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About the MiSACmatters Anniversary Articles
To celebrate 50 years of promoting microbiology in schools and colleges, the Microbiology in Schools
Advisory Committee (MiSAC) invited leading scientists to contribute articles on a wide range of
microorganisms and their activities.
The aim is to provide secondary teachers and students with an insight into the important roles of microbes
in everyday life. This unique and informative collection highlights some important questions addressed by
current and cutting‐edge research.
MiSAC is very grateful to Sir Paul Nurse for his support and to all our authors for their contributions,
enthusiasm and encouragement in this venture.
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Foreword to the ‘MiSACmatters 50th Anniversary Articles’
Sir Paul Nurse FRS
I am very pleased to write this foreword to the articles by well‐
known scientists celebrating MiSAC’s 50th anniversary in 2019.
In 1969, a group of dedicated microbiologists set up the
Microbiology in Schools Advisory Committee (MiSAC) to encourage
the teaching of practical microbiology in schools by promoting the
safe use of microorganisms and training teachers and technicians.
Over the years, the committee has been supported by government
bodies, scientific societies and school science agencies and has
advised the government and the Association of Science Education
on the safe use of microorganisms in education. MiSAC has
produced manuals, activities and web‐based articles, as well as
giving talks and running workshops on microbiology at teachers’
meetings. Its most popular activity is the annual schools
competition on different aspects of microbiology of current
interest ‐ a formula which has been accepted with enthusiasm in
Malaysia, Thailand and China in recent years.
As a microbiologist, I applaud MiSAC’s work to provide a sound,
basic foundation to the science and its efforts to encourage
awareness and interest in all things microbiological amongst school
students. The accompanying articles cover a range of activities
which will widen the perspective on ‘what microbes can do’ and
stimulate interest in this important area of knowledge.
Paul Nurse is a geneticist and cell biologist who has worked on how the eukaryotic cell cycle is controlled. His major
work has been on the cyclin‐dependent protein kinases and how they regulate cell reproduction. He is Director of
the Francis Crick Institute in London, and has served as President of the Royal Society, Chief Executive of Cancer
Research UK and President of Rockefeller University. He shared the 2001 Nobel Prize in Physiology or Medicine and
has received the Albert Lasker Award and the Royal Society's Royal and Copley Medals. He was knighted in 1999,
received the Legion d'honneur in 2003, and for 15 years was a member of the Council for Science and Technology
advising the UK Prime Minister and Cabinet concerning science and innovation issues. He is now one of the 7 Chief
Scientific Advisors of the European Commission.
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1. Biorecovery of valuable elements by fungi
Geoffrey Michael Gadd, Qianwei Li and Xinjin Liang

Many important metal resources are
threatened by over‐exploitation, inadequate
recycling and reclamation, and geopolitical
issues. Consumption of metals and minerals
has increased steadily in recent decades and
rising population growth ensures that demand
will accelerate. Furthermore, the increasing
need for energy production from renewable
resources, such as solar and wind power, and
energy‐efficient electronic materials, in‐
cluding those used in computers, mobile
phones and televisions, are highly dependent
on a range of valuable metal and mineral
resources. Such “E‐tech elements” include
cobalt, platinum group metals and rare earth
elements, as well as metalloids like selenium
and tellurium. Some of these elements are
already in short supply, can be difficult to
recover by conventional mining and
extraction, and may be found in only a small
number of geographic locations therefore
rendering the supply chain vulnerable to
economic and political forces. The EU is
almost wholly dependent on imported
supplies. There is therefore an urgent need to
improve the supply of important elements
while balancing new mining processes with
minimizing environmental impacts such as
pollution and increased greenhouse gas
emissions. Of the many worldwide initiatives
considered to address this problem, microbial
bioprocessing is seen as an essential com‐
ponent of the approaches that may be used to
improve metal recovery.

ment being part of natural cycles for metals
and associated elements in rocks, minerals,
and soil. The growing discipline of
geomicrobiology encompasses many such
aspects of microbial metal and mineral
biotransformations. Species from all microbial
groups can be involved, with the great
metabolic diversity of bacteria and archaea
ensuring that these organisms receive
considerable research attention. Despite this,
appreciation of fungi is growing because of
their profound importance in the terrestrial
environment and capabilities for many metal
and mineral transformations. Many geo‐
mycological processes are relevant to natural
cycling of elements, rock and mineral
transformations, plant productivity and
biodeterioration, as well as applications in the
context of metal and mineral transformations,
bioremediation and element biorecovery.
Fungi are ideally suited as geoactive agents
and the vast majority exhibit a branching
filamentous explorative lifestyle. They utilize
organic substrates for growth and energy and
excrete a variety of extracellular enzymes and
other substances that interact with organic
and inorganic substrates. They can directly
and indirectly mediate the formation of many
kinds of minerals, including oxides, phos‐
phates, carbonates and oxalates (Figure 1), as
well as elemental forms of metals and
metalloids such as silver (Ag), selenium (Se)
and tellurium (Te). Such biomineralization
largely depends on the organism modifying its
local microenvironment to create appropriate
chemical conditions for precipitation to take
place, and this depends on their metabolism.

The ability of microorganisms to change the
chemical state of metals and minerals is of
profound significance in the natural environ‐
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Compared to the simpler bacterial cell form,
the filamentous fungal growth habit
additionally provides more framework
support and stability as a reactive network for
biomineralization (Figure 2).

on a source of organic phosphorus in the
presence of soluble lead (Pb) and uranium (U)
(Figure 3). Such removal from solution of
potentially toxic or radioactive elements is of
bioremedial potential. A recent discovery was
the fungal‐mediated formation of pyro‐
morphite, a highly insoluble lead phosphate,
the phosphate arising from both organic and
inorganic sources. Similarly, the formation of
stable uranium phosphate minerals during
fungal growth in the presence of uranium
oxides or depleted uranium has also been
demonstrated.

Figure 1. Oxalate mineral formation by fungi. (a) cobalt
oxalate formed in cobalt carbonate‐amended agar medium
by Aspergillus niger (Bar = 50 µm). (b) calcium oxalate formed
in calcium hydroxide‐amended agar medium by A. niger (Bar
= 100 µm). (c) cobalt carbonate formed in cobalt chloride and
urea‐amended agar medium by Neurospora crassa (Bar = 50
µm).

Figure 2. Scanning electron microscopy images of
rhodochrosite (MnCO3) precipitation on hyphae of
Neurospora crassa grown in urea‐ and MnCl2‐amended
medium (Bars = 30 and 5 µm, respectively).

Fungi are very important biodegraders of
organic materials, and this can result in
mineral formation where biodegradation
products react with available metals. For
example, the action of phosphatase enzymes
on phosphorus‐containing organic substrates
results in the release of inorganic phosphate
which can then precipitate with available
metals. Several filamentous fungi and yeasts
can extensively precipitate lead or uranium
phosphates on their surfaces during growth

Microbially‐mediated carbonate precipitation
has been used for metal and radionuclide
bioremediation, soil stabilization and the
reinforcement of concrete. This system also
provides a promising method for biorecovery
of toxic or valuable metals e.g. cobalt (Co),
nickel (Ni), and lanthanum (La). Many free‐
living fungi can degrade urea which results in
extensive production of carbonate which will
precipitate with any susceptible metals
present (Figure 3).
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demonstration, thermal de‐composition of
fungal biomass and precipitated manganese
carbonate (MnCO3) resulted in a carbonized
biomass‐manganese oxide composite mat‐
erial which was used as electrode material in
supercapacitors and lithium ion batteries. This
was found to have excellent electrochemical
properties in comparison with other Mn oxide
materials prepared by abiotic means, and in
lithium ion batteries retained ~90% charge
capacity after 200 charge‐discharge cycles.

Figure 3. Formation of lead or uranium phosphate minerals
after growth of fungi on an organic phosphorus‐containing
substrate (glycerol 2‐phosphate) in the presence of soluble
Pb(NO3)2 or UO2(NO3)2. (a) Pb minerals produced by
Aspergillus niger (Bar = 50 μm) (b) Pb minerals produced by
Paecilomyces javanicus (Bar = 5 μm) (c) U minerals produced
by A. niger (Bar = 5 μm).
Figure 4. Scanning electron microscopy images of micro‐ and
nanoscale metal carbonate minerals derived by mixture of
soluble metal chlorides with fungal growth supernatant
obtained after growth of Neurospora crassa in urea‐amended
medium. (a) otavite (CdCO3) (Bar = 1 µm). (b) cobalt
carbonate (CoCO3) (Bar = 300 nm).

Biomass‐free culture supernatants also have
precipitative properties which enables metal
biorecovery from solution in pure form. Pure
otavite (cadmium carbonate, CdCO3) was
recovered in this way, with a proportion of the
particles of nanoscale dimensions (Figure 4).
Fungal isolates from calcareous soil could
precipitate calcite (CaCO3) and strontianite
(SrCO3)
as
well
as
olekminskite
(Sr(Sr,Ca)(CO3)2) and Sr‐containing vaterite
((CaxSr1‐x)CO3), resulting in almost complete
removal of strontium (Sr) from solution. Metal
carbonates have several industrial app‐
lications and are also used as precursors for
important metal oxides. In an imaginative

Metal‐containing micro‐nanoparticles have a
variety of applications. The use of metal‐
transforming microbes, including fungi, for
production of nanoparticles may allow some
control over size, morphology, and com‐
position. This is relevant to the production of
new advanced biomaterials with applications
in metal and radionuclide bioremediation,
metal biorecovery, anti‐microbial treatments
(e.g. nano‐silver), solar energy, electrical
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batteries and microelectronics. Many fungi
precipitate nano‐elemental forms of metals
and metalloids through bioreduction, e.g.
Ag(I) reduction to elemental silver Ag(0);
selenate [Se(VI)] and selenite [Se(IV)] to
elemental selenium [Se(0)]; tellurite [Te(IV)]
to elemental tellurium [Te(0)] (Figure 5).
Many of the fungal biominerals mentioned
previously can be nanoscale or microscale
(Figures 4 & 5) which imparts additional
physical and chemical properties apart from
metal sequestration. For example, fungal Mn
oxides can sequester metals like Pb, zinc (Zn),
Co, Ni, and chromium (Cr) and also oxidize
certain organic pollutants. Many fungi
produce insoluble metal oxalates on
interacting with a variety of different metals
and metal‐bearing minerals, e.g. those of Ca,
Cd, Co, copper (Cu), magnesium (Mg), Mn, Sr,
Zn, Ni and Pb and these have various industrial
uses as well as providing another metal
biorecovery mechanism.
As ubiquitous inhabitants of soil and rock
surfaces, fungi are engaged in a suite of metal
and mineral transformations through such
mechanisms as complexation, mineral
dissolution and secondary mineral formation.
These are also of negative human impact with
the same mechanisms being involved in the
biodeterioration of rock and mineral‐based
materials in the built environment and
cultural heritage. On the positive side, their
interactions with metals and minerals are of
applied significance in land bioremediation,
revegetation, and detoxification of industrial
effluents and waste streams, and an
important component of the overall microbial
repertoire of mechanisms that are being
applied to metal biorecovery and the
production of useful biomaterials. With
growing concern over the management,
conservation and recycling of world metal and
mineral resources, it is clear that fungal
capabilities may offer potentially useful
solutions to an apparently insoluble problem.

Figure 5. Fungal production of nanoscale metalloids. (a)
suspensions of elemental Se (red) and elemental tellurium
(black) obtained after reduction of sodium selenite or tellurite
by a fungal growth supernatant (b) scanning electron
microscopy image of selenium nanoparticles (Bar = 500 nm).
The inset is a transmission electron microscopy image of a
nanoparticle aggregate (Bar = 200 nm) (c) transmission
electron microscopy image of tellurium nanorods (Bar = 400
nm).
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2. An ancient difference between a chicken and an ostrich uncovers a
new way to fight influenza
Wendy Barclay and Jason Long

The influenza virus, like all viruses, is a parasite
that relies on machinery from the host cell it
invades to copy itself. This machinery is not there
to help the virus,‐ it has a completely different
function for the host, but the virus has evolved to
‘borrow it’. The intricate relationship between a
virus and its host has been refined over years of
co‐evolution, so that viruses adapted to infect one
species may not infect another species if the
cellular machinery they use is missing or different.
If the two pieces of the jigsaw, one from virus and
one from host, don’t fit together like a key in a lock
then the virus is blocked (Figure 1). This barrier
protects us from being infected by viruses from
animals.

But the barrier can be breached. If an animal virus
mutates in a way that allows it to use host
machinery from a human cell, this can start a new
pandemic as the mutated virus emerges into a
human population that has no prior experience of
being infected by it and therefore no protection.
The paradigm for a pandemic is when an avian
influenza virus (‘bird ‘flu’) breaks the host range
barrier and replicates in human cells. Birds are the
natural reservoir for many different influenza
viruses. Most avian influenza viruses do not
replicate inside human cells due to
incompatibilities with the human cell machinery.
The virus has a polymerase enzyme that copies its
RNA genome, that only works together with
‘borrowed’ host cell proteins. One of these cell
proteins is ANP32A. There is an important
difference between the ANP32 proteins of birds
and those of mammals. During the evolution of
flighted birds the ANP32A gene was partially
duplicated, causing the avian ANP32A protein to
be 33 amino acids longer. If a bird ‘flu infects a
mammal, it cannot use the shorter ANP32
orthologue. But we know there are influenza
viruses that do infect mammals, including pigs,
horses, dogs and of course humans, so how can
they do that? Mutations in the virus polymerase
enzyme can make it fit with the short mammalian
ANP32 proteins, breaking the barrier and
sometimes sparking pandemics such as the
notorious Spanish influenza of 1918 that killed
more than 50 million people worldwide. By
comparing the sequence of virus genomes from
birds and mammals, we can identify mutations
that adapt the virus to mammals.

Figure 1. Viruses must adapt to use host proteins from
different species. This ‘lock and key’ relationship can be very
specific. If the virus enters a different species, the host
protein (the lock) may have a different shape so the virus
must adapt by mutating its protein (the key). If we discover
the identity of the ‘lock’, we can design drugs that block the
virus from using it and stop the virus in its tracks.

A strange but interesting observation helped
confirm ANP32A as a key player in this story.
Sometimes ostriches are infected by avian
influenza viruses, but although ostriches are birds,
the genomes of viruses from ostriches contain the
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Even more worrying is the threat of a new
influenza pandemic. The first step in a pandemic is
the exposure of a human to an animal infected
with an influenza virus. Influenza viruses in farmed
chickens and pigs are of particular concern
because some people come into regular close
contact with these species, for example farmers or
people buying live poultry at a market. In the
future, we might be able to generate transgenic
farmed animals that are resistant to influenza
virus infection by changing their ANP32 proteins in
such a way that the virus can no longer use them.
Transgenic animals have their genes edited using
techniques such as CRISPR, where specific
mutations are introduced and become
permanently part of the animals’ genome. These
animals could be bred to generate a new
population of chicken or pigs resistant to
influenza, safeguarding our food supply and at the
same time protecting us against incursions of bird
‘flu. We can’t ever completely eradicate influenza
viruses from the planet because they have a
natural reservoir in wild birds that we can neither
vaccinate nor genetically modify. But the major
source of human infections with animal influenza
viruses is from close contact with domestic
animals and there we have a chance to control our
exposure if we reduce the amount of influenza
circulating in chicken and pigs. Reliance on ANP32
is an Achilles’ heel of influenza that we can now
take advantage of for our own benefit.

same polymerase mutations seen in mammals!
This mystery is solved when one examines the
ANP32A gene of the ostrich. Unlike the flighted
birds, the DNA of non‐flighted species did not
duplicate, leaving the ANP32A protein short, as in
mammals. To an influenza virus, an ostrich cell
looks more like a mammalian cell than a bird cell
(Figure 2).

Figure 2. The evolution of ANP32 proteins in different species
drives adaptation of influenza virus. This representation of a
phylogenetic tree shows the close relationship between
ANP32A proteins from different animals known to be infected
by influenza viruses. The natural hosts for all influenza viruses
are wild birds such as ducks and geese, indeed birds are the
reservoir of many different types of influenza viruses today.
During their evolution, flighted birds including ducks and
chickens gained a longer form of ANP32A proteins (blue).
Influenza viruses from ducks and chickens must mutate to
successfully infect hosts, including ostriches, dogs, pigs,
horses and humans, with the shorter form of ANP32A (green).

AUTHOR PROFILES
How can this information be of use? Influenza
viruses cause up to half a million deaths every
year. Antiviral drugs do exist but the current drugs
directly target proteins of the virus, and because
influenza virus can so readily mutate, viruses can
easily evolve to become resistant. We can
overcome this by designing new drugs that target
the host factors the virus relies on. These do not
change and so resistance is much less likely. The
discovery that influenza virus relies on ANP32 to
infect humans means we can search for new drugs
that stop the virus accessing ANP32, protecting us
from infection (Figure 1).
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3. Pathogenic bacteria: wolves in sheep’s clothing
Christoph M. Tang

The world is full of microbes. Bacteria are the
most populous free‐living organisms on planet
earth, yet they often go unnoticed. Most of
them live in the environment, but our bodies
are home to the densest communities of
bacteria on the planet. Our skin, mouths and
intestines teem with trillions of bacteria, with
which we have enjoyed a long and often
mutually beneficial relationship.

the immune system enabling them to persist
in our bodies and inflict harm on us. This is
especially well illustrated by the important
human pathogen, Neisseria meningitidis
(Figure 1).

However, a subset of these unicellular,
microscopic organisms ‐ the pathogens ‐ have
plagued humans for millennia. Many of these
bacterial pathogens have specific properties
that make them especially adept at causing
disease. For example, they can acquire
nutrients from different habitats in the human
body allowing them to grow in places where
they are not wanted; they can bind to specific
tissues protecting them from elimination, and
they have weapons that enable them to cause
damage.

Figure 1. Scanning Electron Microscopy image of Neisseria
meningitidis attached to a human cell. The bacteria are
usually in pairs (diplococci). They bind to cell membranes
using structures known as Type four pili and become
enmeshed with cell membrane protrusions. Image credit R.
Custodio and E. Johnson, SWDSP, Oxford.

To defend ourselves, we have evolved a
sophisticated immune system to recognise,
respond to, and kill invading pathogens. Our
immune system is in a constant state of
vigilance, and can call upon an array of
weapons. These include phagocytic cells (from
the Greek ‘phagos’ to eat) which engulf and
destroy bacteria, and antibodies which
specifically recognise molecules on the
surface of bacteria, bind them, and target
them for removal either by sending them to
phagocytic cells or by recruiting antimicrobial
proteins directly to the pathogen surface. In
return, it appears that each bacterial species
has evolved its own special tricks to escape

N. meningitidis (the meningococcus) will be
familiar to many as the cause of bacterial
meningitis, a feared infection that can strike
children and young adults rapidly. The
meningococcus is found in the upper airways
of healthy individuals but can spread into the
bloodstream, where it can replicate quickly to
very high levels (up to 1012 bacteria in an
affected individual) and liberate toxins, mainly
by shedding parts of its cell membrane. It is
these accumulated toxins that are responsible
for the severity of meningococcal infection.

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
1

How does N. meningitidis avoid immune
surveillance and attack? Examples of some of
the immune evasion strategies employed by
this bacterium are shown in Figure 2. The
meningococcus produces a sugar coat called a
capsule. This shields some of the bacterial
surface molecules from recognition and
binding by antibodies. One important way
antibodies can destroy microbes to which
they are bound is by localising components of
the complement system to the microbe’s
surface. The complement system is a key part
of our immune system; it is a collection of
proteins that work together to kill invading
pathogens by making holes (pores) in their
membranes. However, antibodies bound to
the meningococcal capsule are away from the
bacterial surface, making it difficult for the
complement system to be active.

Figure 2. Examples of immune evasion strategies of Neisseria
meningitidis.

Is it possible to combat such a devious
pathogen as N. meningitidis? Thankfully yes.
By targeting the very molecules on the
bacterial surface that confuse the immune
system, we have been able to generate a
series of vaccines against most strains of N.
meningitidis. Current research aims to
improve these vaccines and ensure that they
are available to all those who need them,
providing hope that we will one day be able to
eliminate this wolf in sheep’s clothing.

In addition, in some strains, the capsule acts
as molecular camouflage. The structure of the
capsule of meningitis B, the leading cause of
meningococcal disease in the UK, is identical
to a molecule found in the human body. As we
develop, our immune system learns to ignore
molecules on our own cells through a process
called tolerance. This is to avoid our immune
system attacking ‘self’ antigens. Thus, by
synthesising and covering itself in a mimic of a
human molecule, meningitis B bacteria can
pass under the radar of immune surveillance.
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The meningococcus has another trick. It can
attract our own molecules that switch off
immune responses and bind them to its own
surface. For example, Factor H (fH) is a human
molecule that turns off the complement
system. N. meningitdis has a protein on its
surface that binds human factor H, called fHbp
(Factor H binding protein). The bound fH not
only acts as a camouflage but also helps the
bacterium defend itself against complement‐
mediated killing.
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4. New drugs from an old desert
Mike Goodfellow

When Alexander Fleming accepted his part of
the Nobel Prize for the discovery of penicillin
just over seventy years ago, he warned that
the misuse of antibiotics would lead to the
emergence of drug‐resistant pathogens. As
this and subsequent warnings fell on deaf ears
the misuse of antibiotics in agriculture and
medicine has led to the evolution and spread
of drug‐resistant pathogens, as exemplified by
drug‐resistant Neisseria gonorrhoeae, the
causative agent of the sexually transmitted
disease gonorrhoea, the second most
frequently reported disease in the USA.
Increasingly dire directives from the World
Health Organisation warn of a return to pre‐
antibiotic days of medicine. It is difficult to be
sanguine about such warnings though there
are glimmers of hope. Thus, advances in our
understanding of microbial diversity coupled
with the application of new technologies
based on whole genome sequencing are
providing new routes to the discovery of novel
antibiotics of clinical value.

rekindled interest in these organisms as a
source of novel antibiotics. Especially gifted
actinobacteria with large genomes (>8Mb)
that contain species/group specific BGCs are
now at a premium in the search for novel
natural products using state‐of‐the‐art
technologies, such as genome mining, that is,
the detection and expression of novel BGCs in
whole genome sequences.
Gifted actinobacteria are now being sought
from extreme ecosystems on the premise that
the conditions therein will give rise to
populations of new actinobacteria which will
be the source of novel antibiotics with new
modes of action. Novel actinobacteria from
deep‐sea sediments are proving to be a
particularly good source of new antibiotics, as
witnessed by the discovery of a new family of
polyketides known as the abyssomicins, from
Verrucosispora maris, the anticancer drug
salinosporamide from Salinispora tropica and
the
dermacozines
from
strains
of
Dermacoccus abysii isolated from the
Challenger Deep of the Mariana Trench in the
Pacific Ocean. Extensive studies of Salinispora
strains show clear evidence of coupling
between taxonomic and chemical diversity
thereby supporting the working hypothesis
that previously unknown filamentous
actinobacteria isolated from extreme habitats
are likely to be a source of new antibiotics.

Historically, filamentous bacteria, now known
as actinobacteria (formerly as actinomycetes)
have been the major source of clinically used
antibiotics. However, the costly rediscovery of
known antibiotics from common actino‐
bacteria isolated from well‐studied habitats,
such as temperate and tropical soils,
contributed to the marked decline in the
discovery of novel microbial antibiotics of
clinical value. However, the discovery that the
genomes of filamentous actinobacteria are
rich in biosynthetic gene clusters (BGCs) that
have the potential to make many more
bioactive compounds than previously thought

Another underexplored ecosystem that has
only recently attracted the attention of
microbiologists is the Atacama Desert of
northern Chile (Figure 1).
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Collaborative
research
involving
the
Universities of Aberdeen, Kent and Newcastle
together with the University of Chile in
Santiago has shown that filamentous
actinobacteria isolated from diverse Atacama
habitats are not only markedly bioactive but
belong to new species. To date, 46 natural
products representing different chemical
classes have been detected from novel
actinobacterial strains. Pride of place goes to
gifted members of the novel species,
Streptomyces leeuwenhoekii, which syn‐
thesises new anticancer (chaxapeptin) and
antibacterial (chaxamycin) antibiotics. Indeed,
it can be concluded from our pioneering
studies that actinobacterial communities in
the Atacama Desert represent an enormous
untapped resource for biotechnological
discovery programmes at a time when
resistance to existing antibiotics is rapidly
becoming an immense threat to global health.
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Figure 1. Atacama Desert sampling sites yielding novel,
antibiotic‐producing filamentous actinobacteria : (a) and (b),
extreme hyper‐arid soils; (c) rocks – all from the Valle de la
Luna and (d) arid, high altitude soil at 15,000 feet on the
Chajnantor Plateau with the peak of Cerro Chajnantor in the
background.
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This, the oldest and continuously most arid
non‐polar temperate desert on the planet is a
source of interest to astrobiologists as the
harsh environmental conditions are con‐
sidered to provide an accurate analogue of
those prevailing in Martian soils. However,
until recently, the harsh conditions found in
the Atacama, notably extreme aridity, low
levels of organic carbon, high oxidising
capacity and remarkable levels of ultra‐violet
irradiance were seen to be so severe that no
form of life could be supported. Nothing could
be further from the truth as it is now clear that
Atacama habitats support a rich microbiota,
including small, but taxonomically diverse
filamentous actinobacteria.
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5. Superstore ‐ super fungi! How much do you owe the fungi for your shopping basket?
David Moore

by brewers. The yeast uses the same chemistry of
ethanol fermentation for both industries: C6H12O6
→ 2 C2H5OH + 2 CO2. However, for the brewer the
key product is ethanol; for the baker the key
product is the carbon dioxide. Bread structure
depends on the gluey properties of the wheat
gluten protein. Carbon dioxide gas is trapped into
bubbles by the gluten, and the bubbly structure of
the dough is turned into the open structure of
bread when cooked. For hundreds of bread
recipes see: http://www.cookitsimply.com/category‐

We all have different attitudes to fungi, but do you
know just how much, every hour of every day, we
all depend on fungi and fungal products? Or how
much fungi contribute to our everyday retail
experience? Let’s take a walk around the nearest
superstore and look at the fungal contribution to
the goods on sale.
Mushrooms. Mushrooms are a high‐quality food
source with protein typically 20‐30% of dry
matter, and containing all the amino acids that are
essential to human nutrition, low‐fat content, and
useful B vitamin content. Fungi are easily digested
and their cell walls provide a good source of
dietary fibre. Most important of all they have no
cholesterol. European mushroom farms cultivate
Agaricus bisporus. Oyster and Paddy straw
mushrooms are cultivated in Asia; though in Japan
and China Lentinula (shiitake in Japanese or
shiangu in Chinese) is a major crop.

0020‐0e1.html

Beers and Ales. These are products of the
fermentation of sugars from cereal grains by the
yeast called Saccharomyces cerevisiae. All ales,
beers and lagers are made from malted barley
mashed into hot water and boiled with hops to
add bitter flavours to the beer. The yeasts used for
making ales tend to form froth and grow on the
top of the mix. Lager yeasts ferment at the bottom
of the tank and belong to the closely‐related
species Saccharomyces carlsbergensis. (See:
http://www.howtobrew.com/).

Fresh meat and dairy products. Our farm animals
are kept alive by the fungi in their digestive
systems to cope with otherwise indigestible fibres
in grass. The gut of ruminants (like cattle) contains
large chambers that form a fermentation vessel
where the microbes grow. The fungi concerned
are known as ‘obligately anaerobic chytrids’; they
digest lignin and carbohydrate and pass some
nutrients on to methanogenic bacteria. The two
work together, carrying out a more efficient
fermentation process, generating a larger
microbial community, and greater benefit to the
host animal when it digests the microbes.

Fuel alcohol. Ethanol is also used as a chemical
feedstock and as an automotive fuel when up to
10% ethanol by volume is mixed with petrol. Yeast
fermentation of agricultural wastes is most often
used. Together, the USA and Brazil produce 85% of
the world’s fuel ethanol. Most of the US ethanol is
produced from maize and other cereals, while
Brazil uses sugar cane. The US produces most fuel
ethanol; over 100 billion litres were produced
worldwide in 2017, of which 60 billion litres was
produced in the US, 27 billion in Brazil and 5.3
billion in the EU (https://www.afdc.energy.gov/data/).

Bread. Leavened bread is a product of the
fermentation of sugars from cereal grains by the
yeast Saccharomyces cerevisiae. This is known, not
surprisingly, as Baker’s yeast in this industry,
although in the old days it was supplied to bakers

Wines. Vitis vinifera grape juice is obtained by
crushing grapes; the grape juice is referred to as
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must, which is fermented with an elliptically‐
shaped yeast called Saccharomyces ellipsoideus.
This is usually added as a starter yeast culture
made up in grape juice. After the yeast
fermentation, quality wines take one to four years
to age in wooden casks. For some wines a bacterial
fermentation is encouraged during aging to
mellow the taste by reducing acidity. For sparkling
wines, sugar, and a special strain of yeast that
forms granular sediment, are added when the
wine is bottled and a secondary fermentation in
the bottle produces carbon dioxide bubbles
(source: http://www.oiv.int/en/).

moulds like Aspergillus spp. and Mucor miehei)
which, at the start, coagulate (curdle) the proteins
in milk, forming solid curds (from which the cheese
is made) and liquid whey; and fungal growth is also
responsible for the process known as mould‐
ripening. This mould ripening is a traditional
method of flavouring cheese that produces blue
cheeses (using Penicillium roqueforti), and
Camembert and Brie cream cheeses (ripened by
Penicillium camemberti) (https://cheese.com/).

Salami manufacture. Penicillium nalgiovense is
the most widely used filamentous fungus in the
production of cured and fermented meat
products. Chopped meat (including beef, goat,
horse, lamb, pork, poultry, and/or venison) is
mixed with minced animal fat, cereals, herbs,
spices; this mixture gives the salami sausage its
typical marbled appearance when cut. Salt is
added and the mixture ferments for a day before
being stuffed into a casing, covered with a
suspension of the Penicillium nalgiovense starter
culture, and finally hung to cure. As the fungus
grows over the sausage and into the meat it
imparts flavour and protects against spoilage by
other undesirable species of yeasts, moulds and
bacteria.

Marmite. Brewing beers produces a vast amount
of live yeast as a ‘waste’ product and these
brewery wastes are converted into flavourings,
diet supplements and ‘yeast extract’ products with
brand names like Marmite, Meridian Yeast Extract
and Australian Vegemite, Swiss Cenovis, and the
German Vitam‐R. In the first stage of Marmite
production, the brewer’s yeast is broken down to
proteins and soluble amino acids; this mixture is
filtered, secret flavourings (in a vegetable juice
concentrate), vitamins and spice extracts are
added, and the product is ready for packaging
(https://www.marmite.co.uk/).

Fizzy drinks. Apart from alcohol (ethanol), the
single most important pure chemical produced by
fermentation is citric acid (global production is
about 1,600,000 tonnes annually). This is a weak
6‐carbon organic acid that is a naturally occurring
component of metabolism in almost all living
things. The structure of the molecule confers a
variety of properties that make citric acid useful in
foods, effervescent soft drinks, and phar‐
maceuticals as a pH buffer, acidifier, preservative
and/or metal ion chelator. The standard
fermentation production method uses Aspergillus
niger on a medium containing 15% sugars. Under
optimal conditions, fermentation is complete in 5
to 10 days (https://ihsmarkit.com/products/citric‐acid‐
chemical‐economics‐handbook.html).

Quorn. Mycoprotein™ is the name for a food
product made from a strain of the filamentous
fungus Fusarium venenatum. The fungus is grown
on food‐grade glucose as the carbon source in a 45
m tall airlift fermenter. Mycoprotein typically
contains 44% protein, 18% dietary fibre and only
13% fat (the values for beef are 68%, 0% and 30%
respectively), and raw mycoprotein contains no
cholesterol. The sole use for mycoprotein
currently is as the primary ingredient of the
Quorn™ range of ‘meat‐alternative’ products. See
(https://www.quorn.com/).

Cheese. Cheese is a solid or semisolid protein food
product manufactured from milk. Before the
advent of modern methods of refrigeration,
cheese manufacture was the only method of
preserving milk. Basic cheese making is a bacterial
fermentation, but there are two important
processes to which filamentous fungi contribute.
These are the provision of enzymes (80% from

Fruit juices. Fungal enzymes are used extensively
in production of non‐effervescent fruit juices to
maximise the yield of extracted juice. For example,
processing apples utilises ‘macerating enzymes’,
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that is, fungal enzymes like pectinases, cellulases
and hemicellulases, which separate the cells of the
tissue and weaken the cell walls. This increases the
yield of juice collected and improves release of
antioxidants and vitamins. In later stages, enzymes
are used to remove any precipitates formed by
insoluble fruit residue and clarify the juice before
packaging.

fermented coffee beans are washed, then sun‐
dried, making the ‘pergamino coffee’ that is
exported. Most of the flavour of coffee forms
when the ‘beans’ are roasted; but cultivar,
geographical origin and the fermentation all
contribute to the more than 850‐or‐so aroma and
flavour compounds so far found in coffee.

In the pharmacy. Fungus‐produced penicillin is
still an important antibiotic, but most antibiotics
that we use today originate from bacteria (grown
in large fermenters). Fungi produce some other
crucial pharmaceuticals, though: for example, the
fungal product called cyclosporine, which
suppresses the immune response in transplant
patients to avoid organ rejection. Mevinolin is a
compound produced by the fungus Aspergillus
terreus which is the basis of the statins. These are
used to reduce cholesterol levels; high cholesterol
is a risk factor in cardiovascular disease, stroke and
several other widespread illnesses. Since their
introduction in the late 1980s, statins have
become the most widely prescribed cholesterol
lowering drugs in the world. Fungi also produce
compounds known as ergot alkaloids, which were
the first antimigraine drugs available. Although
these can be synthesised, fermentation remains
the most cost‐effective production method.
Steroid compounds are among the most widely
marketed products of the pharmaceutical industry
and most of the steroids in clinical use today are
modified by fungi and/or fungal enzymes during
manufacture. Using fungi and their enzymes
enables compounds to be made that would
otherwise be very difficult, impossible, or just too
expensive to produce by direct chemical synthesis.
Manufactured steroids are used for many ‘over‐
the‐counter’ remedies as well as ethical
(prescription‐only) therapies. Common uses
include anti‐inflammatory, immune‐suppressive,
diuretic,
anabolic,
contra‐ceptives
and
progesterone analogues. Manufactured steroids
are also used to treat some cancers, osteoporosis
and adrenal insufficiencies (the adrenal glands
produce natural steroid hormones), for avoidance
of coronary heart disease, as antifungal or anti‐
obesity agents, and some steroids can be used to
prevent and treat infection by HIV.

Soy sauce, tempeh and other food products.
Fungi are used for processing several food
products that enjoy large markets in Asia, and
traditional oriental cooks have applied a variety of
fermentation techniques to the seeds of soya, rice
and other crop plants in ways like the
fermentation
techniques
that
traditional
occidental cooks have applied to dairy products
and meat of various animals. Fermentation of soy
beans with filamentous fungi (particularly
Aspergillus, Actinomucor, Mucor, or Rhizopus spp.)
is the basis for production of a range of foods,
including sufu (fermented tofu), soy nuggets,
tempeh, miso and ang‐kak (red rice). Bacterial
fermentation is used to produce natto and soy
yoghurt. Non‐fermented soyfoods include
soymilk, tofu, soy sprouts, yuba (soymilk film),
okara (soy pulp), vegetable soybeans, soynuts and
toasted soy flour.

Chocolate and coffee. All chocolate products are
derived from cacao seeds formed in large pods on
the trunks of the evergreen cacao tree
(Theobroma cacao). Each pod contains about 40
seeds (the cocoa ‘beans’, though they are not true
beans) embedded in a fleshy pulp. Pod contents
are scooped out and pulp and seeds piled in heaps
for several days, during which they undergo a
natural microbial fermentation by a succession of
yeasts and bacteria. This liquefies the pulp and
imparts the flavour of chocolate to the cocoa
seeds that are left behind. Unfermented cacao
seeds do not have any chocolate flavour. Coffee
undergoes a similar fermentation, and for similar
reasons. Several species of the bushy tree Coffea
produce cherry‐like fruits that contain two seeds
(the coffee ‘beans’). Harvested fruits have most of
the berry flesh removed in water, then the coffee
seeds (‘beans’) are fermented in large water
containers to dissolve away a parchment‐like film
of tissue that surrounds them. When complete,

Clothing: enzymes for fabric conditioning and
processing. Despite the successful emergence of
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 Fungal biotechnology:

synthetic fibres such as nylon and polyester, a
great many of our fabrics are still made from the
natural fibres cotton (cellulose), wool and silk
(both protein), all of which can be processed in
various ways with natural enzymes. The fabric
processing with which we are most familiar results
from the inclusion of fungal enzymes in detergents
and associated fabric conditioners used for clothes
washing. Some of these enzymes are derived from
bacterial sources, but many are fungal enzymes.
Enzymes are also used during manufacture of
textile products to improve the properties of the
fabrics. Fungal cellulase enzymes remove loose
fibres from cotton fabrics more efficiently and
more gently than mechanical methods of finishing.
Many traditional finishing processes in the wool
industry require chemicals that cause pollution.
Fungal proteolytic enzyme treatments achieve a
variety of finishing effects for woollen products
with minimal environmental impact.

http://www.davidmoore.org.uk/21st_Century_Guidebook_t
o_Fungi_PLATINUM/Ch17_00.htm

 Soy sauce and other fermented food products:
http://www.davidmoore.org.uk/21st_Century_Guidebook_t
o_Fungi_PLATINUM/Ch17_25.htm

 World of Fungi:
http://www.davidmoore.org.uk/index.htm
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More information
 Exploiting fungi for food:
http://www.davidmoore.org.uk/21st_Century_Guidebook_t
o_Fungi_PLATINUM/Ch11_00.htm
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6. Hidden Depths ‐ Secondary metabolites of deep‐sea fungi are a
promising source of novel antimicrobials
Laurence Meslet‐Cladière

Metabolism is the set of chemical reactions
that take place within an organism to enable
it to stay alive, to reproduce, to develop and
to respond to stimuli from the environment.
Primary metabolism is essential in living
organisms. In contrast, secondary metabolism
is not essential but the products of these
pathways (known as the secondary meta‐
bolites) often have important biological
properties that we can exploit, for example as
antimicrobials (antibiotics, antivirals or
antifungals)
anticancer
molecules
or
antispasmodics.

1). First oceanographic cruises are conducted
to collect samples. For example, the
International Ocean Discovery Program
(https://www.iodp.org/) which explores the
earth under the sea. The microorganisms
extracted from these samples are then taken
to research laboratories to be isolated and
studied.

Perhaps one of the best‐known secondary
metabolites is ‘penicillin’ a molecule produced
by the fungus Penicillium. The antibacterial
activity of this fungus was identified in 1928
but the active compound was only isolated in
the 1940s. This antibiotic is still used
worldwide, however, as many bacteria have
developed resistance to antibiotics we must
find new molecules. One solution is to find
novel sources of antibiotic‐producing
organisms by exploring new environments.
Oceans cover about 70% of the Earth's
surface. These are unexplored environments
because some areas beneath the ocean are
difficult to access, such as sub‐seafloor
sediments, hydrothermal vents or the abyssal
zone (the zone at depths of 4000‐6000 m). In
these marine ecosystems there is a great
diversity of marine organisms, including fungi.
One obvious and exciting question is “Are
these marine fungi able to produce antibiotics
like terrestrial fungi?” To answer this question
researchers follow a specific workflow (Figure

Figure 1. Schematic diagram depicting the methodology for
complete screening of marine fungal strains, from isolation to
the development of a pharmaceutical product. The entire
process from discovery to use in the clinic can take decades.
Image of fungal growth on plate kindly provided by Gaëtan
Burgaud.
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In my laboratory we study deep‐sea fungi
isolated from sediments that extend up to
2000 metres below the sea floor. Among
these are species such as Penicillium,
Fusarium or Aspergillus. These species can
also be found in terrestrial environments but
we are especially interested in the marine
strains as they might produce novel secondary
metabolites. Despite their deep‐sea origins
we are able to grow many of these strains in
the laboratory by varying the temperature
and including sea salt in the growth medium.
Once grown, we extract the nucleic acids (DNA
or RNA) of the fungi and then, using DNA
sequencing, we are able to obtain the
sequence of their entire genome (genetic
material). These sequences provide us with
insight into their similarity to terrestrial fungi.
In addition, using our knowledge of the DNA
sequences that code for components of
metabolic pathways in other organisms, we
can identify whether these marine fungi can
synthesize secondary metabolites.

bacterial species, such as Escherichia coli,
Staphylococcus aureus or Pseudomonas
aeruginosa. Our challenge now is to identify
whether any of these antimicrobial molecules
are novel. Our hope is that novel compounds
with promising antimicrobial activity may be
taken through the long and rigorous process
involved in the development of new
antibiotics, and that they may one day be used
to combat resistant microbes.
In summary, marine fungi represent an
interesting, untapped resource with immense
biotechnological potential. To access and
exploit this potential requires a dedicated
team of scientists with different expertise
(e.g. chemistry, microbiology, biochemistry,
pharmacology) working together to unlock
the secrets of these fascinating organisms.
REFERENCE: Silber et al., From Discovery to Production:
Biotechnology of Marine Fungi for the production of
New Antibiotics. (2016) Mar. Drugs. 14: 137. doi:
10.3390/md14070137

Next, we try to purify these metabolites. First
we have to understand what type of
molecules the fungi produce in order to
identify the best protocol for extracting and
purifying them. Refining the protocols can be
a long and difficult task and often there are
molecules we cannot purify. In this case, we
try to find ways to synthesise them in vitro.
Purified molecules or fungal extracts are then
analysed to determine whether they have
antibacterial activity. This is done using
standardised tests called ‘disc diffusion’,
where the secondary metabolites are added
to paper discs, and these are placed onto
bacteria on agar plates. Antibacterial activity
is observed as a zone of no‐bacterial growth
around the disc (see Figure 1).
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Using this approach, we have found that 33%
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synthesize bioactive compounds with
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7. The story of vinegar
Martin Adams

C6H12O6

Vinegar may not enjoy the same elevated
reputation as fine wine and cheese but it is a
fermented food with comparable variety and
some interesting microbiology. An important food
preservative, vinegar is used in pickling, where its
low pH and ethanoic (acetic) acid content inhibit
spoilage and pathogenic microorganisms to
improve keeping quality and safety, but is also
highly valued for its contribution to flavouring and
seasoning foods. Large quantities are used
industrially in the production of sauces, ketchup,
relishes, salad dressings and other formulated
food products.

2C2H5OH + 2CO2

Alcoholic fermentation. The fermentation process
can be very efficient, giving ethanol yields in
excess of 90% of the theoretical value, although
some sugar is diverted into the production of
biomass and other products such as glycerol and
succinic acid. The vinegar brewer strives for the
maximum conversion of sugar into ethanol, but in
the production of alcoholic beverages ethanol
yields can be lower since factors such as flavour
and body are more important. At the end of the
first stage, a high strength alcoholic solution is
produced. Generally, this is then used directly in
the second stage, known as acetification, after the
acid (acetic acid) is produced, though sometimes
it is distilled to separate and purify the ethanol if a
colourless, spirit vinegar is required.

Vinegar is produced by a two‐stage fermentation;
in the first, sugars are fermented anaerobically
into ethanol by yeast, usually Saccharomyces
cerevisiae, while in the second, aerobic stage
ethanol is oxidised to ethanoic (acetic) acid by
acetic acid bacteria. It is the ethanoic acid they
produce that gives vinegar its characteristic sour
flavour. There are clear similarities between the
first stage of vinegar manufacture and the
production of alcoholic beverages and it is very
likely that vinegar is of similar antiquity, having
first been discovered thousands of years ago when
alcoholic beverages were spoiled by souring. This
is why the vinegar traditional to a particular area
frequently uses the same raw material as the local
alcoholic beverage. For example, the use of
malted barley to produce both malt vinegar and
beer in the UK, grape juice to make wine vinegar
and wine in France, Italy and Spain, and palm sap
to produce vinegar and toddy in countries in South
and Southeast Asia. In fact, the name, vinegar,
derives from the French vin aigre for sour wine.

The bacteria responsible for acetification are
motile, Gram‐negative rods of the genera
Acetobacter, Gluconoacetobacter and Glucono‐
bacter (Figure 1).

Figure 1. Acetic acid bacteria

A key metabolic characteristic is their ability to
oxidise ethanol to ethanoic (acetic) acid; a
reaction catalysed by two enzymes, ethanol
dehydrogenase and ethanal (acetaldehyde)

The fermentation of sugar into alcohol by yeast
follows the glycolytic pathway. Overall this
transformation can be approximated by the
chemical equation:
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dehydrogenase. In doing so the bacteria are able
to produce energy in the form of ATP via an
electron transport chain:
C2H5OH + O2

Vinegar production does not require strict asepsis
like many other fermentations since the pH is low
and the ethanoic acid being produced is inhibitory
to competing micro‐organisms. Levels of acid up
to 14% (w/v) are achievable in most types of
acetification, depending on the initial alcohol
concentration. Once complete, the product is
diluted down to the required strength; table
vinegars typically contain about 5% ethanoic acid
but stronger products are produced for use in
pickling.

CH3COOH + H2O

Acetification. The oxygen they require is supplied
in the form of air and the various techniques of
acetification differ in how this is managed. In the
Orleans method, the bacteria grow as a surface
film on the acetifying liquid held in a vessel open
to the air. In the Quick Vinegar Process, the
process is accelerated by increasing the area of
contact between the bacteria, the acetifying liquid
and the air. The bacteria grow as a film on the
surface of an inert support material such as wood
shavings held in a false‐bottomed vat. The liquid
(called gyle) is sprayed over the bed of material
and trickles through it against a counter current of
air, either pumped through the bed or drawn up
by the heat of the reaction within it. The acetifying
liquid is collected in a sump at the bottom and
recirculated until acetification is complete (Figure
2). Submerged Acetification is similar to many
other modern industrial fermentations such as
penicillin production, where the microorganism
grows dispersed in a liquid medium and air is
supplied in the form of small bubbles introduced
into the suspension. Submerged acetification
gives the fastest production rates because it
achieves the best rate of oxygen transfer to the
bacteria, but all three processes are still in
practical use since each has its own advantages.

Some types of acetic acid bacteria also produce
copious quantities of cellulose and this can be a
problem when it occurs in conventional vinegar
production. It is however the principle component
of the pellicle used in the production of Kombucha
tea, which involves a mixed culture of yeasts and
acetic acid bacteria held in a cellulose matrix. In
the Philippines bacterial cellulose is a product in its
own right. Thick mats of gelatinous cellulose
produced by acetic acid bacteria grown on
coconut water or pineapple juice are washed free
of any residual ethanoic acid, cut into cubes and
stored in sugar syrup for use as a dessert called
natta.
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Figure 2. The Quick Vinegar Process
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8. A positive view on health and safety in school microbiology
Phil Bunyan

The accumulated evidence suggests that
secondary school science is safer than other
practical subjects, particularly those involving
physical exercise. Nevertheless, science has
more than its fair share of concerns over
health and safety. Sometimes these involve
chemicals, which may be explosive, corrosive
or even toxic. Radioactivity provides a
constant stream of potential alarm. The
reasons for these apparent concerns are often
more than anything to do with the failure of
secondary science teaching in the past to
adequately educate the public, as parents and
grandparents of current students. For
example, the perception is that acids are well
known to be dangerous, and possibly ought to
be prohibited in schools. Plus, science
teachers and technicians often wear white
coats at work, a clear indication of danger!

school science, microbiology practical work
has always assumed the strictest of safety
measures. So strict that, even though
individual teachers, technicians or even
science departments might fail to maintain
fully all these standards, the outcome is rarely
truly dangerous. And the educational world
has the founding member of MiSAC, among
others, to thank for that.
What are these standards? Well, firstly there
are a few simple rules, including:
 Microbiology practical work should start
with sterile equipment and materials
(cultures excepted).
 Wherever possible only microbes deemed
appropriately safe are used.
 Staff and students are taught to work
aseptically (Figure 1).
 Incubation temperature should generally
be below 30°C to reduce the chance of
human pathogens being encouraged.
 Most practical microbiology takes place in
Petri dishes with solid agar (agar plates),
which reduces the opportunity for spills,
and the creation of contaminating airborne
aerosols.
 Agar plates are closed with tape shortly
after being set up, and are not reopened.
 At the end of the practical all materials and
equipment are sterilised prior to re‐use or
disposal.

Among the periodic outbursts against the
dangers inherent in school science,
microbiology stands out. It is never a public
concern, nor a subject for alarming press
reports. Does it not happen in secondary
schools? Is it not taught at all, or only in
theory?
Of course, the truth is that it is taught, and
teaching includes practical activities where
children incubate microbes from their fingers,
bags and workplaces. Escherichia coli is
regularly tested with antimicrobial chemicals
of one sort or another to demonstrate their
efficacy. Students handle agar plates on which
a variety of microbes have been grown. Why
does this not cause alarm? The explanation is
that from its inception as a subject worthy of

In addition, sterilisation is generally achieved
using high temperature steam at elevated
pressure in a pressure cooker or autoclave
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(Figure 2), which is straightforward and very
effective. Suitable disinfectants are widely
used on work surfaces, and when wiping up
spills

significant. This is permissible as long as most
of the time the rules are followed.
Interestingly, following these rules never
detracts from the enjoyment of doing the
practical, nor from its potential for learning.
Students like microbiology, even when their
part in it is restricted by time or facilities.
There is a good case for students to be given
more opportunities to practise aseptic
techniques, if only for the fun of it. Plus, there
is the considerable satisfaction of producing
an uncontaminated culture on an agar plate.
Our collective future depends on more of the
population understanding and appreciating
the role microbes play, and will play, in
maintaining our health and well‐being. It is
vital to the curriculum. Lucky, therefore, that
microbiology is not considered too dangerous
for schools.

Figure 1. A typical equipment layout for aseptic transfer of
microbes in school microbiology.
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Figure 2. Small autoclaves or pressure cookers are used to
sterilise equipment and materials before and after practical
work.

Trained secondary science teachers and
technicians follow these rules pretty well. The
outcome: microbiological accidents or
incidents are rare, and have not yet led to
significant concerns in departments, among
students and their parents, nor the wider
public.
There are scientifically, well‐reasoned
arguments for occasions when one, or more
of these rules might not be followed. Such a
risk assessment determines that the risks of
harm from failing to follow a rule are not
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9. Tree pathogens and our changing landscape ‐ a tale of human
carelessness?
Stefan Buczacki

Some years ago, a distinguished expert on the
British landscape called Oliver Rackham
remarked that in those areas spared urban
development, Sir Thomas More or even the
Emperor Claudius would still recognise the
English countryside, so unchanging had it
been down the centuries. He was probably
right, at least until around 1969.

Ophiostoma novo‐ulmi. The rest, as they say,
is history.

I visited an area of rural Gloucestershire that
year and noted symptoms on hedgerow elm
trees I did not recognise. The foliage was
turning yellow, then brown while branches
and some entire trees were dying (Figure 1).
The cause was to become probably the best
known and most infamous of all plant diseases
in Britain, at least in the public perception. It
is called Dutch elm disease ‐ albeit it is unfair
to blame the Netherlands! The name derives
from the fact that research on the problem
was done there in the 1930s. Yes, the 1930s;
the disease caused by the fungus Ophiostoma
ulmi that is spread by bark beetles carrying its
spores had first appeared in north‐west
Europe around 1910, reached Britain in the
1920s and was serious for many years but
then died down to occur sporadically and
cause only restricted branch damage, but
rarely tree death.

Figure 1. Dutch elm disease, now known to be caused by
Ophiostoma novo‐ulmi, early crown symptoms, near Newent,
Gloucestershire, 15 June,1969; one of the first outbreaks in
the UK.

Lessons must have been learned; such a thing
could not happen again. But, Oh dear! Why
was more notice not taken of those people ‐
Oliver Rackham was one ‐ who warned about
the continuing threat to the country's
woodlands from the almost unregulated
global transport, not this time of timber, but
of trees and shrubs for commercial and
garden use? And the consequences became
apparent in 2012 when ash trees ‐ and it was
ash that had largely taken over elm's role in
hedgerows ‐ began to die from a disease that

There the matter should have rested but,
unfortunately, we had no restriction on the
importation of elm timber with the bark intact
and in 1969, elm logs from Canada were
landed in Britain infected with a related but
much more virulent fungal species,
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had been ravaging continental Europe for
several years. Ash dieback and its fungal cause
Hymenoscyphus fraxineus had arrived (Figure
2). The trees affected had been imported from
European nurseries within the previous five
years. So serious was it considered that it
gained the rare distinction for a plant disease
of being reviewed by a meeting of the
Government's emergency Civil Contingencies
Committee COBRA. An immediate embargo
was imposed on the importation into Britain
of ash trees. The stable door was being shut
once the horse was inside!
Figure 3. Bark symptoms of attack by Phytophthora lateralis
on mature Chamaecyparis lawsoniana.

Where should we apportion blame ‐
inadequate plant quarantine regulations or
insufficient staff to implement the regulations
that do exist? Surely it lies with the
impossibility of controlling almost anything at
today's relatively open borders. If lorry loads
of illegal immigrants can arrive undetected,
what hope for finding tree pathogens? Might
research keep us ahead of the field? Watch
this space because our landscape is now
changing so fast that we, let alone the
Emperor Claudius, may soon not recognise it.

Figure 2. Shoot death on hedgerow ash caused by
Hymenoscyphus fraxinea.

Surely history could not repeat itself again.
Yet, practically coincident with the arrival of
ash dieback but initially unnoticed, perhaps
the biggest impact of all on our landscape was
under way. Several species of the pathogenic
organism Phytophthora (related to the cause
of potato blight) were beginning to create
havoc, at first on rhododendrons, then other
ornamental shrubs, then native woody plants
like bilberry, then such unrelated trees as
larch, alder, sweet chestnut, beech, birch,
western hemlock and Douglas fir and Lawson
cypress (Figure 3). To add to the problem,
some Phytophthora species appeared
themselves to have hybridised and there is
some concern that oaks could be among the
next victims.

AUTHOR PROFILE
Stefan Buczacki is a writer, broadcaster and
consultant, the author of over 60 books on
horticulture, natural history and biography.
He read botany at Southampton University
and forestry at Oxford and spent fourteen
years as a research plant pathologist. He is
past‐president of the British Mycological
Society, an Honorary Professor at Liverpool
John Moores University and holds honorary
degrees and awards including the RHS Veitch
Memorial Medal in gold and the Garden
Media Guild Lifetime Achievement Award.

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
2

10. Time for the plastic eating fungus?
Geoff Robson and David Moore

Petroleum oil spills are no longer the most
dramatically damaging form of pollution of
the natural environment; plastics have now
reached the number one spot. Plastic
materials are essentials of modern life as you
can see from the host of plastic products in
your surroundings; but lack of degradability
and growing water and land pollution
problems have led to mounting concern about
plastic wastes.

plastic end up in the ocean every year), the
rest incinerated.

The phrase ‘plastic materials’ covers a range
of polymers, including polyvinylchloride
(PVC), polyurethanes, polystyrene, poly‐
amides and polyesters with a range of
properties and different susceptibility to
degradation. Poly‐(ethylene terephthalate)
(PET) is one of the most abundantly produced
synthetic polymers, being used for single‐use
beverage bottles and textiles. Discarded PET‐
packaging is accumulating in the environment
at a staggering rate and the properties that
make PET so useful to us in our daily lives also
give it an alarming resistance to bio‐
degradation. It could last for centuries in most
natural environments.

Figure 1. Domestic waste destined for landfill. Every home,
every day, everywhere.

Plastics having a carbon‐carbon backbone
(homopolymers, like PVC and polystyrene) are
resistant to chemical and microbial
degradation. Polyurethanes contain other
elements in the backbone (for example
nitrogen or oxygen; called heteropolymers),
and are vulnerable to enzymatic microbial
degradation, which can limit the useful life of
products made from them. To avoid this,
broad‐spectrum
biocides
are
often
incorporated into polymer blends to inhibit
fungal and bacterial growth. Which, of course,
only increases the adverse environmental
impact when the plastic is discarded.

We make around 350 million metric tons of
plastic materials each year (Figure 1). A total
of 8,300 million metric tons of plastics is
estimated to have been produced globally
during the past 65 years, generating, by 2015,
approximately 6,300 million metric tons of
plastic waste. Only 9% of this was recycled,
79% was accumulated in landfills or just
discarded into the natural environment (and
between 5 and 13 million metric tons of

A lot of recent media coverage reported a
newly discovered bacterium isolated from
outside a bottle‐recycling facility in Japan. The
bacterium, a new species named Ideonella
sakaiensis, had the rare ability to grow on PET
as a major carbon and energy source, because
it produces two enzymes capable of
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enzyme systems needed to use plastic wastes
for growth.

hydrolysing
PET
and
the
reaction
intermediate, mono‐(2‐hydroxyethyl) tere‐
phthalic acid. Both enzymes are required to
enzymatically convert PET efficiently into its
environmentally benign monomers, tere‐
phthalic acid and ethylene glycol; which just
happen to be the monomers needed for
further plastics manufacture.

Among the most persistent organic pollutants
in the environment are the phthalate esters
used as additives (plasticisers) in plastics like
polyvinyl chloride (PVC) to make them more
flexible. Because they are not chemically
bound, phthalates are easily released from
plastic articles. Some mimic mammalian
hormones and act as developmental and
reproductive toxins.

The last great accumulation of polymer
wastes was the accumulation of lignin that
occurred in the world’s vast swamp forests
during the late Paleozoic Era about 300 million
years ago. These accumulations fossilized into
the deep coal seams from which the term
‘Carboniferous Period’ derives. Lignin, which
is the second most abundant natural polymer
on Earth after cellulose, is not accumulating
today because basidiomycete fungi can
secrete all the enzyme systems needed to
degrade plant biomass.
Polymeric lignin is full of benzene rings, so any
microorganism that attempts to degrade
lignin releases phenols, and phenols are
widely used as anti‐microbial disinfectants.
This, of course, makes lignin very resistant to
attack by bacteria (which is exactly why plants
evolved it as a component of their cell walls).
On the other hand, a specific group of fungi
(known as the white‐rot fungi) degrade lignin
by producing oxidizing enzymes that are
released from their hyphae and generate
peroxides; these penetrate the wood and
‘burn’ the lignin in an enzyme‐controlled way.
In fact, the benzene rings are opened into
straight‐chain fatty acids which are
metabolized to ATP through the tricarboxylic
acid cycle. These lignin‐digesting enzymes
have a high potential for biotechnological
applications including mycoremediation
(which is fungus‐based technology being used
to decontaminate the environment). Recent
studies of common ascomycete and
basidiomycete fungi show they can produce

Figure 2. Could this be the future? A simulation of Oyster
mushrooms on waste plastic.

The common soil mould, Fusarium, produces
a range of esterase enzymes that digest
phthallates, and the white rot Oyster
mushroom (Pleurotus) can degrade and use
phthalate plasticisers as carbon and energy
sources. Oyster mushrooms (Figure 2) will
grow vigorously on a wide range of substrates
including sawdust, wood chips, and cereal
straw because Pleurotus degrades lignin
efficiently; this being the basis of the
commercial cultivation of Oyster mushrooms
around the world. But Pleurotus is also an easy
experimental laboratory organism and is an
ideal candidate for genome engineering to
amplify and extend those plastic‐metabolising
enzymes.
Time for a plastic‐eating mushroom.
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Further information
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We must end this article with the
unwelcome sad note that our
kind and gentle friend, greatly
valued colleague and co‐author,
Geoffrey David Robson died
suddenly on 15th May 2018. He is
survived by his wife Amanda, son James,
daughter‐in‐law Katrina, and granddaughter Ava;
to all of whom we extend our sincere condolences.
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11. What happens to poo?
Mike Richardson
classification, as well as aspects of ecology and
distribution (Figure 1).

Have you ever thought about the stuff that
animals leave behind? Rabbit pellets, cowpats,
horse apples and all the other intestinal ‘leavings‘
of our wildlife. What stops us from being
overwhelmed with smelly, squishy, brown stuff?
The answer is decay and decomposition, recycling
and reuse, brought about by fungi, bacteria and
animals. Lift up a dried cowpat and look
underneath ‐ you might find worms, beetles and
other invertebrates, which feed directly on the
dung or on the other things that are living on or in
it ‐ a whole little world full of life.

Getting around – spore dispersal. The spores of
many coprophilous fungi are present on grass
eaten by herbivores, pass through the gut of the
animal and emerge in the faeces. Their thick walls
are partly broken down by digestive enzymes
ensuring they will germinate readily. Since most
animals do not feed close to where they deposit
their dung it is necessary to get the spores away
from the dung and to feeding areas. To achieve
this the fungi have developed very elegant and
efficient spore dispersal mechanisms. This is often
done by explosively discharging spores into the air
stream ‐ the higher the better ‐ so many have light
sensors and discharge their spores around
midday, shooting spores towards the sun when it
is highest in the sky in order to have a better
chance of getting into the air stream and being
dispersed some distance. If those spores have a
gelatinous coat or appendages they will stick
where they land; if that landing place is a plant leaf
or stem, then their future is bright. They may,
however, be there for some time, in sunlight, so
many spores have pigments to protect their
genetic material from damage by ultra violet light.

Figure 1. (A) Ascobolus immersus ready to discharge spores.
Image PDD 95203 from https://scd.landcareresearch.co.nz/
©JA Cooper. (B) Icelandic horse dung (‘horse apple’)’ with
toadstools. (C) Cheilymenia granulata (cup fungus) on a
cowpat.

Some of the most accessible of organisms which
grow on poo are members of that third and most
important of Kingdoms – the Fungi. Coprophilous
fungi [kopros (Greek) = dung, philos (Gr) = loving]
form an ecological group that lives on dung,
particularly that of herbivores, by secreting
enzymes to break down organic compounds
within it. The group contains fungi from all the
main taxonomic groups – basidiomycetes
[toadstools], ascomycetes [cup fungi] and
‘zygomycetes’ [pin‐moulds and relatives] – so is
ideal for learning about identification and

Figure 2. Pilobus crystallinus ‐ pointing towards the light. See:
https://www.youtube.com/watch?v=1KoKDCwJOJQ
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week or so small ink caps and flask fungi will
appear. If the dung is not fresh when collected,
then some fungi may well already be present.

Pilobolus is a good example of a fungus with an
explosive spore discharge mechanism (Figure 2).
The black sporangia, which are <1 mm diameter
and contain hundreds of spores, are shot off
around midday with an acceleration of 20000g,
‘faster than a speeding bullet’, to reach a speed of
about 90km/h and travel <2.5 m in still air ‐ a truly
remarkable biological phenomenon.

Research findings. Samples collected from a range
of latitudes and across different continents in
various parts of the world, to observe the ecology
and diversity of coprophilous fungi on different
dung types, show that some species are quite
particular, others not; some like it warm, others
like it cool. The phenomenon of an increase in
diversity of organisms towards the equator, which
is observed in plants, animals and larger fungi also
applies to dung fungi. Such studies also reveal
new species to be discovered and described and
their metabolites investigated for novel chemicals,
such as antimicrobials, useful to Man.

Studying dung fungi. In order to study the fungi
that grow on herbivore dung, and observe the
succession of species as they develop, scientists
put a sample of the chosen dung into a container
with a transparent lid so the fungi can be readily
seen and identified (Figure 3). The container
provides a supply of air, is lined with damp paper
towels and is then incubated in a place with
suitable light and temperature. A succession of
fungi grows without any further intervention over
a period of 3‐4 weeks. This is a procedure carried
out by scientists but not permitted in schools at
present.

Find out more:
 Keys to Fungi on Dung. Richardson M.J. &
Watling R. Can be downloaded from:
http://www.gutenberg.org/files/57291/57291‐
h/57291‐h.htm

 A classic overview: ‐ Webster J. (1970).
Coprophilous fungi: Presidential address.
Transactions of the British Mycological Society
54: 161‐180.
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Figure 3. Damp chamber incubation.

Growth and Succession. Different species of
coprophilous fungi have different nutritional
requirements; some can only use the simple
nutrients that remain in the dung ‐ residual carbon
and nitrogen compounds ‐ and appear quite
quickly, in a day or two. Others which are able to
use more complex compounds in the substrate,
like the complex polysaccharides and lignin from
undigested plant material, take longer to appear
so an ecological succession can be demonstrated
over several weeks of incubation. Usually it is the
pin‐moulds (including Pilobolus) that appear first,
then the cup fungi (e.g. Ascobolus), and after a

https://www.geograph.org.uk/profile.php
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12. Candida: a fungus of the healthy human microbiome – but one that
can bite the hand that feeds it
Neil Gow and Maria Spyrou

The teaching of biology has rightly
emphasised the emergence of ‘deadly
viruses’, ‘rare bacterial infections’ and ‘exotic
parasites’ but has not reflected the
importance of fungi as common disease
causing organisms. We know fungi as the
cause of skin and nail infections and as the
agents of human dandruff but it is less well
known that, collectively, fungi also kill as many
people as HIV, TB, and more people than
malaria, breast or prostate cancer (Brown et
al., 2012). Deadly fungal infections normally
do not occur in healthy individuals but they
can cause life-threatening systemic infections
in people with damaged immune systems,
such as patients undergoing cancer and
intensive care treatment or surgery and in
people infected with other diseases such as
HIV/ AIDS.

infections in hospitals in the US (Kullberg &
Arendrup, 2016). A very worrying newly
emerging species called Candida auris has
emerged where many strains are highly
resistant to the major antifungal drugs that
are used to treat fungal infections (Spivak &
Hanson, 2018).

Figure 1. A. The various cell forms of C. albicans. Red forms
are concerned with creating genetic variability, blue forms are
those involved in infections. B. Invasion of epithelial surfaces
by yeasts cells forming hyphae that breach the tissue surface
(Gow & Yadav, 2017).

One of the major clinically relevant fungal
species is Candida; a common yeast-like
fungus that is responsible for thrush infections
of the mucous membranes and invasive
systemic disease that can damage all the
major essential organs of the body. About a
dozen species of Candida cause disease of
which Candida albicans is the most prevalent
species in terms of incidence and mortality.
Paradoxically this microbe is carried
harmlessly in the microbiome in as much as
50% of the human population with no ill
effects. However, when normal defences are
severely impaired, disease can result and may
in certain circumstances be life threatening.
Candida species collectively are the fourth
most common cause of bloodstream

One of the factors contributing to the diseases
caused by C. albicans is its ability to change
shape and live in multiple forms (Figure 1).
Budding yeast cells are able to disseminate in
the human body, and filamentous forms
(hyphae, pseudohyphae) are adapted to
penetrate tissues and invade human tissues
(Gow et al., 2011) (Figure 2). It is a fungus that
does not seem to undergo meiosis,
nonetheless it is able to create tremendous
genetic variability and to mutate and adapt to
become drug resistant. Its ability to switch
between different morphologies and to
undergo these genetic changes means it is a
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moving target for both the immune system
and antibiotic treatment, making it difficult for
our natural defences and for doctors to get on
top of infections.

drugs can make the fungus resistant (Barnes
et al., 2015). Alternatively, the fungus can
make more chitin in the cell wall to
compensate for the lack of β-glucan. This
makes the cell wall thicker, stronger and less
susceptible to echinocandins (Walker et al.,
2013). Understanding how the cell wall
assembles and which proteins are involved in
its remodelling will contribute to design of
new targets for new antifungal drugs.

The cell wall of the fungus gives it its
characteristic shape and is constructed from
molecules that are not found in humans or
animals. The human immune system is trained
to recognise these specific molecules in the
wall to identify the presence of an invading
fungus (Erwig & Gow, 2016). Drugs that
damage the fungal wall are excellent
antifungal agents since they do not affect
human cells. But, the fungal cell wall is a
dynamic structure that is capable of changing
its composition and rebuilding itself when it is
damaged by antifungal antibiotics or digestive
enzymes and oxidising agents presented by
human white blood cells (Brown et al., 2014;
Erwig & Gow, 2016).

Azoles are a second class of compound used
to treat Candida infections. These drugs block
fungal sterol biosynthesis. But, Candida
species can quickly duplicate chromosomes
that encode genes that result in azole
resistance, and there are problems due to the
accumulation of mutations conferring drug
resistance and the fungus’s ability to spit out
antifungal drugs via specialist drug efflux
pumps (Fairlamb et al., 2016).
At present there are no vaccines against any
fungus (Gow & Netea, 2016), but it is possible
that novel antibody-based drugs will be
designed that complement the use of
antibiotics in helping us to overcome or
prevent serious fungal infections. Further
studies into the biology of these
underappreciated culprits of human disease
could, in the future, prevent the deaths of
millions and improve the quality of life of
vulnerable patients with damaged immune
systems.

Figure 2. C. albicans cell wall structure. The fungal cell wall is
composed of two layers. The inner layer of chitin and glucans
gives the wall mechanical strength and is the target of
antifungal antibiotics such as echinocandins. The outer layer
of a mannose based fibres protects the vulnerable inner cell
wall layer from attack by enzymes. All of the components of
the wall are recognised by specific receptors in cells of the
immune system (Gow et al., 2011.)

Many antibiotics used to treat bacterial
infections (penicillin, vancomycin and others)
attack the cell wall. Similarly, echinocandins
are natural antibiotics and are used in
hospitals to treat fungal infections. These
drugs work by preventing cell wall β-(1,3)
glucan synthesis (Walker et al., 2013). But the
fungus can adapt. Mutations in the gene that
encodes the enzyme that is inhibited by these
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13. The acetone‐butanol‐ethanol fermentation process
Martin Adams

Acetone‐butanol‐ethanol (ABE) fermentation,
which was developed as an industrial process
during the First World War, represents a key
stage in the growth of modern industrial
microbiology. The activities of micro‐
organisms had been exploited for thousands
of years, in processes such as brewing, wine
making and cheese making, but the ABE
fermentation marked a step change. It
differed from existing microbiological
processes in requiring asepsis during
operation. Traditional fermentations were
robust in the sense that they can occur
naturally without the need for equipment and
procedures to exclude or kill all contaminating
microorganisms. Contamination can still
cause problems in activities such as brewing
and cheese making and they benefit from high
levels of cleanliness which minimise these
risks, but they also have built‐in antimicrobial
features that help the desirable organism,
(yeasts in brewing or lactic acid bacteria in
cheese making) predominate over others. For
example, the combination of anaerobic
conditions, low pH and the production of
significant concentrations of antimicrobial
compounds (ethanol or lactic acid). Thus, it is
possible for enthusiasts to make beer, yoghurt
and cheese at home without much
microbiological expertise.
The ABE
fermentation was not like this and, for
successful operation, it needed measures to
ensure a sterile medium and the exclusion of
contamination on an industrial scale.

as the causative organisms of botulism and
tetanus. The clostridia are found in anoxic
environments such as the soil and the gut.
They lack a respiratory chain and obtain their
ATP by fermentation of carbohydrates, amino
acids
and
other
compounds.
C.
acetobutylicum will ferment carbohydrates in
the form of starch or soluble sugars to
produce a mixture of acetone, butanol and
ethanol, in an approximate ratio of 3:6:1, and
copious quantities of carbon dioxide (60%)
and hydrogen (40%). It does so in two phases:
the initial acid production phase in which the
organism produces ethanoic and butyric acids
along with a mixture of CO2 and H2, followed
by a solvent production phase in which sugars
continue to be metabolised but acids are re‐
assimilated and reduced to produce acetone
and butanol (Figure 1).

The ABE fermentation is performed by
Clostridium acetobutylicum, an anaerobic
spore‐forming bacillus from the same genus

Interest in the fermentation as an industrial
process started around 1910. Working as part
of an Anglo‐French consortium, Auguste

Figure 1. The ABE pathway.
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Fernbach at the Institut Pasteur in Paris
isolated a Clostridium species that fermented
potato starch to produce acetone and
butanol, but which later proved unreliable
when the process was scaled up. Initially the
main focus of interest was in using the butanol
as a raw material for synthetic rubber
production but, at the start of World War 1,
attention shifted to acetone which was used
as a solvent in the production of cordite, the
smokeless propellant used in artillery and
naval guns. Previously acetone had been
obtained from the destructive distillation of
wood; a source insufficient to cope with the
new, high levels of demand. Chaim Weizmann
at Manchester University isolated a strain of
C. acetobutylicum which was more reliable
than Fernbach’s organism and could also use
maize as a substrate. To demonstrate the
viability of his process he ran pilot trials at a
gin distillery in London surmounting
numerous difficulties with unsuitable
equipment and contamination along the way.

Eventually, acetone and butanol from
fermentation proved uncompetitive with
petrochemical sources, and the industry
largely died out in the 1950s, though it
persisted a little longer in a few countries for
strategic reasons.
Interest in improving the economics of the
process as a source of biofuels still
occasionally resurfaces, but today its real
legacy lies in the expertise gained in the
development of a large‐scale fermentation
requiring asepsis. This contributed to the later
success of processes for the production of
penicillin and citric acid and, from there, a
host of other modern industrial processes
producing enzymes, food additives and
pharmaceuticals.

As a result, acetone production began at
several sites in the UK, the largest being a
plant built at the Admiralty Cordite Factory in
Dorset, as well as sites nearer the source of
maize, in Toronto, Canada and the mid‐west
of the United States. At the end of the war, the
Toronto plant alone was producing nearly 200
tons of acetone a month. Demand for acetone
dropped abruptly with the end of the war, but
the ABE fermentation continued; now as a
source of butanol, which had found a new role
in the production of nitrocellulose lacquers
used by the car industry.
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14. Herpesviruses – hidden viruses
John Carter

Herpesviruses infect many animal species. In
humans they are responsible for a range of
diseases, including cold sores, genital herpes,
chickenpox, shingles and glandular fever;
some are linked to cancers.

Most of us become infected with one or more
herpesviruses during our lives. These
infections may or may not result in disease.
After initial infection the virus often persists in
the body as a hidden (or latent) infection.
When this happens the virus DNA persists in
the nuclei of cells, with most of the virus genes
switched off. The host’s immune system does
not recognise the virus DNA and cells carrying
the hidden infections continue to function
normally. The latent virus DNA can be
reactivated by certain triggers, then the virus
replicates and the cell releases new virus
particles which can infect and kill other cells.
This may result in disease.

Viruses are not composed of cells, they are
particles that are produced when a virus
infects cells; these virus particles can then
infect other cells. Herpesvirus particles are
spherical with a membrane containing
proteins at the surface. Inside the membrane
is a protein structure called a capsid; this
contains the virus genome (Figure 1). Some
viruses have their genes encoded in RNA,
while others have their genes encoded in
DNA. The genes of herpesviruses are encoded
in DNA.

One of the diseases that may result from
reactivation of a latent infection is a cold sore.
The virus involved here is herpes simplex virus
1 (HSV‐1). Blisters appear on the face,
commonly on a lip (Figure 2A); the blisters
burst and form a scab. Infection with HSV‐1
usually occurs in early childhood, often
transmitted from an adult by kissing. Epithelial
cells are infected, following which the virus
can spread to a nerve cell, where the infection
may become latent. The individual may suffer
repeated cold sores if the infection is
reactivated by triggers such as sunlight (ultra‐
violet radiation) and stress.

Figure 1. Herpesvirus structure. The red and pink structures
are composed of proteins.

The virus membrane proteins play vital roles
in the infection of a host cell; they can attach
to receptors on the surface of a suitable cell
enabling the virus membrane to fuse with the
cell membrane. This process delivers the
capsid containing the virus DNA into the cell.
The capsid is then moved to the nuclear
membrane and the virus DNA is released into
the nucleus.

Herpes simplex virus 2 (HSV‐2) is related to
HSV‐1, but prefers to infect the genitals. This
virus is normally transmitted by sexual
contact; it replicates in cells of the penis,
vagina or anus, then it infects nerve cells in
which it becomes latent. Triggers for
reactivation include sexual activity and
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hormonal changes. When the virus is
reactivated it replicates again in the genitals,
sometimes causing painful sores. Both HSV‐1
and HSV‐2 hidden infections can be re‐
activated without symptoms and the infected
person may transmit the infection to others.
These two viruses are not totally restricted to
the sites in the body that they normally infect;
HSV‐2 can cause cold sores and HSV‐1 can
cause genital herpes.

glandular fever can result, causing the patient
to feel ill and tired for weeks or months. EBV
is also thought to play a role in a number of
cancers, including Hodgkin’s Disease.
The main tools to prevent and treat virus
infections are vaccines and anti‐viral drugs.
Chickenpox and shingles vaccines can protect
people at high risk from VZV. Several anti‐
herpesvirus drugs have been developed; the
one most commonly used to treat herpesvirus
infections is aciclovir. These vaccines and
drugs are not appropriate for dealing with all
the risks posed by herpesviruses, so there are
career opportunities to work on the
development of more and better weapons to
combat these viruses that so often remain
hidden.

Figure 2 (A) Cold sore (cc Dr JW Eveson, Bristol University)
and (B) Chicken pox (cc. Lewis L Tomalty)
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The herpesvirus responsible for glandular
fever is called Epstein‐Barr virus (EBV). It
infects B cells, also known as B lymphocytes;
these are important components of the
immune system as they develop into
antibody‐producing cells. Most infections
occur in early childhood, often as a result of a
kiss from an adult with EBV in the saliva. These
early infections are usually without
symptoms, but if infection occurs later
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15. Nitrification and ammonia oxidising microbes in soil
Jim Prosser

these sequences showed that bacterial ammonia
oxidisers were orders of magnitude more diverse
than lab strains, uncovered completely new
groups and enabled experimental studies of the
influence of soil characteristics and of different
fertiliser strategies on community composition.
Molecular techniques continue to improve,
through advances in DNA sequencing technology,
and we have now also developed methods to
assess activity of different groups in soil without
‘domesticating’ them.

Soil is home to an enormous number and diversity
of microbes that are essential for creation and
maintenance of soil fertility and consequent crop
growth. Our inability to see microbes reduces
appreciation of their significance but living cells
within one hectare of soil have similar mass to
~100 sheep. One crucially important group of soil
microbes are the ammonia oxidisers, which gain
energy by oxidising ammonia to nitrite, which is
then oxidised to nitrate in the process of
nitrification.

Ammonia oxidisers in agricultural soils have
considerable economic and environmental impact
globally for two reasons (Figure 1):
1. Nitrate, unlike ammonia, is rapidly leached
from soil and nitrification leads to loss of
around 50% of added fertiliser. This represents
a significant economic loss, as manufacture of
ammonia fertiliser consumes 3 – 5% of global
energy and costs up to $100 billion per year.
2. Ammonia oxidisers are also the major direct
and indirect causes of emissions of the
greenhouse gas nitrous oxide from terrestrial
environments.

Figure 1. Soil Nitrification. Ammonia, supplied as ammonia‐
based fertiliser, is oxidised to nitrite by ammonia oxidising
bacteria or archaea. Nitrite is then oxidised to nitrate by
nitrite oxidising bacteria. Ammonia is retained in the soil,
through adsorption of positively charged ammonium ions to
soil particles, and can be taken up by plants. In contrast,
nitrate is negatively charged and is leached from soil following
rainfall. This leads to considerable loss of added ammonia‐
based fertiliser and also to nitrate pollution of groundwater.
In addition, nitrous oxide is a side product of ammonia
oxidation and nitrous oxide is also produced by denitrifiers,
which are microbes than reduce nitrate to nitrous oxide and
nitrogen gas. Ammonia oxidation therefore results in direct
and indirect emissions of the greenhouse gas nitrous oxide.

Although study of lab strains of ammonia oxidisers
gave information on their metabolism and
potential soil activity, we always worried that
these ‘lab rats’ or ‘domesticated’ strains were
unrepresentative of natural communities.

Molecular ecology of ammonia oxidisers
We were right to be worried. In the early 1990s,
we began using molecular techniques to
characterise soil ammonia oxidiser communities.
This was achieved by sequencing ammonia
oxidiser genes in DNA extracted directly from soil,
eliminating the need for lab culture. Analysis of

A further revolution was the discovery that
archaea could also oxidise ammonia. Bacteria and
Archaea represent the two major domains of life
and we, and all animals, plants and eukaryotic
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microbes (fungi, protozoa and algae) probably
evolved from archaea. Traditionally, archaea were
thought to exist only in ‘extreme’ environments,
with low pH or oxygen concentration, or high salt
or temperature. Molecular techniques showed
them to be present in soil, many are ammonia
oxidisers and they are frequently more abundant
and active than bacterial ammonia oxidisers.

Why does this matter?
Although bacterial and archaeal ammonia
oxidisers share many characteristics, there is
evidence for two major differences. Some
archaeal ammonia oxidisers are obligate
acidophiles, i.e. they only grow at low pH (Figure
2). Approximately 30% of soils are acidic and many
exhibit high rates of ammonia oxidation and
fertiliser loss. However, bacterial ammonia
oxidisers do not grow below pH 7. A combination
of molecular techniques, laboratory soil systems
and traditional isolation techniques led to
discovery of Nitrosotalea devanaterra, an obligate
archaeal acidophile, and demonstration of its
growth in acid soils. This currently provides the
best of explanation for ammonia oxidation in, and
fertiliser loss from these important soils.

Figure 2. (a) A scanning microscope image of Nitrosotalea
devanaterra, an ammonia oxidising archaeon isolated from
an acidic agricultural soil in which it is active. (b) The influence
of pH on growth of laboratory cultures of several bacterial
ammonia oxidisers, including some isolated from acidic soils,
and Nitrosotalea devanaterra, demonstrating very different
responses of this archaeal ammonia oxidiser to pH, which
enables it to dominate ammonia oxidation in acid soils.
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Bacterial, but not archaeal ammonia oxidisers can
reduce nitrite to nitrous oxide. As a consequence,
emissions of nitrous oxide during ammonia
oxidation are much greater in soil dominated by
bacterial rather than archaeal ammonia oxidisers.
There is also evidence that different fertiliser
strategies favour archaeal over bacterial ammonia
oxidisers. It should therefore be possible for
farmers to reduce fertiliser losses and nitrous
oxide emissions by modifying fertiliser strategies.
This therefore provides an important example of
the ways in which greater understanding of the
activity and diversity of soil microbes can impact
on the economic and environmental costs of
agriculture.
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16. ‘What – no bananas today?’
Anthony Whalley

The ability to grow crop plants together in
high densities gives abundant yields to feed
large populations, but also provides ideal
conditions for the spread of pathogens.

The fungus enters the plant through the roots
and invades the vascular system causing the
older leaves to turn yellow; as the disease
progresses they collapse and form a skirt of
dead leaves around the lower part of the
plant. Splitting of the pseudostem is also a
common symptom. The xylem vessels become
severely discoloured and eventually become
blocked preventing water getting to the aerial
parts of the plant, which then die.

In 1874 banana wilt disease, caused by the soil
borne pathogenic fungus Fusarium oxysporum
f. sp. cubense, was reported from Eagle Farm,
Brisbane, Australia. It was next reported from
Panama in 1890 and within ten years it was
found to have infected banana plantations in
most Central American countries and the
Caribbean and was commonly known as
Panama disease. By 1950 production of the
popular banana cultivar Gros Michel became
non‐viable and the pathogenic isolates
causing the disease became classified as
race1.

Figure 2. Fusarium oxysporum f. sp. cubense race 1 (Foc)
mycelium emerging from infected banana pseudostem
section after 24 hours incubation. Photo Scot Nelson.

The fungus can survive in the soil for decades
even in the absence of banana plants and can
re‐infect from infected material or spores in
the water, infected soil or alternative host
plants. To reduce the impact of the disease
fresh plantations were frequently established
by clearing of tropical rain forests, causing
severe environmental damage. To combat the
disease in the plantations of Central America
and the Caribbean cultivars of Cavendish, a
different variety of banana which exhibited
resistance to race 1 pathogen, were planted in

Figure 1. Photograph showing Fusarium wilt (Panama
disease) of banana. Fusarium oxysporum f. sp. cubense race 1
causing wilt and rapid yellowing of leaves. Photo by Scot
Nelson 2018. (https://www.flickr.com/photos/scotnelson).

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
1

place of the highly susceptible Gros Michel
and this enabled banana growing to continue
in these countries. When symptoms of
Fusarium wilt were later observed in
Cavendish cultivars the isolates were
classified as race 4. These were subsequently
subdivided into subtropical race 4 (STR4) and
tropical race (TR4).

Bananas are grown in 135 countries and the
vast majority of producers are small‐hold
farmers who cultivate the crop for home
consumption or for sale in local markets.
Although the annual global banana export
market is valued at over 10 billion US Dollars,
the social consequences of banana wilt caused
by Fusarium will be severe as they are an
important source of food, income and
employment in many tropical countries. What
is the future for the banana? A favourite food
in developed nations: will they soon be eaten
only on special occasions or not at all?

When TR4 started affecting commercial
plantations of Cavendish cultivars in the 1960s
it resulted in the massive decline in banana
exports from Taiwan to Japan. Later, the
arrival of TR4 in Indonesia and Malaysia in the
1990s destroyed recently developed export
plantations within a few years and by the late
1990s TR4 had wiped out most of the banana
plantations in Northern Territory, Australia.
Then on 4 March 2015 it was announced that
TR4 had been detected on a Northern
Queensland farm. Since around 95% of
Australia’s bananas are grown in Northern
Queensland the arrival of TR4 was an
economic disaster for an industry valued at
over 600 million Australian Dollars. The farm
in Northern Queensland where TR4 was
detected was quarantined and movement of
banana plant material from Northern
Territory to Queensland prohibited. TR4 has
also decimated banana production in the
Philippines and arrived in Africa when it was
reported for the first time in November 2013
in Madagascar. It is now widely established
throughout banana plantations in Africa.
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17. Overcoming addiction in bacteria: how to disable a deadly E. coli
outbreak
Gareth McVicker

The human gut contains billions of bacteria,
known as our microbiota or microbiome,
which work in harmony with our own cells in
order to digest food and provide nutrients
that would otherwise not be accessible to our
bodies. However, the gut can also be home to
pathogenic (disease‐causing) bacteria, which
carry specialised molecular weapons called
“virulence factors” that enable them to
modify or escape from our immune system
and steal nutrients directly from our own cells.

was so dangerous was a combination of
virulence factors produced from different
fragments of DNA that it had obtained from
other bacteria.
My group studies the ways in which bacteria
share and maintain DNA, so that we can find
ways to disrupt the process and remove their
ability to cause disease. Sharing of genetic
material is facilitated by mobile genetic
elements (MGEs), which are pieces of DNA
that can move around in a genome or
between bacterial cells. There are three main
types of MGE: bacteriophages, plasmids and
transposons. The most important to our work
are plasmids, which are circular DNA
molecules that exist in the bacterial cell but
are not part of the bacterial chromosome.
Some plasmids are carried as dozens or
hundreds of identical copies per cell, whereas
other large examples might only be present as
a single copy. Plasmids can encode all kinds of
traits, including antibiotic resistance and
virulence factors. For example, the European
outbreak strain carries a plasmid that makes
up approximately 2% of its genome, from
which it can produce sticky, hair‐like surface
structures that allow it to attach to human
cells. This outbreak E. coli strain is unusual
because it also carries other MGEs such as a
bacteriophage (a virus that infects bacteria)
that produces a toxin called Shiga toxin, which
completely shuts down protein production in
human intestinal cells.

Figure 1. Electron micrograph of Escherichia coli. Credit: David
Gregory & Debbie Marshall. CC BY. Wellcome Collection.

In my laboratory, we work on the infamous
gut bacterium Escherichia coli (E. coli) (Figure
1). This organism is present in the gut of many
mammals, including humans, where it is
harmless and helps with digestion. However,
E. coli is also very good at sharing DNA, which
means that it can easily receive the genetic
instructions necessary to build virulence
factors. This can turn harmless E. coli into a
lethal pathogen! One such example was a
strain of E. coli that caused a large outbreak in
Europe that killed over 50 people and made
thousands more sick1. The reason this strain

While a cell’s chromosome is essential for
growth, plasmids are not. Therefore, without
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systems to maintain them, they can be lost
when a bacterium replicates and divides. In
the case where the plasmid carries genes for
an important virulence factor, this means that
the bacteria are no longer able to cause
disease. Unfortunately for us humans,
plasmids often carry “addiction systems”.
These systems ensure that during bacterial
division, daughter cells that don’t inherit the
plasmid will die. As a result, the surviving
population only contains bacteria that retain
the plasmid, and hence the full armoury
needed to cause disease. Addiction systems
work by producing both a long‐lived
antibacterial toxin and a short‐lived antitoxin;
if the plasmid is lost, the antitoxin degrades
first and the daughter cell is then killed by its
own toxin (Figure 2).

Work in my lab focuses on the addiction
systems present on the plasmid of the
European outbreak strain of E. coli and
whether they are responsible for allowing a
combination of virulence factors to come
together in a single organism. To do this, we
delete the addiction systems from the plasmid
to see if they are truly necessary, add
“competing” systems to the cell to see if other
incoming MGEs would affect plasmid carriage,
or copy the genes onto lab‐made plasmids to
see if they function in isolation. By removing
or combining addiction systems in different
ways under a range of growth conditions, we
can develop a picture of how the organism
evolved to cause disease. The search is
ongoing for conditions that might cause the
addiction systems to fail, in the hope of
providing new weapons in the fight against
these dangerous pathogenic bacteria.

REFERENCE: 1Frank C, Werber D, et al. (2011). N Engl
J Med 365(19):1771‐80. doi: 10.1056/NEJMoa1106483
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Figure 2. Schematic diagram of mechanism by which
addiction systems in bacteria maintain the presence of mobile
genetic elements (here a plasmid).
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18. Watch out for the fungus – It’s behind you and coming up fast!
Another reason to fear Climate Change?

David Moore

declines of amphibian species in western
North America, Central America, South
America, Australia and Africa. Recent
disturbances of rain forest habitats may have
spread the parasite into susceptible
amphibian populations. Subsequent world‐
wide spread of the disease was probably
accelerated by the international trade in
exotic ‘pets’. In some regions in the wild the
population declines of native amphibian
species amount to multiple extinction events.
It is certainly the largest disease‐caused loss of
biodiversity ever recorded.

In recent years, in both animals and plants, an
unprecedented number of fungal diseases
have caused some of the most severe die‐offs
and extinctions ever witnessed in species in
the wild. They are known as Emerging
Infectious Diseases (EIDs). One of the first to
be noticed among animal species was a fungal
EID that reduced population abundances in
amphibians, across many species and over
large geographical areas. Fungal EIDs of bats
and corals were then identified, and a recently
recognised fungal disease of snakes has
caused declines in some snake populations in
the Eastern United States.

Aspergillosis disease of coral
There is also concern over diseases of plants,
especially crop plants. An Emerging Plant
Pathogen (EPP) causes a new disease, infects
a new host, or extends the geographic range
of a disease. The rate at which EPPs arise has
recently increased, and threatens our food
security.

Because of global warming, ozone
depletion, overfishing, eutro‐
phication, and drainage of poll‐
utants from the land, the decline of coral reef
ecosystems has been a concern since the
1970s. However, disease seems now to be
causing significant losses. A disease for which
the identity of the pathogen has been proved
to a satisfactory level is aspergillosis of the
Caribbean Sea fan (Gorgonia spp.). The impact
of disease ranges from severe (localised mass
mortalities) to mild (partial tissue loss and
eventual recovery). Gorgonia ventalina sea
fans suffered mass mortality on reefs in the
Caribbean and the Florida Keys in 1995 and
1996.

Cutaneous chytridiomycosis of amphibians
This is an infectious disease of the
skin that affects amphibians
worldwide, caused by the chytrid
fungus Batrachochytrium dendrobatidis. This
colonises the epithelium of adult amphibians
causing inflammation that impairs the
cutaneous respiration, which is essential to
the gas balance and osmoregulation of
amphibians. It affects over 700 species on all
continents where amphibians occur. The
disease was only discovered in 1998, but it has
since been linked to dramatic population

The pathogen was identified as Aspergillus
sydowii, a common terrestrial soil fungus.
Diseased tissues all contained fungal hyphae
at their edges and careful analysis has
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demonstrated that sea fan aspergillosis is
infectious:





infections in marine mammals and non‐
human primates.

the same filamentous Aspergillus
species was isolated from different
geographical disease areas,
the organism could be grown in pure
culture in vitro,
mycelium taken from culture and
inoculated onto healthy sea fans
caused typical disease symptoms,
the same fungus could be recovered
from these experimental disease
instances and recultured in vitro.

Snake fungal disease
Beginning in 2006, severe skin
infections and a rapid population
decline were reported in a timber
rattlesnake (Crotalus horridus) in the
northeastern USA. In 2008, similar infections
with a possible fungal cause emerged in
Illinois, USA in an endangered population of
Massasauga
rattlesnakes
(Sistrurus
catenatus). This infectious disease became
known as Snake Fungal Disease (SFD), and by
2015, SFD had been documented in most of
the eastern USA. SFD is caused by
Ophidiomyces ophiodiicola, which is widely
distributed in eastern North America. It has a
broad host range and is the main cause of
fungal skin infections in wild snakes. SFD has
been documented in 23 very different species
of snakes, which suggests that other species of
snakes in the US might now be infected or
susceptible to SFD. Ophidiomyces ophiodiicola
was found in carcasses and moulted skins
from wild snakes collected during 2010‐2016
in Great Britain and the Czech Republic, which
were screened using DNA detection. The
fungus was detected in 8.6% of the specimens
and further analysis confirmed that
Ophidiomyces‐SFD occurs in wild European
snakes. The European and North American
diseases involve genetically different strains
of Ophidiomyces ophiodiicola, so this is a
global emerging pathogen of reptiles in the
wild.

The course of action followed here was
established by Robert Koch in the 1870s to
identify pathogenic microorganisms (they are
called Koch’s postulates). Such procedures are
necessary to demonstrate unambiguously
that a suspected pathogen is the true cause of
disease.
Aspergillus sydowii is a common saprotroph
that is found in both terrestrial and marine
environments as varied as Arctic Alaskan and
tropical soils; as well as from subtropical
coastal marine waters and oceanic zones as
deep as 4,500 m. It had not previously been
associated with disease in plants or animals.
Non‐marine strains of Aspergillus sydowii did
not cause sea fan disease so it was concluded
that isolates taken from diseased corals have
acquired pathogenic potential, taking
advantage of hosts weakened by factors like
elevated temperature and nutrient pollution.
Aspergillosis in various animals, including
humans, has increased over the last few
decades. Some causing concern recently are:
stonebrood mummification in honey bees,
pulmonary and air sac infection in birds,
mycotic abortion and mammary gland
infections in cattle, guttural pouch mycoses in
horses, sinonasal infections in dogs and cats,
and invasive pulmonary and cerebral

White‐nose syndrome of bats
White‐Nose Syndrome (WNS) of
bats is caused by the fungus
Pseudogymnoascus destructans.
This pathogen has decimated North American
hibernating bats since its emergence in 2006
and is feared likely to drive several species
extinct. WNS was first detected in New York

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
2

State in 2006 and was detected in Washington
state in March 2016. Pseudogymnoascus
destructans is endemic in Eurasia, where the
disease is less severe with a much lesser
impact on bat populations. Bats first become
infected when they return to their winter
quarters (their hibernacula) in the autumn,
and both transmission and fungal growth on
bats occurs primarily during winter when bats
lower their body temperature and begin to
hibernate. Mortality from WNS differs
substantially between North American
species, even when they hibernate at the
same sites. Some species declined more than
90% in the first year following WNS detection,
whereas population growth rates in other
species only decreased 8%. Despite markedly
different mortality rates, most bat pop‐
ulations experience greater than 50%
infection incidence, suggesting that variation
in mortality is due to variation in response to
infection. Differences in the preferred
roosting microclimate between bat species
determines the impact of the new pathogen.
An interesting aspect of this story is that the
pathogen, Pseudogymnoascus destructans, is
extremely sensitive to ultraviolet (UV) light
and to chemical mutagens, because the
pathogen’s genome has lost a key enzyme in
its DNA repair pathway. This feature might be
exploited for treatment of bats with WNS.

equivalent to that owing to tuberculosis and
HIV...’ (quoted from Gow & Netea, 2016; see
also Bongomin et al., 2017). Emerging plant
pathogens threaten the security of our food
crops, so it’s no surprise that many examples
of EPP come from agriculture, including:
 Ramularia collo‐cygni, a European barley
pathogen (Ramularia leaf spot) which
emerged in South America in 2011 and
which has also recently developed
virulence against oats and wheat.
 Magnaporthe oryzae, known as rice blast
disease, was detected on wheat in Brazil in
1985, and Bangladesh in 2015‐16.
 Charcoal rot, also known as dry‐weather
wilt is caused by the fungus Macrophomina
phaseolina. The fungus has a widespread
distribution and large host range but
recently emerged as a disease of soybean
in both the USA and Africa’s Sahel region.
The disease is most problematic in hot, arid
conditions and is expected to spread to
new regions as the climate changes.
These few examples illustrate the main issue,
which is that environmental stress can change
the balance between being a pathogen and
not being a pathogen. Most of the stress can
be attributed to human‐made changes:
 agricultural monocultures, which provide
year‐round host availability;
 international trade spreading disease fungi
worldwide;
 climate change caused by accumulating
CO2 and reactive nitrogen gases (NOX).

Emerging fungus diseases
The fungal diseases that have
affected wildlife populations over
the past several decades need to be
studied and understood. This is not only
important for wildlife conservation, but for us,
too. We may be next in line. You might think
we don’t need more fungal pathogens:

There is no shortage of plant‐
pathogenic fungi which might be
subject to such stress. But many
plants harbour fungi within their tissues that
are normally harmless and may be beneficial.
Fungi that are simply taking advantage of the
habitat of open spaces within plants
(particularly the leaf space) are called
endophytes and seem to be present in any

‘Fungi cause more than a billion skin
infections, more than 100 million mucosal
infections, 10 million serious allergies and
more than a million deaths each year. Global
mortality owing to fungal infections is greater
than for malaria and breast cancer and is
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IMAGE CREDITS: frog icon made by Smashicons, coral
icon made by Freepik; both downloaded from
www.flaticon.com. Other icons from the Microsoft
Icons library in MS Office 365

healthy plant tissue. And, of course, most
terrestrial plants harbour mycorrhizal fungi in
root symbiotic associations. Any of these
associations could be tipped from mutualistic
to pathogenic status by magnifying
environmental stresses.
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19. The fundamentals of science: What can we learn from Beatrix Potter?
Roy Watling

Charles McIntosh (who is thought to be the
inspiration for Mr McGregor in her children’s
stories). Their correspondence included a
microscopic cup‐fungus which Beatrix had
observed and recorded; it had a white, fluffy
outside and a bright orange disc and was found
both on piles of conifer twigs and on living Larch
trees around Dunkeld. She observed that the
latter were always associated with swellings and
lesions on the trees. Through discussion with
McIntosh they concluded that these were very
probably different species, the first being a
saprotroph on conifer twigs and the latter
introduced into the Larch by infection caused by
plant‐sucking insects, possibly aphids, thus
damaging the host‐bark.

Beatrix Potter is well‐known throughout the world
for her illustrated children’s books incorporating
various animal characters such as Peter Rabbit. It
is not so well‐known that she was an exceedingly
good naturalist; the animals she depicted are
anatomically sound, and were based on her noting
the movements of her pet rabbit and captive
animals, and the dissection of dead animals. It is
even less well‐known that she was an excellent
mycologist, often ahead of her time, but was not
recognised as such by the scientific community.
There has been considerable discussion why this
was so, but the focus of this article celebrates the
fundamental discipline of all biologists demon‐
strated by Beatrix: accurate observation.

In the 1890s Beatrix Potter grew fungi from spores
in the family kitchen, recording their development
from spores to mycelia and in some cases to their
asexual state. Only a handful of people at that
time knew that mushrooms have such asexual
states and even today the topic is not fully
appreciated. Potter’s Illustrations, made at regular
time intervals, may be found in the archives of
London’s Victoria and Albert (V&A) Museum. She
even submitted a fully illustrated manuscript to
the Linnean Society of London and although it was
well received it never saw the printed page, until
rediscovered a few years ago. The fungus she had
observed most carefully was Agaricus velutipes,
now Flammulina velutipes (the Velvet Shank
mushroom). She had also kept this fungus in a box
without daylight and when she opened the
container she thought that the long, sinuous
structures she found therein represented a new
species. They were, in fact, the etiolated fruiting
bodies so characteristic of this species when
denied light, a feature exploited in its commercial
production as ‘Enoki’, the popular edible fungus.

The two were indeed separate species, something
which was demonstrated at a much later date. The
beauty of Potter’s illustrations is that she made
accurate observations and records from which she
drew conclusions and was uninfluenced by
opinion at the time. In her journal, she indicated
how she had to struggle with the British Museum
of Natural History lichenologists when she
questioned whether lichens were two organisms
or one. Her argument was partly supported by her
illustrations of various lichen spores, now in the
V&A London, which appear to produce fungal
spores. We now know that lichens are a
partnership between fungi and algae.

Beatrix’s interest in lichens lead her to investigate,
with the help of McIntosh, a crust‐fungus which
we now know as Aleurodiscus amorphus, (Figure
1) which apparently grew as different forms, a
foliose (leaf‐like) structure reminiscent of lichens
and some gelatinous structures. Beatrix illustrated
these in her figures (collection of Beatrix Potter
illustrations at the Armitt Museum, Ambleside,
Cumbria) with beautiful representations of

On the Potter family holidays in Dunkeld, Scotland,
Beatrix met the well‐known amateur naturalist
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basidia, the spore ‘guns’ and basidiospores, some
of which were germinating (Figure 1).

But were there two fungi involved or was it a
lichen? Also illustrated on the plate are some
small, rounded, yeast‐like cells. It remained a
mystery to Beatrix. It took a Canadian mycologist
who was visiting me many decades later to solve
the issue. He wished to see the Armitt plates to
identify what Beatrix had depicted. He gasped
with delight when he saw the illustrations. The
yeast‐like cells were those of Tremella simplex
(Figure 1), a fungus parasitic on the Aleurodiscus,
which formed the gelatinous structures also
illustrated on the plate. This was the missing part
of the puzzle. The jelly fungus was growing on the
fruiting bodies of the crust fungus and because
Beatrix accurately illustrated it, the parasite was
easily recognized but the fungus itself was not
described as new to science until nearly 50 years
later!

Figure 1. Beatrix Potter’s illustrations of Aleurodiscus
amorphous. Top panel (A): on wood, with accompanying
drawing of a basidium with four basidiospores. Lower Panel
(B) germinating spores (with spikes). The small yeast‐like cells
in the lower panel are of Tremella simplex, a gelatinous
fungus parasitic on Aleurodiscus. Credit: The Armitt Museum,
Ambleside, Cumbria

What does this tell us about this incredible lady
who also noted in her scrapbooks observations on
butterflies, beetles and fossils? It tells us
something which is just as important today as it
was then, whether you study ecology, laboratory
experiments or molecular sequence inter‐
pretation. It is to carefully observe and record the
structures or processes accurately, uninfluenced
by current thoughts. If students of all ages from
primary school onwards are introduced to these
simple but essential techniques of scientific
method then strides can be made in biological
science. Many of the so‐called cutting edge
‘discoveries‘ made today through molecular
technology might actually be hidden in archival
publications and illustrations. The molecular
techniques are tools in our hands which often
support these early observations and give them a
more scientific credibility. Based on this kind of
experience, one is then in a position to ask the
demanding questions of science.
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Who would have thought that Beatrix, in an age
where women were not recognised as scientists,
would have even considered such demanding
questions if she hadn’t made meticulous
observations of the actual fungi in the field.

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
2

20. Gut microbes: we are not alone
Nathalie Rolhion

Our bodies are home to millions of different
and useful microbes. These microbes are
collectively known as the microbiota (or
microbiome), and we need them just as much
as they need us.

bacteria also produce important nutrients and
synthesise vitamins (B and K). They teach our
immune system to recognise ‘friends’
(harmless microbes) from ‘foes’ (pathogenic
or disease‐causing microbes) and can protect
us against harmful pathogens.

Who are our gut microbes? The human adult
gut microbiota can weigh up to 2 kg! Bacteria
make up most of the gut microbiota but fungi,
viruses, protozoa and Archaea are also
members of this complex community. As
researchers, one of our main objectives is to
identify and characterise all the micro‐
organisms present. Classically, the study of
microorganisms starts by culturing them on a
dish in the laboratory. Unfortunately, this is
impossible with most of the microbes that live
in the intestine as they do not grow in the
presence of oxygen and/or require specific
conditions to grow. The composition of the
microbiota is therefore mostly determined
from analysis of faecal material using
sequencing to analyse the genetic material
(DNA and RNA) of the microbiota. This allows
us to identify the variety and types of
microorganisms that are present. Nowadays,
we estimate that between 300 and 1000
different bacterial species live in our gut and
each of us carries a unique, diverse and
balanced microbiota.

Figure 1. Main functions of human gut microbiota. Our gut
microbiota is constantly influenced by different factors such
as food, environment and medication (antibiotics, drugs). It
has to stay diverse and balanced to exert its functions.

What do our gut microbes do? The gut
microbiota is essential to our health and
wellbeing. Every microbe has a job to do and
groups of microbes cooperate to get the job
done. The gut microbiota helps the body to
digest certain foods, such as cellulose, a
common component of vegetables. Gut

Surprisingly, studies have shown that the
bacteria in our intestines can affect aspects of
our health beyond the gut. For example,
recent studies show that our gut microbiota
produce molecules such as short chain fatty
acids or the neurotransmitter serotonin that
travel around the body and can communicate
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with our brain and therefore influence our
mood and behaviour. As a consequence of
these findings, some researchers have
proposed that we start to define our gut
microbiota as our ‘second brain’!

balanced diet should help to keep our gut
microbes happy. Probiotics (live micro‐
organisms conferring a health benefit) that
are present in some fermented foods such as
yogurts could also help to maintain gut
microbial balance and diversity.

What happens if the composition of our gut
microbiota changes? Throughout our lives,
our gut microbiota is influenced by different
factors such as food, environment and
medication (antibiotics, drugs) and has to
adapt to stay diverse and balanced. A loss of
diversity in the gut microbiota, i.e. changes in
the range of microbes present, or in the
relative abundance of some microbes
compared to others is called ‘dysbiosis’.
Dysbiosis has been linked to many diseases,
such as inflammatory bowel diseases (IBD),
allergies, obesity, diabetes, anxiety and
autism. We still do not know if the observed
dysbiosis is the cause or the consequence of
these diseases and scientists are working hard
to answer this question. For example, they
have transferred the microbiota of an obese
human to a germ‐free mouse (a mouse
without any gut microbiota) and observed
that the mouse gained weight, indicating that
gut microbiota plays an important role in
obesity.

Concluding remarks. Our knowledge and
understanding of the fascinating collection of
microbes that inhabit the human gut is
increasing at a rapid rate. However, there are
many questions to be answered and more
research is needed to characterize the role of
each microbe in our gut, the interplay
between the different microorganisms and
the link between dysbiosis and disease. My
research aims to decipher the mechanisms
involved in the complex cross‐talk between
the gut microbiota and the host in health, and
its alterations in IBD using cell culture,
artificial intestine models, animal models and
faeces from humans. I hope that in the future
we will understand how to manipulate the
microbiota (by using probiotics, adding
beneficial microbes or by transferring faecal
microbiota) to treat gut‐microbiota‐related
diseases such as IBD.
WANT TO KNOW MORE?
http://www.gutmicrobiotaforhealth.com/en/home
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Figure 2. Correlation between gut microbiota and health.

How can we keep our gut microbes happy?
We still do not know exactly which microbes
keep our gut in a healthy state, but we do
know that a healthy gut contains a variety of
organisms. Therefore, a diverse and well‐
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21. Oops! Why mistakes make flu dangerous
Aartjan te Velthuis

Every autumn and winter we get infected with
influenza viruses, the causative agents of flu.
Typically, these viruses cause a very mild
disease and if you are vaccinated and healthy
you may not even notice them. On the other
hand, infections with pandemic influenza
viruses, such as the virus that caused the 1918
Spanish Flu, are far more dangerous and
potentially lethal. In my group we have tried
to find out why.

infections with dangerous viruses. This may
sound counterintuitive because a strong
immune response normally protects us. An
infection in your leg, for instance, might cause
a painful swelling but this immune response
will help clear the infection and normally
resolves without doing further harm.
However, a strong immune response in our
lungs (Figure 1) is dangerous, because a
swelling there involves an accumulation of
immune cells and fluids in our lungs, which
may lead to suffocation.

Influenza viruses infect our cells in order to
copy their genetic information, which consists
of eight ribonucleic acid (RNA) molecules.
Unlike our own RNA, which is usually single‐
stranded and has a specific end called a ‘5′
cap’, the influenza virus RNA genome contains
5′ triphosphates and partially double‐
stranded ends. This difference is sufficient to
allow receptors inside of our cells, such as RIG‐
I, to detect influenza viruses and trigger
warning signals. These warning signals, called
cytokines and chemokines, alert neighbouring
cells and shut down essential processes,
preventing the virus from spreading. In the
laboratory, we can perform experiments to
investigate how well influenza viruses are
detected by human cells. One such
experiment relies on replacing the coding
information of a key cytokine gene with the
sequence of a luminescent protein. As a
result, every time the cell wants to make this
cytokine, we see the cell light up.

Figure 1. Bronchiole of lung with the 1918 flu virus. Infected
cells are stained red. Credit Jurre Siegers, Debby van Riel, and
Emmie de Wit from the Erasmus Medical Centre.

To find out why dangerous influenza viruses
cause a strong immune response in our lungs,
in my laboratory we investigated what lung
cells “see” during infections by placing a tag
on RIG‐I that allows it to bind to a magnetic
bead. Next, we opened up infected cells and
used a magnet to “fish” out the RIG‐I‐RNA
complexes from the cells. Interestingly, we
found that RIG‐I had bound to faulty influenza
RNA molecules.

A key difference between infections with mild
and dangerous influenza viruses is that the
level of cytokine and chemokine production is
usually low in mild infections and high in
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We also observed more luminescence when
we put this RNA in our modified cells,
suggesting that the production of RNA
fragments by pandemic viruses leads to a
deadly stimulation of the immune system.
Thus, we now think that dangerous flu
infections arise because lethal influenza
viruses make too many mistakes. We can now
use this information to identify viruses that
are dangerous by screening them for their
ability to make faulty RNA molecules.
Moreover, we hope that we will be able to
develop an antiviral drug that will prevent
influenza viruses from making these
molecules altogether.

Figure 2. 1918 Influenza virus. Image credit: NIAID/NIH.

Want to know more?

The enzyme responsible for copying the
influenza virus genome is called the RNA
polymerase. The RNA polymerase normally
copies the influenza virus genome by taking a
flu RNA molecule as a template and
synthesising a new one using the nucleotides
Adenine, Guanine, Uracil and Cytosine.
However, it can also make mistakes and insert
an incorrect nucleotide into the new RNA or
truncate the new RNA molecule. Using our
magnetic bead experiment, we found that our
immune system detects truncated influenza
virus genomes really well. When we
compared different influenza viruses, we
found that the 1918 pandemic virus (Figure 2)
produced more truncated genomes than
other influenza viruses.

Te Velthuis et al., (2018) Nature Microbiology 3:1234–
1242. https://doi.org/10.1038/s41564‐018‐0240‐5
Radio 4: https://www.bbc.co.uk/programmes/b0bkpjp5
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22. Life in the old Quorn yet!
Why a bright future for mycoprotein™ is good news for the world

David Moore

Quorn™ is the original mycoprotein™, which
in UK advertising is currently promoted by Mo
Farah, the multiple Olympic gold medal‐
winning runner. In The Times newspaper of
July 23rd, 2018, the Retail Editor, Deirdre
Hipwell, wrote an article under the headline
‘Quorn expects to feel a billion dollars’ which
reported that ‘Quorn Foods believes that after
building on bumper growth last year it is firmly
on track to become a billion‐dollar business by
2027’. I believe that this expectation of major
success is very good news for the whole world.

evolution optimising physiological function to
suit the different lifestyles of the fungal,
animal, and plant kingdoms. High cholesterol
levels in the human bloodstream is a major
health risk caused by fatty foods, so the lack
of cholesterol in fungal biomass makes it a
‘super food’ for lowering cholesterol.
Following an extensive screening programme,
RHM selected a strain of the common soil
fungus, Fusarium venenatum; it was isolated
from a field in the Leicestershire village of
Quorn, which is how mycoprotein got its trade
name. Mycoprotein™ was produced by
Marlow Foods Limited, which was set up in
1984 as a joint venture between RHM, who
had developed the product, and Imperial
Chemical Industries (ICI) who had spare
fermenter capacity.

History of mycoprotein™. In 1964, the Ranks
Hovis McDougall (RHM) Research Centre set
out to develop a way of converting starch, a
waste product from cereal processing, into a
protein‐rich food. They looked for a
filamentous fungus because of the long
history of humans using fungi as food, and the
fact that it is relatively easy to harvest fungal
mycelia from culture broths. Also, fungal
filamentous structure simulates the fibrous
nature of meat. But most importantly, fungal
biomass is a low‐calorie, low‐fat, and
cholesterol‐free food. This last point is
important for a meat substitute protein.
Cholesterol is the chief sterol in the
membrane of animal cells, in plants the most
common sterols are the phytosterols;
sigmasterol, sitosterol and campesterol,
whilst in fungi the major sterol in the
membranes is ergosterol. Sterols control
membrane structure and fluidity. All are
derived from a common initial pathway
(acetyl CoA to squalene epoxide), the three
different endpoints of which result from

Is Quorn safe? Categorically yes. In fact, no
food eaten by humans has been subjected to
a more rigorous safety testing than Quorn! In
the first ten years of production (1970‐80), the
product was not sold, but was subjected to:
 toxicology testing, involving feeding trials
on 11 animal species (including pigs, calves,
baboons) that showed no adverse effect on
animals or offspring;
 trials with 2,500 human volunteers, which
showed no ill effects or immunological
response;
 demonstration that the bacteriological
load in frozen storage was no different
from that experienced with chicken or fish
stocks.
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Eventually a 2 million‐word, 26‐volume report
was submitted to the then Ministry of
Agriculture, Fisheries and Food for approval,
which was granted, and the product was first
sold to the public in the UK in 1985. For the
US, additional toxicology testing of Quorn was
completed in 1996 for submission to the US
Food and Drug Administration. FDA approval
was granted and frozen Quorn was sold for
the first time in the USA in 2002.

for over 50 pre‐prepared ready‐meals. You
can also buy it in the uncooked, unflavoured
form (as chunks, strips or minced) to use in
home‐cooked meals. Quorn™ Pieces are 95%
mycoprotein™; rehydrated free range egg
white, natural flavouring, and the firming
agents, calcium chloride and calcium acetate
are the only other ingredients (in the vegan
range, the egg‐white protein used to firm‐up
the mycoprotein is replaced by potato starch).
Future of mycoprotein. Quorn product ranges
are sold in the UK by Quorn Foods under
Marlow Foods Ltd branding, although since its
formation in 1984 Marlow Foods Ltd has
changed hands several times. In 2015, Monde
Nissin, one of the leading food consumer
goods companies in the Philippines,
purchased Quorn Foods for £550 million
https://www.mondenissin.com/. Quorn Foods has
800 employees across manufacturing sites in
Belasis on Teesside (where mycoprotein is
produced by fermentation); Stokesley, North
Yorkshire (where Quorn is formed and
packed) and Methwold in Norfolk (where
cooking and packing of ready‐meals takes
place). Around the world the meat‐free
category is growing by between 10% and 20%
a year and the product’s website is truly
international https://www.quorn.com./.

Figure 1. Supermarket packages of Quorn™ mycoprotein™
products. Top shows a chiller pack of Quorn™ Pieces, bottom
shows two chiller packs of Quorn™ mycoprotein™ prepared
as a healthy meat‐free alternative to conventional sliced meat
products. Photograph by David Moore.

Present day mycoprotein. Mycoprotein™ was
originally intended as a protein‐rich food to
compensate for what was widely expected to
be a falling world supply of conventional
protein. The predicted shortages had not
materialised by the early 1980s, so Marlow
Foods decided to market mycoprotein™ as a
meat‐free, sustainable protein product which
lacked animal fats and cholesterol, is low in
calories and saturated fats, and high in dietary
fibre (it has more dietary fibre than
wholemeal bread). Growing consumer
demand for vegan and vegetarian food
choices has helped to make Marlow Foods a
global leader in this market. Quorn is made
into everything from meat‐free sausages and
meat‐free ‘minced meat’ to vegetarian bacon
and steak and is used as the protein content

Why is this good for the world? The global
benefit of all this comes down to the
arithmetic comparing the size of the human
population (constantly increasing) and the
amount of agricultural land available to feed
that population (constantly reducing as we
build on it, and perhaps reducing further as
the climate changes).

At the time of writing, the human population
totalled 7.6 billion and was showing a net
increase of 82.5 million per year (visit
https://www.worldometers.info/world‐population/

for up‐to‐date statistics). Unfortunately, only
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about 7.5% of the Earth’s surface provides the
agricultural soil on which we depend for the
world’s food supply; this amounts to about
0.25 hectares of farmland per person, but only
about 0.12 hectares per person of farmland is
suitable for producing grain crops. A
subsistence diet requires about 180 kg of grain
per person per year, which can be produced
on 0.045 hectares of land. In contrast, an
affluent diet requires at least four times more
grain (and four times more land, 0.18
hectares) because the animals are fed on grain
and conversion of grain to meat is very
inefficient. There are approximately two
billion cattle worldwide, two billion pigs, and
about one billion sheep. A large amount of
agricultural land is devoted to feeding those
animals. As it stands, the Earth does not have
enough land for all its human inhabitants to
enjoy an affluent diet. Meat‐free alternatives
produced by industrial fermentation, like
mycoprotein, may safeguard the Earth’s
resources and satisfy our taste for meat.

on truth or not, to criticise the new product.
Today, of course, we have the Internet. Where
it is very easy to find information, and even
easier to find negativity! So, when you find a
website that’s less than enthusiastic about
Quorn, ask who supports it and which of their
toes Quorn is treading on.
This article is dedicated to the memory of my
good friend and colleague Geoffrey David
Robson, a mycologist of distinction, who died
suddenly on 15th May 2018.

Further information
The GCSE GUIDE Mycoprotein revision (December
2015): https://www.youtube.com/watch?v=N2fU‐tuS7NQ
Quorn™ is now in the Philippines, check out:
https://www.mondenissin.com/news/title/quorn‐world‐
leader‐in‐meat‐free‐food‐is‐now‐in‐the‐philippines and
https://www.quorn.com/

Wiebe, M.G. (2004). Quorn mycoprotein ‐ overview of
a successful fungal product. Mycologist, 18: 17‐20.
https://doi.org/10.1017/S0269915X04001089

Why all the opposition? Quorn mycoprotein
was intended to penetrate established
markets, and the people who supplied those
markets were not too keen on the idea.
Initially the organism from which Quorn is
produced was described as ‘related to
mushrooms’. Mushrooms are in the same
Kingdom, but a different phylum, so that
didn’t go down well with the mushroom
industry! Claiming mycoprotein to be a plant
protein is also scientifically wrong; it’s a
different kingdom and challenges major
agricultural industries like soybean growers.
And then, of course, offering a meat
substitute challenges all the people whose
livelihoods depend on those 5 billion farm
animals being turned into meat.
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So, from the start, there has been no shortage
of vested interests who considered
themselves threatened by upstart Quorn and
would take any opportunity, whether based
This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
3

23. Using mighty microscopes to look at microbial machinery
Rachel Harding

The features of microbes which make them
harmful to human health can almost always
be traced to protein molecules encoded
within their genomes (genetic material). Our
understanding of how these molecular
machines work can be enhanced by knowing
their structure; i.e. how are the amino acid
chains of the protein arranged and organised
to let the protein molecules function in the
process of microbial infection? The problem is
that microbes, and the protein molecules of
which they are composed, are very, very small
so being able to “look” at them is challenging.

microscopy (often referred to as cryoEM) and
scientists are able to routinely visualise
individual protein molecules and determine
their precise structures to atomic detail using
the information collected using these
powerful microscopes.
CryoEM has been successfully used to
visualise whole virus particles by many
different research groups. Sevanna et al
recently published a high‐resolution structure
of the entire Zika virus (Figure 1).

To give some context to the scale of microbes
and the protein molecules of which they are
composed, consider this analogy. If we
expanded a red blood cell to be the size of an
adult
human,
the
oxygen‐carrying
haemoglobin protein it contains would be
about the size of a nib of a felt tip pen. In this
same scenario, an E. coli bacterial cell would
be only as large as your foot, and so is much
smaller than most human cells. On this same
scale, a human being would be almost as tall
as the distance from the Earth’s surface to the
Hubble telescope – about 560 km!

Figure 1. Zika virus particle. The different E proteins on the
surface are shown in red, blue and green.
From
https://www.rcsb.org/structure/6CO8.

Using this method, we can see that Zika virus
particles have a smooth surface composed of
a total of 180 copies of both E and M envelope
proteins arranged with icosahedral symmetry.
With the extra information gleaned from the
high resolution of the structure solved, the
researchers could see that not all copies of the
E protein are arranged in the same way, which
is important to understand as this protein has
critical roles in binding host cells in infection.

Our eyes cannot see most microbes as they
are too small. We can use light microscopes,
but they don’t give us a huge amount of
detailed information. To see the finer features
of microbes we can use electron microscopes.
Different types of electron microscopes allow
us to visualise a range of different samples,
from whole organisms to individual molecules
of protein. Recently, great advances have
been made in the field of cryo electron
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exported proteins (PTEX). Ho et al solved
structures of this protein transfer apparatus
by cryoEM (Figure 2B), capturing snapshots of
the translocon at different stages of moving
material from the parasite to host cells. This
allowed the researchers to work out the
mechanism by which PTEX might work. In
turn, this might assist researchers in the
future to make informed decisions on drug
design to stop this structure from working
with the aim of stopping malarial infection.

Many microbes have complex surface
structures composed of tens or hundreds of
protein molecules which play roles in
movement, export of material from the
microbe to its host organism, or other
features which can make microbes infectious
or harmful to health. Uropathogenic E. coli
bacteria cause urinary tract infections and can
colonise the gut. Colonisation is dependent on
the E. coli type 1 pilus, a long protein rod that
extends out of the bacterial cells and binds to
host cells. Spaulding et al solved the structure
of this pilus protein rod using cryoEM to reveal
the helical structure of repeating copies of the
FimA protein molecule (Figure 2A). This
allowed the researchers to map common
variations of the pilus found in different E. coli
strains and examine how these strain
differences might influence infection.

As cryoEM becomes an increasingly routine
method for determining high‐resolution
protein structures from different types of
microbes, there is a great opportunity for
microbiologists to learn more about the
molecular mechanisms which make microbes
harmful to human health as well as using the
structural information gathered to guide
rational design of therapeutics.

REFERENCES
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Spaulding et al. 2018. Elife, 18 (7), e31662
Ho et al . 2018. Nature Vol 561 pg 70–75
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Figure 2. (A) 11 FimA fragment of the E. coli Type I pilus with
side view and top view of the helical structure
https://www.rcsb.org/structure/6C53. (B) PTEX structure
which transfers protein molecules from the malaria parasite
into
host
red
blood
cells.
http://www.rcsb.org/structure/6E10.

The malaria parasite transports proteins from
the parasite cell into host red blood cells using
a system called the Plasmodium translocon of
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24. A random walk through life
Judy Armitage

I was about 16 when I first looked at a drop of
pond water through a microscope. What I saw
changed the direction of my life. I watched a
complex world of different, tiny, organisms of
different sizes, shapes and colours, all
apparently going about their business,
oblivious of the macroscopic world I was part
of. Up to that point, I was unsure of my own
focus. I was at a small, girl’s grammar school
in Yorkshire where few pupils went to
university and even fewer to do science. I
made two decisions, to study Microbiology as
a degree, even though I had no idea whether
it would lead to any sort of a job, and to go to
London to take that degree, rather than the
expected northern university ‐ after all it was
1969.

the density reaches a critical number, the cells
stop dividing and become long filaments. They
sprout massive numbers of flagella and then
move en‐masse over the surface for a
centimetre or so before dividing back into
short rods and repeating the process every
few hours until the petri dish is covered in
rings of bacteria.
While I was doing my PhD, researchers in the
US showed that bacterial flagella are
completely different to flagella on eukaryotes.
The filament is made of a polymer of a single
protein, flagellin, which forms a rigid
corkscrew. If you make an antibody to the
flagellin protein and use it to coat a glass slide,
you can tie a bacterium to the slide by its
flagellum. Surprisingly the tethered bacterium
rotates smoothly, like holding a submarine by
its propeller and watching the submarine
rotate. This strongly suggested that the
bacterial motor is a rotary motor embedded in
the cell membrane. The cell body switched
between clockwise (CW) and counter‐
clockwise (CCW) rotation, and the frequency
of switching changed if the cell was given a
pulse of, for example, an amino acid, but after
a few seconds returned to the pre‐stimulus
switching i.e. it sensed a stimulus, responded
and then adapted.

I went to University College London and had
an amazing time. Not only was the course
varied, engaging and taught by giants in their
field (although I often didn’t realise it until
much later!) there was exotic food, theatre,
clubs etc. and I took full advantage of
everything. At the end of my degree I was
offered a PhD place, funded by the then
Science Research Council (SRC). The SRC
eventually became the BBSRC (Biotechnology
and Biological Sciences Research Council),
which has more or less funded the whole of
my scientific career.

Bacteria are too small to sense a spatial
gradient and we now know that they swim
about their environment at speeds of up to
100 µm/s using helical flagella rotated using
the flow of ions, usually protons, through the
motor. The motor rotates in either CCW or CW
directions and the frequency of switching

My PhD, jointly supervised by Robin Rowbury
and David Smith, was to study the biochemical
and morphological changes that occurred
when the bacterium Proteus mirabilis was
inoculated onto a surface. On a surface it
initially grows as single short rods, but when
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depends on chemosensory signals from the
environment activating receptors. This
produces a signal that binds to the motor to
increase CW rotation. The increased switching
when heading in an unfavourable direction or
decrease if the direction is favourable biases
the random swimming pattern to a better
environment for growth. The system needs a
memory of the recent past and the ability to
reset the receptors. Using this chemosensory
system most bacteria can respond to a change
of about 1% in the background concentrations
of a wide range of stimuli, over a background
range from nanomolar to millimolar.

flagellar motor and its control
environmental signals (Figure 2).

by

Figure 2. Cartoon of the structure of the transmembrane
flagellar motor. OM‐outer membrane, PG‐peptidoglycan, IM‐
inner membrane. FliM and FliN are sites of interaction of
chemosensory signals and FliG is the rotor ring. As ions flow
through the stator complex, MotA and MotB, the
electrostatic interaction with FliG changes, causing rotation of
the rotor, the MS ring, the rod and thus the helical hook and
filament. The L and P rings form a ‘grommet’ through which
the rod threads. Picture modified from Baker AE, O'Toole GA.
2017. Image credit: William Scavone.

During that period I trained over 40 graduate
students and employed the same number of
postdoctoral researchers. I have had the
pleasure of working in interdisciplinary teams,
with physicists and mathematicians. We have
shown that while the static images of the
flagellar motor show something like an
electric motor, it is in fact constantly
remodelling. Different protein components
can swap in and out while the motor turns,
adding new or different parts to cope with
different environments, whether it is a change
in the prevailing ions or the load on the motor.
We have shown that while a bacterium like
Escherichia coli, the workhorse of
bacteriology, has hundreds of copies of only
four types of chemoreceptor, all in the
membrane, other species have tens of
different types of receptor, with some in the
cytoplasm, allowing the bacterium to sense its
metabolic needs and balance its response to
external signals. A swimming bacterium needs
to have chemoreceptors to compete

Figure 1. Electron Micrograph of Rhodobacter sphaeroides
showing the single flagellum.

Where do I come into this story? At the end of
my PhD I had the opportunity to continue my
research, initially funded by a Departmental
Fellowship and then a Lister Institute Research
Fellowship. In the lab next to mine Mike Evans
was working on the bioenergetics of
photosynthesis
using
a
bacterium
Rhodobacter sphaeroides (Figure 1). This
species can grow as an aerobe or as an
anaerobic phototroph. When growing
aerobically it swims towards oxygen, but as a
phototroph it is repelled by oxygen but
attracted to light. I set out to answer how the
bacterium “decides” to be attracted or
repelled by oxygen. I have spent the
subsequent 35+ years investigating the
workings of the tiny nanomachine that is the
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We now know they live in complex interacting
communities and, while a few can make us ill,
some very ill, the majority are essential for the
health of the planet and everything that lives
on it. We are entering a new era where we will
need new approaches and ideas to
understand these dynamic interacting
communities and their place in the world.

therefore, when it divides, each daughter
needs to inherit a cluster of receptors.
Membrane receptors are located at the poles
of the bacterial cell, and therefore each
daughter gets a pole with a cluster of
receptors. Cytoplasmic receptors are more
difficult. We showed that they form clusters
that loosely associate with the surface of the
chromosome and, when the cell duplicates its
chromosome upon division the cluster splits,
one half piggy‐backing on a chromosome to
end up in each daughter cell. It is now
understood that other, unrelated, proteins
can hitch a ride on duplicating chromosomes
to ensure segregation into daughter cells.

REFERENCE: Baker AE, O'Toole GA. (2017). Bacteria, rev
your engines: stator dynamics regulate flagellar
motility. J Bacteriol 199: 1‐8.
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In the 40+ years since starting this adventure
our understanding of the world of bacteria has
been transformed, from a suggested few
thousand species to tens of millions (at least).
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25. The African trypanosome and human trypanosomiasis
Keith Gull

Human African Trypanosomiasis (HAT) will be
better known to many as “sleeping sickness” – a
deadly disease that attacks the central nervous
system and can render sufferers unable to walk
and talk, affects sleep patterns, and is fatal if not
treated. HAT is transmitted via the bite of infected
Tsetse flies, which ingest the parasite when they
feed upon an infected host (e.g. a person, or
animals such as cattle or antelopes). The ingested
parasites then multiply in the insect – first in the
gut and then in the salivary glands. It is from this
latter location that they can be injected into the
skin of new hosts, then spread to the bloodstream
(Figure 1) and the brain.

and, with continuing surveillance, diagnosis and
tsetse control efforts, the number of reported
cases has dropped below 10,000 for the first time
in 50 years. However, underdiagnosis is likely and
continued efforts will be needed to ensure that
the WHO's ambitious target to eliminate HAT as a
public health problem by 2020 is achieved.

HAT is caused by Trypanosoma brucei and its
distribution in sub‐Saharan countries reflects the
distribution of its vector (the tsetse fly). There are
two sub‐species of T. brucei and these cause
variants of the disease – T.b. rhodesiense causes a
rapid onset disease in east Africa. The first signs
and symptoms are observed a few months or
weeks after infection; the disease develops rapidly
and invades the central nervous system and can
kill within a few months. T.b. gambiense, the cause
of most current infections (95% of reported cases),
occurs in west and central Africa and causes a
chronic form of HAT that can take months or even
years for symptoms to develop. In T.b. gambiense
infections the patient often presents in an already
advanced disease stage where the central nervous
system is affected.

Figure 1. False colour, scanning electron microscope view of
a trypanosome in blood.

In addition to HAT other trypanosome species,
along with T. brucei, cause further development
issues in Africa in that they are pathogenic to wild
and domesticated animals. In cattle the disease is
called Nagana and is a major obstacle to the
economic development of affected rural areas.

HAT is considered a neglected tropical disease that
occurs in tropical and subtropical areas, affects
large numbers of people, usually those living in
conditions of poor sanitation and poverty, and has
a huge economic burden. The World Health
Organization (WHO), governments and Non‐
Governmental Organisations (NGOs) have
maintained attention on this neglected disease

Trypanosomes are single‐celled flagellated
protozoa and are members of a group termed the
Kinetoplastid parasites. This group is named after
a very characteristic aspect of the cell biology – the
possession of a large, easily stained spot of DNA in
their cells that is separate from the nuclear DNA.
This concentration of DNA is a mass of
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mitochondrial DNA at one point in their single
mitochondrion. This kinetoplast was visualised
over a 100 years ago and is recognised as one of
the very first examples showing DNA in an
organelle apart from the nucleus. Similar
kinetoplastid parasites cause a series of other
devastating diseases throughout the world.
Leishmaniasis is caused by Leishmania parasites
that are transmitted by phlebotomine sandflies.
Visceral leishmaniasis (fatal without treatment)
and cutaneous leishmaniasis are the two most
common forms of the disease, which is prevalent
in 98 countries with 350 million people at risk.
Chagas disease is caused by the kinetoplastid
parasite Trypanosoma cruzi. Nearly 7 million
people are infected and the disease is endemic in
21 countries of Latin America.

Trypanosomes are very sophisticated parasites.
They perform exquisite antigenic variation; they
are able to use their flagellum for motility that is
important for infection in the tsetse fly and
animals; they have a complicated life cycle
whereby the parasite changes its cell form and
biochemistry to suit the vector or host
environment. Such intricate biology is
unfortunately harnessed to devastating effect.
The African trypanosome has been a fascinating
object of study by microbiologists for over 100
years. The challenge now is to continue to study
the exquisite details of its biology so as to
understand its pathogenic mechanisms – but also
to parallel that, in this century, with translational
science that makes a real difference to patients in
Africa.

There are no effective vaccines for these
neglected diseases and drug regimens rely on
rather old drugs with difficulties of administration
and side effects. Since the turn of the century
massive efforts harnessing public, private and
philanthropic partnerships have aimed to apply
modern molecular understanding to the parasite‐
host relationship and then translate discoveries
into targets, screens and ultimately better
diagnostics and treatments.
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Part of that effort was the work to provide the
sequence of the trypanosome parasite’s genome
and our laboratory played an important part in
that programme. One early outturn was that the
genome sequence explained some of the
intricacies of how the African trypanosome evades
the human immune system by changing the
nature of its antigenic surface coat. The single
celled parasite has nearly a thousand variant gene
copies encoding its one surface coat protein. One
parasite expresses only one variant gene and so its
surface is coated with a thick layer of millions of
copies of that one encoded protein. The immune
system recognises this protein eventually and
antibodies kill the parasites. However, a very few
parasites in the blood will have randomly switched
to express another gene variant and so these
escape the immune system and form another
wave of infection.
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26. ‘I’m pickin’ up good vibrations’: how nanoscale vibrations and
advances in microscopy are helping us in the fight against bacteria
Mark Murphy
The emergence of antibiotic resistant bacteria
has been identified as a serious global threat
to health. Antibiotic resistance occurs when
an antibiotic has lost its ability to effectively
kill bacteria or control their growth. There are
many reasons attributed to the emergence of
antibiotic resistant bacteria, the so called
‘superbugs’, including widespread misuse of
antibiotics, poor infection control and hygiene
as well as the absence of new antibiotics being
discovered. Therefore, we find ourselves in a
race against time to come up with novel ways
to combat this global emergency.

across the sample in a raster fashion (i.e. the
AFM tip is scanned across the sample line‐by‐
line). Deflection of the cantilever, as it tracks
across the sample, is recorded using an optical
lever detection system (Figure 2) and this
deflection signal is used to produce images
(Figure 3) or quantify single cell vibrations.

Recent advances in microbiology and
microscopy may offer new solutions to help
tackle this problem. In the last few years,
researchers have discovered that bacterial
cells vibrate however, until recently, these
tiny motions have been difficult to detect. Due
to the advancement of techniques such as
atomic force microscopy (AFM), we can now
detect and quantify these bacterial motions at
the nanoscale and it appears that these tiny
vibrations are linked to the metabolic state of
the organism.

Figure 1. AFM triangular cantilever, highlighting the AFM tip
(10‐20 nm diameter at the apex). Human hair included for size
comparison. Image taken using an inverted optical
microscope (x60 mag).

The ability to sense vibrations is offering novel
ways to study bacteria and may offer new
means for more rapid detection of
antimicrobial resistance to antibiotics. For
example,
conventional
antimicrobial
susceptibility testing (AST) is usually carried
out in clinical microbiology laboratories and
can take days to complete. However, using
AFM it now appears possible to determine the
effects of antibiotics on bacteria within
minutes. This is achieved by attachment of the
bacteria to the cantilever and recording any
changes in cantilever deflection following

AFM is arguably one of the most versatile and
powerful microscopy techniques for studying
samples at the nanoscale. It can be used to
capture high‐resolution images and also
measure sub‐nanonewton forces. The AFM
uses a cantilever (which essentially acts as a
‘force sensor’) with a small tip at the end
(Figure 1) to image samples and measure
forces. During imaging, the AFM tip is brought
into contact with the sample and scanned
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antibiotic
treatment.
Under
normal
conditions, the bacteria attached to the
cantilever will vibrate (caused by metabolic
activity within the cells) and this will result in
very small but detectable fluctuations of the
highly sensitive cantilever. Following
treatment with antibiotics, any changes in
cantilever deflection (i.e. dampening of the
cantilever motions) can be attributed to
bacterial vibration and thus to changes in
metabolic activity.

Figure 3. AFM contact mode image showing Pseudomonas
aeruginosa cells (left) and Staphylococcus aureus cell (right)
showing differences in morphology and surface structure.

Using this method, research is showing that
we can now detect metabolic activity in low
levels of bacteria and quantitatively screen
their response to antibiotics. This novel
approach has the potential to provide
improved AST thus potentially enabling
healthcare providers to offer more effective
and timely treatment regimes.
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Figure 2. Schematic of AFM. A laser beam is reflected off the
backside of a cantilever and onto a photo detector. Small
deflections of the cantilever (e.g caused by bacterial
vibrations) are detected by the movement of the laser spot
on the photodetector. This signal is fed into a digital signal
processor to quantify cantilever deflection.
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27. Lichens, key environmental bioindicators
David L. Hawksworth
Lichens may look like independent organisms,
but they are not. They are an ecosystem in
which a fungus forms an outside structure
which has other organisms living inside. The
most important of these are photosynthetic
algae or cyanobacteria, but numerous
specialized bacteria and other fungi can also
be living there or on the outside surface. It was
especially for lichen associations that the term
“symbiosis” was coined by the German
mycologist Albert B. Frank in 1877. The
various organisms involved each have their
own scientific names, but the association itself
has no name at all! For instance, Xanthoria
parietina (Figure 1) is strictly only the name of
the lichen‐forming fungus that provides the
overall structure to a lichen, but is used as a
sort of shorthand to refer to the whole
ecosystem. The fungi involved are mostly only
known as a part of a lichen association.

even rubber. In addition, they are slow
growing, often just a few millimetres each
year, extraordinarily long‐lived and can be
monitored at any time of the year.

Figure 2. (A) Bryoria fuscescens, forming a hair‐like lichen
indicative of acid bark (pH 3.5–5.5). (B) Thelotrema
lepadinum, a large‐spored species forming a crusty lichen
which is an old‐forest indicator.

They are particularly sensitive to sulphur
dioxide air pollution. Species vary in
sensitivity, some preferring more acid barks
(Figure 2A) and this made it possible to relate
lichen communities to the mean levels of this
pollutant in the air – and to estimate mean
concentrations. This is not just of academic
interest as it is the membranes of the
chloroplasts in the algae that are damaged by
sulphite and bisulphite ions, as are those in
chloroplasts in plants. The presence of
particular lichens was used to indicate where
commercial forestry could be practised, as
well as mapping air pollution patterns. When
the European Union came to define critical
levels of air pollutants that should not be
exceeded, the commended annual mean level

Figure 1. Xanthoria parietina, forming a foliose (leaf‐like)
lichen in nitrogen‐enriched habitats.

The associations are self‐sufficient, obtaining
their carbohydrate (and sometimes nitrogen)
needs from the included photosynthetic
partners, and water and minerals from rain
and dust in the atmosphere. This makes them
especially valuable as bioindicators of air
quality, as they respond directly to the
ambient conditions regardless of whether
they are growing on rock, wood, glass, iron, or
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of 20 µm/m3 was partly based on lichen
sensitivity.

the Chernobyl nuclear disaster to be traced
across Europe.

Many lichens were eliminated from large
areas of the UK and continental Europe by
sulphur dioxide air pollution until legislation
started to reverse the trend in the late 1970s.
There was a dramatic and rapid expansion of
lichens into central London following the
closure of the last Thames‐side power station
in 1983. London had just nine species on the
bark of trees in 1970, but in 1988 there were
49 species recorded on trees in north‐west
London, and the number has continued to
grow.

Their value as bioindicators is not confined to
air pollution. Some have large spores that do
not travel far, and have difficulties of re‐
establishment once eliminated from wood‐
lands. This enables them to be used as
indicators of the ecological community of
ancient trees in woodlands, especially as they
are always there to be surveyed (Figure 2B).
The range of old‐forest indicator lichens in a
site can be used to calculate an Index of
Ecological Continuity, and is now one of the
criteria used in determining woodland Sites of
Special Scientific Interest in the UK. If they
have many of these special lichens those sites
are also likely to be important for, example,
certain rare plants, mushrooms, bracket fungi,
beetles, or spiders.

Today, nitrogenous compounds, especially
nitrogen oxides, have replaced sulphur dioxide
as the main air pollutants of concern, and
lichens that thrive in nitrogen‐rich environ‐
ments have expanded exponentially over the
last 25 years. The yellow‐orange Xanthoria
parietina (Figure 1) is now commonplace on
twigs and branches in cities, along busy
roadsides, and in agricultural areas (where
nutrient‐enriched dust blows around and
crops are fertilized). This expansion is
exemplified by the behaviour of this species in
Albury Park, Surrey where it was only found on
gravestones in 1991, but was ubiquitous on
trees by 2016. If you see abundant yellow‐
orange lichen growths, you can be sure there
is a nitrogen pollution problem.

Sources of further information
Dobson FS (2018) Lichens: an illustrated guide to the
British and Irish species.7th edition. 520 pp. Slough:
Richmond Publishing. ISBN 978‐0‐9565291‐0‐7.
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Heavy metals, apart from copper, however,
are just mopped‐up by lichens which can
accumulate them internally to high
concentrations, often as complexes on the
surfaces of the hyphae and cells and so
outside the living protoplasts. Studying the
iron or lead content can be used to map
contaminated areas. This ability came to the
fore in 1986 as caesium‐136 accumulation
enabled the deposition of radioactivity from
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28. Pasteur and Lister through the microscope
John Grainger
Although yet to be known as ‘microbiology’,
the key developments in the subject in the
late 1800s came through the need to solve
practical problems in fermentation and
medicine. The seminal contributions of the
contemporaries Louis Pasteur (1822‐1895)
and Joseph Lister (1827‐1912) to advances in
these areas are well known but perhaps less
well appreciated are the particular con‐
tributions that microscopy made to their
achievements.

of the lactic acid bacteria many of which are
still of great importance in making dairy
products. In 1860 he published research on
alcoholic fermentation by yeasts, recording
that fermentation in a medium containing
‘sugar’ was paralleled by increases in the
number of yeast cells seen microscopically
and that their mode of growth was by
budding.
In 1861 he reported on ‘life without air’, i.e.
the first demonstration of the ability of
organisms to grow in the absence of oxygen
and be killed by its presence; such organisms
are now called ‘strict anaerobes’. He demon‐
strated the phenomenon in the production of
butyric acid by ‘animal infusoria’ in which he
described the presence of small cylindrical
rod‐shaped cells about 0.002 mm (2 µm) in
diameter and 0.002 – 0.02 mm (2 to 20 µm)
in length, sometimes curved, which occurred
singly or in short chains, were motile and
reproduced by binary fission. Clearly they
were not animals, as he believed at the time
because of their ability to move, but were
bacteria, later thought to be of the genus
Butyrivibrio which also occurs with other
butyric acid‐producing bacteria in the rumen
where butyric acid produced from
fermentation of cellulose is an important
component of the diet of cattle and other
ruminants.

Louis Pasteur
Pasteur published his research on the
production of lactic acid from ‘sugar’,
presumably sucrose, by fermentation in 1857.
Microscopy provided evidence that the
‘organised beings’ seen by previous workers
were not contaminants in an entirely chemical
process but were the agents responsible for
that process. He called them ‘lactic yeast’, a
derivation from the descriptions of ‘beer
yeast’ in alcoholic fermentation recorded
some 20 years earlier by Theodore Schwann
(1810‐1882) and others. However, Pasteur
noted that the ‘tiny globules’ that occurred
singly or in irregular masses, were much
smaller than beer yeast. For this work he
observed specimens in a wet mount on a
microscope slide, not in a dried smear stained
with a dye, an improvement in microscopy not
developed until some 20 years later by Robert
Koch (1843‐1910).

Pasteur then investigated alcoholic fermen‐
tation and described for the first time the
ability of yeasts to grow both in the presence
of oxygen and in its absence. He also noted
the different efficiencies of the two processes
as regards the rates of the growth of yeast and

The organisms that Pasteur saw were bacteria
which did not move across the microscope’s
field of view (i.e. they were ‘non‐motile’). They
were probably Streptococcus lactis, a member
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utilisation of ‘sugar’. Microbes that are able to
grow in the presence and absence of oxygen
are now called ‘facultative anaerobes’.

on antiseptics in surgery in 1867. Lister then
sought to establish the importance of using
pure cultures for studies in pathology turning
again to Pasteur for inspiration, this time to
his work on the lactic fermentation. Through
choosing to study the souring of milk, Lister
found a ready source of bacteria and a
convenient experimental system (Figure 2)
with a sterile liqueur glass (A) and lid (B)
beneath a glass dome (C) placed on a glass
plate (D).

The applications of Pasteur’s observational
skills in practice are well illustrated by his visit
to the Whitbread brewery in London in 1871.
Using his own microscope, because the
brewery did not possess one, he saw among
the yeast an abundance of ‘disease filaments’
in the outflow of some fermentation vats that
were suspected of showing signs of spoilage.
He counted the numbers of contaminants and
made drawings for the benefit of the Head
Brewer, and also noted their presence in the
deposit in some other casks after not finding
any in the liquid above the deposit (a lesson
for anyone learning to observe specimens
microscopically!). On returning to the brewery
a few days later, Pasteur found that a
microscope had been acquired and new
samples of yeast had been obtained (Figure
1).

Figure 2. Lister’s equipment for isolating pure cultures of
bacteria (from Transactions of the Pathological Society of
London)

He associated the coagulation and souring of
milk with the presence of a specific bacterium
which he described as non‐motile, oval cells
1/20,000 inches (about 1.3µm) in dimension,
occurring in pairs and chains of 3, 4 or more
cells and, crucially, noted that they were the
only microscopical form present in the soured
product. He named them Bacterium lactis.

Figure 1. A late 19th century microscope similar to one used
by Pasteur.

Joseph Lister

Lister’s procedure was to dilute a sample of
sour milk until microscopic examination of
several separate specimens revealed the
presence of on average only a single
bacterium in a field of view. He saw the need
to examine several specimens because he was
the first to realise that the viewable volume of
one specimen was too small to be certain that

The first method for isolating micro‐organisms
in pure culture was devised in 1875 by Oscar
Brefeld (1839‐1925) working with fungi. The
same advance with bacteria was first achieved
in 1878 by Lister who, stimulated by Pasteur’s
observations on the presence of micro‐
organisms in the air, had published his work
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only one type of organism was present in the
whole sample, i.e. it was a pure culture. By
showing that the milk had been caused to sour
by the action of a pure culture, he confirmed
Pasteur’s conclusion that bacteria are
responsible for the lactic fermentation.
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Lister’s method for obtaining pure cultures
had disadvantages as it was cumbersome and
only suitable for making a pure culture of the
predominant organism in a mixed population.
It was soon overtaken for routine use in 1881
by the simpler and more direct use of solid
surfaces introduced by Koch. Nevertheless
Lister had created the first method for
obtaining bacteria in pure culture and had
illustrated the principle that a particular
bacterium is responsible for a specific disease.
Furthermore, he used microscopy to estimate
the number of bacteria present per ml of the
soured milk by knowing the dilution of the
sample, measuring the volume of diluted
sample added to the microscope slide,
counting the number of cells in a field of view
and measuring the area of the field of view.
Nowadays his dilution principle is the basis for
the Most Probable Number Method for
estimating the number of microbes in a liquid
sample which is still used in the bacteriological
examination of drinking water supplies.
It has been argued that perhaps for more than
most other sciences, early developments in
microbiology depended on improvements in
microscopy because in the late years of the
19th century the resolving power of
microscopes left much to be desired. It is
interesting to consider how differently the
subject might have developed had the limits
of microscopy not been improved by Ernst
Abbe (1840‐1905) who introduced the oil‐
immersion lens and an effective condenser
and by Koch’s contributions (see article:
Bacterial endospores: their roles in resolving
the spontaneous generation controversy and
understanding cell development).
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29. Bacterial endospores: their roles in resolving the spontaneous
generation controversy and understanding cell development
John Grainger
scopically as refractile structures in a wet mount
and unstained areas in a simple stain (Figure 1).
Differences in shape, position and width are
characteristic of different species of the genera,
e.g. Cl. tetani has circular, terminal endospores
wider than the vegetative cell (Figure 2).

The function of bacterial endospores is survival.
They are dormant structures which enable the
small number of genera which produce them
tolerate extreme conditions of temperature,
radiation,
acidity,
chemical
disinfection,
desiccation and starvation for long periods. Some
have been recovered from samples that are
several thousand years old. The best‐known
genera of such bacteria are Bacillus and
Clostridium which are widely distributed in soil
and associated environments†. Some species
cause disease, e.g. anthrax (B. anthracis), tetanus
(Cl. tetani) and gangrene (Cl. perfringens), and
food poisoning (B. cereus and Cl. botulinum);
others are beneficial in making products such as
antibiotics (e.g. B. polymyxa) and insecticides (e.g.
B. thuringiensis).

Figure 2. A stained preparation of Clostridium tetani, the
causative organism of tetanus (lockjaw), with endospores
(unstained) that are terminal and wider than the vegetative
cell. A stained immature endospore is also present.

The spontaneous generation controversy
Although Francesco Redi (1626‐1697) disproved
the idea that organisms arise spontaneously from
non‐living matter, such as maggots from meat, the
notion of protozoa and bacteria being generated
spontaneously from vegetable and animal
infusions persisted. It took another 200 years
before the theory of spontaneous generation was
finally dismissed by a variety of additional
observations in the late 19th century. All these
observations arose from relatively simply
designed experiments which indicated that some
forms of life have an ability to survive heat which
was shown to be by the formation of endospores.
Many workers entered the debate and made
significant contributions. For example, Lazarro
Spallanzani (1729‐1799) in subjecting vegetable
and cereal seeds to different conditions of heat in

Figure 1. A stained preparation of species of an endospore‐
forming bacterial genus with endospores (unstained) that are
central or sub‐terminal and not wider than the vegetative cell.

Endospores are so‐called because they are formed
within the vegetative cell. Unlike the many
(exo)spores that fungi produce which enhance
their dispersal, only one endospore is formed in a
vegetative cell. They are readily visible micro‐
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on antisepsis in surgery, Tyndall demonstrated
that hay infusions†† contained very large numbers
of heat‐resistant forms of bacteria that survived a
single exposure to boiling. However, sterilisation
could be achieved by boiling on successive days if
the material was maintained at room temperature
between treatments. The reason is that as well as
destroying heat‐sensitive vegetative forms and
some endospores, boiling activates surviving
endospores to return to the heat‐sensitive
vegetative state during the period at room
temperature and are killed by the next boiling
treatment. The procedure became known as
‘fractional sterilisation’ or Tyndallisation which is
now rarely needed with the introduction of the
autoclave.

open and sealed vessels showed that open vessels
yielded many more ‘animalcula’ than sealed ones
and some types were more sensitive to heat than
others. His observations were confirmed much
later by Theodore Schwann (1810‐1882) who
demonstrated that boiled meat infusions did not
putrefy when air fed into the vessel was heated
before entry. Louis Pasteur (1822‐1895) also
improved Spallanzani’s procedure with his famous
‘swan neck’ flasks (Figure 3).

Tyndall’s demonstration of the significance of the
heat resistance of endospores having not been
fully taken into account led to the final demise of
the theory of spontaneous generation. Mean‐
while, Pasteur was lucky that his close association
with fermentation had led him to work mainly
with fruit juices which did not contain the vast
numbers of endospores found in hay infusions!

Figure 3. A Pasteur flask from 'Annales des sciences
naturelles’ 1861.

The special feature of the flasks was to have the
neck drawn out sideways to form a narrow, curved
tube. Air could enter a flask but any dust carried
with it became deposited within the curved tube
and therefore did not contaminate the sterilised
contents, variously yeast, urine, sugar beet juice,
pepper water and milk. The flasks were easy for
others to make and use and thereby accept his
conclusions which became one of the turning
points in the controversy. The features
responsible for heat resistance became known as
‘spores’ (see Cohn and Koch below) and the
controversy seemed to be coming to its end.
However, it lingered because some attempts to
repeat these experiments failed because of
contamination, largely caused by careless
technique in general as well as because the
standard way of achieving sterilisation, i.e. boiling,
was not always effective. John Tyndall (1820‐
1893) was one who had found great difficulty in
achieving reliable sterility which led to his results
being highly variable but he was so confident in
the theoretical basis of his research that he looked
for inadequacies in his own technique. Hitherto
experiments had largely been done with meat and
yeast but Tyndall was working with hay infusions.
Inspired by the work of Joseph Lister (1827‐1812)

Towards understanding cell development
Research into the complex changes in the
biochemistry and genetics of the life cycle of
endospore formation and regeneration to the
vegetative state has provided a model for wider
studies on cell development and differentiation,
gene expression, intercellular communication and
cell morphogenesis.
Understanding the cycle began with Ferdinand
Cohn’s (1828‐1898) observation that refractile
bodies in boiled hay infusions ‘germinated’ into
vegetative cells again when added to sterile hay
infusion. He called the bodies ‘spores’ and named
the bacterium Bacillus subtilis. His observations
were confirmed by Robert Koch (1843‐1910) with
B. anthracis inoculated into laboratory animals
during his famous proof that a specific micro‐
organism could cause a specific disease.
Collaboration with Cohn made Koch aware of the
inferiority of his own microscopes, his
improvements to which were part of his other
major contribution to biology by encouraging the
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use of oil immersion lenses, the Abbe condenser
and photomicrography, and by developing new
staining techniques.

† see www.misac.org.uk/activities.html (Activity 2) for
a practical investigation on bacterial endospores in soil

More recent research shows that endospore
formation is induced by depletion of an essential
nutrient for growth, not by unfavourable
conditions in general. The process is very complex,
taking several hours for the production of a
mature endospore during which period new
structures are formed and new substances
synthesised in a precise sequence of 7 genetically
directed stages. Transformation of dormant
endospores into vegetative cells is also a complex
but quicker process of 3 stages, i.e. activation,
germination and outgrowth. Activation can be
promoted by sub‐lethal heat treatment which is
relevant to the success of Tyndall’s investigations
mentioned above. Germination is triggered by
normal metabolites or provision of nutrients.
Reasons for the remarkable resistance of mature
endospores are less well understood.
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30. Landfill disposal of domestic refuse: what a load of rubbish!
John Grainger
Some 30 million tonnes of domestic solid refuse
and waste from commerce and industry are
generated each year in the UK. The material is
dealt with by disposal to landfill and by
composting, incineration and recycling of which
landfill is the mostly widely used. Landfill sites are
constructed either as heaps on open land or by
filling exhausted gravel and sand pits with the
long‐term aim of beneficial re‐use for building,
agriculture or recreational purposes.

The various components of refuse differ in their
susceptibility to microbial degradation. For
example, putrescible food is more readily
degraded than are paper, card and wood which
contain cellulose and lignin. In the UK the large
majority of all the plastic material manufactured is
eventually disposed to landfill but only some types
are degradable and then only very slowly.
Estimates of the time taken for plastic bags and
bottles to be degraded in landfill range from 10 to
500‐1,000 years depending on their composition.
Government actions to discourage landfill and
address the overall environmental problem
caused by used plastic containers are now being
accompanied by merchandiser initiatives such as
using starch‐based biodegradable plastics as
wrapping materials. In addition, there is an
increased interest in research on microbial
degradation of plastics (see Article: Time for the
plastic eating fungus? – G Robson & D Moore).

The components of refuse differ markedly from
country to country and also change over time with
new developments such as the use of plastics and
synthetic textiles, introduction of electronic
devices, increased attention to glass and metal
recycling, and separate treatment of garden and
food waste. An example of the composition of
domestic refuse in the UK is given in Figure 1.

Component
Paper, card and wood
Food
Garden
Plastics
Glass
Metal
Textiles
Non‐combustibles
Combustibles
Other

Weight (%)
22.7
17.8
14.2
10.0
6.4
4.3
2.8
2.8
2.5
16.5

Landfill sites as bioreactors
Micro‐organisms are grown on an industrial scale
in large vessels called bioreactors. The purpose
might be, for example, sewage treatment or for
making such products as beer, mycoprotein or
antibiotics in the more carefully controlled
conditions provided by fermenters. Although
different from these examples in many ways, a
landfill site is a form of bioreactor controlled by
the same basic principles that govern microbial
growth and activities.

Figure 1. Example of the composition of UK domestic refuse

The major factors which affect microbial activity in
landfill are aeration, moisture, temperature, pH
value, nutrient supply, extent of mixing, the types
of microbes naturally present on the refuse and
time. Anaerobic conditions are achieved by
mechanical compaction of each day’s layer of
refuse, supplemented by removal of remaining
oxygen by growth of moulds and other oxygen‐

The major biological activity in landfill takes place
in its depths through the digestion of
biodegradable components by microbes that grow
anaerobically, i.e. in the absence of oxygen,
though a contribution is also made in the surface
layers by aerobes, i.e. those that require O2.
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other in ways which would not occur in
monoculture. For example, H2‐utilising bacteria
remove H2 produced by other bacteria which
would otherwise reach inhibitory levels. Similarly,
end product inhibition of cellulose degradation
caused by accumulation of cellobiose, a di‐
saccharide intermediate in the conversion of
cellulose to glucose, may be relieved by another
organism which produces a β‐glucosidase enzyme.

requiring organisms. Moisture levels are
dependent on rainfall, draining of which through
the site also influences migration of micro‐
organisms and products of their metabolism and
collects at the base of the site. Temperature is
controlled by environmental conditions and is
elevated by energy released from microbial
activity. Time‐scales are measured in years.

A mixed community of anaerobic microbes is
responsible for a process that consists of three
physiologically different sequential stages, i.e.
fermentation, acetogenesis and methanogenesis
(Figure 2). The end products which attract
particular attention are biogas, i.e. methane (CH4)
+ carbon dioxide (CO2), and ‘leachate’ which is the
term given to the liquid, containing volatile fatty
acids (VFAs), e.g. butyric acid, and other products
of microbial metabolism, that accumulates at the
base of a landfill. The design of a landfill site
includes incorporating wells and pipes for the
controlled evacuation of biogas and sealing the
base with compacted clay or other Impermeable
material to prevent leakage of leachate into
surrounding land and watercourses. However,
there are many old, closed sites which were
established before these design features were
required.

In the acetogenesis stage specific groups of
bacteria convert VFAs, principally butyrate and
propionate, to acetate, CO2 and H2. This is
followed by methanogenesis, the slowest of the
stages, in which acetate is converted to CH4 and
CO2, and H2 is combined with CO2 to form CH4 and
H2O. Methanogenesis is accomplished by a group
of morphologically diverse organisms known as
methanogens, e.g. Methanobacterium, which are
members of the Archaea (archaebacteria).

A similar series of stages that produce CH4 also
occurs in lake mud, the first stomach of ruminants,
e.g. cattle and sheep, where products are crucial
components in animal nutrition, and sewage
treatment works where biogas produced by
anaerobic digestion of sludge separated after
aerobic treatment is used to generate electricity.
In agriculture, anaerobic digestion of slurry is now
being actively developed as a possibly significant
contributor to improving sustainable farming.

The large capacity, high solids content, absence of
mixing and consequent uneven distribution of
moisture that characterise landfill sites contribute
to slower microbial activity than in the fluid, mixed
contents of the rumen and anaerobic digesters at
sewage treatment works. Effects on microbial
activity of differences in moisture content
resulting from lack of mixing can be demonstrated
by studying samples taken from layers of a landfill
core. For example, Grainger et al., (1984) showed
that the higher levels of amylolytic, proteolytic
and cellulolytic enzyme activity were recorded in
the surface layers, where moisture levels were
maintained by rainfall, but decreased progress‐
ively as moisture levels decreased with depth.
Marked increases in activity were observed again
in samples taken at levels near to and within the

Figure 2. Pathways of methane generation

Landfill microbiology
During fermentation, Clostridium spp. and other
anaerobic bacteria convert carbohydrates,
proteins and lipids to sugars, amino acids and fatty
acids, and then to acetate, butyrate, propionate,
hydrogen (H2 ) and CO2. Naturally‐occurring mixed
microbial populations often interact with each
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residual fluid, i.e. the leachate, at 7‐10 m core
depth. Parallel increases were observed in VFAs
produced from products of these and other
enzymatic activities and in the subsequent yields
of biogas. Molecular methods that are now used
in ecological research enable the amounts and
identities of microbes in landfills and their
locations and interactions to be studied more
precisely.

Further reading
Kuntin D (2018) How to reduce your lab’s plastic
waste. The Biologist 65 (6) 28‐31.

Reference
Grainger J M, Jones K L, Hotten P M & Rees J F
(1984) Estimation and control of microbial activity
in landfill. In Microbiological Methods for
Environmental Biotechnology eds Grainger J M &
Lynch J M, pp 259‐273. London: Academic Press.

Environmental concerns
Biogas extraction from landfills on a commercial
scale began in the UK in the 1970s with gas being
piped to local factories for firing kilns and
furnaces, heating steam boilers or generating
electricity. However, 20 years later the debate on
combating global warming drew attention to the
consequences of uncontrolled release of biogas
from landfill sites because as a greenhouse gas CH4
is some 30 times more potent than CO2 and also
presents a fire hazard. These concerns together
with a decrease in availability of suitable locations
for new sites led to European Union and national
legislation aimed at reducing the use of landfill
sites and increasing other means of disposal and
recycling.
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Although the amount of refuse disposal to landfill
is being reduced, a responsibility remains for the
management of existing closed and active sites.
After closure, sites are capped with a cover such
as clay and an impervious membrane overlain by a
layer of soil for a period of restoration during
which release of biogas can be controlled through
a series of wells and pipes. Restoration may last for
decades during which time microbial activity
continues until it has decreased sufficiently for
permission for re‐use to be granted. Monitoring of
stability, biogas release and quality of nearby
ground water is maintained throughout re‐
storation. The standards required and therefore
the length of the restoration period depend on the
nature of the intended development, e.g. more
stringent limitations are applied for building
purposes than for recreational use. Concern is also
being expressed about the possibility of con‐
tamination of soil and water with small particles
released during the long, slow degradation of
plastic materials.
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31. DIY smartphone microscope
John Schollar

The practice of using glass spheres as lenses
to magnify objects goes back to Anton van
Leeuwenhoek who designed a single lens
microscope over three hundred years ago. It
is possible to design lenses in a microscope to
magnify objects today, in the school
laboratory, utilizing modern technological
developments. Articles on the internet
explain how to use glass beads as lenses to
magnify objects using smart phones. One
site allows you to download information for a
3D printer to print a holder for the glass
bead. Setting up the unit and getting good
results is, however, a little fiddly and can be
time consuming so, for the classroom, the
use of a lens from a laser pointer is
recommended. There are articles on how to
remove the lens from cheap laser pointers,
but the best way is to buy the lens directly
from a supplier. The lenses can be obtained
easily and cheaply on the internet from a
range of suppliers in China.

phone in a set position and allows the slide to
be moved up and down to ensure the image
can be focused by the phone (Figure 1). A
battery‐powered LED light unit allows illum‐
ination of the slide, producing a brighter,
clearer image on the phone. The construction
requires a small amount of DIY with Lego™
bricks. Four bricks need to be modified: two
plates and two bricks (blue and red in Figure
1A respectively). A 5 mm diameter hole is
drilled into the bricks, to allow the plastic
bolts to fit through the bricks (Figure 1B). The
two plastic bolts and plastic wing nuts hold
the stage in place and allow it to be moved
freely up and down.

Many pupils have smart mobile phones with
a camera and, with a plastic laser lens and a
little care and effort, the phone can be
modified to work as a microscope. If the lens
is attached correctly to the phone, it will
allow images to be magnified approximately
75 times. Many phones can also enlarge the
image by zooming in and producing a greater
magnified field of vision. Mobile smart phone
microscopes can be used to examine a range
of prepared microscope slides, as well as wet
mounts of fungi, yeasts and algae.

A

B

Figure 1 (A) Both the red cube bricks and the blue plates
have been drilled to allow the insertion of the white plastic
bolts with wing nuts (arrowed). (B) Assembly of the slide
stage: A 5 mm hole drilled in a 2 x 2 brick and a 2 x 8 plate.
Plastic bolt and wing nut with a washer and metal nut. The
metal nut and washer hold the plastic bolt tight to the blue
plate which allows the wing nut to raise and lower the stage.
The 5 mm hole is the same size as the inside dimensions of
the plastic tube found on the undersides of the brick. The
drill can be easily guided down the tube to cut the hole in
the brick.

To obtain clear images it is advisable to build
a holding frame for both the phone and the
slide. The one described here holds the
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The lens is attached to the phone with a
small piece of masking tape or sellotape. A
paper punch is used to cut a circular hole in
the middle of the small piece of tape. The
lens suggested for use here is just fractionally
larger than the hole and can, with care, be
placed on the tape so that the lens is
attached all the way round the edge of the
hole (Figure 2A). The lens can then be fixed
to the phone with the tape, so that it fits
exactly over the phone’s camera aperture
(Figure 2B).

round, but it will work better ‐ the field of
view will be larger ‐ if you follow the sugg‐
ested orientation. For the connoisseur, two
lenses can be placed one on top of the other
which will produce increased magnification.

A
Figure 3. Lens showing the thin transparent rim.

The stage on which the microscope slide
rests is made from milky Perspex. Clear
Perspex can be used, but a sheet of thin
white paper cut to size will need to be used
to disperse the light. The Perspex used to
construct the microscope stage, as shown,
was 2 mm thick and measured 150 mm x
40 mm (Figure 4). Two holes were drilled in
the Perspex stage to line up with the plastic
bolts and wing nuts. The holes were drilled
with a 6 mm drill bit, to ensure the Perspex
stage rests on the wing nuts and can move up
and down freely when the wing nuts are
rotated. Free movement of the stage is
essential to ensure specimens can be focused
by the lens which is fixed to the phone.

B

Figure 2 (A) Tape attached to the rim of the lens. The hole
cut just fits over the lens rim. (B) Lens positioned on the
phone and held in place with tape.

A little care is needed to ensure correct
alignment of the lens over the camera
aperture. It is often easier to place the phone
upside down with the camera aperture facing
upwards. The lens is attached to the tape and
then carefully lowered onto the phone and
the tape used to fix it in place. The lens used
to make the microscope above, was a high
quality laser pointer lens with clean surfaces
(a 7 mm x 3.3 mm lens with a focal length of
6.8 mm constructed of PMMA‐Perspex).
On close examination of the lens from the
side, you will see that one side has a thin
transparent rim whilst the other has none
(Figure 3). The rim side of the lens should
face away from the camera lens. The other
side with no rim should be against the phone.
The laser lens could be placed either way

Figure 4. Perspex stage dimensions.

There are two methods to illuminate the
specimen. One way is to purchase from
internet sites a modified transparent Lego™
brick which contains batteries and a LED bulb

This article is one of a number invited as part of the MiSAC 50th anniversary celebrations. The articles are written by experts and are
both up to date and relevant to microbiology in schools. MiSAC is grateful to all contributing authors. Copyright © MiSAC 2019.
2

(Figure 5). Alternatively, you can obtain a DIY
electronic kit from Electron Laboratory
Products. It has produced a special Lego™
LED Printed Circuit Board kit (Figure 5). The
PCB fits directly on the brick, but needs a
little soldering to build. Some experience of
soldering is required; a novice might have
issues with attaching the minuscule current‐
limiting resistor.
The advantage of this circuit board is that it
has two holes which fit on the lugs of the
Lego™ plate and thus holds the LED in place
below the Perspex stage. The unit is powered
by a 9 volt battery which means the light can
be used for a long time.

Figure 6. Phone and holding unit.

Comparative fields of vision on a smartphone
Ruler

(A)

Figure 5. Left: a clear Lego™ brick with LED and battery fitted
inside the brick. Right: PCB with LED and minuscule resistor
(arrowed) fitted onto the studs of a Lego™ plate.

Single lens

Lens and phone magnification

(B)

(C)

Figure 7 (A) The field of view of the smart phone screen was
4.5 cm. (B) When a lens is used with the phone only, 0.6 cm
of the ruler is now visible. (C) If the phone magnification is
also used, then only 0.1 cm of the 4.5 cm ruler is visible on
the phone screen. This means that there is a x 75 magnific‐
ation with the single pointer lens and a maximum of x 450
with the lens and phone. Different phones will have different
fields of view and phone enlargement, so each will need to
be calibrated to work out the magnification.

The phone holder (Figure 6) is constructed
from Lego™ bricks, which can be obtained
from internet web sites that supply bricks or
from the Lego™ Brick web site.

The following images were taken with a
smart phone (iPhone SE) + a single laser lens.

List of bricks used per unit:
Base plate: 16 x 16 or 24 x 24 studs
Bricks: 2 bricks
2 bricks
16 bricks
14 bricks

2 x 2 studs
2 x 2 studs (drilled hole)
2 x 4 studs
2 x 10 studs

Plates: 18 plates 2 x 6 studs
8 plates 2 x 8 studs
2 plates 2 x 8 studs (drilled hole)

Figure 8. Pond algae using a wet mount (x 450)
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A

Information for construction

B

Laser lenses obtained from AliExpress
https://www.aliexpress.com/item/HJV‐7‐Wholesale‐Retail‐
Laser‐Lens‐Laser‐pointer‐lens‐Clean‐surface‐Size‐7X3‐3mm‐
PMMAmaterials/32229025388.html?spm=a2g0s.12269583.
0.0.3c45fa3bCOAV4f Seller: Jarmay store

Nylon standard wing nuts M5 / 5 mm, Item ID
111926847350 (Pack of 20), ebay seller: Bolt‐world
Nylon bolts M5 x 50 mm long, Item ID 141774408269.
(pack of 10), ebay seller: Spares immaculate

Figure 9 (A) Rhizopus fungal mycelium and sporangia (x 75).
(B) Magnified region of wet mount at highest magnification
(x 450).

Acrylic (Perspex) slide stage: The Plastic Man
https://www.theplasticman.co.uk/index.php?area=calculato
r&gclid=EAIaIQobChMIo_7h4tbd3wIVArDtCh1sLg‐
HEAAYAyAAEgKP3vD_BwE#calc

Lego bricks: https://pickabrick2.brickowl.com
Lego Shop: https://shop.lego.com/en‐GB/PAB‐Bricks
White plate 2 x 6 studs (379501)
Blue plate 2 x 8 studs (303423)
Grey base plate 16 x 16 studs (6004927)
Red brick 2 x 2 studs (300321)
Grey brick 2 x 4 studs (4211085)
White brick 2 x 10 studs (4617855)

Figure 10. Microscope slide: Pileus T.S. of field mushroom
Agaricus campestris (x 150)

A

Light PCB, Elektorized Lego LED kit (150244‐71)

B

https://www.elektor.com/legoled

2 x LED Lunar lights compatible with Lego blocks
white light & battery, Item ID 173192897169, ebay
seller: kidzcrazefun
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Figure 11 (A) Black bread mould fungus; mycelium and
spores collected using sticky tape (x 150). (B) Penicillium
growing on a dried grape (x 450).
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32. Arbuscular Mycorrhizal Fungi: how plants managed to colonise land
David Atkinson

Have you ever wondered how life became
established on land? and what were the
challenges faced by the first plants as they
moved from an aquatic environment? Plants,
which had been used to getting nutrients,
such as N and P, in soluble forms from water
and having water around them at all times had
to find new ways of accessing both water and
nutrients. Then there were the effects of
direct exposure to sunlight, which powered
photosynthesis, but could also generate
damaging free radicals. The surmounting of all
these challenges was aided by a partnership
between plants and arbuscular mycorrhizal
fungi (AMF).

with its soil environment (Figure 1). The
hyphae give a surface for absorption, which is
much greater than that of the root surface
area alone. This connection between plant
and soil was key to plants being able to survive
the hostile environment found on land.

Figure 1. Arbuscular Mycorrhizal Fungal Hyphal (the purple
fibres) development in the media around a root (the black
structure at the top left of the figure). The hyphae provide a
large surface for absorption from the growth media and
penetrate the root cells establishing arbuscles in the plant
tissue for the transfer of absorbed materials.

From the beginning of plant life, they have
been associated with fungi. We often think of
fungi as being harmful and some fungi are but
there are also symbiotic relationships, such as
mycorrhizas, which occur in almost all plant
families. There are two broad categories of
mycorrhizal association. In an endo‐
mycorrhizal association, like AMF, which is
geologically older and more ubiquitous, the
fungus penetrates the cortical cells of the root
and develops highly integrated association.
This form of association is found in most
herbaceous plant and some trees. In contrast,
in the alternative ectomycorrhizal association,
the fungus forms a sheath around the outside
of the root. This type of association is found
in most trees. Different species and types of
fungi are involved in these two associations. In
both cases the root‐associated fungi connect
with hyphae which extend out into the soil
thus extending the plant’s access to soil
resources and better connecting the plant

AMF are a distinct taxonomic group within the
fungi. The fungal hyphae have no cross cell
walls and contain several nuclei. They do not
have a sexual stage and reproduce through
asexual spores. Their long association with
plants is such that they are no longer capable
of independent existence. The association
between plants and AMF has existed for
around 500 million years i.e. from the
Ordovician period. The success of this
mycorrhizal association is such that currently
almost 80% of plant species, from mosses and
ferns to apple trees, have an AMF partnership.
Following initial contact between the plant
and fungal partners, the fungus penetrates
the wall of a root cortical cell and branches
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within the cell so as to produce a tree like
structure, the arbuscule. This has a fungal
membrane on the fungal side and a plant
membrane on the plant side of the
association. It thus resembles the transfer
cells found in other plant tissues such as the
phloem where a folding of the membrane
provides a large surface for nutrient
exchanges. The arbuscule thus allows the
fungus to receive photosynthetic assimilates
from the plant and the plant to receive
mineral nutrients absorbed by the fungus
from the soil. It also facilitates the exchange of
signal molecules.

which is better able to cope with the range of
physical biological and environmental
stresses, which are part of life on land.
Thus infection with AMF results in a number
of plant genes being either up or down
regulated i.e. they are more or less active in
the production of genetic messengers,
following infection. Plants have to flourish in
the presence of potentially harmful
microorganisms some of which are other fungi
or protozoa. This is another of the challenges
of life on land. Genes which are up regulated
to produce more RNA in the presence of
harmful microorganisms such as pathogenic
fungi, are down regulated with AMF, a sign of
the integrated nature of the relationship.
Gene up regulation in the presence of a
pathogen can result in structural changes to
the morphology of the plant making it harder
to infect, to the production of chemicals toxic
to the pathogen or to an increased ability by
the plant to flourish in the presence of
infection. Infection with AMF thus increases
the resistance of some crop plants to infection
by significant pathogenic fungi such as
Rhizactonia,
Fusarium,
Verticillium
Phytophthora and Pythium. An example of
these effects is shown in Figure 2.

Whilst all of the above is functionally
important, the mycorrhizal association is
more embracing than a mere exchange of
simple chemicals. The relationship begins
when the fungus approaches a root in the soil
‐ underground communication, a transfer of
information, begins. Much of this is molecular
and involves the genome expression of both
partners. For example, the initial contact
between plant and fungus does not initiate
rejection, as would be the case with
pathogenic fungi. In addition, the partnership
results in structural changes and a high degree
of physiological, biochemical and molecular
integration in both plant and fungus.
Arbuscule differentiation and changes to gene
transcription within the cells of the root
rapidly cause a reorganisation of the contents
of the host cell. There are also changes in the
activity of the genes such as those coding for
proton pump ATPases which move nutrients
across membranes and to the plant‐fungal
interface so as to facilitate movement of
assimilates and of RNA and other messengers.
Some plant genes involved in nutrient uptake
are down regulated because the fungus has
taken over responsibility for this activity. The
cumulative effect of these changes is a plant
which is better tuned to its external
environment and better provided with
mineral resources and, ultimately, a plant

Figure 2. The impact of AMF and Pathogen infection on
tomato growth

This shows tomato plants (Lycopersicum
esculentum) which have been grown in
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solution culture either with or without (the
control) AMF (Glomus intraradices) or a fungal
pathogen (Phytophthora parasitica) or in the
presence of both AMF and the parasite. In the
presence of AMF growth is similar to that of
the control but the shape of the plant is
changed. In the presence of only the pathogen
the size of the plant is greatly reduced and is
likely to die. If both AMF and the pathogen are
present then while the size of the plant is
reduced, particularly its height, it is
withstanding the adverse impact of the
infection and is likely to survive and produce
fruit.

soil in areas where plant roots have yet to
reach and to indicate potential restrictions to
water availability. This allows plants to modify
where the root system develops in soil and
reduce their water loss by closing their
stomata earlier or more completely. This is
another aspect of plant regulation under
hormonal control and influenced by
mycorrhiza.
The need for the plant to supply the fungus
with the products of photosynthesis, which
might otherwise have been used for plant
growth, could be considered a downside of
the symbiosis. However, infection by AMF can
increase the rate of photosynthesis. This
increased activity may also permit the faster
turnover of photosynthetic intermediates
such as ATP and as a result help reduce
damage, which can be caused by the creation
of free radicals in the plant cells by the energy
contained in sunlight. The plant AMF
association is thus wholly integrated and
whilst plants can exist without the fungal
partner, the uninfected plant is restricted in its
performance under stressful conditions and is
less responsive to its environment.

In addition to all of the above there are also
subtle changes to the form of the plant as a
result of infection with AMF. For example,
infected plants have a more branched root
system and a higher number of orders of
branching. This impacts on the amount of
carbon invested in the root system and in the
length of time that roots survive in the soil.
This is important in the context of climate
change as it results in an increased storage of
carbon, originally derived from the
atmosphere, in soil organic matter where it
can remain for long periods of time.
Root system morphology also impacts the
ability of the plant to respond to changes in
soil resources such as the changed water and
nutrient availability, which happen in periods
of drought. Changes in morphology result
from AMF influencing plant hormone
regulation and cell division within the root
system. Providing an adequate supply of
water has always been one of the greatest
challenges of life on land. AMF impact plant
water relations. The diameter of individual
hyphae, commonly 1‐5 microns, suggests that
enhanced water transport to the plant
through the fungal hyphae is probably not the
major mechanism for water absorption. AMF
can, however, act as biosensors. Their hyphal
network (Figure 1) allows them to sample the
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33. How can algae infect farmed fish?
Pieter van West

Aquaculture. Over the past years, worldwide
fish farm production has increased year on
year. As a result, aquaculture is the fastest
growing food sector in the world. Production
has increased from 13 million tonnes of fish in
1990 to 73.8 million tonnes in 2014 (FAO
Fishery Information). Fish farming has now
overtaken beef (68 million tonnes in 2014) as
a food source. With wild fish production
stagnating, the growth in overall fish
production has come almost entirely from the
global boom in aquaculture, especially in
developing countries (Figure 1). Fish farming
now represents more than 44% of total fish
production. The majority of global production
comes from freshwater aquaculture (47.1
million tonnes), followed by marine culture
(26.7 million tonnes). In the foreseeable
future, it is highly likely that aquaculture will
remain the greatest source of increased fish
production.

of the food that we feed the fish in
aquaculture is fish meal made from wild fish
caught at sea. Obviously, this is not ideal
because we would really like to catch less fish
in the wild to keep our biodiversity and fish
stock levels high enough to sustain a healthy
population of whales, seals, fish and birds that
also feed on wild fish. Another problem that is
affecting fish farms around the world are
emerging fish diseases. Indeed, the largest
cause of economic losses in aquaculture is
from diseased fish. Fish infections can be
caused by several groups of pathogens
including viruses, bacteria, fungi, parasites
and oomycetes.
Water moulds. Some of the most devastating
diseases of plants and animals, are caused by
oomycetes, also known as water moulds. They
can inflict enormous economic and
environmental damage in both natural and
cultured ecosystems. Although these
organisms look like fungi, they are in fact more
closely related to some algae, such as diatoms
and kelp. Phytophthora infestans is the best‐
known water mould. It is one of the most
destructive plant pathogens in human history
and caused tremendous human suffering in
the mid1840s when potato crops failed in
Ireland and Scotland, resulting in widespread
famine. Other Phytophthoras can infect
soybean, cocoa trees, various fruits,
rhododendron and numerous trees. Almost
every plant species is susceptible to one or
more species of Phytophthora. Other
oomycetes are responsible for serious
infections in animals. For example,
Lagenidium species infect mosquito larvae,

Figure 1. Carp farming in India (Uttar Pradesh)

To allow continued sustainable growth of the
sector, we need to tackle a few problems that
the industry is facing. For example, a large part
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Halioticida infects abalone (shellfish) and
lobster eggs, Saprolegnia species can infect
insects, amphibians and fish, whereas
Aphanomyces species can infect crayfish and
also fish. Two very destructive oomycete
pathogens on fish are Saprolegnia parasitica
and Aphanomyces invadans. S. parasitica can
kill up to 10% of salmon, trout, tilapia, catfish
and many other fish species, whereas A.
invadans infects pre‐dominantly carp species.

parasitica is able to suppress the immune
response in fish by expressing several effector
proteins that are likely to be critical to achieve
an infection. Effector proteins are secreted by
the pathogen and help with the infection
process. If untreated, Saprolegnia leads to
death by osmoregulatory failure.
Molecular studies of Saprolegnia parasitica.
Saprolegnia parasitica, like plant‐pathogenic
oomycetes, employs highly specialised
infection structures and is able to secrete
effector proteins, which can translocate into
host cells to manipulate the host. Recently our
research group showed that a particular
effector protein, SpHtp3, can enter fish cells.
We found a sequence motif at the end of
SpHtp3 which is responsible for uptake into
host cells; when this sequence was mutated,
SpHtp3 was unable to enter the cells. The
uptake process is helped by a receptor located
in the fish cell membrane. SpHtp3 is
translocated into the cell via small vesicles
that seem to bud off from the membrane and
is subsequently released from these vesicles
into the cytoplasm of the fish cell with help of
another effector. Once in the cytoplasm,
SpHtp3 is able to fulfil its function in the
infection process, which is to degrade mRNA
in the fish cell, ultimately resulting in cell
death.

Figure 2. Lifecycle of Saprolegnia (adapted from Phillips et al.,
2008 Trends in Microbiology).

Infections of fish by Saprolegnia parasitica.
Several clearly defined developmental stages
are found in the life cycle of oomycetes that
are not found in true fungal pathogens (Figure
2). Infections can take place on both eggs and
fish. On eggs the disease is manifested by
abundant mycelial growth on the cells
resulting in death. On fish, Saprolegnia
invades epidermal tissues, often beginning
behind the head or on the fins and spreading
over the entire surface of the body in cotton‐
like radiating patterns. Saprolegnia can also
cause cellular necrosis whereby hyphae
penetrate into the muscle and blood vessels
of fish. In some cases, infection takes place
very rapidly and inflammatory responses in
the fish appear to be completely absent. This
has led many researchers to believe that S.

Conclusion. A thorough understanding of the
basic molecular processes in Saprolegnia, the
nature of the interactions with its hosts, and
the functional characterisation of proteins
involved in the infection processes, could lead
to novel control strategies that boost fish
health, reduce disease losses and benefit the
economy of regions dependent on fish
farming.
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