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ungi invade new territory by constructing

millions of spores (about 1/20th of 1 mm

long) containing all the genetic material they

need to start a new colony. These are released into

the atmosphere like tiny specks of dust, getting

blown about in the wind and rain until they land on

something. They then send out probes to test the

surface for materials they can grow on.  But the first

job they must do is get their bearings so they know

where to grow these probes.  We have been amazed

to discover how fast and accurately they do this. 

Why is this important to plant scientists and

what happens next?

Cereal Powdery Mildew

An important fungus we work on at IGER is cereal

powdery mildew (otherwise known by its Latin

name Blumeria graminis); the disease symptoms are

shown in Figure 3.1. Powdery mildew is endemic

throughout temperate cereal growing regions and is

consistently damaging to UK barley, wheat and oats

where it can cause up to 40% yield loss. The fungus
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Figure 3.1  Powdery mildew disease of oat.  The fluffy appearance of the fungal colonies that gives the disease its name is due to chains of
spores sticking up into the air. 

TH
E

 U
P

S
 A

N
D

 D
O

W
N

S
 O

F
 A

 P
LA

N
T 

P
A

TH
O

G
E

N
'S

 E
A

R
LY

 LIF
E



feeds in the outer layer of living cells of its host

plant's leaves using specialised structures called

haustoria.  These suck food from the plant and pass

it out to a network of interconnected tubes, the

mycelium, which grows on the plant surface.

Epidemics are spread by wind-blown, asexual spores

produced in chains from the mycelium.  In its

lifetime, a single colony produces up to 200,000

spores.  The disease robs plants of vital resources

and infected leaves die young.

Much of our work has focused on host/pathogen

interactions and host defensive responses that occur

many hours, or even days after spores germinate and

attack the plant.  But we need to understand the

intricacies of the pathogen's entire life cycle if we are

going to identify all the weak links in its

development and discover new plant characteristics

that might prevent disease.  

Problems of disease control: sustainability

The need for understanding has become increasingly

urgent.  Simple, single gene controlled resistance has

been widely exploited by plant breeders because of

the ease of selection.  This sort of resistance,

however, is short-lived. Time and again, fungal

mutants have overcome single gene resistance with

the result that previously 'resistant' plants suddenly

become highly susceptible.  Farmers have responded

by using chemical fungicides as insurance.  But there

are costs associated with the purchase of chemicals

and application equipment, in addition to more

complex management practices.  In many cases,

however, fungicides lose their potency as the fungus

become resistant to the chemicals.  Furthermore,

there is growing public concern over possible

environmental and health threats of chemicals used

in food production.  With awakening interest in

developing sustainable agricultural systems, the

need for reliable, durable disease resistance has

become clear.  

At IGER, we have had a long-term commitment to

analysing resistance under complex genetic control

where the effects of many genes, each with a minor

effect, combine to give good resistance.  This

complex, 'polygene' resistance cannot be eroded by

simple pathogen adaptation.  Our goal is to

understand the physiological, biochemical and

genetic basis of such resistance so that we can offer

plant breeders tools to help them combine it with

other desirable agronomic characteristics.  

Research to understand pathogenic fungi

Since the beginning of the last century, plant

pathologists have been using ever more sophisticated

tools to try and understand the biology of pathogenic

fungi.  From hand lenses they moved to light and

then electron microscopes and now into molecular

biology.  The rationale is simple: we need to

understand the interactions between fungus and host

plant before we can understand the basis of disease

resistance. 

In the experiments described here we wanted to learn

about the speed with which fungal spores recognise

that they have landed on a surface, and how

accurately they can find the surface.  In other words,

how well can they tell �up� from �down� in relation to

the leaf surface. 

What happens when a spore lands and

germinates on a leaf
Powdery mildew conidia germinate about 30

minutes after deposition.  First, a short germ tube

(Figure 3.2) emerges and attaches to the leaf by

secreting adhesive material.  This tube gains access

to host water that can be vital for survival. Also, the

first germ tube �recognises� host surface features,

and this triggers signals within the spore that cause

the second-formed germ tube to elongate

considerably.  As it grows, this elongating tube itself

recognises host surface features and responds by

forming a specialised infection structure, the
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appressorium (Figure 3.2). By about 12 hours, the

appressorium is fully formed and an infection peg

emerges from beneath its apical lobe to attempt

penetration of the plant's cell wall.  If successful, a

haustorium (Figure 3.3) forms within the attacked cell

and starts feeding on it. The network of mycelium then

grows and branches over the leaf surface (Figure 3.4),

more haustoria are formed, and within about five days

the first spores are produced (Figure 3.5).  Of course, all

of this depends entirely on the spore getting its first job

done exactly right.  It must 'find' the leaf with its germ

tubes.  How good are spores at this job?

Spores work fast and accurately

It turns out that spores are indeed very good at this

job, and at least 80% of first tubes hit the leaf.   This

seems accurate, but we appreciated just how

remarkable it was only when we did some geometric

modelling. The maths predicted that if a conidium

was standing on one end (Figure 3.6) the chances

that its first tube would make contact would be only

around 8%: in reality the hit rate was more than ten

times higher.  Clearly, the site of tube emergence is

determined with tremendous accuracy.
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Figure 3.3  The fungal feeding structure, or haustorium, revealed
by cutting open an infected plant cell. The haustorium has an egg-
shaped central body with fingers at each end that increase its
surface area allowing it to suck up more food from the plant.  The
food moves up through the neck of the haustorium and passes into
the fungus on the leaf surface (cut away in this picture).  
Bar = 1/100th of 1 mm. 

Figure 3.4  A two day-old mildew colony.  The network of tubular
cells that forms the mycelium is growing over the leaf surface
being fed by a haustorium hidden inside the cell under the
appressorium. Bar = 1/100th of 1 mm. 

Figure 3.5  A well established powdery mildew colony with many
chains of spores sticking up into the air
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Figure 3.2  A spore seen 12 hours after landing on a leaf.  The first
germ tube is only short, but the second has elongated and swollen
to form an infection structure, the appressorium, that has a hooked
apical lobe.  Bar = 1/100th of 1 mm.
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Next we wanted to know how quickly the site of

emergence was determined.  So we shook spores

onto a leaf, allowed them to lie there for a while, and

then used a very fine needle to turn the spores over:

their original site of contact with the leaf was now

facing away from it. We went back at regular

intervals to see where germ tubes emerged from.  As

Figure 3.7 shows, when they were rolled over, most

germ tubes emerged from very close to the site of

original leaf contact, grew up into the air and missed

the leaf completely.  Often, the second germ tube did

the same.  This was true even if spores were rolled

within one minute of deposition.  Obviously,

irreversible changes are engaged with amazing

speed.  

Where now?

This work has shown us just how fast the fungus can

react to its surroundings and reinforces our

appreciation of the sophistication and subtlety of

pathogenesis.  We are going on to investigate the

actual mechanisms that control directional germ tube

emergence.  With this understanding we may be able

to find ways of breeding plants with surfaces that the

pathogen cannot recognise so easily, and so help

them avoid disease attack.  This disease avoidance

could be combined with other resistance

mechanisms to create a complex series of hurdles

that the pathogen cannot overcome by simple genetic

change. Alternatively, we may be able to devise new

fungicides targeted to interrupt the signals that

control germ tube emergence.  If these chemicals are

sufficiently specific, they may pose no threat to any

organism other than the pathogen and offer no threat

to the environment or consumer.      

Contact: tim.carver@bbsrc.ac.uk

Note:  Figs 3.2, 3.6 and 3.7 are reproduced with

permission from: Wright AJ, Carver TLW, Thomas

BJ, Fenwick NID, Kunoh H, Nicholson RL.  2000.

The rapid and accurate determination of germ tube

emergence site by Blumeria graminis conidia.

Physiological and Molecular Plant Pathology 57:

281-301. 
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Figure 3.6  A spore standing on end on a leaf surface.  About 1
hour after landing, the first germ tube has grown out and hit the
leaf.  Geometric modelling indicated that the hit rate for first germ
tubes is about ten times higher than expected by chance. Bar =
1/100th of 1 mm. 

Figure 3.7  A spore that was rolled over about 20 minutes after
landing so that the original site of contact with the leaf now faces
away from it.  The first and second germ tubes grew out close to
the original contact site and so missed the leaf.  Eventually, the
spore formed a third tube that hit.  Even if spores are rolled within
1 minute, most first tubes miss the leaf, showing that the spore
recognises the site of original contact very quickly. Bar = 1/100th
of 1 mm. 
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