiospore of Myriostoma
coliforme. Z, basidiospores and germinating gemmae of
Sphaerobolus stellatus. Scale bars: A, B, V=5 mm; C, G, I-K, O, P,
U=1cm;D,E L Q-S,Z=5um; F,H,M,N=5cm; T = 10 cm;
W =1mm; X, Y =1 um. (Modified from Fig. 1 in Hosaka et al.,
2006 using graphic files kindly supplied by Dr Kentaro Hosaka,
National Museum of Nature and Science, Japan. Reprinted with
permission from Mycologia. ©The Mycological Society of America.)
See Plate section 1 for colour version.



Fig. 3.19 Morphological
diversity in the
cantharelloid clade.
Basidiomata of:

A, Cantharellus cibarius
(image by J.-M. Moncalvo).
B, Craterellus tubaeformis
(image by M. Wood).

C, Sistotrema confluens
(image by R. Halling).

D, Multiclavula mucida
(image by M. Wood).

E, Botryobasidium
subcoronatum, fruiting on
an old polypore (image by
E. Langer). F, Sistotrema
coroniferum (image by
K.-H. Larsson). G, Clavulina
cinerea (image by

E. Langer). (Modified from
Fig. 2 in Moncalvo et al.,
2006 using graphic files
kindly supplied by Dr J.-M.
Moncalvo, Royal Ontario
Museum and Department of
Botany, University of
Toronto, Canada. Reprinted
with permission from
Mycologia. ©The
Mycological Society of
America.) See Plate section
1 for colour version.

= Thelephorales (Fig. 3.22)
= Trechisporales (Fig. 3.22)

Names to look out for include Phellinus weirii (‘laminated
root rot’ of many fir trees, and a root and butt rot of
western red cedar), Heterobasidion annosum (the most
damaging root pathogen of coniferous trees in the

3.8 Basidiomycota

northern hemisphere), Thanatephorus cucumeris, which
is the teleomorph of Rhizoctonia solani and a very
common soil-borne pathogen with a great diversity of

host plants. Humans don’t escape, either: Filobasidiella
neoformans is the teleomorph of Cryptococcus, referred
to above as the cause of cryptococcal meningitis in
immunocompromised patients.
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Fig. 3.20 Macro- and micro-characters in Hymenochaetales. A-I,
Basidiome and hymenophore types. A, Cotylidia pannosa, stipitate
with smooth hymenophore (photograph by David Mitchel, www.
nifg.org.uk/photos.htm). B, Coltricia perennis, stipitate with poroid
hymenophore. C, Contumyces rosella, stipitate with lamellae
(gills). D, Clavariachaete rubiginosa (photograph by Roy Halling).

E, Phellinus robustus, sessile to effuse-reflexed with poroid
hymenophore (photograph by Andrej Kunca, Forest Research
Institute, Slovakia, www.forestryimages.org). F, Coltricia montagnei,
stipitate with contrical (concentric) lamellae (photograph by Dianna
Smith, www.mushroomexpert.com). G, Hydnochaete olivacea,
resupinate to effuse-reflexed with coarse, compressed spines (called


http://www.nifg.org.uk/photos.htm
http://www.nifg.org.uk/photos.htm
http://www.forestryimages.org
http://www.mushroomexpert.com

We turn the tables by eating enormous amounts of
hymenomycete fruit bodies: all commercially farmed fungi
are hymenomycetes; these include the button mushroom
(Agaricus bisporus), oyster mushroom (Pleurotus spp.),
shiitake (Lentinula edodes), paddy straw mushroom
(Volvariella volvacea), enokitake (Flammulina velutipes)
and shimejitake (Hypsizygus tessulatus). Other edible
mushrooms with massive worldwide markets (amounting to
billions of dollars annually) are field-collected mycorrhizal
species like Cantharellus cibarius (the chanterelle), Boletus
edulis (cep, penny bun or porcini) and Tricholoma matsutake
(matsutake).

For a long time the Guinness Book of World Records gave
the largest known fruiting body of a fungus as a 160-kg
specimen of the polypore Bridgeoporus nobilissimus. This has
since been displaced by a very large specimen of Rigidoporus
ulmarius (a bracket fungus that grows at the base of the
trunks of deciduous trees, usually elm) growing in the Royal
Botanic Gardens at Kew which, in the 1999 edition, was
recorded as 163 x 140 cm with a circumference of 480 cm.
Fruit bodies of this size put the giant puffball (Calvatia
gigantea) in the shade, as these (edible) hymenomycete fruit
bodies average around 10 to 70 cm diameter, although
they’ve been known to reach diameters up to 150 cm and
weights of 20 kg. The largest, most extensive and longest-
lived mycelium currently known is a mycelium of Armillaria
gallica in the Blue Mountains/Malheur National Forest in
eastern Oregon, USA. This one individual fungus covers an
area of nearly 900 hectares (3.4 square miles) and is
estimated to be more than 2400 years old.

3.9 The species concept in fungi

Most of what we’ve discussed so far depends absolutely

on the ability to identify each organism so that you can
state confidently the exact name of the species you are
dealing with. That, of course, applies to everything you
might want to do with a fungus; whether you want to paint
it or sequence its genome, you have to give it an accurate
name. The identification side of this depends on accurate
descriptions, and the knowledge and skill of the person
making the identification. Accurate descriptions should be
assured by the international rules of taxonomy and

Caption for Fig. 3.20 (cont.)

aculei). H, Resinicium bicolor, resupinate with small, rounded aculei
(spines). I, Hyphodontia arguta, resupinate with acute aculei. J, setal
cystidium of Hymenochaete cinnamomea. Scale bars: A,D = 10 mm,
B =2 mm; G-I =1 mm, J = 10 um. (Modified from Larsson et al.,

3.9 The species concept in fungi

nomenclature; knowledge and skill can be learned. What is
worrying is that we’re not very clear about the ‘unit’ you
might need to identify.

We know you need to identify a particular species; but
what is ‘a species’? The debate over how species should be
defined (the ‘species concept’) has been going on for many
years but we don’t have a universal definition of ‘species’
that meets with widespread agreement. As recently as 1997
a paper appeared that discussed 22 different species concepts
(Mayden, 1997). The most commonly applied species
concepts in fungal taxonomy are:

e The morphological species concept. Historically,
biologists, including mycologists, first recognised species
based on morphological similarity; this creates what are
known as morphospecies. The difficulty with this is in
finding characters that convincingly define the boundaries
of a species (you need to know the boundaries so that the
next specimen can either be placed within or outside that
species). If you doubt the difficulty, look around at other
people and think what morphological features you might
use for describing the human species. Body morphology?
Skin colour? Eye colour? Hair distribution? Face shape?
You use all of these to identify individuals, but they are
poor candidates to circumscribe the species. In fungi, there
are not only fewer morphological characters to use, but
they are also very variable, and the natural variation of
characters that can in addition be influenced by
environmental variation is difficult to measure. Add to this
the fact that similar morphologies can be arrived at by
very different evolutionary routes (convergent evolution)
and you’ll not be surprised to learn that most biologists
and mycologists in particular, believe that the
morphological species concept is the least satisfactory.
Unfortunately, the foundation for fungal (particularly
mushroom) classification was established by Elias Fries
between about 1820 and 1875, with emphasis on
morphological features, such as gills, pores and spore
colour. This was practical for identification, but it
obscured the phylogenetic origins of many of these
features.

e The biological species concept. The dominant idea in
biology (especially animal biology) is the biological

2006 using graphic files kindly supplied by Professor Karl-Henrik

Larsson, Goteborg University, Sweden. Reprinted with permission

from Mycologia. ©The Mycological Society of America.) See Plate
section 1 for colour version.
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Fig. 3.21 Sporophore
morphology and
hymenophore types in the
Russulales. A, pileate
hydnoid sporophores of
Auriscalpium vulgare, x2.
B, clavarioid smooth
sporophore of Artomyces
pyxidata, x0.5. C, Effused-
reflexed smooth
sporophores of Stereum
ostrea, x0.3. D, Discoid
smooth sporophores of
Peniophora rufa, x0.5.

E, resupinate (i.e. effused
or corticioid) smooth
sporophores of Variaria
investiens, x0.2. F, Pileate
lamellate (i.e. agaricoid)
sporophores of Russula
discopus, x0.5. (Modified
from Miller et al., 2006
using images kindly
supplied by Dr Steven

L. Miller, University of
Wyoming, USA. Reprinted
with permission from
Mycologia. ©The
Mycological Society of
America.) See Plate section
1 for colour version.

species concept in which a species is defined as an mating tests being carried out on specimens raised in the

interbreeding population that is somehow reproductively
isolated from other populations. This looks simple and
obvious but is also flawed; and especially so for fungi. The
first problem is to identify the reproductive barrier(s)
between populations made up of morphologically similar
individuals. The concept is not even applicable to
homothallic and asexual organisms, which excludes about
20% of fungi; nor is it applicable to the large number of
organisms that cannot be cultivated, because it depends on

laboratory. The biological species concept also has
difficulty coping with populations that are geographically
isolated (or rather, the meaning of geographic isolation is
difficult to apply consistently). Populations that do not
interbreed because of geographic isolation will evolve
independently and may well diverge sufficiently to
become different species on other criteria, and yet still
interbreed successfully when brought together artificially
if they retain common ancestral sexual characteristics.
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Fig. 3.22 Fruiting bodies of jelly fungi and crust fungi (resupinate or (Tremellales). B, Tremella fuciformis (Tremellales). C, Dacryopinax
inverted forms) of the Agaricomycotina. A, Tremella mesenterica spathularia (Dacrymycetales). D, Tremellodendron pallidum
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The underlying question, though, is what constitutes an
effective reproductive barrier. Geography, even global
geography, doesn’t help with fungi because within the
group there are many organisms that produce spores that
can glide through the atmosphere across and between
continents, ignoring oceans and mountain ranges. At the
other extreme, there are microscopic fungi that may be
located in such restricted habitats that they are effectively
isolated from their relatives just a few metres away.
Overall, there are too many severe restrictions on
application of the biological species concept widely in
fungi for it to be a serious contender for that elusive
universal definition.

o Ecological and physiological species concepts. It seems a
reasonable assumption that parasitic or symbiotic fungi
have at least some measure of host specificity and that
such a fungal species might be defined on the basis of
habitat and/or host relationships. Equally reasonable are
the expectations that ecological adaptations influence
fungal speciation, and that physiological features
contributing to adaptation to habitat and/or host could
characterise a fungal species. In effect, the habitat and/or
host relationship is being cast in the role of reproductive
isolation mechanism. An ecological and/or physiological
species concept has been used for a long time with plant
pathogenic fungi. The concept chiefly differentiates
species by their ecological niche and the constraints on
their evolution that determine their maintenance and
reproduction in that niche (and the niche may be a
particular species of host plant, or even a specific cultivar
of a host species). Again, it sounds reasonable, but there
are problems. In particular, we are largely ignorant of the
exact physiological/biochemical/genetical nature of
whatever it is that determines substrate specificity and
host specificity, so it is little better than using
morphological characters. Furthermore, application of the
concept is severely limited in practice. A plant pathologist
might be able to characterise a fungus of interest from its
host spectrum, or a medical mycologist from its serotype,
but there is a vast range of other fungi for which this

Caption for Fig. 3.22 (cont.)

(Sebacinales). E, Auricularia auricula-judae (Auriculariales).

F, Exidiopsis sp. (Auriculariales). G, Trechispora sp. (Trechisporales).
H, Tomentella sp. (Thelephorales). I, Athelia sp. (probably
Atheliales). J, Veluticeps sp. (Gloeophyllales). K, Phlebia sp.
(Polyporales). L, Ganoderma australe (Polyporales). M, Hydnellum
sp. (Thelephorales). N, Neolentinus lepideus (Gloeophyllales).

approach simply fails. It is another concept that cannot
offer the universal definition that would be most valuable.

o Evolutionary/phylogenetic species concept. Definitions
based on molecular analyses seem likely to be the most
promising. Their foundation is the ancestry of the species.
They envisage a species as being a monophyletic group of
organisms sharing molecular characters that derive from a
common ancestor. This, and the fact that the operation is
done with the DNA sequence itself, is inherently satisfying.
Furthermore, the concept does not have any obvious built-
in exclusions or limitations. Particularly important to
fungi is the fact that the analysis can be applied to asexual
organisms; anamorphic and teleomorphic stages can be
covered by a single species concept. Nor is there any
shortage of characters - fungal genomes are big enough to
provide more than enough sequences for this to be a
definition of universal applicability. Clearly, multiple gene
analyses will provide the best understanding and this
highlights the current limitation, which is that we don’t
have enough information yet. However, techniques in
molecular biology, suitable software and computer
hardware for the analysis, improved understanding of the
underlying theory of nucleotide evolution and efficient
statistical methods to extract the best conclusions are all
converging to make it just a matter of effort and time for
this approach to be applied effectively to a good range of
fungal species.

Different species concepts give rise to different outcomes.
The use of different methods of defining species inevitably
results in recognition of different things. The indications
are that application of the phylogenetic species concept
will lead to the recognition of far more species than have
already been recognised using morphological, biological
or physiological species concepts.

A recent study across all major groups of eukaryotes
examining the effect of applying the phylogenetic species
concept to organisms previously well classified using other
criteria showed an average 48% increase in the number of
species documented. The increase tends to be greater in

(Images A-C and F-L by Heino Lepp, Australian National Botanical
Gardens (http://www.anbg.gov.au/index.html); images D and E by
Pamela Kaminski (http://pkaminski.homestead.com/page1.html);
used with permission and modified from Hibbett, 2006 using images
kindly supplied by Dr David S. Hibbett, Clark University, USA.
Reprinted with permission from Mycologia. ©The Mycological
Society of America.) See Plate section 1 for colour version.
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fungi. In most traditional fungal groups, a reclassification
using molecular methods together with the phylogenetic
species concept leads to a two to four times increase in the
number of species recognised.

This means more names and more taxonomy, which
is not greeted very sympathetically by those who are
not taxonomists. But just think what biological truth is
being revealed here. If molecular sequence analysis
characteristically reveals two to four times more species
than we know about using non-molecular methods, then
the extent of biodiversity and the species richness of
every ecosystem are two to four times greater than we currently
imagine. And that’s just for ‘species’ we know about!

3.10 The untrue fungi

In our discussion so far we have sometimes used the
description ‘true fungi’ to refer to those organisms that belong
to Kingdom Fungi. This implies that there are some organisms
that might be called ‘untrue fungi’ because they look like
fungi but are not fungi. And, well, yes this is the case.

Water moulds
This is an informal grouping that includes the most ancient
fungi and fungus-like organisms:

e The Chytridiomycota - water moulds that are the
ancestral group of the true fungi (Kingdom Fungi) and
which we have already discussed (Section 3.2 above).

e Oomycota and Hyphochytriomycota - water moulds that
are not true fungi, but have affinities to the algae. They are
now placed in Kingdom Chromista.

Phylum Oomycota consists of about 600 species in
90 genera, placed in the following orders:

o Leptomitales; example genera: Apodachlyella, Ducellieria,
Leptolegniella, Leptomitus

e Myzocytiopsidales; example genus: Crypticola

o Olpidiopsidales; example genus: Olpidiopsis

e Peronosporales; example genera: Albugo, Peronospora,
Bremia, Plasmopara

o Pythiales; example genera: Pythium, Phytophthora,
Pythiogeton

o Rhipidiales; example genus: Rhipidium

o Salilagenidiales; example genus: Haliphthoros

o Saprolegniales; example genera: Leptolegnia, Achlya,
Saprolegnia

e Sclerosporales; example genera: Sclerospora, Verrucalvus

e Anisolpidiales; example genus: Anisolpidium
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e Lagenismatales; example genus: Lagenisma

e Rozellopsidales; example genera: Pseudosphaerita,
Rozellopsis

e Haptoglossales; example genera: Haptoglossa, Lagena,
Electrogella, Eurychasma, Pontisma, Sirolpidium.

The Oomycota produce biflagellate zoospores bearing one
whiplash and one tinsel-type flagellum on each zoospore (see
chapter 2 in Carlile et al., 2001) (Table 3.1). The genera
Saprolegnia, Achlya, Phytophthora and Pythium are prime
examples.

Although these are primitive organisms, at least in terms
of their evolutionary position with respect to Fungi, they are
highly adapted to their life style. This is illustrated by the
behaviour of zoospores of Oomycota.

o Temperature influences the fate of the zoosporangium in
Phytophthora infestans (cause of potato blight): below
15 °C the zoosporangium forms zoospores, but above 20 °C
it forms a germ tube, so in the cold water of the soil the
zoospores will swim to find new hosts; in the warm
sunshine the sporangium will infect the plant.

o After release, zoospores typically swim for many hours;
zoospores of Phytophthora megasperma swim at 88 um s~
15°C; so it only takes them 11 s to cover a distance of 1 mm.

e Zoospores may show amoeboid movement when in
contact with a solid substratum, allowing slow-speed
targetting on the host.

e Zoospores show tactic movements. A taxis is a movement
towards or away from a stimulus (tropism is growth
towards or away from a stimulus).

e Zoospores of Phytophthora palmivora are negatively
geotactic (they swim upwards - which is where the nice
newly formed host leaves and buds will be found).

e Zoospores of Pythium aphanidermatum have a positive
chemotaxis to roots.

Tat

Hyphae of Oomycota are also positively chemotropic
(hyphae of true fungi are not chemotropic, although they do
exhibit other tropisms, particularly autotropism).

Saprolegnia is another important genus. Saprolegnia species
are parasites of freshwater fish and fish eggs, and can cause
economic damage on fish farms. Reproduction is mainly
asexual, but the life cycle includes a sexual phase (Fig. 3.23).

Hyphal branches become modified into long zoosporangia
separated from the hypha by septa. Biflagellate zoospores
released from a zoosporangium swim for a while and then
encyst. Each eventually gives rise to a secondary zoospore,
which also encysts and then germinates to produce a new
mycelium.
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Table 3.1 Some differences between Oomycota and true fungi

Character

Flagella, when present

Microfibrils in cell walls

Protein in cell wall characterised by
Sterol in membrane

Ploidy throughout most of life cycle

Cristae in mitochondria

Golgi

Intermediate in lysine biosynthesis

Oomycota, Kingdom Chromista

Biflagellated cells with anterior tinsel
and posterior whiplash flagella

Cellulose (also present in algal and
plant cell walls)

Hydroxyproline
Cholesterol, demosterol

Diploid

Tubular

Stacks of cisternae, similar to those
in plants and algae

a-g-diaminopimelic acid (DAP) (as in
algae and plants)

Eumycota in Kingdom Fungi

Uniflagellate or multiflagellate cells
with posterior whiplash flagella

Chitin or chitosan

Proline
Ergosterol

Usually haploid or dikaryotic, rarely
diploid

Plate-like (like most animals)

Simple cisternae which are not
stacked

a-aminoadipic acid (AAA) (as in
euglenoid protozoa)

NAD-linked isocitric dehydrogenase Absent Present
Base pair at the very base of helix 47 in the AU UA
VA regions of the 18S rRNA sequences
primary zoospores
lose flagella and
encyst
. secondary zoospore

primary zoospores

at apical papilla

zoosporangia at
ends of hyphae
(septum between
sporangium and hypha)
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Fig. 3.23 Diagrammatic life cycle of Saprolegnia.
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For sexual reproduction, compatible oogonia and
antheridia develop on the same diploid mycelium. Meiosis
occurs within these gametangia. In mating, antheridia grow
toward the oogonia and develop tubular processes called
‘fertilisation tubes’, which penetrate the oogonia. Male nuclei
travel through the fertilisation tubes to fuse with the female
nuclei within (karyogamy). Following karyogamy, a thick-
walled zygote, called the oospore, is produced. The oospore
germinates into hyphae, which then produce a
zoosporangium.

Pheromones in Achlya

e Achlya bisexualis is heterothallic. Sterols are involved in
the hormonal mechanisms regulating sexual reproduction
in Achlya (as they are in animals).

o The female mycelium produces antheridiol, which induces
male hyphae to make antheridial branches.

o Antheridial hyphae are attracted by antheridiol (this is a
chemotropism) to the female mycelium.

e Male mycelium produces the hormone oogoniol (another
sterol), which induces female mycelium to produce oogonia.

o Antheridia grow around the oogonium, producing
fertilisation tubes (plasmogamy) and enable karyogamy
which results in oospore formation. So even these
primitive organisms have a sterol hormone mechanism for
cell targetting.

Other members of Kingdom Chromista are:

e Phylum Hyphochytriomycota, which are microscopic
organisms that form a small thallus, often with branched
rhizoids, occuring as parasites or saprotrophs on algae and
fungi in fresh water and in soil. The whole of the thallus is
eventually converted into a reproductive structure. Only
23 species (in 6 genera) are known and are placed in Order
Hyphochytriales (example genera are: Hyphochytrium,
Rhizidiomyces).

e Phylum Labyrinthulomycota, in which the feeding stage
comprises an ectoplasmic network and spindle-shaped or
spherical cells that move within the network by gliding
over one another. They occur in both salt and fresh water
in association with algae and other chromists. There are
about 45 species in 10 genera, placed in the two Orders
Labyrinthulales (e.g. Labyrinthula) and Thraustochytriales
(e.g. Thraustochytrium).

Slime moulds

The organisms known as slime moulds are now all placed in
Kingdom Protozoa. They do not form hyphae, and they
generally lack cell walls, being capable of ingesting food

3.11 Ecosystem mycology

particles by phagocytosis. The slime moulds fail to meet
normal definitions of fungi, but they produce fruiting bodies
which have a superficial resemblance to those of fungi, and
this is why they have been called ‘moulds’ and have been
studied by mycologists and included in most textbooks on
mycology. They are placed in three phyla in the Protozoa:

e Phylum Plasmodiophoromycota are obligate intracellular
symbionts or parasites of plant, algal or fungal cells living
in freshwater or soil habitats. They have multinucleate,
unwalled plasmodia. There are about 15 genera with
50 species in the Order Plasmodiophorales; example
genera are Plasmodiophora, Polymyxa and Spongospora.
Plasmodiophora and Spongospora cause serious plant
diseases.

e Phylum Myxomycota are free-living unicellular or
plasmodial amoeboid slime moulds. A total of 900 species
assigned to 80 genera, and seven orders, among which are the
Dictyosteliales (e.g. Dictyostelium), Physarales (e.g. Didymium,
Physarum, Fuligo) and Stemonitales (e.g. Stemonitis).

e Phylum Acrasiomycota are generally saprotrophic
amoeboid slime moulds, found on a wide range of decaying
plant material. A total of 12 species assigned to six genera
in the single Order Acrasiales (e.g. Acrasis, Copromyxa).

Finally in the Phylum Choanozoa (Kingdom Protozoa) are
placed two groups of organisms previously misclassified
as trichomycete fungi. They are now placed in Class
Mesomycetozoea making up the Orders Amoebidiales and
Eccrinales. They are intimately associated with arthropods,
insects, millipedes and crustaceans and have a coenocytic
thallus attached to the host by a holdfast.

3.11 Ecosystem mycology

We want to draw from this lengthy discussion of Kingdom
Fungi a few key aspects about fungi in the natural
environment and in their natural communities that we will
develop more fully in later chapters.

The chytrids are the only true fungi that are aquatic and
have actively motile spores. All other fungi are terrestrial. In
fact, fungi were among the first organisms to venture onto
the land, and they are now found in all terrestrial habitats,
often in association with other organisms. However, the
statement that ‘chytrids are the only true fungi that are
aquatic’ does not mean that other groups of fungi are
excluded from aquatic habitats. Far from it. There are many
fungi associated with fresh water (and which show extreme
adaptations of their spores to a (passive) planktonic
distribution), and with marine environments, especially
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mangroves (and spores of these species often produce
enormously strong adhesives that work under water).
However, it remains the case that less than 1% of the known
species of fungi have been found in aquatic habitats

(see pp. 346-351 in Carlile et al., 2001; Landy €& Jones, 2006).

A kingdom-specific characteristic of fungi is that they
obtain their nutrients by external digestion of substrates.
‘Wood’ (that is, plant secondary cell wall) is the most
widespread substrate on the planet. This is lignocellulose, an
intimate mixture of lignin, hemicellulose and cellulose.
About 95% of the Earth’s terrestrial biomass is lignocellulose.
Ability to degrade lignin is restricted to fungi, mainly
Basidiomycota but including a few Ascomycota
(see Section 10.7).

Wood-degrading fungi are divided into those producing
white rots and those causing brown rots. With a white rot,
wood becomes markedly paler as the organism digests the
(coloured) phenolics in lignin. This mainly affects hardwoods
and in a white rot, hemicellulose, cellulose and lignin are
degraded more or less simultaneously. Trametes versicolor,
Phanerochaete chrysosporium and Xylaria polymorpha (an
ascomycete) are examples.

With a brown rot fungus, wood becomes darker
brown. In this case hemicellulose and cellulose are
preferentially removed, because the fungus does not degrade
the lignin. This particularly affects softwoods. Piptoporus
betulinus, Serpula lacrymans and Coniophora puteana are
examples.

Mycorrhiza is a symbiotic interaction between fungi and
plant roots that developed very early in the process of
colonisation of the terrestrial environment. Mycorrhizas
originated over 450 million years ago. More than 6000 fungi
are capable of forming mycorrhizas and at least 95% of the
vascular plants of today have mycorrhizas associated with their
roots. There are several types (see Sections 16.8 to 16.17):

o Endomycorrhizas. Here the fungal structure is almost
entirely within the host root, i.e. the root looks normal.
Arbuscular mycorrhizas (AM) are the commonest of all
mycorrhizas, being associated with the roots of about 80%
of plant species, including many crop plants. AM
mycorrhizas have an ancient origin; fungi are assigned to
Phylum Glomeromycota, e.g. Glomus spp. Enhanced
growth of the plant host occurs mainly because the fungus
improves phosphate availability to the plant, but plant-to-
plant transfer of nutrients can occur via the fungus.

o Ericoid endomycorrhizas. These are mycorrhizas of
heather (Erica), ling (Calluna) and bilberry (Vaccinium),
plants of mountain moorland and lowland heaths.

The fungi involved here belong to the Ascomycota,

e.g. Hymenoscyphus ericae. These mycorrhizas improve
nitrogen and phosphorus uptake by the plant - the nitrogen
being derived from the fungus breaking down polypeptides
in the soil. In extremely harsh conditions (e.g. winter in the
Pennines) the mycorrhiza may support the host with carbon
nutrients (again from polypeptide digestion). Normally,
though, the fungus takes photosynthetically produced
carbohydrates from the plant host.

Orchidaceous endomycorrhizas. These are similar to
ericoid mycorrhizas but have a carbon nutrition more
dedicated to supporting the host. Orchids (Family
Orchidaceae) form the largest and most diverse group of
flowering plants, with over 800 described genera and

25 000 to 30 000 species (with another 100 000+ hybrids
and cultivars produced by horticulturists since the
introduction of tropical species in the nineteenth century).
Because of their intimate relationships with pollinators
and their symbiosis with orchid mycorrhizal fungi, orchids
are considered, along with the grasses, to exhibit the most
advanced flowering plant evolution. The orchidaceous
endomycorrhizal fungus utilises complex carbon sources
in soil and the products of digestion are made available to
the orchid. At the seedling stage the orchid is absolutely
dependent on the fungus and can be interpreted as
parasitising the fungus as a result. An example is the
fungus Rhizoctonia (basidiomycetous, anamorphic fungus
which is a widespread pathogen of non-orchidaceous
crop plants).

Ectomycorrhizas. These are the most advanced symbiotic
association between higher plants and fungi. The root
system is completely surrounded by a sheath of fungal
tissue up to several millimetres thick from which hyphae
penetrate between the outermost cell layers of the root and
from which a network of hyphal elements (hyphae, strands
and rhizomorphs) extend out to explore the soil. About 3%
of seed plants, including the majority of forest trees
(temperate and tropical) have ectomycorrhizas. Fungi
involved are mostly Basidiomycota (also some
Ascomycota). Basidiomycota include most of the common
woodland mushrooms, e.g. Amanita spp., Boletus spp.,
Tricholoma spp. There are both highly specific (Boletus
elegans and larch) and non-specific associations (Amanita
muscaria with 20 or more trees). In the other ‘specificity
direction’, 40 fungal species are capable of forming
mycorrhizas with pine. Ectomycorrhizal fungi depend on
the host for the bulk of their carbon. Only a few of them
are able to utilise cellulose and lignin as saprotrophs.

The fungus provides enhanced mineral ion uptake to the



plant, particularly phosphate and ammonium ions. Fungi
efficiently utilise organic compounds in the soil
containing nitrogen (polypeptides) and phosphate (nucleic
acids); the plant can’t do this for itself. Most plants, pines
especially, fail to grow or grow only poorly when they lack
their ectomycorrhizas.

Lichens

These are usually associations between a fungus and a green
alga, although the fungus can survive independently in
nature (see Section 13.18). Some lichens contain both a
cyanobacterium and a green alga (so they are tripartite
associations). There are about 13 500 species of fungi
involved in lichens, representing about 20% of all known
fungi. They are mainly Ascomycota with a few
Basidiomycota. Lichens are extremely resistant to
environmental extremes and are pioneer colonisers on rock
faces, tree bark, roofing tiles, etc., as well as early colonisers
of terrestrial habitats (there are fossils from the Triassic
Period).

Endophytes

Aside from pathogens or mycorrhizas some, maybe many,
plants harbour other fungi that can affect their growth. These
fungi are called ‘endophytes’ because they exist within plants
(see Section 13.19). Endophytes are at least harmless and
may be beneficial. A wide range of plants have now been
examined and endophytes have been found in most of
them, including aquatic plants, and red and brown algae;
indeed, it has been said that: ‘All we know for certain is
that endophytes are present in any healthy plant tissue!’
(Sieber, 2007).

Many different fungi can be isolated from plants growing
in their native habitat, representing all taxonomic groups
of fungi. They can be present in most plant parts, but
especially the leaves, which may be fully colonised by a
variety of fungi within a few weeks of emergence.
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Endophytes remain within the plant tissue, except that
fruiting structures may emerge through the surface of the
plant. Most endophytes are transmitted horizontally; that is,
each plant is colonised by fungal propagules that arrive from
the environment. The source of transmission has been
determined in only a few cases. Propagules of endophytes
have been found in the body of insect pests of the plant host,
and at least two insect pathogens have been identified as
endophytes so insects may disperse some fungi from plant to
plant.

Endophytes became a hot research topic when it was found
that some which live entirely within grasses are responsible
for the toxicity of some grasses to livestock. It has become
evident that there are numerous endophytic fungi.

A functional relation to the host is not always obvious. Some
may be simple passengers, living in the inner spaces of the
plant in much the same way as they would live in any other
moist, secluded place. But there are some intriguing stories,
like the endophyte in oak leaves that remains dormant until
an insect activates it by chewing on the leaf. The fungus
responds to the insect attack by becoming a pathogen, killing
a zone of the leaf surrounding the insect so the insect dies for
lack of live leaf tissue to feed on. With the insect pest dead,
the fungus returns to being harmless and the oak’s leaves
can photosynthesise in peace!

Epiphytes

Fungi that live on the surfaces of plants are called epiphytes
(see Section 13.20). Some show special adaptations to the
plant surface, which is a challenging environment, being
dry, waxy and exposed to direct sunlight. So epiphytes are
often coloured (particularly melanised) to protect them
from UV radiation, and some can digest lipids sufficiently
to use the waxy layer covering the leaf epidermis. The yeast
form usually has a short life cycle, which enables yeast
epiphytes to multiply even if favourable conditions last
only a short time.
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Hyphal cell biology and growth
on solid substrates

Although their mode of nutrition is important in defining members of Kingdom Fungi, the fundamental
aspect of cell biology that sets the majority of fungi apart from most members of the other major kingdoms is
the apical extension of their tubular hyphae. These possess controls which ensure that hyphae normally
grow away from one another to form the typical ‘colony’ with an outwardly migrating growing front.
Extension growth of the hypha is limited to the apex and this pattern of growth makes the vegetative
fungal mycelium an exploratory, invasive organism; and exploration and invasion is the fundamental
lifestyle of fungi. This lifestyle allows filamentous fungi to dominate their ecosystems because it gives
them the tools they need to find and colonise new substrates rapidly. The success of this growth habit
can be judged from the extraordinary diversity of fungal species, their distribution in virtually every habitat
on the planet and the parallel evolution of a similar growth strategy by other important soil microorganisms,
the prokaryotic streptomycetes and some of the Oomycota in Kingdom Chromista (e.g. Saprolegnia and
Achlya ).

In this chapter we will discuss the hyphal mode of growth in some detail, explaining how hyphae emerge
during spore germination and how hyphae contribute to colony formation. Mycelium growth kinetics is a key
topic in understanding the nature of fungi; here we show how that understanding has been built from
experiments with living fungi. We consider how fungal colonies grow to maturity and the morphological
differentiation that can be seen in fungal colonies. At the cellular, or hyphal, level we show the meaning of
'duplication cycle' in moulds, how this depends on regulation of nuclear migration, and how it contributes to
hyphal growth kinetics. Turning then to communities of hyphae, we explain autotropic reactions, and
consider hyphal branching and septation. Finally, we draw it all together by discussing the ecological
advantage of mycelial growth in colonising solid substrates.



86

4 Hyphal cell biology and growth on solid substrates

4.1 Mycelium: the hyphal mode of growth

Members of Kingdom Fungi have made a major success of
filamentous extension, even though the mycelial growth
strategy is not unique to them. In all organisms in which it is
used high rates of filament extension are achieved by
generating biomass, most importantly membrane and cell
wall precursors, over a long length of filament behind the tip.
This biomass is transported to the tip to extend the filament,
and as long as the food-gathering activities of the rest of the
mycelium can supply the nutrients, tip extension can
continue.

The same strategy has arisen, by convergent evolution, in
Oomycota and streptomycete bacteria but there are major
differences between these organisms in the mechanisms used
to put the strategy into effect, so don’t be misled (as early
biologists were) into confusing similar morphology with
phylogenetic relationship. Apical extension of pollen tubes
in flowering plants and several systems in developing
animals (neurons, blood vessels, insect tracheary systems,
ducts in lungs, kidneys and glands) are also based upon a
similar approach of apically extending branching filaments,
but for different purposes (Davies, 2006). Indeed, although
the fundamental kinetics of all these different filamentous
systems are similar, they are fine-tuned in their extension
rates, branching frequencies and tropisms to suit their
specific biological function(s).

As far as members of Kingdom Fungi are concerned, this is
their characteristic behaviour pattern: explore the habitat
with rapidly growing, sparsely branched hyphae, then, when
some of those hyphae find a nutrient resource, the extension
rate declines, rate of branching increases, and the mycelium
captures and exploits the resource, from which it
subsequently sends out a new generation of exploratory
hyphae and/or populations of spores. This pattern of
behaviour can be recognised from the microscopic scale as
tiny saprotrophic colonies find minute fragments of nutrients
on plant surfaces, to the landscape scale as pathogens of trees
and wood-decay saprotrophs search across the forest floor
for new hosts or freshly felled timber (Carlile, 1995; Lindahl
& Olsson, 2004; Money, 2004; Watkinson et al., 2005).

In the next few chapters we will explain the aspects of
fungal cell biology that enable this pattern of behaviour. In
this chapter we will concentrate on the macroscopic aspects
of hyphal extension and what can be deduced and
established from observation of whole mycelia. In the next
our attention will turn to the microscopic and molecular cell
biology that characterises fungal hyphae and yeast cells,
before turning to the more ‘population aspects’ of the

meaning of fungal individuality and the consequences of
interactions between hyphae from different fungal
individuals, culminating in the outcome of genetic crosses
between individuals.

4.2 Spore germination and dormancy

Spores are products of both sexual and asexual reproduction
and act as the prime units of dispersal in fungi. The majority
of spores that settle on an appropriate substrate under
favourable environmental conditions germinate to produce
one or more germ tubes and a new fungal mycelium. If a
spore is faced with unfavourable conditions, such as lack of
nutrients, low temperature, an unfavourable pH or the
presence of an inhibitor (for example, on a surface of a
plant), the spore remains dormant and delays germination.
Spores under these conditions are exogenously dormant and
will only germinate when environmental conditions become
favourable. Some fungi produce spores that fail to germinate
immediately, even under favourable conditions, because of
factors within the spore such as nutrient impermeability or the
presence of endogenous inhibitors. Spores of this sort are said
to be endogenously dormant. Dormancy of these spores is
usually broken by ageing or by some physiological shock
permitting nutrients to begin to enter, or the endogenous
inhibitors to leach out, of the spore. A classic example is that
dormancy of the ascospores of Neurospora crassa is broken
by a 30-min heat shock at 60 °C or exposure to 0.12 mM
furfural (CsH,40,). This relates to natural physiology because
N. crassa is one of the first moulds to emerge on organic
remains after bush fires. Clearly, the heat of the fire will
activate dormant spores; however, furfural is prepared by acid
distillation of the sugar xylose and, as many plant
hemicelluloses contain xylans, bush fires are likely also to
produce furfural.

Prior to the emergence of a germ tube, fungal spores
undergo a process of swelling (spherical growth) during
which spores increase in diameter up to four times due
mainly to uptake of water. During this phase, the metabolic
activity of the spore increases greatly and protein, DNA and
RNA production all increase rapidly. This is followed by the
emergence of one or more germ tubes (young hyphal tips)
that extend away from the spore in typical apically polarised
manner (Fig. 4.1).

4.3 The fungal lifestyle: colony formation

Following germination, the extension rate of the germ tube
increases towards a maximum linear rate, at which point
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Fig. 4.1 Time-lapse drawings showing development of young
germlings of Fusarium venenatum and Aspergillus nidulans during
the initial 12 hours of growth at 25 °C on agar-solidified medium.
Note that the majority of the first-formed branches are oriented at
close to 90° to the long axis of the main germ tube hypha, as new
hyphal tips grow directly away from their parent hypha to explore
the substratum.

Mucor Boletus

Fig. 4.2 These hand-drawn pictures illustrate the well-ordered,
young mycelium which colonises solid substrates effectively and
efficiently. Panels B to D show a very young germling below and a
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the hypha attains a linear extension rate. The maximum rate
of hyphal extension varies greatly between different fungal
species and is also dependent on environmental conditions
such as temperature, pH and nutrient availability. For
example, the extension rate of leading hyphae of Penicillium
chrysogenum is about 75 um h™' at 25°C, whilst those of
Neurospora crassa grown at 37 °C can extend at up to about
6000 pm h™".

Before the maximum rate of extension is attained, a lateral
branch is formed to produce a new growing hypha the
extension rate of which also accelerates towards the
maximum. As the germling continues to grow, new lateral
branches form at an exponential rate (Fig. 4.2 and Figs. 4.4-4.6).

Although individual hyphae in the developing mycelium
eventually attain a maximum linear rate, the overall growth
of the mycelium is exponential (we will illustrate these
features later, and also show how the measurements can be
generalised algebraically). During early growth, nutrients
surrounding the young mycelium are in excess and the
mycelium is unrestricted and undifferentiated. During
undifferentiated growth, the mean rate of hyphal extension
is dependent on the specific growth rate of the organism (the
maximum rate of growth in biomass per unit time) and the
manner and degree of branching.

In the older mycelium (Fig. 4.3) hyphal fusions are
evident at the colony centre, and hyphal avoidance

R

Tricholoma Amanita

slightly more mature colony above. A, Mucor (S, position of the
germinated spore); B, Boletus; C, Tricholoma; D, Amanita. (A is
redrawn from Trinci, 1974; B-D redrawn after Fries, 1943.)
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Fig. 4.3 A maturing fungal colony. Notice how the growing hyphae
are oriented outward into uncolonised regions whilst the production
of branches and hyphal fusions centrally ensures the mycelium
becomes a network that efficiently exploits available substrate.
(This hand-drawn sketch of Coprinus sterquilinus comes from

vol. 4 of A.H.R. Buller’s epic series Researches on Fungi (Buller,
1909-1934).)

reactions at the colony margin. Between them, the sketches
in Fig. 4.2 and 4.3 portray the main growth processes

that influence the distribution of hyphae in a mycelium,
which are:

o polarised hyphal growth;

e branching frequency;

o autotropism (the ‘self-avoidance’ reaction that makes
vegetative hyphae grow away from the already-existing
mycelium).

It is important to recognise that these are dynamic
relationships. They change with the age and with the
developmental state of the mycelium as its biological
functions change; indeed the distribution of biomass in a
fungal colony varies with the age of the hyphae. One part of
a mycelium may be growing as a rapidly extending, sparsely
branched exploratory sector, another part may be a highly
branched and interconnected network exploiting a nutrient
resource, while a third region reverses the autotropism so
that hyphal tips congregate and co-operate in formation of a
fruiting structure.

4.4 Mycelium growth kinetics

One lesson to draw from the morphological description in the
section above is that the gross morphology can be very
misleading. Systems that depend on outwardly directed
extension, regular branching and avoidance reactions
(autotropism) can end up looking almost identical though
they may not be related (for example a fungal mycelium
compared with blood vasculature).

Evidently, from the description so far, in fungi there is an
intimate relationship between hyphal extension rate, branch
initiation and growth rate. Because of its importance to the
understanding of the growth of filamentous fungi, it is
essential to distinguish between ‘growth’ and ‘extension’:

o growth (biosynthesis, or biomass production) occurs
throughout a hypha;
e extension only occurs at the hyphal tip.

Thus, at the tip it is best to refer to hyphal extension rather
than hyphal growth.

Eukaryotic hyphal organisms (members of Kingdom Fungi
and some Oomycota) can extend at very rapid rates because
they have exploited the tactic of producing biomass,
including membrane and cell wall precursors, over a long
length of hypha subtending the extending tip (a 5 to 6 mm
length in the case of Neurospora crassa) and rapidly
transporting this biomass to the tip where the membrane
and cell wall precursors are rapidly converted to new
protoplasmic membrane and new cell wall. The rate at which
new membrane and cell wall is added to the extension zone
of a hypha and is then transformed into rigidified wall in N.
crassa is quite remarkable considering it supports the
extension growth mentioned above of 100 pm min~' when
grown at 37 °C.

The basic features of fungal growth kinetics can be
established with relatively straightforward experiments.

A classic paper by Steele & Trinci (1975) showed that for a
strain of Neurospora crassa:

o there was a direct relationship between extension zone
length and the rate of hyphal extension;

o extension zone length and hyphal diameter were not
affected by temperature;

e at a particular temperature the extension zone expansion
time (the time taken for a tip to expand from its minimum
to its maximum diameter) was a constant (less than 60 s).

These experiments indicated that, at 25 °C, only seconds
elapse between cell wall precursors of Neurospora crassa



being added to the plastic extension zone of the wall at the
tip and these materials being transformed into rigidified
hyphal wall. Not all fungal species achieve such rapid rates
of wall rigidification; hence the wide variation in the
maximum rates of extension of fungal hyphae.

When growth rate is unaltered but extension rate is
decreased (for example, by inclusion of inhibitory metabolite
analogues like L-sorbose or validamycin A in the medium),
newly synthesised biomass must be redirected towards
increased branch formation. The important point here is that
we are distinguishing between growth rate (as the rate in
increase of biomass, which should strictly be called the
specific growth rate) and the extension rate (the rate at
which the colony margin marches across the substratum).

It’s fairly obvious that if the mycelium makes a lot of
biomass but the hyphal tips do not extend by an equivalent
amount then the biomass must go somewhere and the only
place it can go is into more branches. This is the verbal
description of the kinetic equation that describes a mycelium
that is exploiting a resource (it also, incidentally, describes
the ‘make a fruit body’ situation if you also add a reversal of
the normal autotropism so that the branches can cluster
together rather than grow away from each other).

Fig. 4.4 Initial growth of a
mycelium of a spreading
colonial mutant of
Neurospora crassa on solid
medium at 25 °C. Open circles,
total hyphal length produced
by the germinating spore in
pUm; open squares, number of
hyphal tips; solid circles,
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4.4 Mycelium growth kinetics

The contrasting situation consists of a rapidly extending
mycelial margin, in which the majority of the biomass is
devoted to driving the hyphal tip extension with very little
branching. Here again you can readily understand that if the
mycelium is making more biomass but is not making many
branches then the extension rate of the mycelial margin must
increase. For the moment these are theoretical interpretations
based on visual observation. What we’ve done so far is create
a model of hyphal growth in words. It’s pretty powerful, in
that it seems capable of explaining quite a lot, but it is just a
word model, so how can we establish if it represents the
truth? To enable statistical testing we need some numbers so
we can convert this into a mathematical model.

We need to grow some mycelia and instead of simply
observing, we need to measure the length of hypha formed,
its rate of formation and how many branches arise. Let’s say
we germinate a spore on a medium providing all nutrients
in excess and in sufficient volume to prevent any inhibitors
accumulating. Then we count the number of hyphal tips and
measure the total length of hypha produced. Some
representative data are shown in Figs. 4.4-4.6.

In all these examples, note that the graphs for both number
of hyphal tips and total hyphal length become straight lines.
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Fig. 4.5 Initial growth of a
mycelium of Aspergillus
nidulans on solid medium at
25 °C. Open circles, total
hyphal length produced by
the germinating spore in
pm; open squares, number
of hyphal tips; solid circles,
length of the hyphal growth
unit in pm. The final
appearance of the mycelium
whose growth is recorded
graphically is shown in the
sketch at top right of the
panel. Scale bar = 250 pm.

Fig. 4.6 Initial growth of a
mycelium of Geotrichum
candidum on solid medium
at 25 °C. Open circles, total
hyphal length produced by
the germinating spore in
pm; open squares, number
of hyphal tips; solid circles,
length of the hyphal growth
unit in pm. The final
appearance of the mycelium
whose growth is recorded
graphically is shown in the
sketch at top right of the
panel. Scale bar = 250 pm.
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As the vertical axis is logarithmic in these plots, this shows
that these variables increase exponentially. Further, these two
lines are eventually parallel so they must be increasing
exponentially at the same rate. Evidently, ‘growth’, when
measured in terms of total mycelial length, is exponential as a
result of exponential branch formation. Total mycelial length
and the total number of hyphal apices (all lead hyphae and
branches) increase exponentially at the same specific rate. This
rate is equivalent to the specific growth rate of the organism
under the same growth conditions in liquid medium, where
biomass can be measured directly as dry weight.

We can refine our word model now to this:

o during extension of a hypha, a new branch is initiated when
the mean volume of cytoplasm per hyphal tip (we will call this
the hyphal growth unit ) exceeds a particular critical value;

o if the hyphal growth unit is ‘the mean volume of
cytoplasm per hyphal tip’ it can be calculated as the ratio
of total mycelial length to total number of hyphal tips.

Biologically the hyphal growth unit can be interpreted

as the average volume of cytoplasm (equivalent to average
length of hypha of uniform diameter) necessary to support the
extension growth of a single average hyphal apex.

For a range of fungi the hyphal growth unit increases
following spore germination but then exhibits a series of
damped oscillations tending towards a constant value (see top
line in Figs. 4.4 and 4.5). Such constancy demonstrates that
over the mycelium as a whole, and not just in single hyphae,
the number of branches is regulated in accord with increasing
cytoplasmic volume. The hyphal growth unit is the population
parameter which describes this. The hyphal growth unit is a
length, measured in micrometres. Hyphal growth unit values
have been measured for 21 fungal species, including both
Zygomycota and Ascomycota that were cultured on a defined
medium at 25 °C; the values observed ranged from 35 to 682
um with an average of 182 um (Table 4.1).

On average, therefore, a 182-pum length of hypha is
required to support extension of the hyphal apex. As we will
see later, provision of resources for hyphal tip extension is
visible cytologically as the flow of many vesicles (small
vacuoles) towards the hyphal tip. A mathematical model has
been created that produced numerical predictions of changes
in total mycelial length, number of branches and distances
between branches that compared well with observations of
live fungi. This model assumes:

e vesicles are produced at a constant rate in distal hyphal
regions;
o they are transported to the tip at a constant rate;

4.5 Colony growth to maturity 91

o at the hyphal tip vesicles accumulate and fuse with
existing wall and membrane to give hyphal extension.

Obviously a very close correspondence between theoretical
predictions and real-life observations encourages the belief
that the description we have been giving is correct (Trinci
et al., 1994, 2001).

4.5 Colony growth to maturity

A limitation of the observations we have shown you so far is
that they deal with very young mycelia growing under
unrestricted conditions. In the real world this situation can
last for only a short time. Before too long, growth of
maturing mycelia becomes affected by nutrient limitation,
change in pH and growth inhibitors (metabolic waste
products and secondary metabolites that the mycelium itself
leaks into the medium). This is described as heterogeneous
growth under restricted conditions.

If the growth of the culture is followed by measuring
biomass such a growth pattern can be shown to occur in the
conventional sequence of phases of growth of a culture of a
unicellular microorganism: namely lag phase, exponential
phase (growth occurring under unrestricted conditions),
linear (i.e. constant growth rate) and deceleration phases of
growth, which occur as conditions become restricting. The
linear phase can be the predominant phase in growth of
filamentous fungi in nature, but the important point is that
all phases can be demonstrated during filamentous fungal
growth on a solid medium (an agar-solidified medium in the
laboratory; Fig. 4.7 (but see Chapter 17 for detailed
discussion of growth kinetics in fermenters).

Growth of a fungus on a solid medium will result
eventually in the establishment of conditions below the
centre of the colony which are less favourable for growth
than was initially the case. Such unfavourable conditions
include nutrient depletion, changes in pH and the production
of secondary metabolites inhibitory to growth. Figure 4.8
shows the gradient in glucose concentration established in
the medium beneath and around a colony of Rhizoctonia
grown on solid medium. The gradient results from glucose
uptake by the fungus and diffusion of glucose from
uncolonised to colonised parts of the substrate. Similar
gradients are established for other nutrients, oxygen and pH.

Development of less favourable conditions for growth than
those present at the start causes a deceleration from the
maximum rate; this is known as restricted growth, and growth
may cease eventually. Restricted growth is also brought about
in some fungi by genetically programmed senescence.
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Table 4.1 Lengths of hyphal growth units of a range of fungi grown on semi-solid glucose + mineral

salts + vitamins medium at 25 °C

Hyphal growth unit,

Zygomycota G (um)
Actinomucor repens 352
Cunninghamella sp. 35
Mucor hiemalis 95
Mucor rammanicinus 37
Rhizopus stolonifer 124

Hyphal growth unit,

Ascomycota G (um)
Aspergillus giganteus 77
Aspergillus nidulans 130
Aspergillus oryzae 167
Aspergillus niger 77
Aspergillus wentii 66
Botrytis fabae 125
Cladosporium sp. 59
Fusarium avenaceum 620
Fusarium vaucerium 682
Fusarium venenatum 266
Geotrichum candidum 110
Neurospora crassa 402
Penicillium chrysogenum 48
Penicillium claviforme 104
Trichoderma viride 160
Verticillium sp. 82

Data from Bull & Trinci (1977).

4.6 Morphological differentiation of fungal
colonies

Changes in the medium of this sort mean that there are
consequential changes in the conditions experienced by
hyphae at different positions in the colony and this results in
hyphal differentiation. Hyphal differentiation is very
evident in the morphological differentiation of fungal
colonies (Figs. 4.9 and 4.10); as nutrients become depleted
beneath the centre of the colony and metabolic products
accumulate, spore production is often initiated.

Therefore, different parts of the colony are at different
physiological ages, with the youngest actively extending
hyphae at the edge of the fungal colony and the oldest, non-
extending, sporulating mycelium at the centre. This has been
demonstrated by estimating variation in growth rate within a

mature colony of Aspergillus niger by measuring the specific
rate of >*P uptake in different zones of the colony (Table 4.2).

4.7 Duplication cycle in moulds

Cell separation does not occur in filamentous fungi, yet it is
possible to interpret events during fungal growth as
analogous to those that comprise the duplication cycle of
unicellular organisms. The main morphological events in the
duplication cycle in Aspergillus nidulans are as follows
(Fiddy €t Trinci, 1976) (Fig. 4.11):

e As the final step in the previous cycle, the apical
compartment is reduced to about half its original length by
the formation of two to six septa (cross-walls) at the rear
of the compartment.
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Fig. 4.7 Growth phases of Aspergillus nidulans colonies. (Modified
from Trinci, 1969.)

o The newly formed apical compartment continues to
increase in length at a linear rate and the nuclei migrate
towards the hyphal tip at a slightly slower rate.

e The volume of cytoplasm per nucleus increases until, at a
critical ratio, the nuclei are induced to divide more or
less synchronously; a single mitosis takes 5 min, and it
takes about 12 min for the mitosis of all 50 nuclei found
in the average apical compartment of Aspergillus nidulans.

e Mitosis is followed during the final 7% of the duplication
cycle by the formation of two to six septa in the rear of the
apical compartment, reducing its length by half.

The duration of a duplication cycle in apical

compartments of leading hyphae of Aspergillus nidulans
(2.1 h) is identical to the doubling time of the organism in
liquid culture; another indication that extension of apical
compartments is unrestricted. In nature, Aspergillus nidulans
has about 50 nuclei in each apical compartment, but
duplication cycles of this sort have been described in apical
compartments of leading hyphae of species that were
monokaryotic (one nucleus per compartment), dikaryotic
(two nuclei per compartment) and multinucleate (up to about
75 nuclei per compartment).

The indications are that synchronous mitosis in apical
hyphal compartments of leading hyphae is regulated by a
size-detecting mechanism similar to that observed in the
fission yeast Schizosaccharomyces pombe, where mitosis is

4.8 Regulation of nuclear migration
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Fig. 4.8 Glucose concentration in the medium below a colony of
Rhizoctonia cerealis grown at 25°C on 20 ml of agar medium in a
9-cm Petri dish.

triggered when the ratio [cytoplasmic volume] : [number of
nuclei] exceeds a critical value.

An important point of contrast between the duplication
cycle of fungi and those of animals and plants is that in fungi
there is no necessary quantitative or spatial relationship
between division of the nuclei and division of the cytoplasm
by cross-wall formation (septation). Contrast the diagram in
Fig. 4.11 with the situation in an animal cell in which one
mother cell is divided into two mitotic daughters by a
cleavage furrow across the equator of the division spindle;
and with that in a plant cell in which one mother cell is
divided into two mitotic daughters by a new cell wall (cell
plate) appearing across the equator of the division spindle. In
contrast, mitoses of the 50 nuclei in the average apical
compartment of Aspergillus nidulans are not accompanied
by formation of 50 septa. There is, of course, a temporal
relationship between karyokinesis and cytokinesis in fungi
(septation occurring towards the end of the duplication cycle)
but there is no strict arithmetical relationship of the sort ‘one
division spindle produces one septum’.

4.8 Regulation of nuclear migration

In fungi, nuclei are sufficiently motile to migrate through the
hypha, and the spatial distribution of nuclei in a mycelium is
determined by their migratory behaviour. The migratory
cycle of nuclei (of the basidiomycete Polystictus versicolor)
has been divided into four phases (Fig. 4.12):

e In the prolonged first phase most of the cell contents
(nuclei, mitochondria, vacuoles, vesicles and various
granules) move towards the hyphal apex at about the same
rate as the hyphal tip extends, so the distance between
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Fig. 4.9 Morphological
differentiation of colonies of
Aspergillus shown in a
diagrammatic radial section.

il

conidia
conidiophores
———— i . =
x —— P — mycelial mat

ageing zone

fruiting zone

productive zone

peripheral zone

fruiting zone
productive zone
ageing zone

Exponential growth is limited to the peripheral

growth zone, which is the width of the colony
margin that contributes to growth

Fig. 4.10 Morphological differentiation of colonies of Aspergillus
shown in a photograph with the peripheral growth zone and
other differentiated zones indicated. See Plate section 1 for colour
version.

the cell contents and the tip remains approximately
constant.

e In the second phase, nuclei stop migrating although
other cytoplasm components continue to move forward,
so the distance between nuclei and the hyphal tip
increases.

e Synchronous mitosis occurs of the nuclei (two nuclei in
the dikaryotic hyphae of Polystictus versicolor) during the
third phase.

o In the fourth and final phase, one of the pair of daughter
nuclei moves rapidly towards the apex and at a faster rate
than tip extension, so that the nucleus migrates through
the hypha to assume the phase 1 migratory distance
behind the hyphal apex; whilst the second of the pair of
daughter nuclei moves slowly away from the tip.

The generalisation that seems to apply to fungal hyphae
commonly is that at a particular point in the mitotic cycle,
nuclei stop migrating and undergo mitosis, and by so doing
get left behind by the advancing hyphal tip, but after mitosis
the daughter nuclei reoccupy their normal position at a
regulated distance behind the hyphal apex.

A functional microtubule system is necessary for normal
nuclear migration and a considerable cellular apparatus is
involved (described in Chapter 5).

4.9 Growth kinetics

So far we have described the basic kinetics of mycelial
growth in words. Converting them to algebra results in the
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Table 4.2 Physiological differentiation in Aspergillus niger revealed by variation in growth
rate within a mature colony measured by its ability to take up radioactive phosphate

Zone of colony Width of region (mm)

Peripheral 1.5
Productive 2.0
Fruiting 4.5
Aged 3.5

Specific rate of 3P uptake as a percentage
of uptake in the peripheral zone

100
31

6

Fig. 4.11 Diagrammatic Fraction of
representation of the duplication
duplication cycle in a Event cycle completed
leading hypha of
Aspergillus nidulans I new apical
e o e oo
extending at a linear rate on 1 ) compartment 0
solid medium. On average,
completion of a duplication
cycle takes 2.1 h; therefore
. T first nucleus 0.75
a 0.1 fraction of the 1 ® d L o o 0) divides .
duplication cycle is
equivalent to about 12.5 o
min. (Redrawn after Trinci, E
last nucleus o
1979. I
) H e © 0 o0 o0 0 o) divides 0.84 5
2,
i
first septum
I
H e o o 0 o o e o o) formed 0.93
T T T T last septum
H e 0/ o (0 o0 e o o) formed 1.0

relationships we illustrated in Figs. 4.4 to 4.6 being expressed
in the equation:

E= Hmax G

where E is the mean extension rate of the colony margin;

Umax 1S the maximum specific (biomass) growth rate;

and G is the hyphal growth unit length.

As can be seen from Fig. 4.10 and Table 4.1, the factors
which determine the radial growth rate of the colony (K;) are
the specific growth rate of the fungus (u) and the width of the
peripheral growth zone (w); that is, K, = wp.

The fungal colony therefore grows outward radially at a
linear rate (that is, an arithmetic plot of colony radius against
time forms a straight line), continually growing into
unexploited substratum. As it does so, the production of new

branches ensures the efficient colonisation and utilisation of
the substratum. For the colony as a whole, the peripheral
growth zone is a ring of active tissue at the colony margin
which is responsible for expansion of the colony. At the level
of the individual hypha, the peripheral growth zone
corresponds to the volume of hypha contributing to
extension growth of the apex of that hypha (the hyphal
growth unit).

The rate of change in conditions below a colony will be
related to the density (biomass per unit surface area) of the
fungal biomass supported. It follows from this that a
profusely branching mycelium (low value of G) will develop
unfavourable conditions in the medium below the colony
more rapidly than a sparsely branching mycelium (high value
of G). Consequently, a relationship between G and w would
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Fig. 4.12 Hyphal extension and nuclear migration in dikaryotic
apical compartments of Polystictus (Trametes) versicolor grown at
24°C. The curves are the means of 34 observations. The diagonal
dashed line shows the location of the hyphal apex as it extends
(upwards) away from the fixed point in space set as position zero.
The solid line in the lower part of the figure records the position of
one of the (haploid) dikaryotic nuclei located in the terminal
compartment. In the prolonged phase 1 (prior to time zero) the
nucleus moves towards the hyphal apex at about the same rate as
the hyphal tip extends, so the distance between the two remains
approximately constant. At the onset of mitosis (time zero), phase 2,
the nucleus stops migrating, so the distance between the nucleus
and the hyphal apex increases. Synchronous mitosis of the (two)
dikaryotic nuclei takes place in that position (phase 3) and the
hyphal apex continues to extend. We are only tracking one of the
two dikaryotic nuclei but mitosis, of course, produces two daughter
nuclei, so the line divides into two. In the fourth and final phase,
one of the pair of daughter nuclei moves rapidly towards the apex
and at a faster rate than tip extension, so that the nucleus migrates
through the hypha to assume the phase 1 migratory distance behind
the hyphal apex. The second of the pair of daughter nuclei moves
slowly away from the tip. (Redrawn after Trinci, 1979.)

be anticipated, and is observed. It means, for example, that K;
can be used to study the effect of temperature on fungal
growth because w is not affected appreciably by temperature;
however, the concentration of glucose (for example) does
affect w, so K, cannot be used to investigate the effect of
nutrient concentration. The biological consequence of this is
that filamentous fungi can maintain maximal radial growth
rate over nutrient-depleted substrates.

Several mathematical models of fungal growth have
been published, and we refer you to Bartnicki-Garcia et al.
(1989), Prosser (1990, 1995a & b), Boswell et al. (2003),

Moore et al., (2006), Davidson (2007), Boswell (2008) and
Goriely €& Tabor (2008).

Unlike colonies formed by unicellular bacteria and yeasts,
where colony expansion is the result of the production of
daughter cells and occurs only slowly, the ability of
filamentous fungi to direct all their growth capacity to the
hyphal apex allows the colony to expand far more rapidly.
Importantly, the fungal colony expands at a rate which
exceeds the rate of diffusion of nutrients from the
surrounding substratum.

Although nutrients under the colony are rapidly
exhausted, the hyphae at the edge of the colony have only
a minor effect on the substrate concentration and continue
to grow outwards, exploring for more nutrients. In contrast,
the rate of expansion of bacterial and yeast colonies is
extremely slow and less than the rate of diffusion of nutrients
(Table 4.3). Colonies of unicellular organisms quickly
become diffusion limited and therefore, unlike fungal
colonies, can only attain a finite size.

4.10 Autotropic reactions

The hyphae of many fungi can alter their direction of growth
to avoid growing into each other and accentuate exploration
of uncolonised regions of the substratum. The avoidance
mechanism or negative autotropism (Fig. 4.13) is
particularly evident at low hyphal densities, in regions such
as the margin of the growing colony. The ability of hyphae to
sense the presence of another hypha is thought to be due
either to a localised depletion of oxygen around the target
hypha, a higher concentration of carbon dioxide or the
presence of a secreted metabolite.

The minimum distance of approach of two hyphae before
negative autotropism caused one to grow away was 30, 27
and 24 pm respectively in Neurospora crassa, Aspergillus
nidulans and Mucor hiemalis (Trinci et al., 1979).

In a maturing mycelium, autotropism can be reversed so
that young hyphae are attracted (possibly chemotropically?)
to an older hypha (called positive autotropism). This can
lead to hyphal fusions. In one mechanism the target hypha is
induced to branch, and the consequential tip-to-tip contact is
followed by breakdown of the two apices and fusion between
the two hyphae (Fig. 4.14). For more detail see Fig. 5.13 and
its supporting text (pp. 142-144).

This process converts the central regions of a maturing
colony into a fully interconnected network through which
materials and signals can be communicated efficiently and
this enables the vegetative mycelium to make best use of its
resources. In the formation of fruit bodies and similar
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Table 4.3 Colony radial growth rate (K;) of bacterial and fungal colonies cultivated

at their optimum temperature

Species w (um)
Bacteria

Escherichia coli (grown at 25 °C) 91
Streptococcus faecalis Not done
Pseudomonas florescens Not done
Myxococcus xanthus (non-motile) Not done
Streptomyces coelicolor Not done
Fungi

Candida albicans (mycelial form) 119
Penicillium chrysogenum 496
Neurospora crassa (grown at 25 °C) 6800

—1 —1
Hu (h ) Kr (lvlm h )
0.28 18
0.65 18
0.59 29
Not done 20
0.32 22
0.39 46
0.16 76
0.26 2152

Data summarised from Oliver & Trinci (1985).

structures, positive autotropism enables many hyphal tips
to congregate together to initiate the developing tissue.

In these cases hyphal fusions and adhesions may be rare
(though they can be used to bind the structure together);
instead, developmental regulation organises the concerted
contribution of many independent hyphal tips to formation
of the tissues and structures of the fruit body (discussed in
Chapters 9 and 12).

4.11 Hyphal branching

Growth of the mycelium depends on formation of hyphal
branches. To proliferate a hypha must branch. There is no
other way to turn one hypha into two hyphae.

Although apical (or near-apical) branching of fungal
hyphae does occur, most branches are laterally placed.
Hyphal branches may be described as primary (which
subtend no branches and arise directly from the main hypha),
secondary (which subtend a primary branch), tertiary (which
subtend a secondary branch), etc. In many biological and
non-biological branching systems there is an inverse
logarithmic relation between the number of branches
belonging to a particular order and order number;

a relationship that allows maximum surface area to be
colonised by minimum total length of filament. The relation
holds in the majority of fungi and reflects the efficiency of
the mycelium in colonising the substratum while minimising
the amount of biomass required to do so.

In early phases of growth, branches usually subtend an
angle of approximately 90° to the long axis of the parent
hypha. As we have seen, hyphae tend to avoid their
neighbours (negative autotropism) and to grow radially away
from the centre of the colony. So a circular colony is formed
eventually, with radially directed hyphae, approximately
equally spaced, and extending at the margin at a constant rate.

As the colony circumference increases the apices of some
branches catch up with their parent hyphae to maintain
hyphal spacing at the colony margin. This occurs either by
relaxation of controls on extension rate of branches as they
become further separated from main hyphae or as a result of
simple variability in extension rate.

A specific example of change in hyphal behaviour during
colony development is provided by an analysis of mycelial
differentiation in Neurospora crassa (McLean €& Prosser,
1987). Up to about 20 h of growth, all hyphae in mycelia of
this fungus have similar diameters, growth zone lengths and
extension rates and all branches are at an angle of 90° to
the parent hypha. After about 22 h growth branch angle
decreases to 63°, hyphal extension rates and diameters
increase and a hierarchy is established in which main hyphae
are wider and have greater extension rates than their
branches; the ratios between diameters of leading hyphae,
primary branches and secondary branches being 100 : 66 : 42
and between extension rates being 100 :62 : 26.

For a lateral branch to emerge from a region of a hypha
with a mature rigidified wall requires the (internal) assembly
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Fig. 4.13 Autotropisms: diagrammatic illustrations of negative
autotropism leading to the hyphal avoidance reaction, which is so
crucial to the colonial growth form of filamentous fungi (as
illustrated in Fig. 4.6). The drawings show the responses of pairs of
hyphae of Aspergillus nidulans, Mucor hiemalis and a wild-type
strain of Neurospora crassa; the approaching hypha is shown in pale
grey in each case. The point where the avoiding reaction was first
observed is indicated by the arrow. The numerals give times in
minutes. The medium was overlaid with cellophane membranes
prior to inoculation to keep the hyphae on the surface and prevent
hyphae diving beneath the surface. (Modified and redrawn from
Trinci et al., 1979.)

of a new hyphal apex at the site of emergence. What
specifies the site of the branch initiation is not known yet.
Although a branch can potentially form at any point on a
hyphal wall, in fungi that form septa there is usually a close
relationship between septation and branching; branches may
form at a specific time after septation and be positioned
immediately behind septa.

For most fungi, though, the septation-branching
relationship is less obvious and branch positioning is more
variable. Indeed, although zygomycetes follow the same
growth and branching kinetics as Ascomycota and
Basidiomycota, only young mycelia of Mucor hiemalis and
Mucor rammanianus form septa, and mature zygomycete

Fig. 4.14 Autotropisms: sketch showing positive autotropism
leading to a ‘tip-to-peg’ hyphal fusion reaction. This is one of the
fusion reactions leading to the interconnected mycelial network of
the mature colony as illustrated in Fig. 4.6. Other reactions are tip-
to-tip and peg-to-peg (see Fig. 7.2). For more detail see Fig. 5.13 and
refer to Hickey et al. (2002) and Glass et al. (2004). Particularly
fine images can be viewed on the University of Edinburgh’s Fungal
Cell Biology Group website at http://129.215.156.68/images_index.
html.

mycelia only form septa at the base of sporangia so in lead
hyphae there is usually no relationship between septation
and branching.

For some time, localised fluxes of ions through the hyphal
membrane were thought to be involved in determining
branching. Application of electrical fields certainly affects the
site of branch formation and the direction of hyphal growth in
young mycelia of several fungi, but endogenous ion fluxes
seem to be more related to nutrient uptake than tip growth.

Several compounds act as paramorphogens, inhibiting
hyphal extension and increasing hyphal branching. The
(long) list includes non-metabolised sugar analogues (like
L-sorbose, which is a hexose analogue, and validamycin A,
which is a pseudo-oligosaccharide), inhibitors of
phosphoinositide turnover, cyclic AMP and cyclosporine
(Fig. 4.15)," but the wide range of cellular targets represented
does not help in understanding how branches initiate.

One interesting possibility is that heat-shock proteins may
be involved in the mechanism for branch initiation. Heat-
shock proteins are polypeptides which interact with other
proteins. They are ‘molecular chaperones’ which bind to and
stabilise other proteins to prevent incorrect intermolecular

! Cyclosporine is used clinically to suppress the immune response in
transplant patients and prevent organ rejection. You are likely to find
this drug given any of three non-proprietary names: cyclosporine
was assigned by the United States Adopted Names Council, which is
co-sponsored by the American Medical Association (AMA), the United
States Pharmacopeial Convention (USP) and the American
Pharmacists Association (APhA). Cyclosporin (without the terminal ‘e’)
is a British Approved Name (BAN) as defined in the British
Pharmacopoeia (BP) and is used in many countries around the world,
especially those of the Commonwealth of Nations. European Union
legislation requiring harmonisation of the BP with the European
Pharmacopoeia (EP) has resulted in use of the name ciclosporin in the
UK. This is an International Nonproprietary Name (INN) designated by
the World Health Organisation (WHO) and with the exception of
adrenaline/epinephrine, BANs are now the same as the INNs. Of
course, there are even more proprietary names!
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Fig. 4.15 Effect of cyclosporine-A on the hyphal growth unit (shown
graphically at top), and the morphology of a wild-type strain of
Neurospora crassa grown at 25°C on a solid glucose-minimal salts
medium (illustrated in the habit sketches beneath the graph, which
also indicate the concentration of cyclosporine that causes the
morphology shown). (Modified and redrawn after Trinci, Wiebe &
Robson, 1994.)

associations, then aid their correct folding by releasing them
in a controlled manner. It is feasible that branch initiation
requires assisted conformational alterations of wall proteins
or that heat-shock proteins assist in the delivery of a branch-
initiating polypeptide to the appropriate position.

4.12 Septation

The hyphal growth form of filamentous fungi is an
adaptation to the active colonisation of solid substrata.
By hyphal extension and regular branching the fungal
mycelium can increase in size without disturbing the
cell volume/surface area ratio so that metabolite and

4.12 Septation

end-product exchange with the environment can involve
translocation over very short distances. Fungal hyphae differ
between species, but generally speaking the hyphal filament,
when separated into compartments by cross-walls, has an
apical compartment which is perhaps up to ten times the
length of the intercalary compartments.

The septa which divide hyphae into cells may be:

e complete (imperforate),
e penetrated by cytoplasmic strands,
o perforated by a large central pore.

The pore may be open, and offer little physical hindrance
to the passage of cytoplasmic organelles and nuclei, or

may be protected by a complex cap structure, called the
parenthesome, derived from the endoplasmic reticulum (the
dolipore septum of many Basidiomycota). In Ascomycota,
which characteristically lack the parenthesome apparatus,
the pore may be associated with cytoplasmic organelles
known as Woronin bodies.

Over the years mycologists have been very sensitive to the
question of whether fungi have cells, and how fungal cells
and their interactions compare with those of plant and
animal cells. Lower filamentous fungi (e.g. Mucor) have
coenocytic hyphae; but they do not form multicellular
structures. Hyphae of fungi that do exhibit complex
developmental pathways form septa at regular intervals,
though the septa usually have a pore. The pore is what
worries people about the definition of fungal cells, because
the implication carried with the word ‘pore’ is that all of the
cytoplasm of a hypha is in continuity even though it might
be subdivided by the septa into compartments.

Although movement of cytoplasm and organelles through
septa has often been described and is frequently easy to
demonstrate, it is also clearly the case that the movement or
migration of cytoplasmic components between adjacent cells
is under very effective control. There are instances in which
nuclei move freely, but mitochondria do not, and others in
which rapid migration of vacuoles is not accompanied by
migration of any other organelle. Some biochemical
experiments have even demonstrated that different sugars
can be translocated in opposite directions in a hypha at the
same time. There are also numerous examples available
where grossly different pathways of differentiation have
been followed on the two sides of what appear (to the
electron microscope) to be open septal pores (illustrated in
Fig. 12.13, p. 294).

Clearly, whatever the appearance, the hypha can be
separated into compartments whose interactions are
carefully regulated and which can exhibit contrasting
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patterns of differentiation. There may still be a semantic
argument for preferring ‘compartment’ to ‘cell’, but from this
point on we will take the pragmatic view that if it looks like a
cell and if it behaves like a cell, then we will call it a cell. But
please don’t forget that every fungal cell is just a segment of
a tubular hypha!

Cross-walls in fungal hyphae are pretty well always
formed at right angles to the long axis of the hypha and
this has a major impact on understanding the development
of fungal tissues. Except in cases of injury or in hyphal
tips already differentiated to form sporing structures,
hyphal tip cells are not subdivided by oblique cross-walls,
nor by longitudinally oriented ones. Even in fission yeast
cells which are forced to produce irregular septation
patterns under experimental manipulation, the plane of
the septum is always perpendicular to the plane including
the longest axis of the cell. In general, then, a fungus
converts the one-dimensional hypha into a two-dimensional
plate of tissue or three-dimensional block of tissue by
controlling the formation of branches. The septum in any
branch will be formed at right angles to the long axis of
the branch, but its orientation relative to the parent hypha
will depend entirely on the positioning of the apex of the
new branch.

Primary septa in fungal hyphae are formed by a
constriction process in which a belt of microfilaments around
the hyphal periphery interacts with microvesicles and other
membranous cell organelles (see Chapter 5). Except for the
fact that there is no close spatial linkage with mitosis (see
above), there is a superficial similarity between fungal
septation and animal cell cleavage (cytokinesis); but remember,
fungi use organised microvesicles to divide blocks of cytoplasm
in the free cell formation process (see Section 3.4).

4.13 Ecological advantage of mycelial
growth in colonising solid substrates

The apical growth characteristic of the fungal hypha is the
prime attribute of fungi and is, of course, an extreme cellular
polarity. Because true extension growth is absolutely limited
to the hyphal tip, the whole morphology of the hypha
depends on events taking place at its apex. It follows from
this that the pattern of hyphae in a mycelium, which is
largely a consequence of the distribution of hyphal branches,
depends on the pattern of formation of the hyphal tips which
initiate those branches.

The dominance of filamentous fungi within the ecosystem
is attributed to their lifestyle. By growing in a filamentous
fashion, fungi are able to colonise substrates rapidly and

grow away from nutrient-poor areas. Branching of the
filament enables substrates to be efficiently captured for
absorption from the environment. Maintaining a high
extension rate even under poor nutrient conditions allows
fungi to maximise their chances of finding new food sources.
The success of this growth habit for exploiting the natural
environment can be judged on a number of factors: the
extraordinary diversity of fungal species (second only to the
insects, but then every insect harbours a few parasitic fungi!),
their distribution in virtually every habitat on the planet
and the parallel evolution of a similar growth habit by
other important soil microorganisms, the prokaryotic
streptomycetes and the more fungus-like members of
Kingdom Chromista, like the Oomycota. Clearly the ability of
a microbe to colonise new substrates rapidly by
concentrating extension at the apex of a filament makes it
ideally suited for life as a heterotroph in a heterogeneous
environment.

Polarised growth of fungal hyphae is achieved by
restricting extension to the hyphal apex. The cell wall at the
hyphal tip has viscoelastic properties. This means it has
some of the characteristics of both a liquid (being able to
flow like a viscous fluid) and a solid (resisting and recovering
from stretching, compression or distortion). These properties
allow the wall at the hyphal apex to yield to the internal
turgor pressure within the hypha by extending forwards.
Further behind the tip the wall is rigidified and resistant to
the turgor forces. Turgor pressure generated within the
hypha therefore acts as the driving force for hyphal
extension in true fungi (but not in the Oomycota).

Hyphal growth at the apex requires synthesis and insertion
of new wall material and new membranes in a way that does
not weaken the tip. This highly organised process is
supported by the flow of vesicles generated within the
cytoplasm behind the tip, and is coordinated with the
growth and replication of all the other cytoplasmic
organelles and their migration towards the extending apex. It
seems now to be generally accepted that the materials
necessary for hyphal extension growth are produced at a
constant rate (equal to the specific growth rate) throughout
the mycelium and are transported towards the tip of the
growing hyphae. Among the materials taking part in this
polarised transport are numerous cytoplasmic vesicles, which
are thought to contain wall precursors and the enzymes
needed for their insertion into the existing wall to extend it.
A considerable cytoplasmic architecture is involved in the
apical growth of the hypha (Bartnicki-Garcia et al., 1989;
Wessels, 1993). We will describe and discuss this in detail in
Chapters 5 and 6.
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Fungal cell biology

Events at the hyphal tip are crucial to the extension of the hypha; so it is vital that we describe the molecular
processes taking place in the hyphal tip as far as we can, and this is the main purpose of Chapter 5.

In this chapter we will give you a complete outline of eukaryotic cell biology with emphasis on how
fungal cells work and how the cell biology contributes to mycelial growth. Because they are eukaryotes that
are easy to cultivate in the laboratory, several fungi have been adopted as model organisms for
experimentation and we will show how yeasts, in particular, have been used in this way since the nineteenth
century. We discuss the essentials of cell structure in some detail, emphasising the molecular biology of the
nucleus, nucleolus, nuclear import and export, and mRNA translation and protein sorting. We also briefly
cover nuclear genetics and mitotic and meiotic nuclear division. The plasma membrane and signalling
pathways, and endomembrane systems, cytoskeletal systems and molecular motors form major topics
because directed and rapid transport of materials needed for hyphal tip extension is a crucial and
characteristic feature of highly polarised filamentous growth. Other features of cell biology that are specific
to fungi include the fungal cell wall, the cell biology of the hyphal apex, the nature of hyphal fusions and
mycelial interconnections, the meaning of cytokinesis in fungi, and septation and the yeast-mycelial
dimorphism.



5.1 Mechanisms of mycelial growth

Polarised growth of fungal hyphae is achieved by restricting
extension to the hyphal apex. The cell wall at the hyphal tip
has viscoelastic (flowing like a liquid but resisting stretching,
compression or distortion) properties, and yields to the
internal turgor pressure within the hypha. Further behind the
tip the wall is rigidified and resistant to the turgor forces
resulting from the osmotic flow of water into the hypha.
Thus, for true fungi turgor pressure generated within the
hypha therefore acts as the driving force for hyphal extension.
Hyphal extension at the apex requires synthesis and
insertion of new wall material and new membranes in a
way that does not weaken the tip. This highly organised
process is supported by the continuous flow of vesicles
generated within the cytoplasm behind the tip, and is
coordinated with the growth and replication of all the
other cytoplasmic organelles and their migration towards
the extending apex. In this chapter we will be describing all
these individual processes, and in Chapter 6 this mosaic of
processes will be assembled into what we hope will be a full
picture of hyphal tip growth. What is important at this point
is to recognise how much of the detailed cell biology of
filamentous fungi is adapted, devoted and committed to
forward thrusting of the hyphal apex; that is, hyphal
extension growth. This is the supreme characteristic of
filamentous fungi that sets them apart from the other crown
eukaryotes, animals and plants.

5.2 The fungus as a model eukaryote

The cell we are describing is the generalised cell of a
eukaryote. In most textbooks when this is attempted it is
usually the animal cell that takes centre stage (e.g. the classic
cell biology text, Alberts et al., 2002); plant cells might be
described occasionally, when there’s a need to deal with
photosynthesis, and yeasts may get a mention as the source
of some of the molecular detail. There’s nothing wrong with
that (although animal cells do not have the cell wall that’s so
important to the other eukaryotic kingdoms, this feature
being lost in the distant past by the single-celled
opisthokonts that gave rise to Kingdom Animalia), but it does
downplay the enormous contribution that fungi have made
to development of our knowledge of eukaryotic cell biology.
As well, perhaps, as downplaying the enormous contribution
that the fungal life style has made to the evolution of
eukaryotic cell biology.

The fact is that most of what we know about the biology
of the cell of higher organisms derives from work with

5.2 The fungus as a model eukaryote

yeasts. Most biologists would recognise the contribution
made by yeast research to molecular biology in the 1990s.
The first complete sequence analysis of any eukaryote
chromosome was that of the entire DNA sequence of
Saccharomyces cerevisiae chromosome III, published in
1992 by a large international team led by Steve Oliver.
This was followed in 1996 by the sequencing of the whole
of the genome of Saccharomyces cerevisiae, which was the
first eukaryote genome to be sequenced (the 13-year
human genome project, which got all the headlines, was
completed in 2003).

Some biologists will know that the Nobel Prize for
Physiology or Medicine in 2001 was awarded to three
scientists ‘for their discoveries of key regulators of the cell
cycle’, and two of them worked with yeasts (Leland Hartwell
worked with Saccharomyces cerevisiae, and Paul Nurse with
Schizosaccharomyces pombe; the third Laureate was Tim
Hunt who worked with sea urchin eggs). So the whole of
genomics and cell cycle biology rests on foundations built
with yeasts. But the crucial contribution goes much further
back than the end of the twentieth century; it goes back to
the mid nineteenth century. The history of yeast in biology
effectively starts with Louis Pasteur who connected yeast
to fermentation in 1857 and demonstrated that the growth
of microorganisms in nutrient broths is not due to
spontaneous generation.

The word ‘yeast’ is a general term for any growth that
appears in a fermenting liquid. In its origins, the word means
frothy or foamy so it’s descriptive of the fermentation
process but has become associated with the agent of
fermentation. When grape juice is collected it ferments quite
naturally, and the growth that occurs and eventually forms
sediment is ‘yeast’. Making alcoholic drinks is such a simple
process that all societies, even the most primitive, have one
or more fermentations that they include in their rituals. There
are some ancient Egyptian murals and tomb ornaments
depicting both baking and wine-making. From the biological
point of view it is remarkable that the one organism
responsible for most fermentations is the yeast now called
Saccharomyces cerevisiae, but known as brewer’s yeast in
one trade, and baker’s yeast in the other (though we will call
it ‘budding yeast’). Remember that yeasts (as well as
filamentous fungi and other microbes) are present on the
surfaces of grapes, fruits and seeds in nature so there was no
need to add them and food preparation processes like these
were carried out with no knowledge of the importance of
microbes in the fermentation processes involved.
Saccharomyces cerevisiae comes to the fore so often because
its metabolic controls allow it to produce alcohol even in the
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presence of oxygen, a theme to which we will return in
Section 17.13.

At the end of the nineteenth century industrialisation
created the need to guarantee and improve production and
product quality, and this prompted brewers and wine-makers
to sponsor research into the nature of fermentation. This
naturally came to focus on the single-celled microorganisms
we call yeast. Studies of yeast metabolism essentially
founded the sciences of biochemistry and enzymology.
Purification of cultures (necessary for a uniform product) and
a drive to improve cultures (to increase the efficiency of
fermentation or develop new products) was enhanced by the
parallel development of the science of genetics at the
beginning of the twentieth century. Pasteur was employed by
the wine growers to improve the wine fermentation. From his
experiments Pasteur concluded: ‘I am of the opinion that
alcoholic fermentation never occurs without simultaneous
organisation, development and multiplication of cells...’
And those cells were fungal (yeast) cells.

Pasteur died in 1895, before the first Nobel Prizes were
awarded (in 1901 for the first time; visit http://nobelprize.
org/alfred_nobel/), but the winner of the 1907 Nobel Prize in
chemistry was Eduard Buchner (‘for his biochemical
researches and his discovery of cell-free fermentation...’;
http://nobelprize.org/nobel_prizes/chemistry/laureates/
1907/), who determined that fermentation was actually
caused by a yeast secretion that he termed zymase; we now
call such things enzymes. Buchner’s experiment for which he
won the Nobel Prize consisted of producing a cell-free
extract of yeast cells and showing that this ‘press juice’ could
ferment sugar. Here we have the beginnings of our
understandings of cell biochemistry and metabolism, and we
can chart the progress of basic biological knowledge through
subsequent Nobel Prizes (visit http://nobelprize.org/
nobel_prizes/).

The Nobel Prize in Chemistry 1929 went to Arthur Harden
(who worked on the involvement of phosphates in
respiration of yeast) and Hans von Euler-Chelpin (who
worked on enzymology and oxidative respiration of yeast)
‘for their investigations on the fermentation of sugar and
fermentative enzymes. ..’ (http://nobelprize.org/
nobel_prizes/chemistry/laureates/1929/). Hans von Euler-
Chelpin’s Nobel Lecture included the paragraph:

Within the living organism, the majority of reactions are
brought about by special substances already active in
minimum quantities, such substances being known as
enzymes or ferments. Every group of substances, and in fact
practically every substance, requires its specific enzyme for
its reaction. Only a few enzyme types were known in the

early days, such as pepsin in the gastric juice, which
splits proteins, or amylase in saliva and in malt, which
converts starch into sugar, but in more recent times the
number of enzymes whose existence has been proved
or substantiated, has risen to over 100. This lecture was
delivered in May 1930.

Over the next quarter of a century the great network of
metabolism was established, and the genetic segregation side
of the story was developed, too. Mendel’s work on garden peas
was rediscovered and republished in 1900 and inspired many
experimenters to replicate and confirm his discovery of gene
segregation. At about the same time it was becoming evident
that vegetative cells of Saccharomyces cerevisiae are usually
diploid, produced by ‘copulation’ of two haploid spores. In the
early 1930s the basic facts of the yeast life cycle were
established, in particular that diploid nuclei underwent
meiosis (the reduction division) during spore formation to
produce four haploid ascospores. With the life cycle so clearly
established the way was open for breeding experiments. By
the 1940s it was possible for Carl Lindegren to write:

Thirteen asci were analyzed from a heterozygous hybrid
made by mating a galactose fermenter by a nonfermenter;
two spores in each of these asci carried the dominant gene
controlling fermentation of galactose, and two carried the
recessive allele. A backcross of fermenter [offspring] to the
fermenter parent produced thirteen asci; all four spores in
each of these asci carried the fermenting gene. A backcross
of the nonfermenter to the nonfermenting parent produced
seven asci, each of which contained four nonfermenting
spores. A heterozygous zygote was produced by
backcrossing a nonfermenter [offspring] to the fermenting
parent; six asci were analyzed and each contained two
nonfermenting spores. This analysis shows quite
convincingly that the genes controlling fermentation of
galactose behave in a regular Mendelian manner.
(Lindegren, 1949.)

So, within a few decades of the rediscovery of Mendel’s
experiments with peas, those experiments had been repeated
with yeast and had demonstrated that yeast genes operated to
the same set of rules as did pea genes. In other laboratories
the first metabolic pathways were constructed using
nutritionally deficient mutants of the filamentous
ascomycete fungus Neurospora, and the bacteria Escherichia
and Salmonella.

In 1958 the Nobel Prize in Physiology or Medicine was
awarded to George Beadle, Edward Tatum (both of whom
worked with Neurospora) ‘for their discovery that genes act
by regulating definite chemical events...” and Joshua
Lederberg ‘for his discoveries concerning genetic
recombination and the organisation of the genetic material
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of bacteria...” (http://nobelprize.org/nobel_prizes/medicine/
laureates/1958/).

During the first half of the twentieth century, then, yeasts
and related filamentous fungi (Davis, 2000; Samson & Varga,
2008; Machida & Gomi, 2010) provided the foundation of
knowledge of cell biochemistry, metabolism and its genetic
control, and then, as we have mentioned, the same
conceptual approach (isolating mutants defective in steps of
a pathway to study that pathway) was applied to the cell
cycle by Leland Hartwell and Paul Nurse (http://nobelprize.
org/nobel_prizes/medicine/laureates/2001/).

The distribution of prizes continues: the Nobel Prize in
Chemistry in 2006 went to Roger D. Kornberg ‘for his studies
of the molecular basis of eukaryotic transcription...” (http://
nobelprize.org/nobel_prizes/chemistry/laureates/2006/).

A great deal of Kornberg’s work was done with the
transcription apparatus of yeast.

What we are planning to do next is introduce you to the
working eukaryotic cell. There are a number of ways we
could approach this, and we have chosen to focus on the
typical fungal cell (and to headline, when needed, how this
cell type differs from animal and plant cells), starting our
description from the DNA level; towards the end we will
concentrate on the features that contribute most to apical
extension of the filamentous hypha characterising the fungal
lifestyle as already described.

5.3 The essentials of cell structure

Cells were discovered in 1665 by Robert Hooke who saw
them in slices of cork using his seventeenth-century optical
microscope. Hooke coined the term ‘cell’ because he
compared the compartments in the cork he saw to the small
rooms in which monks lived. The word cell comes from the
Latin cellula, a small room. It was another 170 years before
the cell theory, that all organisms are composed of one or
more cells and all cells come from pre-existing cells, was first
formulated (in 1839) by Matthias Jakob Schleiden and
Theodor Schwann.

The essential life-sustaining activities of an organism
occur within its cells, and almost all cells contain the genetic
(hereditary) information necessary for performing and
regulating those activities, and for transmitting the genetic
information to the next generation of cells. Prokaryotes are
cells, too, and both prokaryotic and eukaryotic cells have a
membrane that envelops the cell and performs the crucial
task of separating the cell from its environment. This cell
membrane is also selectively permeable; that is, it regulates
the chemicals that enter and leave the cell. By regulating the
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flow of ions, the membrane adjusts the electric potential and
pH of the cell. By regulating the flow of water (directly or
indirectly), the membrane adjusts the volume and osmotic
potential of the cell. The material within (and enclosed by)
the cell membrane is a complex mix of molecules and ions
called cytoplasm. The cytoplasm also contains a variety of
regions specialised to carry out one or more vital functions
that are bounded by their own membranes in eukaryotes;
these are generally called organelles.

There are two different kinds of genetic material:
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The
DNA is used for long-term information storage (although this
function is served by RNA in some viruses). An organism’s
genetic information is encoded in the sequence of its DNA or
RNA. The RNA is also characteristically used for information
transport within the cell, e.g. as messenger and transfer
RNAs (mRNA and tRNA), and ribosomal RNAs (rRNAs) serve
essentially enzymatic functions during protein synthesis.

The genetic material in prokaryotes is organised as a
simple circular DNA molecule which is packaged into the
nucleoid region of the cytoplasm. This region is not
separated by a membrane and this is a major distinguishing
feature between prokaryotes and eukaryotes. In eukaryotes
the genetic material is distributed between different linear
molecules called chromosomes which are housed in a
nucleus surrounded by an organised nuclear membrane.

Prokaryotes do not have a nuclear membrane, and they
also lack the membrane-bound organelles that characterise
eukaryotic cells; however, ribosomes, and many of the other
components of the protein synthesis mechanism, are present
in both prokaryotic and eukaryotic cells, though there are
some differences in detail (and some of those differences are
important in providing drug targets for therapeutic
antibiotics). In prokaryotes, the functions performed by
specialised organelles in eukaryotes are performed by the
plasma membrane (Table 5.1). Prokaryotic cells do have
structurally distinct regions:

e cytoplasmic region contains the cell genome (DNA),
ribosomes and various inclusions;

o appendages attached to the cell surface - pili (singular
pilus) are hair-like appendages responsible for attachment;
motile bacteria have flagella but these are largely
composed of the self-assembling protein flagellin and are
not related to eukaryotic flagella (pilus and flagellum
proteins of animal pathogens are major antigens);

o cell envelope consisting of a capsule, a peptidoglycan cell
wall (an important target for therapeutic antibiotics) and a
plasma membrane.
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Table 5.1 Comparison of the main features of prokaryotic and eukaryotic cells

Typical
organisms

Typical size

Type of
nucleus

DNA

RNA/protein
synthesis

Cytoplasmic
ribosomes

Cytoplasm
structure

Cell
movement

Mitochondria

Chloroplasts

Organisation

Cell division

Prokaryotes

bacteria, archaea

about 1-10 pm

nucleoid region; no real nucleus, no membrane
enclosure (pro + karyotos = before having nucleus
(karyotos literally means ‘nuts’))

circular DNA (usually)

coupled in cytoplasm

subunits 50S + 30S

very few structures

flagella largely composed of flagellin protein

none (redox electron transport takes place
in the plasma membrane)

none (photosynthetic electron transport takes
place in folds of the plasma membrane stacked into
thylakoids in cyanobacteria)

usually single cells

binary fission (simple division)

Eukaryotes

protists, fungi, animals, plants

about 10-100 pm

true nucleus surrounded by double membrane
(eu + karyotos = having true nucleus (literally,
nuts))

linear DNA molecules (chromosomes) organised
around histone proteins

RNA synthesis inside the nucleus; protein synthesis
in cytoplasm

cytoplasmic 60S + 40S; organelle ribosomes more
similar to prokaryotic ones

highly structured by endomembranes, organelles
and a cytoskeleton of microtubules and
microfilaments

flagella and cilia (undulipodia) largely made of
tubulin protein

one to several dozen per cell (probably originating
from endosymbiotic prokaryotes). Some eukaryotes
lack mitochondria; in anaerobes mitochondria are
replaced by hydrogenosomes

in algae and plants

single cells, colonies, higher multicellular
organisms with specialised cells

mitosis (fission or budding) meiosis

Source: Table modified and adapted from the English Wikipedia article entitled Cell (biology), page version ID: 148282036, dated 31 July 2007 (http://
en.wikipedia.org/w/index.php?title=Cell_%28biology%29¢toldid=148282036).

Prokaryotes also frequently carry extrachromosomal
(usually circular) DNA molecules called plasmids, which

often carry genes conferring additional phenotypes, such

as antibiotic resistance, pathogenicity, genome transfer
and metabolism of exotic substrates. Plasmids are rare in
most eukaryotes, but they do occur in fungi. Also, major
eukaryotic organelles (e.g. mitochondria and chloroplasts)
contain a genetic architecture separate from the nucleus
comprising a (small) circular DNA molecule and an

independent ribosome population and protein synthetic
apparatus.

5.4 Subcellular components of eukaryotic
cells: the nucleus

The subcellular components of eukaryotic cells include, most
importantly, the nucleus with its associated nucleolus
(Dreyfuss & Struhl, 1999) and all the extranuclear, or
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http://en.wikipedia.org/w/index.php?title=Cell_%28biology%29&e_x0026;oldid=148282036

‘cytoplasmic’, components: ribosomes, endoplasmic
reticulum, Golgi apparatus, cytoskeleton, mitochondria,
vacuoles and vesicles.

The cell nucleus is the most conspicuous organelle in
many eukaryotes, but it can be small and inconspicuous in
fungi. This organelle has two major functions: storage of
hereditary material and coordination of all cellular activities
(metabolism, growth, with all the synthetic processes on
which it depends, and cell division). It houses the eukaryotic
cell’s chromosomes, and is the location for all molecular
processes involving DNA: replication, recombination and
transcription (copying DNA gene sequences into messenger
RNA). The nucleus is also where post-transcriptional steps in
gene expression, such as RNA processing to remove introns,
take place.

Genomic DNA molecules are extremely long. For example,
yeast chromosome III, the first ever to be fully sequenced,
comprises 3.15 x 10° bases and since adjacent bases are
separated by 0.34 nm, the chromosomal molecule can be
estimated to be about 107 um long. Yeast cells vary, but are
about 5 to 7 pm in size; so this one molecule is between 15
and 20 times longer than the cell that contains it. The
molecule is only 2 nm in diameter, of course, but it’s quite
evident that the nuclear DNA must be highly condensed to
fit in the nucleus.

The compaction progresses at several levels. A length of
146 bp (base pairs) of DNA complex with an octamer of
histone proteins (two copies of each of histones H3, H4, H2A
and H2B) to make the nucleosome core particle and the
nucleosomes then wind into a hierarchy of 10-nm fibres, 30-
nm fibres and chromosome loops, which end up as the
chromatin of fully condensed chromosomes. In yeast there’s
a length of about 45 bp of DNA between nucleosomes
because the linker histone H1, which is involved in forming
30-nm fibres in animals and plants, is missing.

It’s important to appreciate that chromatin is not a static
structure. Chromatin participates in the minute-by-minute
working activities of the nucleus and there are many proteins
that are recruited to modify and adapt chromatin to enable
its DNA to be expressed. Histones are acetylated and
deacetylated to modify chromatin structure. There are a
number of distinct histone acetylase and deacetylase
complexes that have gene-specific effects on transcription.
DNA-binding activators and repressors can recruit these
histone acetylases/deacetylases to particular gene promoters
to locally modify chromatin structure. Other chromatin
modifying complexes are responsible for creating larger
regions of altered chromatin structure, associated with long-
range effects on gene activity.

5.4 Subcellular components: the nucleus

Most aspects of nuclear activity involve extremely large
multi-protein complexes (often called molecular machines)
and some of their components have chromatin-modifying
activities. For example, the RNA transcription machinery and
the molecular machine responsible for mRNA splicing are
each comparable to ribosomes in terms of size and subunit
complexity.

Eukaryotes have three different types of RNA polymerase
(named I, IT and III):

o RNA polymerase II produces all mRNA transcripts;

e RNA polymerase I synthesises the major RNA molecules of
the ribosome;

e RNA polymerase III synthesises transfer RNAs, small
ribosomal RNA and other small RNAs found in the nucleus
and cytoplasm.

Transcription in eukaryotes requires a large set of proteins
(called general transcription factors) to be assembled at the
promoter before transcription can begin. These help the RNA
polymerase to bind to the promoter, open up the double-
stranded DNA and then switch RNA polymerase into
elongation mode. Other proteins required for transcription
initiation include activators binding to specific sequences to
enhance attachment of polymerase, transcription mediators
that interface the activators to the transcription factors, and
other enzymes modifying chromatin structure to aid
transcription by opening up the chromatin structure. As
some of these proteins are themselves made up of more than
one polypeptide, approximately 100 protein subunits
must assemble at the promoter site to initiate transcription
(Fig. 5.1). Once transcription is under way, most of the
transcription factors detach from the polymerase complex.

The ‘gene specificity’ aspects of the binding events that
contribute to assembly of the pre-initiation complex (PIC) seem
to reside in the TATA-box binding protein-associated factor(s)
(TAFs) and co-activators that make up TFIID and TFIIB. Among
the TAFs, TAFII250 seems to be particularly important as it
regulates binding of TATA-box binding protein (TBP) to DNA,
binds core promoter initiator proteins, binds acetylated lysine
residues in core histones, and possesses enzyme activities that
modify histones and other transcription factors. These
activities aid in positioning and stabilising TFIID at particular
promoters, and alter chromatin structure at the promoter to
allow assembly of transcription factors into the PIC. By so
doing, TAFII250 converts signals for gene activation into
effective transcription.

In view of the significance of transcription factors in
directing transcription to specific genes, you should not be
surprised that in later discussions of cellular events we will
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Fig. 5.1 Activation of RNA polymerase II dependent transcription
involves assembly by gene-specific activator proteins of a
pre-initiation complex (PIC) that will eventually synthesise a
specific messenger RNA. This conversion requires structural changes
in chromatin and assembly of general transcription factors (TFs) and
RNA polymerase II (pol II) at the gene’s core promoter sequence,
which surrounds the transcription start site of the gene. A key event
is the interaction of DNA-bound activators like the TATA-box
binding protein (TBP) with co-activators (shown here labelled TF,

Resources Box 5.1

Virtual cell animations

chromatin
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histone
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but generally called TAFIIs (TATA-box binding protein-associated
factor(s)). TAFII250 is a scaffold for assembly of other TAFIls with
TBP into a complex called TFIID. TBP first binds to the promoter and
then recruits TFIIB to join TFIID (and TFIIA if present). Before
joining the PIC, RNA polymerase II and TFIIF are bound together,
being recruited by TFIIB. Finally, RNA polymerase II recruits TFIIE,
which further recruits TFIIH to complete the PIC assembly. TFIID and
TFIIB are the only components of the PIC that can bind specifically
to core promoter DNA. See Plate section 1 for colour version.

We strongly recommend that you view the animations in the Virtual Cell Animation Collection produced
by the Molecular and Cellular Biology Learning Center of the North Dakota State University. Visit this URL:

http://vcell.ndsu.nodak.edu/animations/home.htm.

frequently refer to the involvement of transcription
regulators in control of so many features. Those regulators
may be modifying chromatin structure and/or affecting the
specificity and/or activity of transcription and/or RNA
processing machinery. Many of the transcription regulators
themselves work through multi-protein complexes (often
called co-activators) and individual proteins can be
components of completely different, and functionally
distinct, co-activator complexes.

Transcriptional regulation and chromatin structure are
intimately meshed together with the result that events
occurring during initiation of transcription can regulate
mRNA processing and so affect gene expression. The critical

association occurs when the mRNA is first synthesised.
Before mRNA can be used by ribosomes as a template

for protein synthesis, it must be processed by the addition of a
methylated cap (at its 5’ end) and a polyadenylated (poly-A)
tail (at its 3’ end). Provision for the cap is made at the very
start of transcription; provision for the poly-A tail is made at
the end of transcription. After the transcription initiation
complex has been established, the carboxy-terminal end of
RNA polymerase II is phosphorylated and this causes the
enzyme to shift from the initiation mode to its elongation
mode. Once transcription is under way, most of the
transcription factors detach from the polymerase complex,
their function to initiate transcription being complete.


http://vcell.ndsu.nodak.edu/animations/home.htm
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Fig. 5.2 In eukaryotes the transcript of a protein-coding gene is
called a primary transcript or pre-mRNA transcript and before it
leaves the nucleus it is heavily modified by enzymes and ribozyme
complexes. The 5’ end is capped with a modified guanine nucleotide;
the 3’ end is polyadenylated with a sequence of up to 200 adenine
nucleotides; finally the introns are removed by a process known as
splicing. These processes are coordinated in time and space and
actually occur as the pre-mRNA transcript is emerging from the

The phosphorylated ‘tail’ of the polymerase interacts
directly with proteins that carry out the RNA-capping, poly-
A processing and splicing; in other words the transcription
machinery recruits the different RNA-processing machines
to the initial RNA transcript (which is usually called a pre-
mRNA). These different machines share components; for
example the cleavage polyadenylation specificity factor
(CPSF) contains particular TAFs as subunits. This close
‘mechanical’ relationship, and the fact that newly
synthesised RNA, the RNA polymerase and many mRNA
processing factors are all close together in the nucleus, have
strongly suggested that the different ‘machines’ are formed
into an ‘mRNA factory’ that integrates synthesis and
processing of mRNA.

RNA polymerase. Splicing involves linking the ends of two exons
from a pre-mRNA transcript with high precision, discarding the
intervening intron. The machinery involved uses five catalytic
snRNA molecules (sn, small nuclear) and over 50 protein subunits.
The assembly of snRNAs and proteins that perform the splicing is
called the spliceosome. Splicing generates the fully processed
mRNA which is then exported to the cytoplasm to be translated
(see Fig. 5.3).

As soon as the primary transcript or pre-mRNA is
completed, RNA polymerase releases the already 5'-capped
RNA molecules, and cleavage factors bind to specific
nucleotide sequences in the molecule. The 3’ end of the
pre-mRNA is then put into the correct configuration for

cleavage and stabilising factors to be added to the complex.

The poly-A polymerase now binds to the pre-mRNA and
cleaves the 3’ end, allows the complex to dissociate, and
synthesises the poly-A tail by adding adenine nucleotide
residues to the 3’ end. As the tail is synthesised, proteins
bind to it, increasing the rate at which it is synthesised.
When the polyadenylation process is completed the
processed pre-mRNA (which still contains introns) is ready
for the splicing process (Fig. 5.2).
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Fig. 5.3 The splicing process conducted by the major spliceosome
protein-RNA assembly, which splices introns containing GU at the
5’ splice site and AG at the 3’ splice site and accounts for more than
99% of splicing activity in eukaryotes. The first step involves two
complexes that bind at the Py-AG at the 3’ splice site: branch
binding protein (BBP, also called SF1 (splicing factor 1) in
mammalian systems) and the helper protein U2AF. The RNA is
looped, and three other protein-RNA complexes bind. This final
complex undergoes a conformation change and the intron is cleaved

Intron and exon boundaries are defined by specific
sequences in pre-mRNA which are recognised by a large
array of snRNPs (small nuclear ribonucleoproteins) and
other proteins that come together to form the reaction
centres, the spliceosomes, on each spliced intron. The
proteins are called SR proteins and have a common structure
including one or more RNA-binding domains and a domain
rich in arginine-serine dipeptides that function in the
protein-protein interactions involved in splicing, transport
and localisation of these proteins. Splicing involves linking
the ends of two exons from a pre-mRNA transcript with high
precision, and discarding the intervening intron. The
machinery involved uses an assembly of five catalytic
snRNA molecules and over 50 protein subunits called the
spliceosome. The process involves changes in protein
conformation that effectively loop out the intron (into a
branched loop structure called a lariat) so that the enzymes in
the spliceosome can cleave out the intron and join the ends
of adjacent exons (Fig. 5.3). Splicing generates the fully
processed mRNA which is then exported to the cytoplasm
for translation.

Throughout their time in the nucleus, RNA transcripts are
associated with heterogeneous nuclear ribonucleoproteins

at the 5’ GU sequence and forms a lariat at the A branch site. The 3’
end of the intron is next cleaved at the AG sequence, and the two
exons are ligated together. As the spliced mRNA is released from the
spliceosome, the intron debranches, and is then degraded. Visit the
Wikipedia entry at http://en.wikipedia.org/wiki/RNA_splicing, and/
or the mRNA splicing animation at http://vcell.ndsu.nodak.edu/
animations/mrnasplicing/index.htm for further explanation. See
Plate section 1 for colour version.

(hnRNPs), an abundant family of RNA-binding proteins.
These proteins are involved in almost every aspect of pre-
mRNA processing as well as in mRNA transport and in
translation. Evidently, the fate and function of the
transcription product are intimately dependent on RNP
complexes composed of the transcribed RNA and a wide
variety of proteins.

5.5 The nucleolus and nuclear import
and export

The messenger RNA is not the only RNA family for which the
nucleus is responsible. Ribosomal RNA transcription and
processing, and ribosome assembly are crucial aspects of
nuclear function. Indeed the site of these activities is the
most prominent morphological feature within the nucleus;
it’s been known for many years as a body called the
nucleolus. Genes specifying ribosomal sequences are
transcribed into pre-ribosomal-RNAs (pre-rRNAs). Virtually
all cellular RNAs undergo post-transcriptional processing
and modification. Pseudouridylation (which is the
conversion of uridine to pseudouridine at specific sites in an


http://en.wikipedia.org/wiki/RNA_splicing,
http://vcell.ndsu.nodak.edu/animations/mrnasplicing/index.htm
http://vcell.ndsu.nodak.edu/animations/mrnasplicing/index.htm

RNA sequence) and 2'-0-methylation of the ribose sugar are
the most common internal modifications. They are applied to
three major types of stable RNA: the spliceosomal snRNAs,
ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs). As is the
case for pre-mRNA processing, pre-TRNA processing is done
by families of proteins working with numerous small
nucleolar RNAs (snoRNAs) in the form of RNP complexes
(snoRNPs) that base pair with specific parts of the pre-rRNA
sequence to carry out their modification.

The snoRNAs are themselves produced from precursor
transcripts and have to be targeted to the nucleolus so that
they can guide the critical modifications of the rRNA. As
we’ve indicated above, the snoRNPs can also modify
spliceosomal snRNAs and as this could affect the way pre-
mRNAs are processed it is evident that the nucleolus is
responsible for more than just ribosome assembly.
Nevertheless, the nucleolus where ribosomal subunits are
manufactured and the proteins needed to assemble
ribosomes are synthesised in the cytoplasm so they
must be imported into the nucleus and also targeted to
the nucleolus. Subsequently, ribosomal subunits need to
be re-exported to the cytoplasm. Ribosomal subunits are
large macromolecular assemblies and the way they are
translocated to the cytoplasm is not yet known. More is
known about export of mRNA from the nucleus.

The nucleus is separated from the cytoplasm by a double
membrane called the nuclear envelope, which isolates and
protects the DNA from the turmoil of the cytoplasm (in
prokaryotes the processes that depend on DNA take place in
the cytoplasm). In eukaryotes many proteins and RNAs are
transported across the nuclear envelope. This is known as
nuclear-cytoplasmic trafficking and features both import
into and export from the nucleus. It occurs through the
nuclear pore complexes (NPCs), which are complex
assemblies that are embedded in the double membrane of the
nuclear envelope. The NPCs provide channels (about 9 nm in
diameter) that allow passage of ions and small molecules
(less than about 50 kDa) by diffusion, but proteins, RNAs,
and ribonucleoprotein (RNP) particles larger than 9 nm
are selectively transported through NPCs by an
energy-dependent mechanism. The trafficking is selectively
regulated by developmental and environmental signals.

The overall three-dimensional architecture of the NPC is
conserved from yeast to higher eukaryotes though the yeast
NPC is smaller than those found in vertebrates. The protein
components of NPCs are called nucleoporins; the yeast NPC
is composed of 30-50 different nucleoporins (up to 100 in
vertebrates). We are just beginning to understand the three-
dimensional molecular architecture of the NPC but, crudely,

5.5 The nucleolus and nuclear import and export

it looks rather like the ball valve of a swimmer’s snorkel.
There is a ring of nucleoporins on the cytoplasmic side of the
pore that extends through the nuclear membrane, matched
with another ring on the nuclear side of the pore. Between
the rings there is a central plug (also called the transporter
because some specimens seem to have cargo trapped
within), and eight short fibrils extend from the cytoplasmic
ring into the cytoplasm whereas the nuclear ring anchors

a basket made from eight long thin filaments (Stoffler

et al., 1999).

How this highly organised tunnel actually works remains a
mystery, but the transport process itself depends on a family
of soluble transporter proteins known as importins or
exportins (both also called karyopherins) that carry proteins
and RNA between the cytoplasm and nucleus. Proteins or
RNAs ready for transport (the cargo) contain specific
sequences that identify them. The nuclear localisation signal
(NLS) is recognised by importins, and the nuclear export
signal (NES) sequence is recognised by exportins.
Transporter and cargo then dock at the mouth of the NPC and
deliver the transport cargo. Importantly, for large RNA
molecules such as mRNA, which is translocated as a RNP, the
signals for export are not the mRNA itself but on the
proteins, mostly hnRNP and splicing factors, that have
guided the transcript through final processing. This
emphasises again the integration and co-operation of the
machineries that function in gene expression.

Interaction of cargo with transporter is modulated by
the small protein Ran, which is a GTPase. Hydrolysis of
GTP by Ran does not provide the energy for transport but
regulates the assembly and disassembly of transport
complexes. Effectively, the nucleotide bound state of Ran
identifies the compartment: Ran-GTP in the nucleus, Ran-
GDP in the cytoplasm. For importins, the binding of cargo
and Ran-GTP is antagonistic (so importins drop their cargo in
the nucleus) and for exportins the binding of cargo and Ran-
GTP is co-operative (so exportins are loaded in the nucleus).
Of course, it’s not as simple as that; there are several
accessory factors involved in maintaining Ran in its proper
GTP- or GDP-bound state, including a nuclear nucleotide
exchange factor (RCC1), a cytoplasmic Ran-GTPase
activating protein (RanGAP), a protein called RanBP1, and
nuclear transport factor 2 (NTF2). Though the significance of
this is uncertain, there are multiple signals and multiple
pathways for both nuclear import and export; 14 members
of the importin/exportin family can be predicted from
the genomic sequence of Saccharomyces cerevisiae;
fewer, so far, have been identified in higher eukaryotes
(Adam, 1999).
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Table 5.2 Approximate genome sizes of representative eukaryotes

Organism

Rhizopus oryzae

Saccharomyces cerevisiae

Aspergillus nidulans

Neurospora crassa

Coprinopsis cinerea

Ustilago maydis

Fruit fly (Drosophila melanogaster)

Sea urchin (Strongylocentrotus purpuratus)

Human

Genome size (Mb?)
35
12
31
39
36
20
122
814

3 300

“ Mb, megabases (10° base pairs).

Genomic data are held on open databases on the Internet which are freely available. For the most up-to-date details visit the

following URLs:

http://fungalgenomes.org/blog/
http://fungalgenomes.org/wiki/Fungal_Genome_Links
http://en.wikipedia.org/wiki/List_of_sequenced_eukaryotic_genomes

[ ]
[ ]
[ ]
e http://www.ncbi.nlm.nih.gov/sites/entrez?db=Genome

If you want to learn how to search and analyse genomes for yourself, there are two very helpful resources on the Internet:

o Visit the excellent Exploring Genomes Bioinformatics interactive tutorial published by W. H. Freeman online at http://

bes.whfreeman.com/mga2e/bioinformatics/

o Visit the European Biocomputing Educational Resource (EMBER) interactive tutorial in Bioinformatics at http://www.
ember.man.ac.uk/login.php (you need to register for this tutorial module, but at the time of writing there is no cost).

By this stage in our description we’ve reached the point of
exporting the gene transcript(s) to the cytoplasm. We’ll
continue our story of what happens next to the ribosomal
subunits and mRNAs in the cytoplasm later (Section 5.9). At
the moment we want to proceed to the other prime function
of the nucleus, namely storage and transmission of the cell’s
genetic content.

5.6 Nuclear genetics

The basic genetic architecture of fungi is fairly typical of the
eukaryotes. Chromosomal structure and the nuclear division
process are defining characteristics of eukaryotes, and all the
major principles of genetics apply in fungi, namely gene
structure and organisation, Mendelian segregations,
recombination, etc. (Moore & Novak Frazer, 2002).
Nevertheless, there are some differences between most fungi
and other eukaryotes which we will highlight here.

Fungi have a generally smaller genome size than other
eukaryotes (Table 5.2). Remember, though, that the higher
organisms have much more non-coding DNA; for example in

Homo sapiens, it is estimated that only 3% of the genome
codes for protein. The Japanese puffer fish (Fugu rubripes)
has the shortest genome known for any vertebrate species,
being only one-tenth the size of the human genome, but the
size difference between these two genomes can be explained
by differences in intron sizes. In contrast, analysis of
genomes of grasses reveals that differences in sizes (up to 40
times) can be explained by their having extensive regions
between genes filled with repetitive DNA. This leads to the
conclusions that: in animals most repeats integrate into
intron DNA, but in plants most repeats integrate into
intergenic DNA (Wong et al., 2000). So we might reasonably
ask what are introns doing in fungi? No one can answer that
question yet, unless they are left over from the universal
ancestor (see Section 2.4). The next External Resources Box
suggests a few articles that will give you a little more
information and discussion.

The genomes are more similar when we compare the
numbers of protein coding genes which the genomes specify.
For example the puffer fish and human genomes contain
about 30 000 genes (although estimates vary enormously),


http://fungalgenomes.org/blog/
http://fungalgenomes.org/wiki/Fungal_Genome_Links
http://en.wikipedia.org/wiki/List_of_sequenced_eukaryotic_genomes
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http://www.ember.man.ac.uk/login.php
http://www.ember.man.ac.uk/login.php
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5.7 Mitotic nuclear division

What are introns all about?

Cstiros, M. (2005). Likely scenarios of intron evolution. In RECOMB 2005 Workshop on Comparative
Genomics, vol. LNBI 3678 of Lecture Notes in Bioinformatics (eds. McLysath, A. & Huson, D.H.),
pp- 47-60. Heidelberg, Germany: Springer-Verlag. http://citeseer.ist.psu.edu/csurosO5likely.html and

visit: http://www.iro.umontreal.ca/~csuros/introns/

Parmley, J. L., Urrutia, A. O., Potrzebowski, L., Kaessmann, H. & Hurst, L. D. (2007). Splicing and the
evolution of proteins in mammals. PLoS (Public Library of Science) Biology, 5: e14. DOI: http://dx.doi.

org/10.1371/journal.Pbio.0050014.

Roy, S.W. & Gilbert, W. (2006). The evolution of spliceosomal introns: patterns, puzzles and progress.
Nature Reviews Genetics, 7: 211-221. DOI: http://dx.doi.org/10.1038/nrg1807.

Saxonov, S., Daizadeh, I., Fedorov, A. & Gilbert, W. (2000). EID: the exon-intron database: an exhaustive
database of protein-coding intron-containing genes. Nucleic Acids Research, 28: 185-190. DOI: http://

dx.doi.org/10.1093/nar/28.1.185.

Wong, G.K.-S., Passey, D. A., Huang, Y.Z., Yang, Z. & Yul, J. (2000). Is ‘junk’ DNA mostly intron DNA?
Genome Research, 10: 1672-1678. DOI: http://dx.doi.org/10.1101/gr.148900.

Drosophila melanogaster contains about 14 000, Neurospoa
crassa about 10 000 and yeast about 6000.

The karyotype of most fungi, that is the profile of the
chromosome set, can be resolved by electrophoresis. The
technique reveals that chromosome length polymorphisms
are widespread in both sexual and asexual species of fungi,
revealing general genome plasticity. Tandem repeats, for
example repeats of rRNA genes, frequently vary in length
and dispensable supernumerary chromosomes, which are
usually less than 1 million base pairs in size, as well as
dispensable chromosome regions also occur in fungal
karyotypes. Many karyotype changes are genetically neutral;
others may be advantageous in allowing strains to adapt to
new environments.

5.7 Mitotic nuclear division

Prior to the nuclear division cycle, interphase (vegetative or
S-phase) fungal nuclei look more or less spherical and have
diffuse chromatin in the light microscope. Nuclei that are
migrating through the hypha are elongated and have a highly
visible nucleolus. As the nucleus enters its division cycle nuclear
volume decreases and chromatin condenses. The nucleoli
remain evident in dividing fungal nuclei until late in the mitotic
division (the stage called anaphase) and are then quickly
restored and steadily enlarge until daughter nuclei are formed.

Fungal mitotic divisions are intranuclear: in this ‘closed
mitosis’ the division spindle forms inside the nucleus. This is
quite different from the ‘open mitosis’ seen in most animals
and plants where the nuclear envelope disassembles and
microtubules invade the nuclear space to form the division
spindle. When the division spindle is formed within an intact
nuclear membrane progress of the division is more difficult
to see and study, but it does not appear to affect the
biological consequences of the mitotic division.

The typical mitosis proceeds through a series of
morphologically distinct stages: interphase, prophase,
metaphase, anaphase, telophase, ending with cytokinesis,
when the cell divides to produce two identical daughter cells.
In animals and plants cytokinesis usually occurs in
conjunction with mitosis. As we have mentioned, mitosis
may occur independently of the branching and septation that
are the equivalent of cytokinesis in filamentous fungi, but we
will return to this topic later (see Section 5.17).

During the process of mitosis the newly replicated paired
chromatids condense and attach to fibres of the division
spindle which then pull the sister chromatids to opposite
ends of the spindle. The division spindle is an organelle in its
own right. It consists of the two spindle poles, each
containing a centrosome made up of two centrioles (in
animals) or spindle pole body (SPB, in fungi) that manage
the spindle fibres, which are microtubules, connecting the
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poles with specialised regions of the chromosomes called
kinetochores, protein structures assembled on the
centromeres of the chromatids (plants make do without a
discrete organising centre, but all eukaryotes use y-tubulin to
anchor and initiate microtubule assembly).

All of the preparation for mitosis is done during
interphase, the spindle apparatus is assembled during
prophase. In metaphase the condensed chromosomes are
aligned near the spindle equator (forming the metaphase
plate), then the chromosomes are moved towards the poles as
the spindle elongates in anaphase. Finally, the daughter
nuclei are separated in some way; in animals and plants the
cell divides near the spindle equator (cytokinesis); this may
also apply in fungi (fission yeast, Schizosaccharomyces), or
one nucleus may migrate into a bud (budding yeast,
Saccharomyces), into a newly formed branch or conidium or
other spore (many filamentous fungi), or into a ‘new’ volume
of cytoplasm in the hypha which may, or may not, be
separated off by septation (many filamentous fungi).

In the cytoplasm the nuclei enter interphase; this
whole series of events is called the cell cycle. There are
networks of regulatory mechanisms, the crucial ones being
known as checkpoints, which coordinate the timing and
progress of events in mitosis. For example, the spindle
checkpoint inhibits the progress of anaphase until all of the
kinetochores are attached to spindle microtubules. We will
describe the cell cycle in Section 5.17, but we first have to
describe the basic machinery of mitosis.

Many features of nuclear and chromatid movement in
mitosis are common to all eukaryotes and extensive study of
mitosis in fungi, Aspergillus nidulans, in particular, has
contributed greatly to our understanding of eukaryote
mitosis (Morris, 2000). Nuclei are very mobile, being pulled
around by an attached organelle: in the fungi by the SPBs
and in other eukaryotes by the centrosomes, and chromatids
are pulled around by kinetochores assembled on their
centromere regions. The centromere typically contains
hundreds to thousands of kilobases of some tandemly
repeated DNA sequences. Analysis of these repeats in
organisms from insects, plants and fungi to mammals and
other vertebrates reveals no obvious conservation of
sequence, suggesting that a universal centromere sequence
does not exist, or has at least so far defied recognition.

Centromere characteristics depend less on the sequence
and more on what is done to these regions as DNA molecules
and proteins are assembled on them and the kinetochore is
constructed. Kinetochores are assemblies of about 45
different proteins, including a histone H3 variant (called
CENP-A or CenH3) which is specialised to helping

kinetochore binding to centromeric DNA. Other kinetochore
proteins attach to spindle microtubules, and there are motor
proteins, including both dynein and dynactin (a regulator of
dynein) generally, and three kinesins in Saccharomyces
cerevisiae, which generate forces that move chromosomes
during mitosis. Other proteins monitor microtubule
attachment and the tension between sister kinetochores and
activate the spindle checkpoint to arrest the cell cycle when
either of these is absent.

Kinetochore structure and function are not fully
understood yet, but in essence the dynein motor uses
energy from ATP to ‘crawl’ up the microtubule towards
the originating SPB. This motor activity, along with
polymerisation and depolymerisation of microtubules, is
what provides the pulling force necessary to separate the
chromosomes.

Knowledge of nuclear migration in Saccharomyces
cerevisiae derives from study of bud formation. The SPB is a
microtubule organising centre embedded in the nuclear
envelope; it produces astral microtubules emanating from
the nucleus into the surrounding cytoplasm and spindle
microtubules within the nucleus. Nuclear movements during
mitosis mirror the growing and shrinking rate of astral
microtubules, consistent with the idea that the microtubules
are pulling the nuclei into position.

Nuclear migrations seen in yeast are very short range
compared with the scale of nuclear migration in
filamentous fungi. Nuclei migrate through the cytoplasm
toward the advancing hyphal tip as the fungal colony grows;
in Gelasinospora tetrasperma, a typical nuclear migration
rate of 4 mm h™' through a newly formed heterokaryon
compares with a typical hyphal extension rate of only 0.7
mm h™! (and in both cases we do mean millimetres). From
early observations it was clear that nuclei are pulled from a
point on the nuclear periphery, where the SPB is located.
Observations on living fungi show that the nuclei move apart
after mitosis, then migrate in the same direction, but at
different rates, towards the hyphal tip, evening out their
distribution along the hypha (see Fig. 4.12, p. 96). The motive
force for the movement in mitosis is an interaction between
the SPB and the microtubules. The pulling force that moves
interphase nuclei through the hyphal cytoplasm is a
continuation of this process and depends on cytoplasmic
dynein motor activity.

The first nuclear migration mutants were a by-product of a
mitotic mutant search in Aspergillus nidulans; they were
named nud (for nuclear distribution). Similar mutations of
Neurospora crassa were named ropy (ro) because the hyphae
resemble intertwined strands of rope. Many of the nud and ro



genes are now known to encode structural subunits

of, or components essential for the consistency, localisation
or activity of, cytoplasmic dynein or dynactin

(see Section 5.12).

In the first stage of anaphase, chromatids move to the
poles of the spindle, and in the second stage of anaphase the
two poles of the division spindle move further apart. Mitotic
anaphase movements in filamentous fungi are randomised in
relation to the long axis of the hypha, so the mitotic division
spindle does not have a preferred orientation (which it would
be expected to show if septation were spatially linked to
nuclear division). The final stage of mitosis, telophase,
follows one of three patterns:

e median constriction, separating the entire nucleoplasm
into the two daughter nuclei;

e a double constriction which incorporates only a portion of
the parental nucleoplasm into each daughter nucleus, the
rest being discarded and degraded;

o formation of new daughter nuclear membranes, separate
from the parental one, enclosing the chromosomes and a
small portion of the nucleoplasm into the daughter nuclei
while the bulk of the parental nucleoplasm and its
membrane are discarded and degraded.

In multinucleate hyphae, mitotic divisions are not usually
synchronised. The first three or four rounds of mitosis are
synchronised in germinating spores of Aspergillus nidulans,
but mitotic synchrony degenerates, perhaps because of
increased difficulty of effective cytoplasmic mixing
throughout the juvenile mycelium, though it may still occur
locally. In some fungal tissues, such as mushroom stems,
nuclear division is rapid and there is some synchronisation,
although whether this is controlled or coincidental is not clear.
However, the higher fungi do seem to have a looser
connection between cell differentiation and nuclear number
and ploidy than is usual in plants and animals. In the
cultivated mushroom Agaricus bisporus, cells of vegetative
my-celial hyphae have 6-20 nuclei and those in the
mushroom fruit body have an average of six nuclei, though
cells in the mushroom stem have up to 32. In Coprinopsis
cinerea (appearing in most publications under the name
Coprinus cinereus), the vegetative dikaryon is absolutely
regular with strictly two nuclei per compartment. However,
cells of the fruit body stem can become multinucleate
through a series of consecutive conjugate divisions,
ending up with up to 156 nuclei, a peculiarity seen in
other agarics. Species of Armillaria are unusual in having
diploid tissues in the fruit body, so ploidy level and
nuclear number are both variable.

5.8 Meiotic nuclear division

5.8 Meiotic nuclear division

Meiosis is the division of a diploid nucleus in which
chromosomes reassort, producing four haploid daughter
cells. This step in meiosis is what generates the genetic
diversity of sexual reproduction.

The majority of fungi are haploid for most of their life
cycles, diploidy being limited to a short period immediately
prior to meiosis. This is a major difference with animals and
plants. The main biological impact of this arrangement in
fungi has been the evolution of processes to bring together
two haploids so that genetically different nuclei can coexist
in the same cytoplasm. These processes are the
incompatibility mechanisms regulating cytoplasmic and
nuclear compatibility. Through their action hyphae from
different haploid parental mycelia can safely approach each
other, undergo hyphal fusion to create a channel between
themselves and then exchange cytoplasm and nuclei, so that
a heterokaryotic mycelium is formed. All these processes we
will describe in detail in Chapter 7. Once formed, the
heterokaryon grows normally as a vegetative mycelium until
conditions are right for sexual reproduction to take place. At
this stage, cells of the heterokaryon go through karyogamy
(nuclear fusion) to produce the diploid nucleus that can
undergo meiosis.

Meiosis is often called ‘reductional division’ because in its
first stage the number of chromosomes in the daughter
nucleus is reduced by half. Meiosis I is the reductional
division, achieving its reduction in chromosome number by
sending paternal and maternal kinetochores to opposite
poles. Meiosis II, the second meiotic division, is an
equational division because it does not reduce chromosome
numbers; it shares the same machinery with mitosis. Unlike
most plants and animals, fungi carry out meiosis with the
nuclear membrane remaining intact through prophase 1.

Meiosis in heterothallic fungi goes through stages fairly
typical for eukaryotes. In particular, the major round of DNA
replication precedes the start of meiosis I. Indeed, it was
research with the filamentous ascomycete Neotiella (in 1970)
that first demonstrated this aspect of meiosis. Because the
haploid nuclei are in different (but adjacent) cells it could be
demonstrated that DNA replication was completed before
karyogamy established the diploid nucleus. Other aspects of
preparation for meiosis became evident as the molecular
events were established in yeast. In Saccharomyces
cerevisiae, mating cells respond to each other by modifying
their shape into pear-shaped cells termed shmoos (because of
their similarity in shape to a character in Al Capp’s ‘Li’l
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Abner’ cartoon strip). In the first stage of mating, and before
the cells fuse, the SPB forms a cluster of microtubules (called
astral microtubules) that move the haploid nucleus into the
tip of the shmoo. As the nuclei move toward the shmoo tips
of the two mating cells, the tips fuse, and the shmoo tip
microtubule clusters fuse to form a bundle, which
progressively shortens as the two nuclei and their SPBs come
together and fuse (karyogamy).

The first (diploid) bud emerges adjacent to the fused SPB
(Maddox et al., 1999), and then reproduces by mitosis. In
fission yeast (Schizosaccharomyces pombe) the nuclear
locations of centromeres and the ends of the chromosomes
(called telomeres) change during vegetative growth and in
the early stages of meiosis telomeres cluster near the SPB.
This telomeric cluster then leads the chromosomes in a rapid
oscillating movement that appears to aid synapsis. When
conditions are right the diploid progeny enter into meiosis. In
filamentous fungi the meiocytes, the cells in which meiosis
takes place, are the zygosporangia, ascus mother cells or
basidia, of the Zygomycota, Ascomycota and Basidiomycota
respectively.

During prophase I, homologous chromosomes pair and
form synapses, a step unique to meiosis. The paired
chromosomes are called bivalents, and the formation of
chiasmata caused by genetic recombination becomes
apparent as chromosomal condensation allows these to be
viewed in the light microscope. Note that the bivalent has
two chromosomes, one chromosome from each parent, each
chromosome has one centromere, but each has two
chromatids. One kinetochore forms on each chromosome
(rather than one per chromatid) and the chromosomes attach
to spindle fibres and begin to align at the metaphase plate.
During anaphase I the chromosomes move to separate poles
of the spindle, completing this in telophase. Each of the
daughter nuclei so formed is now haploid, although each
chromosome they contain is composed of two chromatids.
Following the completion of telophase I the daughter nuclei
continue to meiosis II.

5.9 Translation of mRNA and protein
sorting

Translation is the synthesis of a protein in the cytoplasm,
using an mRNA template that has been exported from the
nucleus. For protein biosynthesis, the mRNA molecules bind
to protein—-RNA complexes called ribosomes in the
cytoplasm, where they are translated into polypeptide
sequences. The ribosome is another one of these RNP
machines that mediates the formation of a polypeptide

Transcription, DNA to RNA

RNA processing: remove introns, apply 5’ cap,
apply poly-A tail, export mRNA from nucleus

mRNA translated into polypeptide
by ribosomes

4

polypeptide may be delivered to specific
cell compartment or site;

polypeptide may require assistance from
chaperone proteins to fold

4

to produce the active protein,
polypeptide may associate with:
other polypeptides
ligands
effectors
coenzymes
or cofactors

—

N— 7

Fig. 5.4 Flowchart giving an overall summary of protein synthesis.
Transcription of DNA into RNA takes place within the nucleus (light
grey panels; more detail in Figs. 5.2 and 5.3), and the primary
transcript RNA is then modified to add cap and poly-A tail and
remove introns. The resulting mature mRNA is exported from the
nucleus into the cytoplasm for translation into protein. The mRNA is
translated by ribosomes that use tRNA charged with specific amino
acids to create the polypeptide corresponding to the sequence of
codons carried by the mRNA. Newly synthesised proteins often carry
signal sequences that enable them to be sorted and delivered to
specific sites and may be further modified, such as by enzymic
activation chemically modifying them, by binding to effectors or
coenzymes, and perhaps by binding to other polypeptides.

sequence based on the mRNA nucleotide sequence (Fig. 5.4).
Initiation of translation begins when the small subunit of the
ribosome attaches to the methylated cap at the 5’ end of the
mRNA and moves to the translation initiation site. Another
key molecule is the family of transfer RNA (tRNA)
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molecules, which carry anticodons complementary to the
mRNA codons. The first codon to be translated in the mRNA
is typically AUG (the general translation start signal), and the
tRNA that corresponds to this carries the amino acid
methionine.

The large ribosome subunit now binds to the assembly,
creating the peptidyl (or P) site and aminoacyl (or A) site on
the ribosome. The first tRNA occupies the P-site, and the
second tRNA, complementary to the second codon, enters the
A-site. A peptide bond is made between the methionine (at
the P-site) and the second amino acid at the A-site; next, the
first tRNA exits, and the ribosome moves along the mRNA to
free up the A-site so that the next tRNA can enter. As peptide
elongation continues, the growing peptide is always
transferred to the tRNA at the A-site by being peptide-
bonded to the amino acid carried by that tRNA. The ribosome
then moves along the mRNA, so that the tRNA carrying the
peptide synthesised to date remains at the same place on the
mRNA, held by the hydrogen bonding between its anticodon
and the mRNA codon, but is shifted to the ribosome’s P-site
by movement of the ribosome.

Note also that amino acids are linked to their tRNA via
their carboxy group (i.e. aminoacyl-tRNA), so by definition
the first amino acid to be placed in the peptide will have a
free amino group, and the last amino acid to be added will
have a free carboxylic acid group (once the tRNA is
removed). So synthesis is initiated at the amino-terminal end
and ends at the carboxy-terminal end of the polypeptide.
When a stop codon is encountered in the A-site, a release

factor rather than a tRNA enters the A-site and translation is
terminated. When termination is reached, the ribosome
dissociates, and the newly formed polypeptide is released and
folds into a functional three-dimensional protein molecule.

The termination of synthesis is not the end of the story.
Only a minority of the proteins synthesised in the cytoplasm
actually function there. Most proteins have to be delivered to
one or other of the cellular organelles to carry out their
function, and they may need to be delivered to the inner
space of an organelle, to the organelle’s interior membrane(s)
or to the cell’s outer membrane, or to be exported totally to
its exterior. This delivery process is carried out using
information contained in the protein itself; these proteins
have a stretch of amino acid residues in the chain, called
signal peptides or targeting peptides, which target the
protein to its proper destination.

This addressing mechanism is called the protein targeting
or protein sorting mechanism. During transit through the
cytoplasm proteins called chaperonins become associated
with a newly synthesised polypeptide to modify its folding
and deliver it in a suitable form to the proteins of
translocator complexes embedded in the organelle
membrane that import it into the organelle. When it is
delivered a complex called the signal peptidase removes the
signal sequence (so although the coding for this sort of signal
sequence must be contained within the mRNA sequence, it
does not appear in the final working protein).

There are two types of targeting peptides: presequences,
and internal targeting peptides. Presequences are usually
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short amino acid sequences at the amino-terminal end of the
peptide made up of basic and hydrophobic amino acids. The
internal targeting signals are stretches of the primary
sequence; to function as signal sequences these stretches
have to be brought together on the protein surface by its
folding. They are called signal patches.

An amino-terminal signal sequence is the first to be
translated and is recognised by a signal recognition particle
(SRP) while the polypeptide is still being synthesised. SRP
binds to the ribosome and targets it to the membrane-bound
SRP receptor of the translocon in the membrane of the
membranous organelle called the endoplasmic reticulum
(ER). When the translating ribosome arrives at the ER
membrane the translocon channel is initially closed, but
when the signal sequence of the polypeptide is recognised by
the channel, it opens, and while it is still being synthesised
the protein is inserted into the channel. A junction between
ribosome and translocon blocks return of the protein to the
cytoplasm. The signal sequence is immediately removed
from the polypeptide by signal peptidase when it is
translocated into the ER. Within the ER, the protein is
associated with more chaperonin proteins to protect it while
it folds correctly. Once folded, the protein may be further
modified (by glycosylation, for example), before transport to
the Golgi apparatus for more processing and transport to
other organelles or retention in the ER.

Some proteins are translated in the cytoplasm,
independently of the ER, and later transported to their
working destination. This happens for proteins intended for
the nucleus, mitochondria, chloroplasts in plants, or
peroxisomes. Peroxisomes are highly significant to fungi for
a variety of reasons:

o the glyoxylate cycle occurs within the peroxisome so they
are necessary for fatty acid metabolism;

o filamentous Ascomycota have specialised peroxisomes
called Woronin bodies that plug the septal pore to separate
individual cells in a hypha (see Section 5.17);

e increasing evidence indicates that this organelle can
also function as an intracellular signalling compartment

and as an organiser of developmental decisions inside
the cell;

e peroxisomes contain enzymes that catalyse the breakdown
of hydrogen peroxide.

Interestingly, proteins targeted on peroxisomes have their
signal sequence at the carboxy-terminal end of the
polypeptide.

Some proteins are transmembrane proteins, often
transmembrane receptors that pass through their membrane
one or more times. These are inserted into the membrane by a
translocation process similar to that already described (the
first transmembrane domain acts as the first signal sequence)
but the process is stopped by an amino acid signal sequence,
which is also called the membrane anchor.

The majority of mitochondrial proteins are synthesised in
the cytoplasm with appropriate presequences. In this case the
ribosome does not dock onto the mitochondrial translocator,
but synthesises the preprotein as a cytoplasmic soluble
protein. Cytoplasmic chaperonins then deliver the preprotein
to a translocator in the mitochondrial membrane.

The proteins involved include receptors and the general
import pore at the outer membrane, which together make up
the translocase of outer membrane (TOM). The preprotein
translocates through TOM in hairpin loops and is then
transported through the space between membranes to TIM
(translocase of inner membrane) through which it exits to
the mitochondrial matrix, where the targeting presequence is
removed. Mitochondria are complex organelles and proteins
have to be targeted to different parts of them, involving
several signals and transport pathways. Targeting to the
outer membrane, intermembrane space and/or inner
membrane often requires separate signal sequence(s) in
addition to the matrix targeting sequence.

In plants, proteins are also targeted to chloroplasts. We
will not dwell on this apart from mentioning that the vast
majority of chloroplast proteins are synthesised in precursor
form on cytoplasmic ribosomes and are translocated through
the TOC (translocon at the outer envelope membrane of
chloroplasts) and TIC (translocon at the inner envelope
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membrane of chloroplasts) complexes. A basic similarity in
strategy of mechanism (and naming) is evident between the
two major organelles, mitochondria and chloroplasts, which
encourages the view that similar mechanisms may be used
for other membrane-bound organelles.

For proteins that must get from the cytoplasm to the
nucleus, there is a nuclear localisation signal. On the
cytoplasmic side of the nuclear membrane, the NPC (see
Section 5.5) recognises proteins carrying a nuclear
localisation signal and selectively transports them into the
nucleus. Proteins cross the NPC after they have been
synthesised and have folded into a three-dimensional shape.

We have to consider protein destruction as the final act in
protein sorting. Synthesis might produce a defective protein,
a protein may be damaged as it functions, or, more likely,
protein function may no longer be required. Such proteins
are recycled and are targeted for recycling by ubiquitin.
Ubiquitin is so called because it is ubiquitous in virtually all
types of cells and is one of the most highly conserved (i.e.
least changed) proteins. Ubiquitin is a protein consisting of
76 amino acids and in the normal course of events, proteins
are inactivated by having several molecules of ubiquitin
attached to them; this process is called ubiquitination.
Ubiquitin serves as the signal for transport machinery to
ferry a protein to a site for proteolysis. There are two
pathways of intracellular proteolysis: lysosomal, and
proteasomal.

A minority of proteins modified with ubiquitin (in
Saccharomyces cerevisiae it tends to be plasma membrane
proteins; Hicke, 1999) are internalised and degraded in a
lysosome vacuole. The majority of ubiquitin-labelled
proteins are transported to the proteasome for degradation.
The proteasome is another molecular machine; it’s a
cylindrical particle with a central cavity comprising a
multicatalytic protease complex together with, at each end, a
complex containing several ATPases and a binding site for
ubiquitin molecules. The ubiquitinated protein is unfolded by

the ATPase complexes, which also recover the ubiquitin and
inject the substrate protein into the central chamber where
there are several catalytic sites. The substrate protein is
cleaved into peptides of between six and nine amino acid
residues, the length of the product corresponding to the
distance between adjacent catalytic sites in the central
chamber.

5.10 The endomembrane systems

We have already mentioned the membrane-bounded

organelles mitochondria and chloroplasts, which are the
power generators for the cell, but eukaryotes depend on
several other membrane systems that deserve reference.

Mitochondria contain their own genome separate from the
nuclear genome, and their key role is to manage the flow of
oxygen atoms, protons and electrons in the process of
respiration. The purpose is to generate compounds
(particularly ATP and NADH) containing chemical energy
that can be used for useful work elsewhere.

Chloroplasts are the photosynthetic counterparts of
mitochondria, using the photolysis of water to generate
protons and electrons that are captured into chemical energy
(mainly as ATP and NADPH). Organelles in plants that are
modified chloroplasts are broadly called plastids, and are
often involved in nutrient storage. Since both mitochondria
and chloroplasts contain their own genomes, they are
thought to have once been separate organisms, which formed
symbiotic relationships at some stage in the evolution of
eukaryotic cells. The most convincing version of this
‘endosymbiosis theory’ (Margulis, 2004) suggests a series of
symbiotic relationships being established between
prokaryotic partners: the mitochondria of eukaryotes
evolving from aerobic bacteria living within a host cell;
chloroplasts of eukaryotes evolving from endosymbiotic
cyanobacteria; eukaryotic cilia and flagella arising from
endosymbiotic spirochetes.
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The other main components of the eukaryotic cell’s
collection of single-layer endomembranes are the
endoplasmic reticulum and the Golgi apparatus, both of
which are responsible for managing the macromolecules of
the cell. Endoplasmic reticulum (ER) is a transport network
within the cell that sorts molecules intended for specific
modifications and/or destinations. There are two forms of
ER: rough ER has ribosomes docked on its cytoplasmic
surface, anchored there because the polypeptides they are
synthesising carried a signal sequence that directed them to
the ER translocon (see Section 5.9), and the smooth ER,
which lacks docked ribosome. The ER is a system of
membrane-bounded channels and sacs (called cisternae)
connected to the double-layered nuclear envelope, which
makes, processes and transports chemical compounds for use
throughout the cell, and provides a link between nucleus and
cytoplasm.

The Golgi apparatus was one of the first intracellular
organelles to be visualised, being observed by several
workers at the end of the nineteenth century, though one
called Camillo Golgi was the first to publish the observation.
Golgi apparatus is another system of membrane-enclosed
compartments, which modifies molecules made in the ER and
prepares them for export to the outside of the cell.

This description implies that there is a constant traffic
between the two membrane systems, and this is the case;
transport or carrier vesicles bud from the ER membranes and
selectively fuse with the Golgi apparatus (and there is a
reverse, or retrograde, traffic too). These events require
specific protein-protein interactions. Firstly, the vesicle

forms through assembly of a protein coat on the cytoplasmic
surface of the ER membrane which establishes curvature in
the membrane and determines which membrane proteins are
accepted by the vesicle. Secondly, and after transport,
pairing of vesicle proteins with proteins in the Golgi
membrane allows the vesicle and target membranes to fuse
so that the cargo is deposited into the Golgi apparatus.
Vesicle traffic from the ER to the Golgi involves vesicles
coated with ‘coatomer protein’ COPIL. A different vesicle
coat protein complex (COPI) is responsible for transport from
Golgi to ER, and also for transport between Golgi
compartments (Wieland & Harter, 1999).

COPII proteins were first identified by genetic studies with
yeast, but mammalian counterparts to the yeast genes were
soon identified and shown to serve the same functions, so
this is another highly conserved eukaryotic process. This
molecular/genetic evidence is significant because there is a
considerable difference in the morphology of the Golgi
apparatus between fungi and mammals. The Golgi body in
mammals (as originally observed in the cytoplasm of
neurons by Golgi) is a stack of flattened large vesicles with
swollen peripheral regions (the cisternae, often called
dictyosomes by plant cell biologists), which are linked
together by tubular connections and surrounded by
numerous smaller spherical vesicles which have budded off
from the cisternae. There are usually between five and eight
cisternae in the stack but as many as 60 have been observed
in some unicellular flagellates. Stacked Golgi bodies like this
are not observed in plants or fungi. Most plant cells have
hundreds of individual Golgi dictyosomes distributed
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throughout the cytoplasm; fungi also have individual
dictyosomes distributed within the cell.

Such a complicated structure is obviously functionally
differentiated and it’s easier to describe, and understand, the
stacked Golgi apparatus of animals. Obviously, a stack of
anything has a top and a bottom and it turns out that the
stack of cisternae is functionally differentiated in that one
end is the entry face, called the cis-Golgi, at which vesicles
are received, the other end is the trans-Golgi, from which
export vesicles leave. The medial (or middle) saccules are
between the two, and both cis and trans are associated with
networks of tubular and small cisternal structures called the
cis-Golgi network (CGN) and trans-Golgi network (TGN).

The main functions of the Golgi apparatus are to modify,
sort, package and transport substances formed by the ER. These
reach the Golgi stack at its cis-side via vesicles budded off the
ER. Enzymes within the Golgi cisternae modify proteins by the
addition of carbohydrates (glycosylation), sulfate (sulfation)
and phosphate (phosphorylation). To achieve this, the Golgi
also imports substrates like phosphate and sulfate donors and
nucleotide sugars from the cytoplasm. Proteins are also labelled
with signal sequences to specify their final destination; for
example, adding a mannose-6-phosphate labels proteins
destined for lysosomes. The animal cell Golgi is also important
in the synthesis of proteoglycans needed for the animal cell
extracellular matrix. It is also a major site of carbohydrate
synthesis.

The products of these modifications are packaged in
membrane-bounded vesicles at the periphery of the trans-
Golgi network that are targeted to the appropriate membrane
somewhere else in the cell, such as lysosomes, peroxisomes

and plasma membrane (for excretion from the cell). There is a
flow in the other (retrograde) direction, too. Some of the
product vesicles that emerge from the trans-Golgi network
return ER-resident proteins to the ER and export Golgi-
modified products for distribution by the ER.

In addition, we should appreciate that the cell plasma
membrane (plasmalemma) is a membrane organelle in its
own right and it is capable of both endocytosis (uptake) and
exocytosis (secretion). The cell plasma membrane is made
from a double layer of phospholipids. Because of its polar
nature, the phosphatidyl ‘head’ of a phospholipid is
hydrophilic (attracted to water) and the lipid tails are
hydrophobic but lipophilic. Existing in an aqueous
environment, the phospholipid bilayer is stable with the
phosphatidyl heads on the two outer surfaces with the lipid
tails together forming a lipophilic microenvironment
between them. This forms a very fluid membrane that has a
variety of protein molecules embedded within it acting as
channels, transporters and receptors for regulation of the
exchange and contact with the exterior of the cell.

Large molecules cannot pass through this membrane
without active assistance. The process that imports these is
called endocytosis. There are specialised regions called
coated pits on the outside of the membrane. The ‘coat’ is a
protein called clathrin, which can form a localised
polyhedral lattice on the plasma membrane to cause an
invagination of the membrane with the result that the
imported cargo is drawn into the cytoplasm in a vesicle. This
mechanism is used for uptake of essential metabolites,
uptake of some regulators and growth factors, or uptake of
previously exported molecules for recycling. The resultant
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endocytic vesicles are transported to the Golgi apparatus and
the ER where they fuse with Golgi and ER endosomes. After
vesicle fusion the coat detaches and may be reused, and the
membrane that formed the invagination is ultimately
returned to the cell surface. A similar clathrin-coating
process also buds membrane segments from the trans-Golgi
network.

The small transport vesicles we have already mentioned
are defined by their coat proteins: COPII-coated vesicles
allow export from the ER, COPI vesicles shuttle proteins
between Golgi and ER, and clathrin-coated vesicles mediate
transport from the trans-Golgi network and endocytic
transport from the plasma membrane. These organised
pathways require pairs of membranes to specifically
recognise one another and subsequently fuse. Different
targeting reactions involve distinct protein complexes that
act to mark the target organelle for incoming vesicles (Guo
et al., 2000). This is the responsibility of SNARE proteins
(SNARE is an acronym derived from soluble N-
ethylmaleimide sensitive factor attachment protein
receptor), which are integral membrane proteins found
predominantly on vesicles (v-SNAREs incorporated into the
membranes of transport vesicles during budding) or target
membranes (t-SNAREs located in the membranes of target
compartments). SNAREs are fusion proteins; it is a large
family of proteins with more than 60 members in yeast.
Initial recognition between a vesicle and a target membrane
is the responsibility of another group of proteins called
tethering factors, which are large fibrous proteins that can
span relatively long distances (>200 nm) between vesicle
and target membrane, so they may form a molecular ‘fishing
net’ to catch relevant vesicles. Tethering factors bind
membranes together prior to the interaction of v-SNAREs
and t-SNARESs across the membrane junction. The SNAREs
form a complex that extends across both membranes and
then ‘zippers’ the two membranes together.

The previous paragraphs describe the animal Golgi
composed of stacked cisternae. This is not found in fungi, but
it is not true to say, as some accounts do, that ‘fungi lack
Golgi dictyosomes’. Fungi do carry out all the Golgi
functions, but the dictyosomes are scattered through the
cytoplasm and are not stacked into the historical Golgi body
(Kuehn & Schekman, 1997; Kaiser € Ferro-Novick, 1998;
Warren & Malhotra, 1998; Waters & Pfeffer, 1999). Cisternal
(or dictyosome) stacking is an animal characteristic, but the
stack consists of a collection of cisternae at different stages
of maturation, with the youngest at the cis-side and most
mature at the trans-side. As the trans-cisternae mature they
‘dissolve’ into vesicles and are replaced by the next-most-

mature from the stack, and a new cisterna is assembled on
the cis-side. This dynamic production line is well illustrated
in the animation Protein trafficking in the Golgi apparatus at
http://vcell.ndsu.nodak.edu/animations/proteintrafficking/
movie-flash.htm. In plants and fungi the dictyosomes go
through essentially the same maturation processes without
being collected together into a stack.

Fungi have a main central vacuole as their principal
degradative compartment and there are several pathways to
the vacuole that supply it with hydrolytic enzymes, two from
the trans-Golgi network, and a cytoplasm-to-vacuole
pathway. There is a further range of vacuolar import
pathways for substrate delivery, including endocytosis from
the cell surface delivering metabolites in bulk as well as
specific components, and regular transport of proteins
destined for recycling in the vacuole. For the most part, flow
to the vacuole happens in response to specific environmental
stimuli; the main vacuole may accumulate any of a wide
range of metabolic end-products varying from nutrient
stores all the way to waste materials. Each of these
accumulation, transport and delivery events depends on
cellular machinery sensing the environmental signal(s),
activating appropriate metabolic pathways and designating
the appropriate transport mechanisms and targets (Scott &t
Klionsky, 1998).

The network of vesicle traffic in the growing hypha has
been visualised using fluorescent dyes that insert into the
outer layer of the plasma membrane (Fischer-Parton et al.,
2000). Within 30 s of adding the dye to hyphae a cloud of
fluorescent endocytic vesicles appears within the cytoplasm.
Although components of the endocytic pathway have been
characterised by molecular and genetic means, uptake of the
dye is a clear demonstration that the full endocytosis process
does occur in filamentous fungi.

The summarised model that results from the observations
(Fig. 5.5) shows that the next stained organelles that could be
visualised were small and roughly spherical endosomes.
Subsequently, in subapical compartments, the next
obviously stained organelle was the large main vacuole. This
sequence is similar to observations of budding yeast, where
staining of vacuole membranes followed that of endosomes.
In hyphae the vacuolar system consists of an extensive
tubular network in addition to the large roughly spherical
vacuoles. Both the Golgi and ER of fungal hyphae would
become stained via pathways connecting the endosomal
system, Golgi and ER, which are known to occur in budding
yeast.

The model shown in Fig. 5.5 also introduces a
membranous organelle that is a characteristic feature in


http://vcell.ndsu.nodak.edu/animations/proteintrafficking/movie-flash.htm.
http://vcell.ndsu.nodak.edu/animations/proteintrafficking/movie-flash.htm.

endosome
ER
Golgi
cisterna

mitochondrion

@)

v

Fig. 5.5 A hypothetical model of the organisation of the vesicle
trafficking network in a growing hypha based on the pattern of
fluorescent dye staining. Intracellular trafficking is shown with pale
grey arrows, exocytosis with mid grey arrows and endocytosis with

fungi with true hyphae: an apical cluster of vesicles and
cytoskeletal elements, which plays a crucial role in hyphal tip
extension growth and is known by its German name, the
Spitzenkorper (‘apical body’). The Spitzenkoérper is the
organising centre for hyphal extension and morphogenesis;
present in actively growing tips but lost when extension
ceases. It can be detected with phase-contrast light
microscopy in growing hyphae of Ascomycota and
Basidiomycota. Some Zygomycota lack a recognisable
Spitzenkorper, but do have a loose distribution of vesicles in
the hyphal apex that may serve the same function. The
structure of the Spitzenkorper, as seen by light microscopy,
differs in detail between species, but is also dynamic and
variable within a species. Even though it lacks a membrane
boundary it is clearly a complex organelle, which is always
adjacent to the site of polarised hyphal extension. It is
composed of vesicles of various kinds and sizes,
microfilaments, microtubules and ribosomes.

Extension of the hyphal tip requires polarised
incorporation of plasma membrane and cell wall constituents
into the growing apex. Apical extension of the hyphal tip is
considered to depend on the supply of wall-building
secretory vesicles generated by Golgi cisternae and
discharged from a ‘vesicle supply centre’ which is the
cytologically visible Spitzenkorper. As Fig. 5.5 suggests,
satellite Spitzenkorper(s) arise immediately beneath the
plasma membrane a few micrometres behind the apex, before
migrating towards and merging with the main Spitzenkérper
to supply additional wall-building vesicles to the growing

5.11 Cytoskeletal systems

Spitzenkorper

satellite 8000 D N

Spitzenkdrper

black arrows. Plasma membrane and other membrane
compartments are shown in black with the hyphal cell wall shown
in grey. ER, endoplasmic reticulum. (Redrawn and modified from
Fischer-Parton et al., 2000.) See Plate section 1 for colour version.

hyphal tip. In experiments with fluorescent dye the
Spitzenkdrper stained shortly after the endosomes suggesting
that, as well as the Golgi, the endosomal system may supply
materials to the Spitzenkdrper. It is plausible that recycled
plasma membrane, captured by endocytosis and sorted by
the endosome(s), is among the material supplied to the
Spitzenkorper by the vesicle flow (Harris et al., 2005; Virag &
Harris, 2006). Fluorescent probes also label vacuoles that
form a tubular reticulum in hyphal tip cells, and short
tubules that undergo sequences of characteristic movements
and transformations to produce ring-like membrane
structures not yet fully identified. The cell biology of the
apical dome of the hypha is complex and dynamic (Zhuang
et al., 2009).

5.11 Cytoskeletal systems

In the descriptions above we have often used words implying
delivery of a cargo contained in a vesicle to a specific target
site. The vesicles do not slosh around in a cytoplasmic soup;
rather they are conveyed to their destinations by the
cytoskeletal system.

The cytoskeleton is a characteristic feature of eukaryotic
cells. Although homologues to all the major proteins of the
eukaryotic cytoskeleton can be found in prokaryotes,
the sequence comparisons indicate very distant
evolutionary relationships. As the name ‘cytoskeleton’
implies it is generally presented as the structure that
maintains cell shape and permits motion, but this is only
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fully applicable to animal cells; in plants and fungi the cell
wall largely determines cell shape and motion is limited
(though in fungi the invasive hyphal tip could be viewed as
being a motile apex). The cytoskeletal functions that apply
throughout the eukaryotes are to provide for intracellular
transport of vesicles and organelles, and segregation of
chromosomes during nuclear division (see Sections 5.7
and 5.8).

There are three main components making up the
eukaryotic cytoskeletal system: actin filaments or
microfilaments, intermediate filaments and microtubules:

e actin filaments/microfilaments are solid rods about 7 nm
in diameter made of two chains of the globular protein
called actin (one of the most abundant proteins in nature).
These filaments are contractile and contribute to shape
changes, cell-to-cell or cell-to-wall connections, signal
transduction, cytokinesis and cytoplasmic streaming;

o intermediate filaments are a very broad class of fibrous
proteins forming structural fibres in the range 8 to 12 nm
diameter. They also participate in cell-to-cell and cell-
external connections, but mostly function as tension-
bearing elements maintaining shape and rigidity of the
animal cell, and the structure of membranous structures
like the nuclear envelope. The first intermediate filament
gene to be characterised in filamentous fungi, the
Aspergillus nidulans mbmB gene product, co-localises
with mitochondria, and deletion of mdmB affects
mitochondrial morphology and distribution;

e microtubules are straight, hollow cylinders about 25 nm in
diameter, usually composed of 13 protofilaments, which
are polymers of a- and B-tubulin. They have a very
dynamic behaviour, and carry out a variety of functions,
ranging from transport to structural support.

The importance of actin in budding yeast is evident from the
phenotype changes resulting from mutation of the gene that
encodes actin, which include:

e gross morphological defects,

e abnormal chitin deposition,

o defective bud site selection,

abnormal nuclear segregation,

abnormal cytokinesis,

abnormal distribution of intracellular organelles,
abnormal secretion and uptake,

altered sensitivities to the environment (temperature,
osmotic and ion concentrations).

The actin protein has a molecular weight of about 42 kDa
(375 amino acids), which exists as a monomer (referred to as

globular or G-actin) or as a linear polymer of the monomer,
known as filamentous or F-actin. It is the filaments that are
so important in morphogenesis, organelle movements and
cytokinesis. The microfilaments are extremely dynamic
structures that can be rapidly modified by interactions with a
number of actin-binding proteins (ABPs) (Sutherland &
Witke, 1999; Walker & Garrill, 2006). The actin cytoskeleton
of filamentous fungi is required for polarity establishment
and maintenance at hyphal tips and for formation of a
contractile ring at sites of septation. Actin-related proteins,
known as formins, have been identified as independent
nucleators of actin polymerisation. Filamentous fungi
contain a single formin that localises to both hyphal tips and
the sites of septation (Xiang & Plamann, 2003).

Microtubules and their associated proteins are involved
with as wide a range of intracellular functions as are actin
microfilaments (indeed, the two work together in most
instances), particularly transport and positioning of
organelles, vesicles and nuclei. Microtubules are made up of
dimers of a- and B-tubulin that assemble into cylindrical
tubes with a diameter of about 25 nm but varying greatly in
length. The polymerisation dynamics of microtubules are
central to their biological functions. Even in vitro, purified
tubulin dimers continuously self-assemble and disassemble;
microtubules polymerise and elongate until they randomly
switch to depolymerisation (the switch is termed
catastrophe). Depolymerisation leads to rapid shortening of
the microtubule, resulting either in their complete
disappearance or in a switch back to elongation (which is
termed rescue). This dynamic instability is an essential
property of microtubules as it enables them to perform
mechanical work. An elongating microtubule is polarised,
having a rapidly elongating plus end, and a slowly or non-
elongating minus end (in cells, the minus end is usually the
anchor point).

In vivo, microtubules utilise the energy of GTP hydrolysis
to drive their dynamic instability (polymerisation/
depolymerisation). Microtubules are formed by assembly of
o- and B-tubulin dimers. The first stage of their formation is
called nucleation, which requires Mg>" and GTP. During
nucleation, a- and B-tubulins join to form a dimer. Each
dimer carries two GTP molecules, but it’s the one on the
B-tubulin that is hydrolysed to GDP when a tubulin molecule
adds to the microtubule. Dimers attach to other dimers to
form oligomers, 13 at a time, forming rings 25 nm in
diameter. The longitudinal rows of dimers are called
protofilaments. Nucleation is relatively slow, but once the
microtubule is fully formed the second phase, called
elongation, proceeds more rapidly. The length of
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Fig. 5.6 A cartoon strip depicting the mechanism of (conventional)
kinesin-dependent movement (‘walking’) that transports vesicles
along microtubules. Here the transport is from left to right, and is
towards the plus end of the microtubule, which is the end with a

microtubules is determined by elongation rate, shortening rate,
catastrophe frequency and rescue frequency; the cell controls
its microtubule network by modifying these parameters, and
this in turn affects the intracellular transport processes.

A wide range of microtubule-binding proteins is involved
in these organising and maintenance processes. Some
microtubule-binding proteins specifically associate with the
plus ends of growing microtubules. These proteins are called
plus end tracking proteins (or +TIPs). They form clusters at
the ends of growing microtubules and regulate microtubule
dynamics. A specific animal example is CLIP-170 which is a
‘Cytoplasmic Linker Protein’ that binds to the growing plus
end of microtubules, enhances microtubule assembly, and is
involved in interactions between endosomal membranes and
microtubules. CLIP-170 homologues in Saccharomyces
cerevisiae stabilise microtubules by reducing all four
parameters of dynamic instability, while they suppress
catastrophes in Schizosaccharomyces pombe (remember,
these two yeasts are related, but belong to different
phylogenetic lineages; see Fig. 2.9 and Section 3.7). CLIP-
170 homologues of Aspergillus nidulans promote
microtubule growth by doubling the rescue frequency.
Evidently, organism, tissue and cell type specific functions
can be expected in these and other microtubule-associated
proteins (MAPs). MAPs include the microtubule motors,
kinesin and dynein, which ‘walk’ along the microtubules to
provide the characteristic motility. They work in opposite
directions: kinesins move cargo to the plus end, dynein
towards the minus end. Dynein motors are concentrated at
microtubule plus ends in fungi, where they influence
catastrophe and rescue rates in Saccharomyces cerevisiae,
Aspergillus nidulans and Ustilago maydis, thus functioning
like +TIPs as well as being minus-end-directed motors.

It may be worth mentioning here that the antifungal drug
griseofulvin inhibits mitosis in fungi by binding to MAPs and
the fact that it is clinically useful suggests that there are
major differences between the MAPs of humans and those
of fungi.
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high polymerisation rate. You can see an animation of this
mechanism at this URL: http://www.imb-jena.de/~kboehm/Kinesin.
html. See Plate section 1 for colour version.

5.12 Molecular motors

Microtubules and microfilaments are used by molecular motors
for the manipulation and long-distance transport of
membranous organelles, vesicles, and RNA and protein
complexes (Steinberg, 2000, 2007a & b). Movement is the
responsibility of molecular motors which are molecular
machines that move their cargo along F-actin microfilaments or
microtubules. Consequently, those motors and their associated
transport apparatus deserve a little more detailed attention.

There are three major types of molecular motor: the
microtubule-associated kinesins and dyneins, and the
actin-associated myosins. As we have mentioned,
microtubules are polarised (anchored at the minus end,
polymerised at the plus end) and microtubular motors are
classified as plus-end-directed or minus-end-directed
according to the direction of their movement along the
microtubule. Generally speaking (there are exceptions),
kinesins and dyneins work in opposite directions, kinesins
move their cargo towards the plus end (Fig. 5.6), and dynein
walks towards the minus end of the microtubule.

Fungal representatives of all of these support the
numerous cellular transport processes in hyphae including
apical polar extension, septation and nuclear division. The
different motors share some structural similarities in that
they have a head or motor domain, a linker region and a tail/
stalk region, although there are many differences between
them (Fig. 5.7). In most cases, motors consist of a homodimer
of heavy chains and a variable number of associated light
chains that often have regulatory roles. The heavy chain
forms the globular motor region that binds either to
microtubules or the F-actin of microfilaments, as
appropriate. ATP cleavage leads to conformational changes
in the motor domains, which results in the coordinated
‘walking’ of the motor along the cytoskeletal fibre; the
chemical energy provided by ATP hydrolysis is thereby
transduced into kinetic energy in the form of the movement
of the motors along their fibre.
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Fig. 5.7 Diagrams of fungal kinesin (at left), dynein (centre) and
myosin (at right). Conventional kinesins from fungi comprise a
homodimer of two heavy chains (105 kDa) that provides the
enzymatic activity (no evidence for carboxy-terminal light chains
that are typical for kinesins from animals has been found). The
dynein complex contains two heavy chains of 400 kDa, which
probably bind associated polypeptides. In fungal myosins, the heavy

There is a close interrelationship between the actin and
microtubule cytoskeletal systems and the same organelles
move on both types of filament. For example, mutations in
each of these motors can result in similar defects in septation,
nuclear migration and organelle distributions in fungi. On
the other hand there is also evidence in fungi that movement
of some organelles is specific to a particular motor, and
which motor does what differs between fungi. For example,
in Saccharomyces cerevisiae, transport of mitochondria,
secretory vesicles and vacuoles is based mainly on F-actin
and its associated myosin motors, whereas in the fission
yeast Schizosaccharomyces pombe the microtubular system is
involved in this sort of traffic.

Vacuoles are important in transport over long
transport pathways in filamentous hyphae, since they
contain many nutrients and essential metabolites, organic
and inorganic. In the apical cells of hyphae of most fungi the
vacuoles form a highly motile tubular reticulum. The
vacuoles are most active in hyphal tips, but non-motile
vacuoles at a distance from the tip can be induced to become
motile by environmental changes (Rees et al., 1994). There is
good evidence that cytoplasmic microtubules are important
for the maintenance of vacuolar tubules (Fig. 5.8), while
F-actin microfilaments are not. Staining of hyphae with
a-tubulin antibodies shows longitudinal arrays of
microtubules. Tubular vacuoles lie parallel to bundles of
longitudinal microtubules. Drugs that depolymerise
filamentous actin do not affect the vacuole system in hyphae.
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chain (180 kDa) of Myo2p, a class V myosin from Saccharomyces
cerevisiae, provides six binding sites (dark grey ovals) for a light
chain. Abbreviations key: C, carboxyl terminus; HC, heavy chain; IC,
intermediate chain; ILC, intermediate light chain; LC, light chain;
MF, F-actin-binding site; MT, microtubule-binding site; N, amino
terminus. (Redrawn and modified from Steinberg, 2000.) See Plate
section 1 for colour version.

Tubular vacuoles tend to cluster or accumulate in the apical
region except in an apical cap of actin-rich cytoplasm about
5 um long in the tips of hyphae.

The Saccharomyces cerevisiae genome has genes encoding
five myosins, six kinesins and one dynein. This is a modest
number compared with some vertebrate systems that have
50 different motors per cell. This must mean that each
motor participates in several cellular processes in fungi.
Fungal motors are known to be involved in the following
(and see Fig. 5.8):

e secretion and endocytosis;

e cytokinesis;

e organelle positioning and inheritance;
e mitosis;

e genetic recombination;

e RNA transport.

Myosins and kinesins belong to large and diverse families of
proteins, and a complex nomenclature has developed as they
have been identified. Myosin class Il is the predominant class of
myosin found in muscles and is historically referred to as
‘conventional myosin’; there are another 19 classes of myosin
which are currently referred to as the ‘unconventional’ myosins.
Numerous kinesins (more than 600 from a variety of
species) have been described; they share a common motor
domain of 340-350 amino acids. A prominent member of the
kinesin family originally identified in neuronal cells is
kinesin-1; this is the ‘conventional kinesin’, which is a
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Fig. 5.8 Hypothetical model of motor activity in a fungal hypha.
Kinesins and dyneins move in opposite directions along polar
microtubules (kinesins towards the plus end that has a high
polymerisation rate, and dyneins towards the minus end, the end
with low polymerisation rate). Myosins use F-actin (microfilaments),
often concentrated in the apex of the hypha. In a classical model,
motors translocate their ‘cargo’ (e.g. vesicles and other membranous
organelles) along these filamentous tracks. However, some motors

plus-end-directed motor. Kinesin-1 is not present in
Saccharomyces cerevisiae but is involved in hyphal
extension of filamentous fungi. Conventional kinesins are
two-headed molecular motors that move over micrometre-
long distances on their microtubules. Movement over such
long distances is called ‘processive movement’ and in vitro
assays can be used to measure the processivity of purified
motors. For example, Neurospora kinesin (NKin) moved 1.75
pm on average (n = 182) before detaching from the
microtubule, while human kinesin motors moved only half
the distance (0.83 pm, n = 229) under identical conditions.
A yeast kinesin, Kar3p, translocates at rates of about 1 to

2 pm min"". In contrast, two kinesins of Saccharomyces
cerevisiae that belong to the category kinesin-14 are
‘unconventional’ in that they do not motor to the
microtubule plus end like kinesin-1, rather they transport
cargo to the minus end of the microtubule. Yet, despite being
‘unconventional’, one is essential for meiosis and mating in
yeast, and the other has an important role at the spindle pole
body during yeast mitosis. Kinesin-7 and kinesin-1 motors
participate in the transport of regulatory compounds to
microtubule plus ends and in so doing affect microtubule
dynamics and organisation. Kinesin-14 and kinesin-8 motors
probably affect the stability of microtubules in mitosis and
interphase in fungi; and the minus-end-directed kinesin-14
(and dynein, too) can transport assembled microtubules to

microfilament

myosin
LT

influence microtubule stability, probably by modifying the
microtubule ends (indicated here by depolymerisation at one end of
each microtubule shown). Note that all the indicated processes will
be occurring at the same time in a growing hypha, and that there
will be a very large number of microtubule and microfilament tracks
throughout the hypha. (Redrawn and modified from Steinberg,
2000.) See Plate section 1 for colour version.

particular regions of the cell, so polarising the microtubule
array (Steinberg, 2007a &t b).

Myosins and, particularly, kinesins both seem to be
numerous and functionally specialised, but in contrast there
is only one major form of dynein to serve many different
cellular roles. Functional diversity for dynein is achieved
through the use of an activator or cofactor, dynactin, in most
if not all of its functions.

In the next few paragraphs we will briefly mention a few
specific examples of motor usage for a range of cellular
functions in yeasts and filamentous fungi (better
understanding of mechanisms involved in vesicle migration
in fungi might reveal sites for selective toxicity allowing
development of new antifungal agents). The overall
summary is brought together in Fig. 5.9 (Steinberg, 2000).

One general point that we need to make early on is that
although we have given the impression so far that motors
move along their microtubules to transport cargo, this is not
the whole story. They certainly do move, and this is the
processivity that can be demonstrated so readily with in vitro
assays. But motors also modify the dynamics of the
cytoskeleton; meaning that they affect the lengthening and
shortening of microtubules and this delivers cargo, too. The
motor domain of some motors might only be needed to reach
the final site of delivery at the end of the microtubules.

A particular example is the yeast kinesin Kar3p (the symbol
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Fig. 5.9 Overall summary diagrams, combining data from several
fungi, indicating the localisation and/or assumed sites of action of
specific fungal motors during mitosis and during polarised apical
growth of filamentous hyphae. A, during mitosis kar3 kinesins
influence the dynamics of spindle microtubules and counteract
bimC-like motors, which appear to cross-link polar microtubules.
In addition, Kar3 protein might function within the chromosomal
kinetochore. Anaphase is supported by cytoplasmic dynein which
exerts pulling forces on astral microtubules (see Figs. 5.10 and 5.11)
and, in conjunction with Kip2 protein and Kip3 protein, probably

‘Kar3p’ means ‘the protein corresponding to gene sequence
kar3’) that functions in mitosis mainly by destabilising the
microtubule at the SPB; that is, Kar3p pulls the microtubule
into the SPB. Kar3p also occurs in the kinetochore of
chromosomes, raising the possibility that in this case
chromosome movement on the mitotic spindle results from the
microtubule being depolymerised and pulled in at both ends.
Two other kinesin motors, Kip2p and Kip3p, are also
involved in modifying microtubule stability during nuclear

modifies microtubule dynamics. Note that the localisation of Kip3
protein within the spindle is not known. B, molecular motors are
involved in a wide range of processes during apical extension and
cytokinesis of the hypha; various sorts of organelle transport and
positioning are highlighted here (and see Fig. 5.8), including
nucleus, vacuole and mitochondrion, and there is a rapid traffic of a
very diverse population of vesicles and microvesicles (all labelled V’
here; compare Fig. 5.5). (Redrawn and modified from Steinberg,
2000.) See Plate section 1 for colour version.

migration and mitosis in yeast and similar reports of
destabilising activities of spindle motors in vertebrates
suggests that modification of cytoskeletal dynamics might be
a crucial feature of their cellular function. Similarly, mutants
of Aspergillus nidulans indicate that a dynein motor
destabilises and thereby exerts pulling forces on SPB astral
microtubules during nuclear migration (Karki €& Holzbaur,
1999) (Figs. 5.10 and 5.11). Generally speaking, as well as
providing motility, kinesins and dynein also actively



Fig. 5.10 A model for the role
of dynein-dynactin during
anaphase nuclear migration
in Saccharomyces cerevisiae.
The dynein-dynactin
complex has been shown to
be involved in mitosis in a
function that partially
overlaps with the kinesin-
related protein Kip3p which
orients the nucleus near the
bud neck (not shown here).
Dynein is involved in
inserting the nucleus through
the bud neck during
anaphase, and is also
responsible for the
oscillatory movements of the
nucleus observed during
nuclear insertion. (Redrawn
and modified from Karki &
Holzbaur, 1999.)

Fig. 5.11 A model for the
role of dynein and dynactin
in nuclear migration in
Aspergillus nidulans.
Cytoplasmic dynein, which
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participate in organising their tracks in fungal cells.
However, the molecular mechanisms by which motors
regulate microtubule stability and turnover remain unknown
(Steinberg, 2007a).

After mitosis, cell separation during cytokinesis requires
conventional (class II) myosins in Saccharomyces cerevisiae
and Schizosaccharomyces pombe. In S. pombe the myosin
assembles into a ring-like structure at the cell cleavage plane,
where it interacts with F-actin and supports cytokinesis.

The cell wall determines the shape of the yeast cell and
the hypha in filamentous fungi and its assembly shows
extreme polarity (Sudbery, 2008; Rittenour et al., 2009).
Intracellular transport of vesicles enables the hyphal cell to
construct and modify the wall and it’s been calculated that
transport to the hyphal apex of up to 38 000 vesicles per

minute is necessary for each rapidly extending hypha of
Neurospora crassa. This is the scale of the process, which is
supported by apically polarised transport of vesicles along
both F-actin microfilaments and the microtubular cytoskeleton.
Some so-called class V, or unconventional, myosins as well
as conventional kinesins take part in this transport.
Additionally, class I myosins appear to support polarised
growth and endocytosis (e.g. Myo3p and Myo5p from
Saccharomyces cerevisiae and MYOA from Aspergillus
nidulans). However, MYOA is also required for secretion, so
this myosin is involved in both endo- and exocytosis in
Aspergillus nidulans. Exocytosis in Saccharomyces cerevisiae
involves a class V myosin, called Myo2p, which also
contributes to polarised growth of the bud. Myo2p binds
secretory vesicles with its carboxy-terminal tail and
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moves its cargo along F-actin filaments to sites of growth.
At present, Myo2p appears to be the main membrane-bound
motor in yeast and, therefore, is likely to participate in the
transport of many components, including a chitin synthase
required for cell wall synthesis, specifically the protein Chs3p.

In some fungi the chitin synthase activity is fused to their
molecular motor. Examples include CsmA of Aspergillus
nidulans and Csm1 from the rice-blast fungus Pyricularia
oryzae. These are myosin motor/chitin synthase fusion
proteins and both domains are required for correct cellular
function. Another class V myosin, Myo4p, is responsible for
specifically localising ASH1 mRNA in the daughter bud of a
budding Saccharomyces cerevisiae cell (Ash1p is a repressor
of the mating-switch endonuclease that allows mother cells
to switch their mating type; see Section 8.3), showing that
cytoskeletal motors transport mRNA, and by so doing
generate RNA gradients in the fungal cell.

Microtubule motors of the conventional kinesin class I
have been found in fungi belonging to the Zygomycota,
Ascomycota and Basidiomycota. They participate in apical
exocytosis generally as well as having other functions (e.g.
mitochondrial positioning in Nectria haematococca, and
vacuole organisation in Ustilago maydis). The mitotic spindle
consists mainly of microtubules and we have already
indicated how kinesins can be involved in microtubule
dynamics and chromosome movement during fungal mitosis.

Assembly and organisation of the spindle requires
counteracting motors to create tension within the spindle
rather than moving a cargo; Kar3 and bimC motors have
these counteracting functions. Kar3 kinesin motors
(specifically, Kar3p of Saccharomyces cerevisiae, KIpA of
Aspergillus nidulans and Pkl1 of Schizosaccharomyces
pombe) are unconventional in that they move towards the
minus ends of microtubules; they also locate at the spindle
poles where their major role is to destabilise (and ‘reel in’)
microtubules, as mentioned above. Conventional kinesins of
the bimC family are required, in all organisms so far
examined, for separation of spindle pole body/centrosome
(depending on organism) at the onset of mitosis, as well as
for the assembly and maintenance of the spindle structure.
They may also alter microtubule dynamics, but bimC-like
motors have two motor domains at each end and they are
located in the middle region of the spindle during anaphase
suggesting that bimC kinesins separate the spindle poles by
cross-linking the polar microtubules they are destabilising.

Fungal dynein is located outside the mitotic nucleus in the
growing apex and serves two general functions; the motor
pulls on astral microtubules to drive nuclear migration and it
effects transport of exocytotic vesicles. This is an extreme

contrast with vertebrate animals in which cytoplasmic
dynein is located at the spindle and functions in spindle
assembly and chromosome segregation.

Cytoplasmic dynein is a multisubunit protein (overall
molecular mass about 1.2 MDa) consisting of two heavy
chains of about 500 kDa each, which fold to form the two
heads of the motor, as well as multiple intermediate chains
(about 70-74 kDa each), light intermediate chains (about 53—
59 kDa), and light chains (from 8 to 22 kDa). Dynactin is also
a large multisubunit complex of at least seven polypeptides
ranging in size from 22 to 150 kDa. Studies with
Saccharomyces cerevisiae, Neurospora crassa and
Aspergillus nidulans demonstrate interaction between
dynein and dynactin. Specifically, dynactin acts as an
anchor that stabilises the dynein so it can pull on astral
microtubules coming out of the spindle pole body (Karki &t
Holzbaur, 1999) (Figs. 5.10 and 5.11).

In budding yeast, the SPB is embedded in the nuclear
envelope, where it serves as the origin for spindle
microtubules from its inner ‘spindle plaque’ and cytoplasmic
(called astral) microtubules from its outer plaque. Astral
microtubules and motors, together with the actin
cytoskeleton and additional cell-polarity determinants act to
control nuclear movements into and through the neck of
buds (Fig. 5.10). Two major nuclear movements occur during
yeast budding: alignment of the nucleus along the mother-
to-bud axis and near the neck of the bud, and then the post-
anaphase propulsion of the daughter nucleus through the
neck and into the bud. The model shown in Fig. 5.10 suggests
that the Kip3 kinesin positions the dividing nucleus near the
bud neck, while dynein is responsible for moving the
nucleus through the bud neck during anaphase, and also
causes the oscillatory movements of the nucleus observed
during nuclear insertion (Karki & Holzbaur, 1999).

Figure 5.11 shows a model for the role of dynein and
dynactin in nuclear migration in Aspergillus nidulans.
Dynein is known to localise to the apex of the hypha, in
association with the cell membrane. Another notable feature
of filamentous fungi is the even distribution of nuclei along
the fungal hypha. Achieving this also requires dynein and
dynactin. Cytoplasmic dynein, which is anchored to the cell
cortex through dynactin, is located at sites where the nuclei
need to be positioned and this ensures the correct
positioning of daughter nuclei.

Other proteins are involved in specifying the position of
the dynactin anchors. One seems to be Num1, a protein
defective in one of the first mutants identified in the nuclear
migration pathway of budding yeast, which is named for
Nuclear migration. Num1 is the cortical anchor for the motor



protein dynein. The NUM 1 gene encodes a complex, 313-kDa
protein which has pleckstrin homology (PH) domains. These
domains were originally identified as an internal repeat in
pleckstrin, a phosphoprotein from blood platelets. Such PH
domains are found in animals and fungi, but have not yet
been detected in plants or bacteria. Proteins carrying PH
domains are either involved in signal transduction or they
are part of the cytoskeleton. The ligands for many PH
domains are membrane-bound inositol phospholipids, which
supports the role of PH domains as membrane anchors
(Bloom, 2001). Molecular motors contribute to numerous
processes that are of key importance to the organisation and
polarisation of extension in fungal cells in yeasts and
filamentous hyphae alike. We will return to this point in
Section 5.15, below.

5.13 Plasma membrane and signalling
pathways

The prime function of the membranes of fungi, like those of
other eukaryotic cells, is to provide a barrier between the
cell and its environment. Plasma membranes are composed
of a phospholipid bilayer, but this is not a static barrier. An
enormous number and variety of proteins are anchored into
the membrane, which carry out a tremendous range of
functions. Sterols are also a critical component of the
fungal membrane and serve to regulate membrane fluidity
and the activity of membrane-associated enzymes and
transport mechanisms. In plants the most common sterols
are sigmasterol, sitosterol and campesterol. In animal cells
and Oomycota, cholesterol is the chief sterol in the
membrane, whilst in the majority of fungi the major sterol
is ergosterol (the exceptions being the Chytridiomycota,
where the dominant sterol is again cholesterol). This
difference in the primary sterol component of fungal

and mammalian cells prompted development of two
classes of antifungal agents, the polyenes and the azoles
(Robson, 1999).

The polyene antifungals, which include nystatin and
amphotericin, bind by hydrophobic interaction to the
ergosterol component of the membrane forming pores
leading to a loss of plasma membrane integrity (see Section
18.1 and Fig. 18.3, pp. 512-516). The azole antifungals,
which include the triazoles and imidazoles, act primarily by
inhibiting an enzyme, sterol 14-demethylase, which is
involved in ergosterol biosynthesis, resulting in ergosterol
depletion in the membrane and the accumulation of
14-0'-methylsterols; these changes in composition result in
changes in membrane fluidity that adversely affect transport
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processes and wall biosynthesis and ultimately result in death of
the fungus (see Section 18.1, p. 512, and Figs. 18.5 and 18.6).

In order for fungi to grow, external nutrients must be
assimilated across the plasma membrane. To absorb nutrients
successfully from the surrounding environment, the fungi
possess a diverse range of specific transport proteins in the
plasma membrane. Three main classes of nutrient transport
occur in fungi: facilitated diffusion, active transport and
ion channels. Fungi usually contain two transport
mechanisms for the assimilation of nutrients such as sugars
and amino acids. One is a constitutive low-affinity transport
system which allows the accumulation of a nutrient when it
is present at a high concentration outside the hypha. This
process of facilitated diffusion is not energy dependent and
does not allow accumulation of solutes against a
concentration gradient. However, the ‘facilitator’, more often
called the permease, carrier or transporter, is a polypeptide
that confers enzyme-like specificity to the uptake process.

When the external solute concentration is lower than it is
within the cell (which is probably more often the case in the
natural environment), a second class of carrier protein is
induced that has a higher affinity for the nutrient and can
take up the solute against the concentration gradient; this,
though, is energy dependent, occurring at the expense of
ATP, and is called an active transport process. Most active
transport processes in the fungal cell are powered by an
electrochemical proton gradient that fungi create by
pumping hydrogen ions out of the hyphae, at the cost of ATP
hydrolysis, using proton pumping ATPases in the plasma
membrane. The resultant proton gradient provides the
electrochemical gradient which can drive nutrient uptake
by a carrier that couples nutrient uptake to the flow of
hydrogen ions back down the gradient. As active transport
processes are usually induced by environmental conditions
(often low nutrient concentration), fungi are evidently
capable of adapting their transport mechanisms according
to the external solute concentration; this assures
continued nutrient supply over a wide range of nutrient
concentrations.

Ion channels are highly regulated pores in the membrane
which allow influx of specific ions into the cell when open.
A number of ion channels have been described in fungi by
patch-clamp electrophysiology experiments analogous to
studies conducted with mammalian cells. Patch clamping
involves measuring the current flowing across a patch of the
plasma membrane, which can be used to study the flow of
particular ions across the membrane. In fungi, the cell wall
must be removed first by incubating mycelium in an osmotic
stabiliser and a mixture of lytic enzymes which digest away
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the cell wall. This produces naked sphaeroplasts (which are
mostly wall-free) or protoplasts (which are entirely wall-free;
see Section 18.9, p. 547) from which patches of membrane
can be removed with micropipette electrodes. Several
different channel types have been identified, including
anion-selective channels (such as C17) as well as various
cation-selective channels, especially K* and Ca** permeable
channels.

Channels that carry an inward flux of K™ ions are thought
to be involved in regulating the internal turgor pressure of
the hypha (the bulk of the osmotic potential of the hypha is
provided by inorganic ions most of the time). The presence of
a mechanosensitive or stretch-activated Ca** channels has
attracted interest. These are opened when the membrane is
under mechanical stress and may play important roles in the
generation of the calcium gradients in response to physical
changes to the membrane, which might be caused, say, by
rapid water fluxes in the cell (rapid water influx stretching
the membrane/rapid water loss releasing tension), or by
physical pressure (encountering an obstacle, gravitational
stress, etc.). This, of course, amounts to an environmental
sensory system since the mechanosensitive ion flux can be
linked to any of a range of response systems.

The hypha must also be able to detect the nutrient status of
the substratum over, or through, which it is growing. This is the
responsibility of signal transduction pathways which recognise
a particular chemical at the plasma membrane/outside world
interface and then convey the information into the cell.
Intermediary metabolism is obviously crucial to fungal growth
and development (Moore, 1998, 2000; see Section 10.12,

p. 251) and imposes numerous regulatory events on the cell.
Primary metabolites like glucose are especially important, and
because the amount of available glucose (for example) can
fluctuate wildly in the heterogeneous substrata that fungi
inhabit, individual fungal hyphae must be able to sense the
amount available to them and respond appropriately.

When readily utilisable sugars, such as glucose or fructose,
are added to fungi which are starved (derepressed) for
carbohydrates, a wide range of metabolic responses follow
rapidly, some of which are mediated by a transient rise in the
levels of cyclic AMP (cAMP), this being the final product in
the cycle of ATP dephosphorylation. These responses include:

o inhibition of gluconeogenesis (generation of glucose from
non-sugar carbon substrates like pyruvate, and glucogenic
amino acids, like alanine and glutamate);

e activation of glycolysis (to amplify energy generation
from whatever sugar and non-sugar carbon substrates
may be available);

e activation of trehalase, which can produce two molecules
of glucose by hydrolysing one molecule of the
disaccharide trehalose (the characteristic storage sugar
of fungi).

The immediate response to external nutrient supply level will
be to modify the activity of existing enzyme systems (as
described above), the ultimate effect of (for example,
external glucose) is control of gene expression. Glucose has
two major effects on gene expression in Saccharomyces
cerevisiae: it represses expression of many genes, including
those encoding proteins in the respiratory pathway
(including cytochromes) and enzymes for metabolism of
alternative carbon sources (e.g. galactose, sucrose, maltose);
it also induces expression of genes required for glucose
utilisation, including genes encoding glycolytic enzymes and
glucose transporters.

There are two signal transduction pathways responsible for
these effects of glucose on yeast. The first uses the Mig1
transcriptional repressor, which is a zinc finger transcription
factor whose function is inhibited by the Snf1 protein kinase.
The Snf1 protein kinase is a glucose sensor in the plasma
membrane, and is an AMP-activated serine/threonine protein
kinase required for transcription of several glucose-repressed
genes. The Snfl complex phosphorylates Mig1 in response to
glucose and thereby releases the transcriptional repression of
those genes for which Mig1 is responsible.

The signalling pathway responsible for glucose induction
centres on the Rgt1 transcription factor which regulates
expression of several glucose transporter genes in response
to glucose. It binds to promoters and acts as a transcription
activator. In the absence of glucose, Rgt1 function is
inhibited by the SCF protein complex. The SCF complexes
are a family of ubiquitin ligases that target specific proteins
for destruction by the 26S proteasome (Johnston, 1999).

Many of these responses are mediated by the activation of
cAMP-dependent protein kinases modifying the activity of
existing proteins by phosphorylation. The increase in cAMP
is due to the activation of the membrane-bound enzyme
adenylate cyclase as a result of the activation of a class of
small GTP-binding proteins, the RAS proteins. Activation of
RAS leads to the exchange of RAS-bound GDP for GTP,
causing a conformational change that leads to stimulation of
adenylate cyclase activity. The RAS protein complex
includes an intrinsic GTPase, which converts GTP-bound
RAS to GDP-bound RAS, thus returning RAS to its resting
state in the absence of an activator. The evidence strongly
suggests that the RAS pathway forms part of a global
mechanism for general signalling that controls processes as



diverse as cytoskeletal integrity and cell-cell fusion and
exocytosis.

RAS is a G-protein: a regulatory GTP hydrolase that cycles
between the two conformations we've described, activated
(RAS-GTP) or inactivated (RAS-GDP). RAS is attached to the
cell membrane by a chemical modification called
prenylation, which is the addition of hydrophobic molecules
to a protein. Protein prenylation involves the transfer of
either a farnesyl or a geranyl-geranyl group to carboxy-
terminal cysteine(s) of the protein by farnesyltransferase
or geranylgeranyltransferase. Prenyl groups enable proteins
to attach to cell membranes, serving as a lipid anchor for
the protein.

Throughout the eukaryotes many hormones,
neurotransmitters, chemokines (proteins secreted by cells to
control other cells), mediators (local mediators are
membrane-modifying lipids, such as ®-3 fatty acids, but
mediator is also a large protein complex that interacts with
the RNA polymerase II machinery) and sensory stimuli exert
their effects on cells by binding to G-protein-coupled
receptors. More than a thousand such receptors are known,
and more are being discovered all the time. Heterotrimeric G-
proteins (made up of a, b and g subunits) transduce ligand
binding to these receptors into intracellular responses. There
are four main classes of G-proteins:

e Gs, which activates adenylyl cyclase;
e Gi, which inhibits adenylyl cyclase;
e Gq, which activates phospholipase C;
e G-proteins of unknown function.

G-proteins are inactive in the GDP-bound state and are
activated by receptor-catalysed guanine nucleotide
exchange resulting in GTP binding to the Ga subunit, which
leads to dissociation of Gb and Gg subunits that activate
downstream effectors (Hamm, 1998). Among many aspects
controlled by G-proteins are normal filamentous hyphal
growth as well as proper asexual and sexual reproduction
(Bolker, 1998; Shi et al., 2007) and developmental
processes like yeast-hyphal dimorphism and pathogenesis
(Madhani & Fink, 1998; Borges-Walmsley & Walmsley,
2000; Seo et al., 2005).

G-protein and RAS phosphorylation also initiate the MAP
kinase signalling pathway. An extracellular factor affixes to
a receptor on the outer membrane surface, the resultant
conformational change in the receptor dimer causes it to
become phosphorylated and it is then able to activate a
specific G-protein, which in turn catalyses the
phosphorylation of RAS by GTP into its active form. In this
form the RAS is able to catalyse the phosphorylation of the
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beginnings of the MAP kinase cascade. This cascade begins
with MAP kinase kinase kinases (MAPKKK), a family of
enzymes which in turn activates the second step in the
cascade, the family of MAP kinase kinases (MAPKK), which
then activate the MAP kinases (MAPK) which have the
actual effects of stimulating the transcription of specific
genes in the nucleus. MAP kinase pathways are remarkably
conserved throughout evolution. MAPK stands for ‘mitogen-
activated protein kinase’ so the genes that are particularly
controlled are those required for nuclear division and cell
differentiation. In yeast this includes activation by
pheromones during formation of mating projections in
shmoos (see Section 5.9, p. 118), and a range of other cellular
events in filamentous fungi (Banuett, 1998; Erental et al.,
2008; Read et al., 2009).

Although there are differences in molecular details,
signalling pathways triggered by G-protein-linked receptors
have several points in common and all have the essential
similarity that their function is to make a massive response to
a very small signal. The ‘cascade’ structure of the pathway
enables this signal amplification; each step produces
molecules that can modify even more molecules in the next
step. Consequently, a single extracellular signal molecule can
cause many thousands of intracellular protein molecules to
be altered.

We have mentioned protein prenylation as a means of
directing specific proteins to membranes (immediately above
in this section). A related process is to attach a
glycosylphosphatidylinositol (GPI) anchor to a protein
destined for the plasma membrane. Attachment of a GPI
anchor is carried out in the ER; the carboxy-terminal signal
sequence of the preprotein remains in the ER membrane with
the rest of the protein in the ER lumen. Final removal of the
signal peptide is combined with attachment of the finished
protein’s new carboxy-terminus to an amino group on a
preassembled GPI precursor located in the inner leaflet of the
ER. The anchored protein can then be delivered to the plasma
membrane in a vesicle and located with the GPI anchor in the
outer leaflet of the plasma membrane and the protein on the
cell exterior.

In budding yeast, GPI proteins are either attached to the
plasma-membrane or form an intrinsic part of the cell wall.
GPI proteins in the cell wall have their GPI anchor partially
trimmed off at the plasma membrane just before their
incorporation into the cell wall; the glycan part of the GPI
anchor remains, and is linked to the cell wall glucans. There
are families of 20 plasma-membrane-anchored proteins and
38 cell-wall-associated GPI proteins in Saccharomyces
cerevisiae (Caro et al., 1997).
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5.14 Fungal cell wall

The fungal wall is a sophisticated cell organelle. It defines
the volumetric shape of the cell, provides osmotic and
physical protection and, together with the plasma membrane
and periplasmic space, influences and regulates the influx of
materials into the cell. However, it is also able to control the
environment in the immediate external vicinity of the cell
membrane, and it represents the interface between the
organism and the outside world. This is an active interface,
since the interaction of the organism and the outside world
(and the latter will include other cells) is subject to
modulation and modification. The fungal cell wall is
metabolically active; interactions between its components
occur to give rise to the mature cell wall structure. So the
wall must be understood to be a dynamic structure which is
subject to modification at various times to suit various
functions. Besides enclosing and supporting the cytoplasm,
those functions include selective permeability, as a support
for immobilised enzymes and cell-cell recognition and
adhesion.

The wall is a multilayered complex of polysaccharides,
glycoproteins and proteins. The polysaccharides are glucans
and mannans and include some very complex
polysaccharides (like glucogalactomannans). In hyphae the
major component of the wall, and certainly the most
important for its structural integrity, is chitin (a polymer of
N-acetylglucosamine) though this is frequently cross-linked
to other wall constituents, particularly a B1,3-glucan, the
terminal reducing residue of a chitin chain being attached to
the non-reducing end of a f1,3-glucan chain by a 1,4
linkage. Removal of the outer wall layers with lytic enzymes
has revealed the architecture of the inner chitin wall to be
composed of microfibrils formed by the aggregation of the
chitin polymers by hydrogen bonding. The chitin inner wall
is cross-linked to the outer B-glucan components and forms a
major structural component of the walls of most true fungi.
Synthesis of the cell wall occurs at the outer surface of the
plasma membrane of the growing hyphal tip. Chitin synthase
is the enzyme that catalyses formation of chitin from the
precursor UDP-N-acetylglucosamine. Chitin synthase adds
two molecules of UDP-N-acetylglucosamine (UDPGIcNAC) to
the existing chitin chain in the reaction:

(GleNAc), + 2UDPGIcNAc — (GleNAc), ., + 2UDP

It appears as an inactive zymogen requiring activation by
cleavage of a peptide by an endogenous protease to generate
the active enzyme (Robson, 1999).

Three chitin synthase genes, CHSI, CHSII and CHSIII, have
been cloned from budding yeast Saccharomyces cerevisiae
and shown to serve different functions in the cell:

e CHSI acts as a repair enzyme and is involved in
synthesising chitin at the point where the daughter and
mother cells separate;

e CHS2 is involved in septum formation;

e CHS3 is involved in chitin synthesis of the main cell wall.

In filamentous fungi the situation is more complex. At least
six chitin synthase genes have been identified in Aspergillus
fumigatus and it seems likely that each plays a role in specific
stages of fungal growth. However, the precise functions of
the individual genes remain to be determined.

Like chitin, B(1—3)-glucan is synthesised by a membrane-
associated B(1—3)-glucan synthase which utilises UDP-
glucose as its monomeric substrate, inserting glucose into the
B-glucan chains. The B(1—3)-glucan synthase activity is
found both in the membrane and cytoplasmic fractions of
fungal mycelia and is stimulated by GTP. Although genes
encoding a B-glucan synthase have been isolated from a
number of fungi, it is not clear whether a gene family for
B(1—3)-glucan synthase exists in fungi as it does for chitin
synthase.

As chitin and B-glucans are not found in mammalian cells
(chitin is present in the exoskeleton of many insects,
crustaceans and some molluscs), fungal wall synthesis is a
potentially selective target for therapeutic antifungal drugs,
though surprisingly few antifungal agents are used that are
directed against wall biosynthesis. Two classes of nucleoside
peptides, the polyoxins and the nikkomycins, act as potent
and specific inhibitors of chitin synthesis, competing as
analogues of UDP-N-acetylglucosamine (see Section 18.2,
p. 521). However, their toxicity to animals (in which they act
as analogues of other UDP-linked metabolites) has prevented
them from being exploited as clinically useful antifungal
agents, and their use as agrochemical fungicides has been
hampered by the rapid emergence of resistant fungal strains.
Another class of naturally occurring antibiotics, the
echinocandins, are specific inhibitors of B-glucan
biosynthesis. Semisynthetic echinocandins which have a
broad antifungal spectrum and high potency and can be
taken orally show promise in the treatment of human fungal
infections (see Section 18.2).

Although during normal apical extension of the
hypha the incorporation of newly synthesised chitin is
limited to the hyphal apex, there is evidence that inactivated
chitin synthases are widely distributed in the plasma
membrane; indeed inactivated chitin synthase activity



appears to be an intrinsic property of the plasma
membrane, the enzyme being activated in some way
specifically at the hyphal apex and at sites where branch
formation is initiated.

Chitin is important at particular sites in yeast walls,
although the major structural component in these organisms
is a fibrillar inner layer of B-glucan. The glucan has secreted
mannoproteins attached to it. Mannoproteins play an
essential role in cell wall organisation, and there is evidence
for the formation of covalent bonds between these molecules
and the structural polymers (glucans and chitin) outside the
plasma membrane. This makes the point that the protein
components of fungal walls are of considerable importance,
too. Some of the proteins identified in walls have enzymic
activities associated with them; these include a-glucosidases
and B-glucosidases, enolase and alkaline phosphatase. Other
obvious components are proteins involved in cell-to-cell
recognition like the products of mating type factors; cell-to-
cell adhesion during yeast mating depends on interaction of
two glycoproteins inserted into the outer coat of the cell wall,
which are the gene products of components of the mating
type factors and are first located in the plasma membranes
with GPI anchors.

The outer surface of many fungal walls is usually layered
with proteins that modify the biophysical properties of the
wall surface appropriately to the environment. Hydrophobic
surfaces (like spores and aerial mycelium) have rodlets of the
protein hydrophobin as the outermost rodlet layer (see
Section 6.8, p. 168). Some GPI-anchored wall proteins span
the wall with extended glycosylated polypeptides protruding
into the surrounding medium and providing the wall with
hydrophilic and even adhesive surfaces.

The walls of fungi are remarkably variable. Different
strains of the same species may exhibit differences in overall
composition of the wall and in the polysaccharide and
polypeptide structures the wall contains. Indeed, a single
colony may have different wall structures in its different
regions (aerial structures, surface mycelium, submerged
mycelium, etc.). In the face of such differences it is not
feasible to give an exact description of a typical fungal wall
(there’s no such thing), but it is possible to describe the
conceptual framework of the fungal wall. In brief, the fungal
wall concept is this:

o the main structural substance of the wall is provided by
polysaccharides, mostly glucan, and in filamentous forms
the shape-determining component is chitin;

e various polysaccharide components are linked together by
hydrogen bonding and by covalent bonds;
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e a variety of proteins/glycoproteins contribute to wall
function; some of these are structural, some are enzymic,
and some vary the biological and biophysical
characteristics of the outer surface of the wall;

e proteins may be anchored in the plasma membrane,
covalently bonded to wall polysaccharides or more loosely
associated with the wall;

o the wall is a dynamic structure which is modified (a) as it
matures, and/or (b) as part of hyphal differentiation, and/
or (c) on a short-term basis to react to changes in physical
and physiological conditions.

Finally, by definition, the wall is extracellular: its entire
structure lies outside the plasma membrane, so all additions
to its structure must be externalised through the membrane
before the wall can be restructured and some of the chemical
reactions which link wall components together are
extracellular reactions.

5.15 Cell biology of the hyphal apex

Extension of the cell wall at the hyphal apex is the most
striking characteristic of the fungi but the problem is to
understand how wall extension can be achieved without
jeopardising the integrity of the existing hypha. It is quite
clear that new wall material must be delivered to the apex
and inserted into pre-existing wall (note that the phrase ‘new
wall material’ should be interpreted to include everything
that is necessary to extend the tip: membrane, periplasmic
materials and all wall layers). The models which have been
suggested over the years to account for this process differ in
how they account for this being achieved, but underlying
them all is the recognition that the act of inserting new wall
material could itself weaken the wall. The potential validity
of the models must therefore be judged not only on how they
provide for wall synthesis, but on how they safeguard the
integrity of the hypha whilst wall synthesis is in progress.
The problem is that a fungal hypha is part of a closed
hydraulic system which is under pressure. The osmotic
influx of water, due to the difference in water activity
between the inside and the outside of the semipermeable
plasma membrane, attempts to increase the cytoplasmic
volume but is counteracted by the wall pressure due to the
mechanical strength of the wall outside the plasma
membrane. The difference between these two forces is the
turgor pressure which is the resultant ‘inflation pressure’ that
keeps the hypha inflated. An interesting thing about pressure
is that in a closed vessel the pressure is the same over the
whole of the inside wall surface. This applies whatever the
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shape of the vessel; irrespective of shape, the wall pressure
is uniform.

In the context of the hypha, if the mechanical force which
the wall can exert is equal to or greater than the force exerted
by turgor, then it will remain intact. However, if turgor
exceeds the breaking strain of the wall at any point then the
wall will rupture (possibly explosively), and the cell will die.
The problem we face in understanding apical hyphal
extension is that the structure of the wall needs to be
weakened to allow insertion of new wall material to the
continuously elongating tip. How can that be achieved
without exploding the tip?

In the true fungi, turgor is regulated to contribute to tip
extension by driving the tip forward and shaping it by plastic
deformation of the newly synthesised wall. We emphasise ‘in
the true fungi’ here because members of the Oomycota
(specifically Achlya bisexualis and Saprolegnia ferax) can
grow in the absence of turgor, so their hyphal systems are
obviously very different from those of true fungi. Achlya
bisexualis and Saprolegnia ferax do not regulate turgor; their
response to the addition of nutrients that raise the osmotic
pressure of the medium is to produce a more plastic wall and
continue to grow, and near-normal hyphae are formed by
Saprolegnia ferax in the absence of a measurable turgor
pressure. In many respects, hyphal extension in Oomycota is
similar to pseudopod extension in animal cells, in that
polymerisation of the actin cytoskeletal network at the apex
of the hypha plays an indispensable role in the absence of
turgor, actin polymerisation becoming the main driving
force for extension. The most effective model for these
‘almost-fungi’ envisages that hyphal tip expansion in
Oomycota is regulated (restrained under normal turgor
pressure and protruded under low turgor) by a peripheral
network of F-actin-rich components of the cytoskeleton
which is attached to the plasmalemma and the cell wall by
integrin-containing linkages (an integrin is an ‘integral
membrane protein’ that is permanently attached to the
plasma membrane).

This model is not obviously applicable to the true fungi if
it is interpreted as postulating involvement of the actin
cytoskeleton in order to drive tip extrusion. This is
unnecessary because the true fungi can use the hydrostatic
pressure of their regulated turgor to ‘inflate’ a plastic hyphal
tip and drive tip extrusion that way. However, a model
involving the actin cytoskeleton could solve the potential
problem that the extending hyphal tip might not be strong
enough to resist turgor during the process of wall synthesis.

The cytoskeleton, both microfilaments and microtubules,
is involved in the control of polarity in hyphal extension of

true fungi (Sudbery, 2008; Rittenour et al., 2009), so an actin
cytoskeleton with firm attachments through the membrane
to the growing wall does appear to be involved at both the tip
and the septum regions of wall synthesis. In the case of
septum formation, mechanical resistance to turgor does not
arise, so an obvious interpretation of the actin network is that
it functions in transport, directing wall components to the
growing sites for terminal exocytosis.

Actin microfilaments are tension elements and actin
filaments anchored to the wall by integrin-like molecules
through the membrane close to extension sites could
certainly serve to direct microvesicles to their target and
provide tension anchors to supplement the mechanical
strength of the synthesis-weakened, plastic cell wall. By
being involved in both the directional control of the
precursors and the mechanical support of the weakened wall
such structures would be ideally placed to serve also as
sensors of the local mechanical strength of the wall and
thereby act as regulators of the amount of new synthesis
required to restore wall integrity. This idea is also attractive
because it can be readily appreciated how it might have
arisen as an evolutionary development of some ancestral
version of the ‘cytoskeletal extrusion’ mechanism which is
used in present-day Oomycota. So, it’s likely that the F-actin
cytoskeleton at the hyphal apex:

e is anchored through the membrane to the wall at its
growing points;

o thereby reinforces the wall so that its components can be
partially disassembled for new material to be inserted;

e directs precursors to those points;

e acts as a strain gauge, adjusting the traffic of precursors in
step with local mechanical requirements.

Importantly, the contribution made by microtubular
components of the cytoskeleton to apical extension do not
seem to be as crucial as the contribution made by F-actin.
Apical extension of Schizophyllum commune hyphae
continued for several hours after drug-induced disruption of
cytoplasmic microtubules.

Two major models have been proposed to explain the
mechanism of hyphal tip extension in mycelial fungi; both
envisage the tip wall being enlarged as the result of fusion
with the plasma membrane of vesicles carrying precursors
and enzymes, particularly chitin synthase (so the vesicles are
called chitosomes), so externalising their contents.

1. In the hyphoid model the rate of addition to any part of
the wall depends on its distance from an autonomously
moving vesicle supply centre (VSC) which is presumed to



be a representation of the Spitzenkorper. The model
originates from an interpretation of the particular shape
of the hyphal tip as a ‘hyphoid’ curve (as opposed to being
hyperbolic or hemispherical). The hyphoid equation was
then elaborated into a mathematical model which
assumes that wall-building vesicles are distributed from
the VSC, this being an organiser from which vesicles
move radially to the hyphal surface in all directions at
random. Fusion of vesicles with the plasma membrane
externalises their content of lytic enzyme (endoglucanase,
perhaps chitinase) and:
e hydrolyses structural glucan molecules in the existing
wall,
e mechanical stretching pulls the broken molecules apart,
o then resynthesis occurs either by insertion of
oligoglucan or by synthetic extension of the divided
molecule(s).
The resynthesised molecules have the same mechanical
strength as before, but have been lengthened and the tip
has grown. Forward migration of the VSC generates the
hyphoid shape. Computer modelling suggests that the
position and movement of the VSC determines the
morphology of the fungal cell wall. The model both
mimics observations made on living hyphae and predicts
observations that were subsequently confirmed, making
the hyphoid model and its VSC concept a very plausible
hypothesis to explain hyphal morphogenesis (Bartnicki-
Garcia et al., 1989).
. The steady state or ‘soft spot’ model assumes that turgor
pressure stretches the wall at the hyphal tip where it is still
plastic and, in addition, that the synthesis vesicles fuse
with the membrane only if they reach parts of the wall
that are sufficiently new to be still plastic. If these
conditions are met, new wall will be incorporated
preferentially into the most recently synthesised wall
and this co-operative insertion of newer wall into new
wall is the steady state synthesis to which the name of
the model refers.

Turgor stretches the new, plastic wall, which thins it but
then it is rethickened and restored by vesicular exocytosis
of proteins and polysaccharides as wall precursors. The
preferential targeting of these vesicles to the most
recently synthesised wall means that, once established,
the growing point will be maintained (steady state, again).
Pre-softening to generate the plastic stretching/thinning
in the first place occurs through endolytic cleavage (by
chitinase?) though in this model such an enzyme activity
is employed only briefly to initiate the growth mode but
not to sustain it. Stretching of the wall and addition of

5.15 Cell biology of the hyphal apex

new wall material from the cytoplasmic side occur
maximally at the extreme tip. Newly added wall
components are chitin and 1,3-glucan molecules. With
time, these two polymers interact to form covalent
linkages and to cross-link with proteins.

At the extreme tip the wall is minimally cross-linked
and supposed to be most plastic. Subapically, wall added
at the apex becomes stretched and partially cross-linked
while new wall material is added from the inside to
maintain wall thickness. Wall material at the outside is
always the oldest. Cross-linking increases progressively
from the tip and as ‘wall hardening’ proceeds the wall
hardly yields to turgor pressure and stretching, and
synthetic activity declines. If the tip ceases to extend for
any reason (e.g. change in turgor) the steady state breaks
down, newer wall is not added to new wall and cross-
linking between the wall polymers spreads into the apical
dome and over the whole apex. From this stopped state, a
fresh round of endolytic cleavage would be necessary to
restart tip extension (Wessels, 1993).

. We said there are two models, but we have to join in with

all this modelling and suggest our own consensus model

of tip extension (see Chapter 2, sections 2.2.4 and 2.2.5, in

Moore (1998) for a full discussion). In this we associate

chitin synthase activity with stretch receptors, involve

membrane architectural proteins, and recognise the
contribution of vesicle gradients, combined with other
components of the two prime models. Our consensus
model has the following features:

e non-covalent interactions occur between
mannoproteins and other wall components;

o the initial network is consolidated by formation of
covalent cross-linkages among the wall polymers;

e cytoplasmic vesicles and vacuoles are assumed to be
crucial to the extension of hyphal apices and to be
responsible for delivering the enzymes and substrates
needed for wall construction;

e the actin cytoskeleton is assumed to be involved
directly in hyphal tip extension in a number of ways (in
animal cells focal contacts are specialised membrane
domains where bundles of actin filaments extend from
the intracellular cytoskeleton through the membrane
and anchor the cell to its substratum).

This consensus model of tip extension assumes that

similar structures to animal focal contacts are connected

to the fungal wall. In the fungal cell we anticipate that
intracellular cytoskeletal elements could penetrate the
membrane to anchor the wall, providing additional tensile
strength while the membrane proteins modify the wall
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structure. These (integrin-mediated?) attachments to the
extracellular wall matrix at the hyphal apex, which we
will call ‘wall contacts’ would permit the actin
cytoskeleton to be directly linked, through the plasma
membrane, to components of the wall. Such wall contacts
might also be specific for different wall components or
even fragments of wall components. Wall contacts are
anticipated to function as:

o additional mechanical support to the wall (and via
spectrins to the membrane) to compensate for loss of
wall strength due to enzymatic cleavage of wall
components as new wall materials are incorporated;

o detectors of mechanical strain which might then
regulate enzyme activity or modulate the flow of
vesicles to the local region;

o feedback detectors of the progress of wall synthesis. In
this respect it should be noted that, again in animal
systems, interaction between integrins and the
extracellular matrix generates signals which cause
phosphorylation of intracellular signal transduction
pathways. This is known as ‘outside-in signalling’. Such
a mechanism at the fungal wall would enable the
progress of wall synthesis to be reported to the
synthesis machinery allowing it to modulate vesicle
supply in quantity and/or kind;

o vesicle traffic directors and regulators; close to the
membrane the actin filaments will be directing vesicles
with great specificity, in response to the outside-in
signalling information; more distant filaments will be
marshalling and collecting vesicles into the supply
pathways which result in the required overall vesicle
fusion gradient. In most, if not all, cases vesicle supply
will be channelled through a vesicle supply centre/
Spitzenkdérper structure.

Evident in all of these models is the proposition that hyphal
extension is supported by the continuous forward flow of
constructional materials generated within the cytoplasm
behind the tip. Much of this flow is in the form of cargo
within vesicles derived from the endoplasmic reticulum and
processed through Golgi dictyosomes before being
transported towards the extending apex.

The vesicles are readily seen in longitudinal sections of
fixed hyphae by electron microscopy and consist of two
main size classes, the smallest ranging from 20 to 80 nm and
the largest from 80 to 200 nm in diameter. The smaller group
is readily purified from hyphae and includes the chitosomes
that contain chitin synthase. When incubated in UDP and
magnesium ions, chitosomes extracted from true fungi

produce chitin microfibrils in vitro that are identical to those
produced in vivo, so they are clearly essential to creation of
the chitinous part of the wall.

Fusion of the vesicles with the membrane at the hyphal
apex releases the biosynthetic machinery for wall assembly
and also adds new membrane to the growing hypha;
synthesis of hyphal wall and plasma membrane are therefore
coordinated. Extracellular enzyme secretion into the
environment to catalyse the degradation of complex
polymers in the substratum, e.g. lignocellulose and
polypeptide, is also maximal at the hyphal tip. Potentially,
the highly polarised vesicular pathway not only supports
rapid hyphal extension, but also acts as a transport
mechanism for extracellular enzymes, integrating forward
exploration of the substratum with immediate exploitation.

We have already mentioned the astonishing fact that
38 000 vesicles have to fuse with the apical membrane each
minute to support hyphal extension in Neurospora crassa
when it is growing at its maximum rate. This is a simple
calculation based on the mean surface area of vesicles and
the rate of increase of the surface area of the membrane
at the hyphal apex.

And that’s the point: the hypha grows. So obviously, the
motors and cytoskeletal systems we have described above
have no difficulty in supplying materials to the hyphal apex
at this sort of rate. Clearly, when we say that materials are
transported along microfilament and microtubule tracks, you
should understand that to mean that materials are speedily
transported. In addition, motile vacuolar systems have been
observed in a range of different fungi, as extensive ‘trains’ of
vacuoles (very much larger than the apical vesicles) quickly
moving along hyphae and tip cells, which could easily
supply the vesicular contents used for apical extension
growth. So there is an extremely lively forward flow of
materials towards the hyphal apex.

Possibly related to organelle movements and the supply of
vesicles to the tip is the ‘pulsed growth’ of hyphal tips of
several different species of fungi recorded using video
analysis and image enhancement. In all fungi tested, the
hyphal elongation rate fluctuated continuously with more or
less regular intervals of fast and slow growth, which was
interpreted as fluctuations in the overall rate of secretory
vesicle delivery or discharge at the hyphal apex being
reflected in fluctuations of hyphal elongation rate. If this is
the case then it will influence our understanding of the
mechanism of vesicle supply.

However, a problem with digital video recording is that the
pixel (picture element) structure of the electronically
observed image can impose pulsations upon smooth



movements. As the edge of the moving object moves from
one pixel to the next there is a defined time interval during
which no observation is possible, yet the eye, and computer-
aided image enhancements, can either compensate for this or
amplify it depending on circumstances that have nothing to
do with the moving object itself. This effect can readily
generate pulsations where they do not exist. A simple test of
the validity of pulsations in video measurements (compare
recordings made at different optical magnifications) does not
seem to have been applied to these observations of fungal
growth, but as stepwise changes in elongation rate of hyphae
of the bacterium Streptomyces have been recorded using
photographic methods not prone to this particular artefact,
the phenomenon could happen generally in filamentous
systems, so cyclical variations in delivery of component parts
may cause pulsations in apex extension rate.

In most, but not all, filamentous fungi the electron dense
body we have described as the Spitzenkorper is present in the
cytoplasm just distal to the growing apex. This body is
composed of a complex of vesicles, and controls both the
direction of growth of the hypha and its rate of extension.
Satellite Spitzenkorpers separate from the main body and
migrate to the lateral cell wall just before new hyphal
branches appear. Observations of this sort led to the concept
of the Spitzenkdrper as a VSC, which acts as the focus from
which apical vesicles migrate towards the apical membrane
and wall. In this model, vesicles are first delivered to the
Spitzenkorper and then they are ‘sprayed’ forwards equally
in all directions. A computer model based on this concept
generates a tube with a tapering tip very similar to the apex
of a growing hypha.

The computer model also shows that the direction of
growth can be altered by moving the vesicle supply centre,
mimicking the movements observed of the Spitzenkérper
during changes in the direction of hyphal growth. The
Spitzenkorper is therefore thought to play a critical role in
controlling the mechanism of polarised growth of true fungi;
not only hyphal extension rate and direction of growth, but
also the generation of lateral branches. It seems that the
Spitzenkdorper is anchored in position behind the growing
apex by cytoskeletal elements, most likely F-actin. F-actin is
usually found located at the growing tip in the form of a
fibrillar network radiating into the cytoplasm from the
extreme apex as slender cables, although the majority of
actin detectable in the light microscope by
immunofluorescence is in the form of actin plaques
(localised patches of actin) within the first 10 to 12 um of the
hyphal tip. In serial sectioned electron microscope images,
these F-actin plaques/patches correspond in position to
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bodies called filasomes, which are generally spherical, 100-
300 nm in diameter and consist of a single microvesicle (35-
70 nm diameter) surrounded by fine filaments that contain
actin. Filasomes are found adjacent to newly formed glucan
fibrils in protoplasts that are regenerating their walls, so the
overall interpretation is that a filasome is one of the F-actin
plaque/patch structures appearing in the cytoplasm at sites
where the cell wall is formed.

The Spitzenkérper also seems to be dependent on the
microtubules; experimental interference with dynein,
dynactin or microtubules causes eccentric wall deposition
and a meandering and more copiously branched mycelium,
suggesting that the dynein/dynactin/microtubule system also
positions and maybe stabilises the Spitzenkdrper. Remember
that this is the system thought to be responsible for nuclear
migration toward the growing tip. Elongation of the hyphal
tip generally occurs before nuclear migration and the
simplest explanation for their tip-ward migration is that
nuclei are attached to membrane-anchored dynein and
dynactin through astral microtubules from their SPBs
(Fig. 5.11). This assumes that the dynein motors exert a
pulling force on the microtubules that position the nuclei.
Dependence of Spitzenkérper behaviour on the same system
suggests close integration of the transport of all organelles,
vacuoles, vesicles and cytoplasmic components that have to
migrate forwards as the hyphal apex extends (Xiang &t
Morris, 1999; Steinberg, 2007b).

Despite the evidence that the Spitzenkoérper is a crucial
component of tip extension in true fungi it is not the only
way in which polarised filamentous extension can occur.
Hyphal growth in Oomycota, for example Saprolegnia ferax,
and other polarised systems, for example pollen tubes, lack a
Spitzenkdrper. However, all of these filamentous systems,
including pollen tubes, seem to share one feature, namely the
presence of an apical gradient of Ca®" at the apex, the
highest concentration being immediately distal to the tip.
The maintenance of such a gradient is thought to be due to
the presence of Ca®" ion channels in the apical membrane
that allow calcium ions to flow down a concentration
gradient from the outside to the inside of the cell. The
concentration of Ca®" in eukaryotic cells is highly
regulated and maintained at low levels in the cytoplasm
in two ways:

e calcium-pumping ATPases located in the plasma
membrane pump calcium out of the cell,

e calcium-pumping ATPases located in the vacuolar
membranes promote sequestration and storage of the ion
within hyphal vacuoles.
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Although all the roles and functions of a calcium gradient in
the hypha have yet to be established, Ca®>" ions are known to
regulate the assembly of the cytoskeleton and to aid vesicle
fusion with membranes, so the presence of a tip-high
calcium gradient is likely to be an important factor in
establishing and maintaining apical polarity in the hypha.

5.16 Hyphal fusions and mycelial
interconnections

The hyphal tip we have just described is capable of forward
extension for an indefinite period, or at least for as long as
nutrients are available and environmental conditions remain
amenable. But the hyphal tip has another characteristic
capability: it can fuse with another hypha. Hyphal fusion
(also called anastomosis) is a ubiquitous phenomenon in
filamentous fungi, serving many important functions at
different stages in the life cycle.

At the very earliest stages of the vegetative phase, when
the spore is germinating, fusions can occur between the germ
tubes of clustered spores as they germinate. Subsequently, in
the interior of the maturing vegetative colony, numerous
hyphal fusions occur to convert the radially oriented main
hyphae of the mycelium into an interconnected network.
This is essential for intrahyphal communication within the
colony, particularly translocation of water and nutrients, and
maintenance of general homeostasis (Trinci et al., 1994,
2001). Also, entry into the sexual cycle usually involves the
fusions between hyphae of the two parents, and then
maintenance of the dikaryotic state, the prelude to
karyogamy, also requires anastomoses, but this time in
specialised structures called croziers (in the ascogenous
hyphae of Ascomycota) or clamp connections (associated
with the vegetative dikaryotic hyphae of Basidiomycota).
Hyphal fusion is also involved in the formation of the
multicellular tissues found in fruit bodies and other sporing
structures.

We will discuss later the mechanisms that control hyphal
fusion by determining vegetative and sexual compatibility (see
Section 7.5, p. 185, and Chapter 8, p. 198); here we focus on the
cell biology of hyphal fusion (Fig. 5.12; see Hickey et al., 2002;
Glass et al., 2004; Read et al., 2009, 2010; Wright et al., 2007).

Three types of pre-contact behaviour have been described:

e a hyphal tip induces a branch and they subsequently fuse
(shown in Fig. 5.12B);

o two hyphal tips approach each other and subsequently fuse;

o a hyphal tip approaches the side of another existing hypha
and there is a tip-to-side fusion (shown in Fig. 5.12C).

The Spitzenkdrper is closely involved in the process of
hyphal fusion, which has been characterised into nine
stages (Glass et al., 2004) as follows:

e Stage 1: a hyphal tip competent to initiate fusion secretes
an unknown diffusible, extracellular signal which induces
Spitzenkorper formation in the hypha it is approaching;; it
is presumed that the second hypha secretes a
corresponding signal;

e Stages 2 and 3: these events result in two fusion-
competent hyphal tips each secreting diffusible,
extracellular chemotropic signals that regulate
Spitzenkdrper behaviour so that the hyphal tips grow
towards each other (Fig. 5.13);

o Stage 4: cell walls of the approaching hyphal tips make
contact, apical extension ceases, but both Spitzenk6rpers
persist;

e Stage 5: adhesive material is secreted at the hyphal tips;

e Stage 6: polarised apical extension is converted to ‘all-
over’ isotropic growth, which results in swelling of the
adherent hyphal tips;

e Stage 7: cell walls and adhesive material at the point of
contact are dissolved, bringing the two plasma membranes
into contact;

e Stage 8: plasma membranes of the two hyphal tips fuse,
creating a pore with which the Spitzenkorper stays
associated as the pore begins to widen and cytoplasm
starts to flow between the now connected hyphae;

o Stage 9: the pore widens, the Spitzenkérper disappears,
organelles, including nuclei, vacuoles and mitochondria,
can flow between the fused hyphae, though the flow may
be regulated.

The principal lesson to take away from this brief description of
hyphal fusion can be phrased like this: what the Spitzenkérper
has put together, the Spitzenkdrper can take apart.

For anastomosis to occur between two hyphal tips,
two separate cell walls must be disassembled and two separate
plasma membranes stitched together around a newly formed
hypha-wide pore, and all of this must be done without
breaching the integrity of walls and membranes that are under
osmotic hydraulic stress. Add the need for signalling and
targeting systems to ensure that fusions occur at the right
place and right time, and you can see that the phrase ‘hyphal
fusion’ covers an extensive range of cell biological processes
that are under delicate control.

It will be some time before this entire process is understood,
but a model of self-signalling between hyphal tips of the same
mycelium is beginning to emerge from recent work (Read
et al., 2009, 2010). The model (summarised in Fig. 5.13)



imagines that approaching tips alternately signal each other

and after receiving a signal a tip grows along the gradient of
the signalling molecule (autotropism). In the first half of the
signal exchange one of two approaching tips releases the
chemoattractant signal while the other responds to the signal
by adjusting its growth direction towards the signaller. In the
second half of the conversation, the roles are reversed and the
second tip releases the signal to give the first one a target to
adjust its growth direction. The exchange will be repeated
until the two tips come into contact.

The proposed mechanism of signalling (Fig. 5.13C)
involves five repeated steps:

e a chemoattractant-receptor complex induces local
recruitment and activation of a mitogen-activated protein
(MAP) kinase pathway (designated MAK-2);
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Fig. 5.12 Hyphal fusions in Neurospora crassa. A, shows a region
about 1 to 2 cm behind the leading edge of a mature mycelium in
which specialised fusion hyphae (some are arrowed) fuse with other
hyphae to establish a colony network (some of the fusion
connections are circled). B, detail of a hyphal fusion connection
showing isotropic swelling upon contact (asterisk) and a fusion pore
(arrow). C, confocal images of hyphal homing and fusion in
Neurospora crassa: the image at left shows a hyphal tip growing
towards a hyphal peg (pre-contact stage), with a brightly fluorescent
Spitzenkorper evident in both the hyphal tip and emerging peg; the
right-hand image shows the post-contact stage in which the
adherent hyphal tips have swollen but their fluorescent
Spitzenkorpers (arrowed) have persisted even though hyphal
extension has ceased. Self-fusion in Neurospora crassa occurs
during early as well as late stages of colony development. D, after an
initial phase of isotropic expansion, conidia of Neurospora crassa
polarise leading to the outgrowth of germ tubes (asterisk) and
conidial anastomosis tubes (called CATs) that can arise directly from
conidia or from germ tubes (arrows); in this specimen the tip of the
right-hand CAT seems to have induced the formation of the CAT
from the germ tube. E, CATs chemotropically attract (since these are
conidia from the same mycelium this is an autotropism) and become
attached to each other (arrow indicates site of contact); when they
come into contact, tip growth is arrested and a fusion pore is formed.
F, each germinating conidium can interact with several neighbours,
thereby creating an interconnected network (CAT connections are
circled) of newly germinated conidia (germlings). G-I, confocal
images showing fused hyphal branches of Neurospora crassa
through which nuclei are flowing stained with specific fluorescent
probes: G is the combined image; H shows fluorescence of
membrane-specific labelling alone; I shows only the fluorescence of
nuclei specifically labelled with histone-specific staining. Scale
bars = 10 um. (Modified from Hickey et al., 2002; Glass et al., 2004;
Read et al., 2009, using graphic files kindly provided by Professor
N. D. Read, Institute of Cell Biology, University of Edinburgh.
Images reproduced with permission of Elsevier.)

e positive feedback inherent in MAP kinase amplifies the
received signal;

e as its local concentration increases, one of the
MAK-2 proteins downregulates the MAP kinase protein
complex;

o decrease in MAK-2 derepresses the protein SO (specified
by a Neurospora crassa gene locus called soft, which
encodes a protein containing a domain involved in
mediating protein-protein interactions via proline-rich
regions). The soft gene is required for vegetative hyphal
fusion. Accumulation of SO leads to the formation of
SO-containing protein complexes at the tip;

e a burst of SO-stimulated chemoattractant release occurs.

This periodic and alternate signalling between two
approaching tips is called a ping-pong mechanism.
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Fig. 5.13 A model of self-signalling between hyphal tips of the same
mycelium. The model imagines that approaching tips periodically
and alternately signal each other (called a ping-pong mechanism)
and after receiving a signal a tip grows along the gradient of

the signalling molecule (autotropism). A shows the first half of

the signal exchange; the tip on the left releases the chemoattractant
signal while the one on the right responds to the signal by adjusting
its growth direction towards the signaller. In B, the second half of
the conversation, the roles are reversed and the right-hand tip
releases signal so that the tip on the left can adjust its growth
direction. The exchange will be repeated until the two tips come into
contact. Panel C puts some detail on this proposed mechanism of
signalling: 1, a chemoattractant-receptor complex induces local
recruitment and activation of a mitogen-activated protein (MAP)
kinase pathway (here designated MAK-2); 2, positive feedback
inherent in MAP kinase amplifies the received signal; 3, as its local
concentration increases, one of the MAK-2 proteins downregulates
the MAP kinase protein complex; 4, decrease in MAK-2 derepresses
the protein SO (specified by a Neurospora crassa gene locus called
soft, which encodes a protein containing a domain involved in
mediating protein-protein interactions via proline-rich regions). The
soft gene is required for vegetative hyphal fusion. Accumulation of
SO leads to the formation of SO-containing protein complexes at the
tip; 5, a burst of SO-stimulated chemoattractant release occurs.
(Modified and redrawn from Read et al., 2009.)

5.17 Cytokinesis and septation

The hyphal growth form of filamentous fungi is an
adaptation to the active colonisation of solid substrata. By
hyphal extension and regular branching the fungal
mycelium can increase in size without disturbing the cell

volume/surface area ratio so that metabolite and end-
product exchange with the environment involves
translocation over very short distances. Growth of the
mycelium is regulated, of course, and three mechanisms
involved in regulating the growth pattern of undifferentiated
mycelia are regulation of:

e hyphal polarity,
e branch initiation,
o the spatial distribution of hyphae.

Fungal hyphae are variable between species, but generally
speaking the hyphal filament, when separated into
compartments by cross-walls, has an apical compartment
which is perhaps up to ten times the length of the intercalary
compartments.

The septa which divide hyphae into cells may be complete
(imperforate), penetrated by cytoplasmic strands, or
perforated by a large central pore. The pore may be open (and
offer little hindrance to the passage of cytoplasmic
organelles and nuclei), or may be protected by a complex cap
structure derived from the endoplasmic reticulum (the
dolipore septum of Basidiomycota). In Ascomycota, the pore
may be associated with, perhaps plugged by, Woronin
bodies, which are modified peroxisomes. Septal form may be
modified by the hyphal cells on either side of the septum, and
may vary according to age, position in the mycelium, or
position in the tissues of a differentiated structure. These
features make it clear that the movement or migration of
cytoplasmic components between neighbouring
compartments is under very effective control. The hypha is
divided up by the septa, and the cellular structure of the
hypha extends, at least, to its being separated into
compartments whose interactions are carefully regulated and
which can exhibit contrasting patterns of differentiation.

Although the picture is not yet complete, the indications
are that septation in fungi involves chitin deposition in a ring
defined by a preformed ring of actin microfilaments. Early
research showed that septation in the main hypha is in some
way defined by the position of the dividing nucleus, though
neither septation nor branch formation are universally
dependent on orientation of the nuclear division spindle.
There is evidence for cytoskeleton-related functions being
shared by karyokinesis and cytokinesis and these may form
the basis of a structural memory which allows septa to be laid
down in positions defined by a nuclear division that occurred
some time before. Nuclear migration features in most
division processes in fungi, though the coupling between
karyokinesis and cytokinesis varies from a rather loose
association in hyphae where multinucleate cells are formed



to a strict coupling in yeasts and dikaryotic hyphae and during
spore formation when uninucleate spores are produced.

Observations from the 1970s to the present day echo the
ancient phylogenetic relationships by emphasising the
remarkable similarity between cell cycle events in animals
and those in fungi. Primary septa in fungal hyphae are
formed by a constriction process in which a belt of
microfilaments around the hyphal periphery interacts with
microvesicles and other membranous cell organelles. This
implies some level of correspondence between fungal
septation and animal cell cleavage (cytokinesis). Indeed,
genetic analyses of fungal (yeast), animal and plant
cytokinesis have led to the realisation that fundamental
mechanisms of cytokinesis may be highly conserved among
all eukaryotes (Field et al., 1999). Evidently cytokinesis by
septum formation (in hyphae or yeast cells) is quite distinct
from the free cell formation we have discussed before (see
Section 3.4, pp. 48-50).

The fundamental function of cytokinesis is to divide both
the cell surface and the cytoplasm of one cell to form two
cells. The machinery needed for this is assembled towards the
end of mitosis at, or close to, the site of nuclear division.
Despite the presence of a rigid cell wall, cytokinesis in
Aspergillus and both budding yeast and fission yeast occurs
by a constriction mechanism resembling that of animal cells.
In fungi, as in animals, contraction of an actomyosin-based
ring of fibres produces a ‘cleavage furrow’ in the outer
membrane that squeezes into the cell (actomyosin is a
combination of actin and myosin which, with other
substances, makes up the contractile muscle fibres of
animals). Microtubules also contribute to the cleavage
process in all eukaryotes; in particular, microtubules signal
the position of the division plane in animal cells, and
elements of this, at least, are conserved in plant cell division
even though a constriction process is not evident in plants.
This theme of a combination of both similarities and
differences extends to the assembly of the contractile ring in
yeast and animal cells (Field et al., 1999).

In animal cells, actin and myosin accumulate to the furrow
region (and it starts to constrict) during late anaphase. In the
fission yeast, Schizosaccharomyces pombe, the actomyosin
ring assembles during early mitosis, but cytokinesis does not
occur until late anaphase. In budding yeast, Saccharomyces
cerevisiae, the actomyosin ring is assembled during two
separate stages: myosin first forms a ring at the site of budding
at the start of DNA synthesis and then F-actin is incorporated
into the ring during late anaphase just prior to contraction.

The cleavage furrow penetrates the whole animal cell to
divide it into two daughters. In fungi the contraction is
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coupled to mechanisms for the synthesis of a cell wall so that
the membrane furrow surrounds a septum that grows out
from the existing wall, penetrating into the cytoplasm. In
yeasts the completed septum separates the bud from its
parent (in budding yeast), or two daughters each made up of
half the parent cell (fission yeast); whilst in filamentous
fungi, septal growth (and cleavage furrow contraction) cease
with the septum incomplete, leaving a central pore that may
be elaborated in different ways in different fungal groups.

In addition to actin and myosin, cytokinesis requires other
proteins, many of which are evolutionarily conserved (see
Field et al., 1999 for a tabulated list). Of special importance
are proteins called septins, a family of GTPases that form
filaments in fungi and animals and are required for assembly
of the myosin ring in budding yeast. Septins that localise to
the bud neck of Saccharomyces cerevisiae localise to the
cleavage furrows in the fruit fly Drosophila and in
mammalian cells, so they are obviously conserved in the two
kingdoms. In addition to their role in cell division, septins
coordinate nuclear division, membrane trafficking and
cytoskeletal organisation (Lindsey & Momany, 2006).
Mutations in budding yeast septin genes result in the loss of
several proteins from the bud neck, suggesting that septins
might have a structural function, focussing other
components on the cleavage site. Septins can also bind and
hydrolyse GTP, so they may also have a role in signalling.
Interestingly, IQGAP proteins are another conserved family
involved in cytokinesis. IQGAP family members have a
structure that includes a domain which binds actin filaments,
‘1Q repeats’ which bind calmodulin, and binding sites for
small GTPases, making them candidates as proteins that link
Ca*" signalling to cytokinesis.

Another protein family that is required for eukaryote
cytokinesis is the family of formin-homology (FH) proteins.
In fission yeast, an FH protein is a component of the
actomyosin ring that’s required for recruitment of F-actin to
the ring. This protein binds profilin, a protein involved in
polymerising actin, so it may act as an initial focus for actin
ring formation. A requirement for an FH protein in cytokinesis
has been shown in Aspergillus; mutants of the gene (called
SepA) lack septa and the protein is required for actin ring
assembly in Aspergillus septa. The spindle pole body (SPB) is
involved in signalling cytokinesis to the actomyosin ring.

A change in SPB biochemistry occurs at the end of spindle
elongation, releasing a signal that activates actomyosin ring
maturation (F-actin recruitment) and/or contraction,
providing a positive signal for cytokinesis initiation.

Microtubule arrays from the mitotic division spindle have
functions in cytokinesis (Field et al., 1999). In animal cells,
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which have a close connection between the position of the
division spindle and the plane of cytokinesis, signals must
pass from the mitotic spindle to the outer membrane of the
cell in order to induce furrowing of the membrane to initiate
the cleavage furrow. First, at the end of mitosis, the plasma
membrane region becomes able to furrow. Then, signals from
the mitotic apparatus regulate the contractility of the
actomyosin ring system and start assembly of a persistent
furrow that eventually bisects the spindle. Specialised
subsets of spindle microtubules are important for cleavage
furrow positioning, including astral microtubules, which
radiate from the spindle poles, and microtubule bundles that
assemble in the mid-region of the anaphase spindle are
called interzonal microtubules. Two sets of astral
microtubules are sufficient to induce furrow formation but
there is a continuing requirement for interzonal microtubules
for the furrow to deepen (this is called ingression) bisect the
spindle.

A very similar role for microtubules during cytokinesis in
plants is also well established, although plant cytokinesis is
achieved by formation of a cell plate that divides the cell into
two rather than a cleavage furrow. Nevertheless, vesicle
fusion to assemble the cell plate is managed by an array of
interzonal microtubules (and actin filaments) called the
phragmoplast. So both animal and plant cells reorganise
their interzonal microtubules to generate microtubular
arrays (called stem bodies in older publications) that perform
a specialised function during cytokinesis. It is possible that
these microtubules are required for vesicle accumulation and
membrane deposition during cytokinesis. Remember that the
surface area of the cell needs to increase as it divides, and
additional membrane must be recruited into the plasma
membrane. At least some of this recruitment derives from
insertion of vesicles into the cleavage furrow. Syntaxins are
t-SNAREs (see Section 5.10) that are required on the target
membrane to promote fusion of the vesicle with the target
membrane during exocytosis and some syntaxin-encoding
genes have been implicated in cytokinesis. A careful balance
in membrane dynamics is required to ensure proper cell
surface remodelling (Robinson & Spudich, 2000).

Correct positioning of the cleavage plane is important to
ensure that each daughter cell receives a nucleus, so the most
economical position is to bisect the axis of chromosome
segregation. This fundamental requirement is achieved either
by the cleavage plane being specified to a preselected site
prior to mitosis by a mechanism independent of the spindle,
but to which the spindle or cleavage structure is adjusted, or
by the division plane being specified by the location of the
spindle (as in animal cells). In budding yeast and higher plant

cells, the division site is predetermined by a landmark early
in the cell cycle (the bud scar in yeast); in fission yeast, the
site of cell division correlates with the position of the
premitotic nucleus.

For the cleavage plane to be specified prior to mitosis and
independently of spindle location we have to introduce the
idea of some sort of marker being established prior to mitosis
that acts as a landmark to dictate the position of both the
division and cleavage plane. Budding yeast, Saccharomyces
cerevisiae, employs such a mechanism; the division site,
which will be the bud neck between mother cell and bud, is
selected early in the cell cycle prior to spindle assembly.
During mitosis, the spindle is positioned in the bud neck by a
cytoplasmic dynein-dependent mechanism involving a
dynamic interaction of astral microtubules (microtubules)
with the bud cytoplasm and membrane (Figs. 5.9 and 5.10).
The position of the bud site is selected according to a number
of ‘landmark’ proteins associated with a bud scar left at the
previous bud site.

In Schizosaccharomyces pombe, a medial ring containing
actin, myosin Il and other components assembles in the
centre of the cell early in mitosis, its location correlating with
the position of the premitotic nucleus, which may be located
in the cell by the SPB (Chang, 2001). Plants also landmark
the location of the division plane prior to mitosis but, here it
is the phragmoplast that is directed to the landmark, rather
than the metaphase spindle. The site where the new cell plate
will fuse with the cell wall is marked by the pre-prophase
band (PPB), a temporary array of microtubules whose
position is dictated by the location of the pre-division
nucleus. During cell division in animal cells, it is likely that
spindles are positioned by the concerted action of the forces
acting on microtubule arrays; then the cleavage furrow is
placed on the basis of the position of the mitotic spindle.

Filamentous fungi form multinucleate hyphae that are
eventually partitioned by septa into multicellular hyphae. In
Aspergillus nidulans, septum formation follows the
completion of mitosis and requires the assembly of a septal
band (Fig. 5.14). This band is a dynamic structure composed
of actin, septin and formin. Assembly depends on a
conserved protein kinase cascade that, in yeast, regulates
mitotic exit and septation (Harris, 2001).

However, the crucial feature of filamentous fungi is that
their hyphae are multinucleate. Even after the formation of
septa, and even in the most regularly septate fungi, many
parts of the hypha are multinucleate. The fact that individual
hyphae or hyphal compartments contain several nuclei
means that different patterns of nuclear division have been
observed in the multinucleated fungal cells. There are three
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Fig. 5.14 Schematic model depicting the positioning and assembly
of the septal band and the septum. A hyphal segment is drawn at the
top, oriented with the tip to the right. In response to signals
emanating from the mitotic spindle, SepA localises to the septation
site as a cortical dot (green); patches of actin and/or the septin AspB
may co-localise with SepA. This locates the site at which the
circumferential septal band assembles, composed of co-localised
rings of actin (red), SepA (green) and septin (AspB; blue). By this
time the daughter nuclei have completed mitosis. Subsequently the
septal band assembles the septum. The AspB ring splits into two

commonly observed patterns: synchronous,
parasynchronous and asynchronous, and these vary
between organisms and also vary with environmental
conditions (Fig. 5.15). In synchronous division, all nuclei
divide simultaneously; in parasynchronous division, mitosis
is initiated in one location and then a wave of mitotic
divisions travels down the hypha (starting near the apex and
proceeding distally) so that nuclei divide in sequence. In
asynchronous division, nuclei divide independently of their
neighbours, with the result that the spatial and temporal
pattern of mitosis in the hypha is randomised.

The septin (AspB) ring splits into The actin and SepA rings constrict

that flank the actin and SepA rings.

% apical

Following completion of septum
formation, the actin, SepA and
basal AspB rings disappear,
whereas the apical AspB ring
persists.

as septal wall material (grey) is
deposited.

rings that flank the actin and SepA rings (one on the basal side, one
on the apical side). Splitting of the septin (AspB) ring may trigger
constriction of the actin ring. As the actin and SepA rings constrict,
septal wall material (grey in the diagram) is deposited, vectorially
synthesised through the plasma membrane (remember, the septum is
extracellular; it’s on the outside of the plasma membrane). When
assembly of the septum is completed, the actin, SepA and

basal AspB rings disappear, leaving the apical AspB ring to persist.
(Based on a diagram in Harris, 2001.) See Plate section 1 for colour
version.

Nuclei of Neurospora crassa and Ashbya gossypii (both
members of the Ascomycota) behave independently of one
another, so these fungi exhibit an asynchronous division
pattern. This type of nuclear division pattern maintains the
control of mitosis within a restricted volume of a shared
cytoplasm, which potentially means that the hypha is better
able to make local responses to nutrients or other
environmental stimuli. Asynchronous divisions also allow
the hypha to ‘spread the cost’ over a period of time (in terms
of the energy and resources required for nuclear replication
and division). Additionally, asynchrony might also shield the
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hypha from the dramatic change in the nucleus-to-
cytoplasm ratio that would result if all nuclei divided at the
same time (Gladfelter, 2006).

In contrast, synchronous or parasynchronous patterns of
nuclear division produce rapid doubling of the number of
nuclei in the hypha. Synchronous divisions occur in the
apical compartments of vegetative hyphae of the oak wilt
parasite, Ceratocystis fagacearum. In Aspergillus nidulans,

a parasynchronous wave of nuclear division spreads, in a
period of about 20 min, from the apex of the leading hyphal
compartment. These waves can involve 60 to 100 nuclei, and
extend over a length of up to 700 pm of hypha. This wave is
unidirectional in Aspergillus nidulans, moving away from
the hyphal tip, but in Fusarium oxysporum a wave of nuclear
division starts at the midpoint of an intercalary (i.e. central)
compartment rather than the apical cell, and then the wave
progresses in both directions in the cell. Parasynchrony
breaks down when it meets a septum. Parasynchrony is also
lost when the organism encounters nutritionally poor media,
in which circumstances the nuclei divide asynchronously
(Gladfelter, 2006).

Coordinated nuclear division cycles of this sort obviously
imply an additional, long-distance, level of control and
regulation. They provide the hypha with a unified response to
environmental stimuli, and might also be important for
development or morphogenesis. The different nuclear
synchronisation patterns observed in multinucleated fungal
hyphae leave open the question of how the basic cell cycle
control mechanisms are adapted in filamentous fungi. There is
evidence that cell cycle control proteins are shared among
nuclei in a hypha. Equally, there is evidence that some key cell
cycle factors are unequally distributed between nuclei in a
hypha. In Neurospora crassa there are some suppressor mutants
that suppress mutations in their own nucleus but do not act on
neighbouring nuclei sharing the cytoplasm of a heterokaryon.
Also intriguing are experiments with Basidiomycota in which
the two nuclei of a dikaryon are held in an F-actin cage and,
apparently, are held a particular distance apart. For example,
in Schizophyllum commune, cells in which the two nuclei are

Fig. 5.15 Patterns of nuclear division in multinucleated fungi. In
synchronous division, all nuclei divide simultaneously. In
parasynchronous division, mitosis is initiated in one location and
then a wave of mitoses travels backwards down the hypha so that
nuclei divide sequentially, almost as dominos fall in a line. In
asynchronous division, nuclei divide independently of neighbours,
so the spatial and temporal pattern of mitosis is randomised. (From
Gladfelter, 2006.)

2 um apart have different patterns of gene expression than cells
where the two nuclei are positioned 8 pm apart, though still
residing in the same cytoplasm.

Essentially, it comes down to understanding how large
cells spatially organise signalling pathways (Gladfelter,
2006). Another aspect is the control and maintenance of cell
polarity. Even fission yeast cells have ‘ends’ and a ‘middle’ of
the cell, and this sort of axial arrangement depends on the
architecture of the cytoskeleton: during interphase in
Schizosaccharomyces pombe microtubules position the
nucleus at the middle of the cell and orientate microtubule
‘plus’ ends towards the ends of the cell (Chang, 2001). This
architecture must be reproduced during cytokinesis.
Filamentous fungi maintain several (indeed, numerous)
axes of polarised growth simultaneously and take the
regulation of genes involved in the cell cycle and in
polarity maintenance to a different level that we still don’t
understand (Chang, 2001; Momany, 2002; Sudbery, 2008;
Rittenour et al., 2009).

Successful cell division requires that cell cycle events are
coordinated in time. In particular, cytokinesis must not
occur before the mitotic spindle has done its job and the
chromosomes have segregated. The synthesis of DNA and the
act of cell division are discontinuous processes; a series of
‘events’ that have to occur in a specific sequence and the
replication of DNA and segregation of chromosomes to the
two daughter nuclei are the two key discontinuous processes
essential for cell survival. To put it simply, if either process is
performed inaccurately, the daughter cells will be different
from each other, and will almost certainly have lost or gained
essential genes or even whole chromosomes. Further, to
maintain a constant size during cell proliferation, the growth
rate must match the rate of division. Factors that govern
proliferation must therefore regulate both the cellular
biosynthesis that drives build-up of cell mass and
progression through the cell division cycle. Several
mechanisms couple cell division to growth and different
mechanisms may be used at different times during
development to coordinate growth, cell division and



Fig. 1.1 This picture (from Torsvik & (Dvreds, 2002) shows an
epifluorescence micrograph of soil microorganisms stained with the
fluorochrome DAPI (4'-6-diamidino-2-phenylindole), which detects
intact DNA. This sample had a visible count of 4 x10'° cells g~ ' soil
(dry weight); but the viable count was 4 x 10° colony-forming
units g~ ! soil (dry weight) when estimated by plating on agar media.
(Reproduced with permission from Elsevier.) See p. 8.



Fig. 1.3 Fungal mycelia visualised in the soil environment.

A, unidentified hyphae bridging roots of Plantago lanceolata
growing in non-sterile field soil. Note the shiny films of mucilage;
image width = 2 cm. B, hyphae of Fusarium oxysporum f. sp.
raphani colonising a pair of adjacent soil aggregates. Aggregate on
left is sterile, hence extensive mycelial development. Aggregate

on right is non-sterile; reduced mycelial growth is due to
competition from other microorganisms and reduced nutrients;
image width = 1 cm. C, unidentified mycelium growing in soil pore,

visualised in a thin-section of undisturbed pasture soil with a
fluorescent stain. Note proliferation of hyphae on pore wall in left of
image. Bright spherical objects are sporangia; image width = 150
um. D, mycelium of Rhizoctonia solani growing in sterilised arable
soil, visualised in thin-section with a fluorescent stain; image
width = 150 pm. (Modified from Ritz & Young, 2004 using

images kindly supplied by Professor Karl Ritz, Cranfield University,
UK. Reproduced with permission from Elsevier.) See p. 11.



Fig. 2.1 Ultra Deep Field of the Hubble Space Telescope (credit: NASA,
ESA, S. Beckwith (STScI) and the HUDF Team). The HUDF is actually
two separate images (assembled by Anton Koekemoer) taken by
Hubble’s Advanced Camera for Surveys (ACS; an 11.3 day exposure)
plus the Near Infrared Camera and Multi-object Spectrometer
(NICMOS; a further 4.5 day exposure). The HUDF field contains an
estimated 10 000 galaxies that existed between 400 and 800 million
years after the big bang. In ground-based images, the patch of sky in

which the HUDF is located (in the constellation Fornax, just below the
constellation Orion) is empty to the eye and is even empty to the best
ground-based optical telescopes. (Image produced by STScI (Space
Telescope Science Institute), 3700 San Martin Drive, Baltimore, MD
21218, USA.) For further information and images visit http://
hubblesite.org. For more information about cosmology, visit
Cosmology: The Study of the Universe at http://map.gsfc.nasa.gov/
m_uni.html. See p. 19.
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Fig. 2.2 This image shows
the place of the HUDF data
within NASA'’s
interpretation of the history
of the universe (note the
time axis is logarithmic).
(Image credit: NASA and

A. Field, STScI (Space
Telescope Science Institute),
3700 San Martin Drive,
Baltimore, MD 21218, USA.)
For further information and
images visit http://
hubblesite.org. For more
information about
cosmology, visit Cosmology:
The Study of the Universe at
http://map.gsfc.nasa.gov/
m_uni.html. See p. 20.

Fig. 2.3 The Earth and Moon
as imaged by the Mariner
10 spacecraft in 1973 from
2.6 million km distance.
These images have been
combined to illustrate the
relative sizes of the two
bodies. (Credits: NASA/JPL/
Northwestern University.)
See p. 21.

Modern
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Fig. 2.7 Lower Devonian Profotarites compression fossils,
approximately 2 m tall, in situ in the Bordeaux Quarry, near
Cross Point on the Restigouche River in the Gaspésie region of
eastern Quebec, Canada. What you are looking at here is a stream
bed that is turned more or less on end (that is, at right angles to
its original position), so that you are now looking down on it.
You can see fossilised impressions of at least three large

Prototaxites specimens that must have formed something like

a log jam in the stream. Dr Francis Hueber, who first made the
suggestion that Prototaxites fossils are fungal in origin (Hueber,
2001), is posing alongside as a scale marker. (This image, kindly
supplied by Dr Carol Hotton of the Smithsonian Institution,
appears as Fig. 1A in Boyce et al., 2007.) See p. 33.



Fig. 2.8 Two artistic impressions of the Lower Devonian landscape of
some 400 million years ago, dominated by specimens of Profotaxites
up to 9 metres tall. Top is a painting by Mary Parrish of the
Smithsonian Institution, Washington, which was prepared for the
publication about Prototaxites fossils by Hueber (2001). At bottom is
a painting by Geoffrey Kibby that appeared under the title ‘an artist’s
impression of the landscape of the Devonian period’ as a rear cover
image on the magazine Field Mycology in April 2008. In the landscape
portrayed in these paintings the fungus Prototarites dominates as the
largest terrestrial organism to have lived up to this point in time.

Although vascular plants were already present at 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). (Images kindly
supplied by Tom Jorstad of the Smithsonian Institution and Geoffrey
Kibby, senior editor of Field Mycology.) See p. 34.
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Fig. 3.4 The Allomyces life cycle. Allomyces produces a the orange male gametes (produced in antheridia). Two
branched thallus with marked polarity (basal rhizoids and apical different thalli are formed: haploid gametothallus and diploid
sporangia). Sexual reproduction by anisoplanogametes - female sporothallus (the diploid phase is prolonged). See p. 47.

gametes are colourless (produced in oogonia) and twice the size of



Fig. 3.7 Some characteristic morphological features of
glomeromycotan fungi. A, roots of Plantago media colonised with
hyphae and spores of Glomus clarum. B, arbuscule of Glomus
mosseae stained with chlorazol black. C, vesicle of Glomus mosseae.
D, spore of Glomus sp. showing the hyphal attachment. E, section of
a sporocarp of Glomus sinuosum with spores grouped around a
hyphal plexus and covered by a layer of hyphae. F, spore of
Scutellospora cerradensis, showing bulbous sporogenous cell and
inner flexible walls with germination shield (arrow); inset:
germination shield of Scutellospora scutata in face view

(photomicrographs by Fritz Oehl, Agroscope Reckenholz-Tanikon,
Switzerland). G, germinating spore of Gigaspora decipiens with
sporogenous cell, warty germination layer and germination hypha.
H, spore of Acaulospora denticulata with tooth-like wall
ornamentations and inner germinal walls. Scale bars = 100 pm
(A, E, F, G), 50 um (D, H), 5 pm (B, C). (Modified from Redecker &
Raab, 2006 using graphic files kindly supplied by Professor Dirk
Redecker, Université de Bourgogne, France. Reprinted with
permission from Mycologia. ©The Mycological Society of America.)
See p. 51.



Fig. 3.10 Macro- and micromorphology showing the diversity

of representative taxa in the Taphrinomycotina. A, witches’
broom disease of a Japanese cherry tree (Cerasus yedoensis)
caused by Taphrina wiesneri. B, mature asci of Taphrina wiesneri
on leaf tissue of a Japanese cherry tree showing ascospore
budding (blastoconidium formation). C, a colony on potato dextrose
agar. D, symptoms of peach leaf curl disease caused by Taphrina
deformans. E, hymenium of Taphrina caerulescens, causal agent
of oak leaf curl. F, galls induced by Protomyces inouyei on stem
of Youngia japonica. G, germination of a thick-walled resting
spore of Protomyces inouyei in water. H, colonies of
Rhodosporidium toruloides (anamorph: Rhodotorula glutinis) (top),
Saitoella complicata (right) and Taphrina wiesneri (left) on potato
dextrose agar. I, Saitoella complicata: transmission electron

micrograph showing enteroblastic budding, characteristic of
basidiomycetous yeast. J, Saitoella complicata: transmission
electron micrograph showing the cell wall ultrastructure of the
ascomycete type composed of one thin, dark layer and a broad,
light inner layer. K, Schizosaccharomyces pombe: fission and an
ascus containing four ascospores. L, Pneumocystis jirovecii:
mature cyst containing intracystic bodies (endospores).

M, Neolecta vitellina: bright yellow fruit bodies that can grow
several centimetres tall. Scale bars: B, E, G = 20 pm; I = 0.5 pum;
J=0.1 um; K =5 pum; L = 1 pm. (Modified from Sugiyama et al.,
2006 using graphic files kindly supplied by Professor Junta
Sugiyama, TechnoSuruga Co. Ltd., Tokyo, Japan. Reprinted with
permission from Mycologia. ©The Mycological Society of America.)
See p. 57.



Fig. 3.13 Examples of the diversity of ascomata in the
Pezizomycotina. A, apothecia of Aleuria aurantia (Pezizomycetes);
Aleuria fruit bodies are whitish, yellowish to orange (hence the
common name orange-peel fungus) and may be 1 to 30 mm tall and
1 to 160 mm wide. B, apothecia of the cup fungus, Peziza howsei
(Pezizomycetes); Peziza produces soft and fragile, disk- to cup-
shaped fruit bodies, 2 to 120 mm high and 5 to 150 mm across,
may have a stem up to 30 mm long, colour whitish, or yellow, pink,
blue, buff, brown, or grey to blackish. C, yellow apothecia of the
glasscup, Orbilia delicatula (Orbiliomycetes); soft and fragile and
only 0.05 to 0.3 mm high, 0.1 to 2 mm wide, on a white mycelium.
D, apothecia of Trichophaea hybrida (Pezizomycetes); 1 to 5 mm
high and 1 to 15 mm wide, buff to dark grey and the outer surface
downy to hairy. E, club-shaped or spatulate apothecium of the
earthtongue, Geoglossum cookeanum (Leotiomycetes); generally soft
and fragile, 10 to 100 mm tall, 3 to 25 mm wide, purple to brownish

black. F, cinnamon jellybaby, Cudonia confusa (Leotiomycetes);
rather mushroom like, club-shaped fruit body (though the
hymenium covers the outer surface of the ‘cap’ or head), 20 to

80 mm tall, 5 to 20 mm across the head. G, saddle fungus, Helvella
crispa (Pezizomycetes); with a saddle-shaped, folded and stipitate
apothecium, up to 50 mm high and 30 mm wide. H, fruit body of the
morel, Morchella esculenta (Pezizomycetes); the fruit body on the
left has been sliced open vertically to show the hollow stem and
head, 30 to 300 mm high and 15 to 160 mm wide. I, the summer
truffle, Tuber aestivum (Pezizomycetes); fruit body is tuberoid to
spherical, longest dimension up to 70 mm, this specimen has been
sliced open to shown the massively folded spore-bearing inner mass
of flesh (the gleba). See http://www.mycokey.com/ for more
details. (Photographs A-H by Jens H. Petersen, University of
Aarhus, Denmark; I by Jan Vesterholt, University of Copenhagen,
Denmark.) See p. 61.
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Fig. 3.15 Representatives of the Pucciniomycotina. A, Jola
javensis (Platygloeales) fruiting on Sematophyllum swartzii
(photograph by Dr Elizabeth Frieders, University of Wisconsin-
Platteville). B, Septobasidium burtii fungal mat completely
covering scale insects (photograph by Dr Daniel Henk, Imperial
College London). C, Eocronartium muscicola fruiting on a
moss (photograph by Dr Stephen F. Nelsen, University of

Wisconsin-Madison). D, yeast and filamentous cells of
Sporidiobolus pararoseus. E, cultures of two Sporidiobolus species.
F, Phragmidium sp. (Pucciniales) on Rosa rubiginosa. (Modified
from Aime et al., 2006 using graphic files kindly supplied by

Dr M. Catherine Aime, Louisiana State University. Reprinted

with permission from Mycologia. ©The Mycological Society of
America.) See p. 64.



Fig. 3.16 Photographs depicting some of the diversity of the
Agaricales. A, Plicaturopsis crispa. B, Podoserpula pusio (photograph
by Heino Lepp). C, Pterula echo (photograph by Dave McLaughlin).
D, Camarophyllus borealis. E, Ampulloclitocybe clavipes.

F, Resupinatus applicatus. G, Mycena aff. pura. H, Crucibulum laeve
(photograph by Mark Steinmetz, Mykoweb). I, Nolanea sp.

J, Volvariella gloiocephala. X, Crepidotus fimbriatus. L, Basidiospores
with germ pore of Psilocybe squamosa (photograph by Roy Halling).

M, Camarophyllopsis hymenocephala (photograph by D. Jean Lodge).
N, inverse lamellar trama and pleurocystidia of Pluteus (photograph
from D. E. Stuntz slide collection). O, Clitocybe subditopoda.

P, Cortinarius bolaris. Q, Cylindrobasidium evolvens. R, Tricholoma
columbetta. (Modified from Fig. 2 in Matheny et al., 2006 using graphic
files kindly supplied by Dr P. Brandon Matheny, University

of Tennessee, USA. Reprinted with permission from Mycologia.

©The Mycological Society of America.) See p. 65.



Fig. 3.17 Morphological diversity in Boletales. A, Bondarcevomyces
taxi. B, B. taxi, pores. C, Coniophora puteana. D, Leucogyrophana
mollusca. E, Hygrophoropsis aurantiaca. F, Suillus granulatus.

G, Chroogomphus vinicolor. H, Boletinellus merulioides,
hymenophore. I, Calostoma cinnabarinum. J, Scleroderma
septentrionale. K, Meiorganum neocaledonicum, young

hymenophore. L, ‘Tylopilus’ chromapes. M, Phylloporus
centroamericanus. N, Xerocomus sp. (Modified from Fig. 1 in
Binder & Hibbett, 2006 using graphic files kindly supplied by
Dr Manfred Binder, Biology Department, Clark University, USA.
Reprinted with permission from Mycologia. ©The Mycological
Society of America.) See p. 67.



Fig. 3.18 Macro- and microscopic characters of the gomphoid-
phalloid fungi. A-E represent the Hysterangiales clade.

A, Hysterangium setchellii. B, Mesophellia castanea. C, Gallacea
scleroderma. D, basidiospores of H. inflatum enclosed in utricle.

E, basidiospores of Austrogautieria rodwayi (photograph by

L. Rodway). F-L represent the Phallales clade. F, Phallus impudicus
(photograph by Koukichi Maruyama). G, Aseroé rubra.

H, Ileodictyon cibarium. 1, Lysurus mokusin (photograph by Ikuo
Asai). J, Claustula fischeri. K, Phallobata alba (photograph by Peter
Johnston). L, basidiospores of Ileodictyon cibarium. M-T represent
the Gomphales clade: M, Ramaria fennica (photograph by Ikuo
Asai). N, Turbinellus (Gomphus) floccosus (photograph by Ikuo
Asai). 0, Gautieria sp. P, Kavinia sp. (photograph by Patrick
Leacock). Q, basidiospores of Ramaria botrytis with cyanophilic
ornamentation (photograph by Koukichi Maruyama). R, ampullate

hypha of R. eumorpha. S, acanthohypha of R. cystidiophora stained
with cotton blue (photograph by Efren Cazares). T, hyphal mat
formed by Ramaria sp.; note sharp contrast in colour between

the white soil of the mycelial mat and the black soil elsewhere.
U-Z represent the Geastrales clade. U, Geastrum fornicatum.

V, Pyrenogaster pityophilus. W, Sphaerobolus stellatus. X,
basidiospore of G. coronatum. Y, basidiospore of Myriostoma
coliforme. Z, basidiospores and germinating gemmae of
Sphaerobolus stellatus. Scale bars: A, B, V=5 mm; C, G, I-K, O, P,
U=1cm;D,E L, Q-S,Z=5um;F, H, M, N=5cm; T = 10 cm;
W =1mm; X, Y = 1 um. (Modified from Fig. 1 in Hosaka et al.,
2006 using graphic files kindly supplied by Dr Kentaro Hosaka,
National Museum of Nature and Science, Japan. Reprinted with
permission from Mycologia. ©The Mycological Society of America.)
See p. 68.



Fig. 3.19 Morphological diversity in the cantharelloid clade.
Basidiomata of: A, Cantharellus cibarius (image by J.-M. Moncalvo).
B, Craterellus tubaeformis (image by M. Wood). C, Sistotrema
confluens (image by R. Halling). D, Multiclavula mucida (image by
M. Wood). E, Botryobasidium subcoronatum, fruiting on an old
polypore (image by E. Langer). F, Sistotrema coroniferum (image by

K.-H. Larsson). G, Clavulina cinerea (image by E. Langer). (Modified
from Fig. 2 in Moncalvo et al., 2006 using graphic files kindly
supplied by Dr J.-M. Moncalvo, Royal Ontario Museum and
Department of Botany, University of Toronto, Canada. Reprinted
with permission from Mycologia. ©The Mycological Society of
America.) See p. 69.



Fig. 3.20 Macro- and micro-characters in Hymenochaetales. A-I,
Basidiome and hymenophore types. A, Cotylidia pannosa, stipitate
with smooth hymenophore (photograph by David Mitchel, www.nifg.
org.uk/photos.htm). B, Coltricia perennis, stipitate with poroid
hymenophore. C, Contumyces rosella, stipitate with lamellae (gills).
D, Clavariachaete rubiginosa (photograph by Roy Halling).

E, Phellinus robustus, sessile to effuse-reflexed with poroid
hymenophore (photograph by Andrej Kunca, Forest Research
Institute, Slovakia, www.forestryimages.org). F, Coltricia montagnei,
stipitate with contrical (concentric) lamellae (photograph by Dianna

Smith, www.mushroomexpert.com). G, Hydnochaete olivacea,
resupinate to effuse-reflexed with coarse, compressed spines (called
aculei). H, Resinicium bicolor, resupinate with small, rounded aculei
(spines). I, Hyphodontia arguta, resupinate with acute aculei. J, setal
cystidium of Hymenochaete cinnamomea. Scale bars: A, D = 10 mm,
B =2mm; G-I =1 mm, J = 10 um. (Modified from Larsson et al.,
2006 using graphic files kindly supplied by Professor Karl-Henrik
Larsson, Goteborg University, Sweden. Reprinted with permission
from Mycologia. ©The Mycol