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16.1 lntroduction

The infection process extends from the germination or multiplication of an
infective propagule within or on the surface of a potential host to the time the
pathogen establishes some form of parasitic relationship with its host. The
nature of the host-parasite interaction established is determined by the
genotypes of the host and the pathogen and is influenced by the environment.

It is convenient to divide the infection process into the three phases of pre=
entry (or prepenetration), entry and colonisation. These phases are illustrated for
a typical fungal leaf pathogen in Figure 16. f . If the infection process is inhibited
at any of these stages of development, a parasitic relationship with the host will
not be established and disease symptoms will not develop.

16.2 Pre-entry events
The pre-entry or prepenetration phase of infection by fungi usually commences
with the germination of a spore and includes growth of the resulting germ tube
on the surface of the plant. Some pathogens form specialised infection structures
(e.g. appressoria and infection cushions), while others enter by direct hyphal
growth through wounds or natural openings. Motile pathogens, such as some
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Oomycota, Chytridiomycota and Plasmodiophoromycota, bacteria and nematodes
must negotiate the external environment before entering the relative securit5r of
the host, usually through natural openings or wounds. Viruses, viroids and
phytoplasmas often establish relationships with arthropod or fungal vectors and
have minimal contact with the environment on the plant surface. The survival of
the propagules in the external environment is sensitive to interactions between
the pathogen and host and the biological, physical and chemical components of
the surrounding environment.

To become infected a plant must first be inoculated. Inoculation is the
process whereby spores or other infective propagules of a parasite come into
contact with potential hosts.

Plant surf,aces differ between species and cultivars in their chemical, physical
and biological characteristics. Root surf,aces are different from leaf surfaces. For
example, the type of wax that forms the cuticle, the thickness of the cuticle, the
surface topography, size, shape and number of leaf hairs and stomata are all
species-specific characteristics of leaves. Leaf surfaces are subject to extremes
in temperature, ultraviolet radiation and moisture. Roots are buffered against
these environmental extremes by the soil environment. However, root pathogens
face intense biological competition for nutrients.
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Figure 16.1 Infection processes of a typical leaf-infecting fungus in a susceptible host.

Spores of some fungal pathogens germinate immediately after they are formed,
provided environmental conditions are favourable. Basidiospores of the vascular-
streak dieback pathogen of cocoa (Oncobasidium theobromael and the conidia of
some powdery mildews are released and germinate earty in the morning. The
chances of infection occurring are increased by cool temperatures, high humidity
and the presence of dew on leaf surfaces.

Pathogen development may be retarded by fungistatic interactions with the
biological and physical environments. If this occurs, pathogen development may
recommence after fungistatic conditions subside, or following a resting period, or
exposure to another environmental or host stimulus. Teliospores of the flag smut
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fungus of wheat (Urocystis agropgri) require a resting period before becoming
responsive to a host-released germination stimulus. Teliospores of Puccinia
graminis only germinate after exposure to alternate freezing and thawing,
conditions that signal winter in the northern hemisphere where they function as
survival spores. In Australia, teliospores only germinate in colder areas (e.g. high
altitude areas of Tasmania and New South Wales). Elsewhere, teliospores fail to
germinate and play no role in the disease cycle.

Spore dormancy may be caused by self-inhibition. Urediniospores of
P. graminis contain a germination inhibitor, methyl-cis-3,4-dimethyloxycinnamate.
Although this inhibitor leaches rapidly from isolated spores, densely clumped
spores are not leached as quickly and remain dormant longer. This prevents
overcrowding and reduces competition for stomatal entry sites. In contrast,
urediniospores of the peach rust fungus TranzscheLia discolor germinate only
when densely crowded, presumably because of self-stimulation.

Non-parasitic micro-organisms inhabiting the rhizosphere and phylloplane can
influence pathogen development. The intense competition for nutrients around
plant surfaces and nutrient deficiencies resulting from this competition can slow
the growth of pathogens and delay or even prevent penetration. Many
phylloplane bacteria sequester iron so efficiently that competing micro-organisms
are inhibited. Actinomycetes and soil bacteria release antibiotics that suppress
the growth of pathogens. Dormancy caused by the effects of other organisms or
their exudates is called fungistasis.

Predation by soil fauna and hyperparasltism of fungal pathogens, such as
that of Phytophthora cinnamomi by species of GttocLadtum and Trtchoderma, also
affect prepenetration growth. These interactions have sometimes been exploited
in biological control programs (see Chapter 27).

Surface topography is used by some pathogens to locate suitable infection
sites. Germ tubes of the wheat stem rust fungus (Puccinia graminis tritici), and
the wheat powdery mildew pathogen (Blumeria gramini.s) grow at right angles to
parallel ridges on leaf surfaces. Because of the staggered arangement of stomata
along wheat leaf veins, this increases the chances of germ tubes finding stomata.
Once a gerrn tube reaches a stoma, yet unidentified volatile compounds escaping
from the stomatal pore initiate the differentiation of a specialised penetration
structure, the appressorium. Hyphae of. Rhizoctonia soLani grow along the
valleys above epidermal cell junctions where they penetrate after forming
infection cushions (Fig. 3.6). Conidia of the banana anthracnose pathogen,
CoLLetotrichum musae. settle in these valleys and germinate to form appressoria.
Valleys ln the cuticle surface connect to ectodesmata which are pits in the outer
wall of underlying epidermal cells where the plasma membrane is exposed. Plant
metabolites leak from ectodesmata and accumulate in valleys on the leaf surface,
providing nutrients for pathogens and saprophytes. Physical stimuli like
scratches on glass, aluminium, gold or polythene surfaces also initiate
appressorium formation in some pathogens (e.g. cereal rusts), presumably by
imitating the surface topography of host surfaces.

Very few micro-organisms that come into contact with a plant surface develop
a successful parasitic relationship. Either their nutrient requirements are not
satisfied or their growth and development is inhibited. Sugars, amino acids and
minerals secreted onto the leaf surface (the phylloplane) often stimulate the
germinafion and growth of pathogens. Leaf and petal surfaces contain secretions
that non-specifically stimulate the germination and attract the directional
movement or growth of leaf pathogens, including Botrytis cinerea- Motile cells of
the vascular wilt pathogen Ralstonia (Pseudomonas) solanacearum are attracted
to stomata by chemical gradients and subsequently enter the host through
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stomatal apertures. Germinating seeds produce a similar mix of stimulatory plant
exudates which influence infection by pathogens such as Pgtttium ultimum. The
rhlzosphere (the zone of soil adjacent to and influenced by roots) also contains
exudates. The concentration of exudates is highest adjacent to the root surface,
and the gradient of plant diffusates away from the root directs the movement of
zoospores, bacteria and some nematodes towards the root surface. The
rhizosphere supports a higher population of saprophytic and sometimes
antagonistic micro-organisms than the rest of the soil. These micro-organisms
may affect pathogen development.

Plant secretions may counteract exogenous or endogenous inhibitors or they
may provide nutrition for the pathogen before parasitism is established. Resting
spores of Spongospora subterranea (powdery scab of potato), PLasmodiophora
brassicae (club root of crucifers) and Urocystis agropgri (flag or leaf smut of
wheat) and eggs of the nematode GLobodera rostochiensrs usually germinate only
in the presence of their respective potential hosts. These pathogens have
restricted host ranges because they respond to specific host-derived signals.
Pathogens like ScLerotinia scterottorltm, B. cinerea and R. solanacearum that
respond to common plant metabolites usually have wide host ranges. For
example, sclerotia of S. sclerotiorum germinate in response to the volatile plant
hormone ethylene. Perhaps the most completely understood rhizosphere-microbe
interaction is the growth and differentiation of symbiotic rhizobia in the
rhizosphere of legume hosts, which is controlled by a sophisticated exchange of
molecular signals that affect gene expression in both bacterium and host.

Pathogen development is influenced by temperature, moisture, light, aeration,
nutrient availability and pH. Each species of pathogen and each strain of many
pathogenic species, has its own distinct requirements for parasitic development.
The spores of most parasitic fungi germinate only in the presence of free
moisture. However, conidia of some powdery mildew fungi, like many
saprophytic moulds, germinate at relative humidities as low as 7Oo/o. Most plant
pathogens develop rapidly at temperatures between 15 and 25oC, although some
species prefer cooler or wanner temperatures. These temperatures may not
always coincide with the optimum temperature for disease severity, as this is a
product of the effects on the host-pathogen interactions.

The movement of zoospores of Phgtophthora cinnamomi in the rhizosphere of
potential host roots illustrates the interacting environmental factors that
determine pathogen development. Zoospores are aerobic and swim towards the
air-water interface where oxygen concentrations are highest. They also swim
towards higher sugar concentrations and respond to electrical charges on the
root surface. Wound pathogens such as Pgthium ultimum have a positively
charged anterior flagellum that is attracted to negatively charged surfaces around
root hairs and wound sites. In contrast zoospores of most species of
Phgtophthora have a negatively charged anterior flagellum and are attracted to
the positively charged surface at the zorrc of root elongation. At each stage of the
journey the zoospores are susceptible to antagonistic and parasitic microbes or
inhibitory plant exudates and to temperature and moisture changes.

16.3 Entry

Once a pathogen reaches a suitable infection site at the plant surface, it must
breach a series of barriers to gain entry into its host before establishing a
parasitic relationship. Every possible route of entry into plants is exploited by
pathogens, but individual pathogens usually follow preferred routes. Pathogenit
fungi, bacteria, viruses and nematodes that enter wounds usually producL no



7 6. I4fectionprocesses 249

specialised adhesion or penetration structures. Pathogens entering through
natural openings and pathogens that directly penetrate the plant surface require
much more sophisticated mechanisms involving adhesion, the formation of
appressoria or other infection structures and infection pegs.

Direct penetration

Probably the most common mode of entry by fungal pathogens is by direct
penetration of the plant surface (Fig. 16.2.4'). Plant surfaces are complex and
robust and resistant to penetration by the vast majority of micro-organisms.
During penetration, pathogen genes are expressed in a coordinated sequence
that results in adhesion, followed by the application of physical pressure tothe
plant surface and the enzymic degradation of the cuticle and different layers of
cell walls. Physical and chemical signals switch pathogen genes on and off
precisely, so that cutinase, followed by cellulase, then pectinase and protease
digest the host cuticle, cell wall and middle lamella in the order they are
confronted.

appressorium
germ
tube

spore

sub-stomatal
vesicle

infection hyphae
and haustoria

BA

Figure 16.2 Infection processes. (A) Botrylrs cinerea directly penetrating a leaf of Victa
Jaba. (B) Prccinia graminis penetrating a wheat leaf through a stoma. (From
Brown, 1980.)

Some pathogens can penetrate surfaces without the aid of en4rmes, as was
elegantly demonstrated by William Brown in 1915, when he showed that
germinating conidia of Botrytis cinerea could penetrate thin gold foil.
Immunocytochemical studies of appressorial attachment show that a
proteinaceous glue is secreted around the point of contact between the
appressorium and host surface. The cell walls of the appressorium become
impregnated with melanin, effectively making it watertight. High turgor pressures
build up inside the appressorium, concentrated at the penetration pore, a small
area in contact with the cuticle where the appressorial wall is ttrinnest. This pore
herniates, forming a stilleto-like penetration peg that applies tremendous
pressure on the host cuticle and cell wall. The fungicide dichlorodicyclopropane
protects rice from the blast pathogen (Magnaporthe grisea) by inhibiting melanin
biosynthesis and appressorium function. Melanin-deficient mutants of this
pathogen are also unable to penetrate rice leaves, indicating the importance of
melanin to mechanical penetration.

infection hyphae
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Enzymic degradation of the cuticle by fungal enzymes is necessary for
adhesion and penetration by some pathogens. Inhibition of cutinase activit5r using
eruzyrne inhibitors or cutinase-specific polyclonal antibodies reduces infection of
unwounded pea stems by ftrsanum soLani and of unwounded pawpaw fruits by
Cotletotrichum gloeosporiotdes. These inhibitors do not affect penetration if the
cuticle of the inoculated pea stem or pawpaw fruit is first mechanically damaged.
The pathogenicity of non-pathogenic cutinase-deficient mutants of
C. gtoeosporioides is restored in the presence of added cutinase. MgcosphaereLLa
sp. nonnally only pathogenic to wounded pawpaw fruit became able to enter
unwounded fruit when purified cutinase from C. gLoeosporioides was added to
the inoculum. Pathogenicity was also restored when the fungus was transformed
with a cutinase gene from Nectria haematococca. These findings provide solid
evidence, although not conclusive proof, that cutinase activity is required for
pathogenesis.

The role of cutinase in the infection process was questioned after gene-
disruption experiments showed that mutations to cutinase genes affected
saprophytic growth rather than pathogenicity. However, recent evidence shows
that Atternaria brassicrcola (the cause of leaf spots on cabbage and cauliflower)
produces at least four enzymes with cutinolytic ability. TWo are active during
saprophytic growth, or growth in vitro, when cutin is supplied as the sole carbon
source and their activity is abolished by a mutation to the gene CUTABI. This
mutation does not affect the ability of the pathogen to penetrate cuticles.
However, on the surface of cabbage leaves, a natural host of this pathogen, two
other cutinolytic en4rnes remain active in this CUTABI-mutant, indicating that
they are encoded by a different gene and are regulated by different signals. This
separate family of isozymes is activated during penetration and apparently
rapidly digests cutin in an intense zone of activity immediately under the
penetration peg. This example illustrates the importance of developing and
studying experimental systems that accurately model the host-parasite
interaction.

Primary cell walls of higher plants are constructed of parallel layers of
cellulose microfibrils embedded in a matrix of polysaccharides, proteins and
phenolics. Secondar5r cell walls have additional layers of intricately cross-linked
phenolic compounds. Electron microscope studies of infection pegs formed by
CotLetotrichum Lindemuthianum in walls of bean hypocotyl cells show very little
deformation of the cell wall microfibrils and increased staining intensity in the
neighbouring wall, consistent with en4rmic degradation.

Root pathogens face a surface composed of suberised tissue, the periderm.
Suberin is exLremely resistant to en4rmic degradation and to physical pressure.
However, the take-all pathogen of cereals (GaeumdnnomAces graminis) and the
root-rot fungus of many trees, ArrnitLaria meltea, penetrate root surfaces using
specialised runner hyphae or rhizomorphs, respectively, that apply intense
pressure to the infection point. Secondary cell walls are degraded by only a few
wood rotting fungi, forcing most pathogens to grow in between cells, or within
their lumens, as happens with vascular pathogens.

Entry though natural openings
Plants have many natural openings that facilitate gas exchange between plant
tissues and their environments. These openings are also used by pathogens as
entry points. Plant pathogenic bacteria and nematodes often enter through open
stomatal porcs when the leaf surface is covered in a film of moisture. Fungi may
penetrate stomata by simple undifferentiated hyphal or germ tube growth
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through the open pore, as has been observed with Alternaria heLianthi, Fuluia
fuLua and CochLioboLus uictorine. The wheat stem rust pathogen, Rrcctnin gramtnis
trittci, forms a swollen appressorium over the stomatal aperture and a fine
penetration hypha passes between the guard cells into the airspace under the
stomatal pore where it forms a sub-stomatal vesicle. Infection hyphae emerge
from this vesicle and form haustoria (Fig. f 6.2El). Infection structures formed by
P. striif,orrnis (stripe rust of cereals) are inconspicuous, while those formed by
Rhizoctonia soLani are complex infection cushions (Fig. 3.6).

Hydathodes are pores at the margins of leaves, continuous with the end of
xylem vessels. Under particularly humid conditions when evapotranspiration
rates are low, root pressure forces guttation droplets, consisting of xylem fluid,
onto the margin of the leaf. Bacteria such as the fireblight pathogen of pomes,
Eruinia amgLouora and the leaf spot pathogen of many plants, Xanthomonas
campestris pv. campestris, become suspended in guttation droplets and enter
the leaf when these droplets retreat into hydathodes as the relative humidity
drops.

Lenticels are raised pores that facilitate gas exchange across the bark of
woody plant tissues. Although they adequately exclude most micro-organisms,
pathogens such as Spongospora subterranea (powdery scab of potatoes),
PeniciLLium expansum (blue mould of apples) arrd MontlininJrtrcticola (brown rot of
stone fruits), enter through lenticels.

Ectodesmata, styles and nectaries also provide potential entry points for
specialised pathogens. Surprisingly, pathogens appear unable to follow the route
taken by pollen tubes through the stigma and style to invade the ovaries.
Bacteria can enter, and exit, from stomata along the sides of the style.

Entry through wounds

So-called wound pathogens gain entry without forming specialised infection
structures. They are unable to penetrate intact surfaces, even if supplied with
nutrients. PeniciLLium digitatum (blue mould of citrus) only infects fruit wounded
during harvest or postharvest handling. Postharvest handling damage allows the
entry of many fruit and vegetable rot pathogens, including Rttizopus nigricans
and Sclerotium rolfsir. Wounds also occur naturally. The points of lateral root
emergence enable the fungus ChaLara elegans to enter tobacco roots. Leaf scars
provide similar infection sites for the apple canker pathogen, Nectria gattigena.
Damage also results from wind, hail, frost or extreme heat or from the effects of
insects, herbivores or humans. Most plant viruses enter through wounds, such
as those created bv their insect vectors.

16.4 Golonisation
Once inside the host a pathogen must establish a parasitic relationship with its
host. A successful parasitic relationship depends on the ability of the pathogen to
derive its nutrient requirements from the host, on the response of the host to
invasion and on a favourable environment.

Pathogenic strategies: 'sneaks' and 'thttgs'

TWo broad groups of pathogens, colloquially termed sneaks and thugs, are
distinguished by their different nutrient requirements and cellular interactions
with their respective hosts. Sneaks establish a biotrophic relationship with their
hosts and parasitise living cells. It is not yet known why biotrophs do not invoke
a resistant response in host cells. Various pathogen products suppress host
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recognition and defence responses, and inoculation of plants with virulent strains
of pathogens can induce susceptibility to subsequent challenge with normally
avirulent strains (Fig. 17.3). The physiological and molecular basis of biotrophy is
poorly understood.

In contrast to biotrophs, necrotrophs adopt a thug-like strategy that requires
the death of host cells before establishing parasitism. Necrotrophic pathogens
secrete substances that diffuse ahead of the invading pathogen and the
sensitivity of the host cells to these substances determines the speed and
intensity of host cell death. Pathotypes of Alternaria aLternata, normally a
saprophyte, produce a range of toxins that are both host-specific and
nonspecific. The nonspecific toxin, tentoxin, is a cyclic tetrapeptide that disrupts
energr transfer during the light harvesting reactions of photos5mthesis, resulting
in chlorosis and stunting. The sensitivity of different plant species to tentoxin
varies, although this is not the only determinant of susceptibility. CochLtoboLus
uictoriae releases a toxin, victorin, that kills cells of oat cultivars containing the
'Victoria' allele for resistance to crown rust (Puccinia coronatal at nanomolar
concentrations, yet millimolar concentrations do not affect cultivars lacking this
allele. At least 2O examples of host-specific toxins, each of which determines
host range, are known. All involve fungi, usually species of ALternaria,
CochLiobotus, P ericonia, PhgLLo sticta or Pg renophor a.

Non-selective toxins are involved in a much wider range of plant-fungus and
plant-bacterial interactions, but none is a primary determinant of host range.
Many plants are equally sensitive to non-selective, or nonspecific, toxins, but
there is no correlation between plant sensitivity to the toxin and host range of the
pathogen. Non-selective toxins contribute to the development and severity of
disease symptoms by creating a favourable nutritional environment for the
pathogen.

The mode of action of only a few nonspecific toxins has been elucidated. A
number affect the activity of plant plasma membrane ATPase proton pumps that
normally regulate membrane function, cell pH and turgidity. Fusicoccum
amggdati, a pathogen of stone fruits, releases fusicoccin that binds to a plasma
membrane protein that is widely distributed in higher plants. Binding activates
ATPase activity in stomatal guard cells, inducing the transport of potassium and
chloride ions into these cells, resulting in a drop in water potential, water
absorption and turgidity. The stomatal pore opens irreversibly, causing
unregulated transpiration and leaf wilting. Fusicoccin has been an important tool
in the study of the role of plant plasma membrane-bound ATPase in stomatal
function. Although the receptor protein is widely distributed in the plant
kingdom, the host range of the pathogen is restricted, demonstrating that
fusicoccin release is not a sufficient condition for virulence. Sensitivity of a plant
to the toxin is not related to the pathogen's host range.

The characteristics of idealised biotrophic and necrotrophic relationships are
summarised in Table 16.1. In reality this distinction is not always clear. Every
host-pathogen combination is unique and few archetypal necrotrophs or
biotrophs exist. Symbiotic fungi, such as mycorrhizal fungi and endophytes, and
symbiotic bacteria such as Rhizobium spp., represent highly co-evolved
examples of biotrophic parasitism. Most interactions are hemibiotrophic, initially
biotrophic, but at later stages of parasitism, necrotrophic. Hemibiotrophs utilise
parasitic strategies of both biotrophs and necrotrophs. Phytophthora palmluora,
F}urLuirrfutuaand CoLletotrichum Lindemuthianum at first colonise and parasitise
living cells. Nevertheless, these cells eventually collapse and die, triggering
necrotrophic growth that often coincides with sporulation.
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Table 16.1 Characteristics of idealised necrotrophic and biotrophic plant parasites.

Necrotrophs Biotrophs

Obtain nutrients only from dead host cells
Kill host cells in advance of invasion

Do not form specialised infection
structures and cause immediate and
severe symptoms

Often enter through wounds

Inoculum contains few food reserves
Competitive saprophytes
Weakened, unthriftv hosts most

susceptible
Wide host r€rnge
Examples:

lythium spp.
Phgtophttnracinrtamomi.
Phg topllthor a cibophllwra

Obtain nutrients from living host cells
Sustain host cell viability during

parasitism
Produce specialised infection structures

(e.g. haustoria) and cause only limited
host damage

Enter through natural openings or by
direct penetration

Inoculum contains rich food reserves
Poor saprophytes
Fast-growing plants most susceptible

Narrow, specialised host range
Examples:

Downy mildews
Powdery mildews
Rusts
Phgtophtlwrai4festans
Venhtriainaequalis
Agrobacterium spp.
Plant viruses
Plant nematodes

Ectoparasites

Ectoparasites produce superficial colonies on the surface of plants and extract
their nutrients through haustoria formed in epidermal or mesophyll cells. The
powdery mildews, the dark mildews and the parasitic alga, CephaLeuros, are all
obligate biotrophs that colonise their hosts ectoparasitically. Their propagules are
well supplied with nutrients, and support a vigorous mycelial growth on the host
cuticle. The only structures that penetrate the host cells are haustoria (Figs 16.3
and 28.4).

Ectoparasites should not be confused with saprophytic epiphytes such as the
sooty moulds. Sooty moulds are wholly external and derive their nutrition from
plant exudates or honeydew secreted by sucking insects such as aphids and
scale insects.

Su b-cutic u lar i nfection s
Hyphae of sub-cuticular parasites such as Venturia inaequalis (apple scab) and
Diptocarpon rosae (black spot of rose) extensively colonise the niche between the
cuticle and the outer wall of underlying epidermal cells. Biotrophic parasitism is
established and haustoria form in the epidermal and mesophyll cells. Colonised
cells eventually become chlorotic before dying. Sub-cuticular acervuli develop
and rupture the cuticle, liberating conidia.

The fungi that cause ripe rots of many tropical and subtropical fruits form
appressoria which develop melanised walls and remain quiescent until the fruit
ripens. These quiescent infections cause serious postharvest disease losses in
mango, banana, avocado and pawpavt (Colletotrichum spp.), black spot of citrus
(Guignardia citricarpa) and brown rot of apricots (MonitininJnrcticoLa) (see chapter
33) .

Post-infection quiescence of fruit rot pathogens may be induced because
immature host tissue contains inhibitors of pathogen growth. Unripe apples
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contain high levels of the inhibitory phenolic compound, chlorogenic acid,
preventing germination of appressoria of. Ventuna inaequalrs. As the fruit ripens,
levels of these inhibitors decline and appressoria germinate. Quiescence is also
caused because the low levels of available sugars or other nutrients in immature
fruits starve the developing pathogen. Immature host tissue is sometimes
insensitive to pathogen-released toxins, enzJrmes or pathogenicity factors. Again,
susceptibility increases as the fruit ripens.

chain of
conidia

ectotrophic
hyphae

lobed haustorium
in epidermal cell

invaginated
epidermal cell
membrane

Figure 16.3 Ectotrophic development of Blumerta graminis on barley. (From Brown,
1980.)

Mesophyll and parenchyma infections

Soft rots, dry rots, leaf spots and necrotic lesions result from death of the host
mesophyll and parenchyma tissues. Necrotrophs secrete toxins that kill host
cells, then en4rmes that degrade the middle lamella and cell wall, softening plant
tissue and facilitating colonisation by inter- and intra-cellular hyphae. No
specialised parasitic structures, such as haustoria, are produced.

Hemibiotrophic parasitism usually involves less immediate damage to host
tissue. For example, intercellular hyphae of the potato late blight pathogen,
Phgtophthora infestans and rust fungi such as Uromyces appendiculatus form
haustoria which parasitise living mesophyll cells (Fig. 16.4). Under favourable
conditions the lesion expands, and the heavily parasitised cells in the inner,
older, part of the colony collapse and die. At the same time, the pathogen
sporulates. This necrotic zone frequently becomes invaded by secondary
pathogens. As lesions expand, the total damage caused to the host escalates.
Bud and leaf nematodes (ApheLenchoides spp.) form similar relationships with
susceptible hosts. The nematodes burrow through intercellular spaces and feed
biotrophically on tiving cells, which eventually die.

Viruses, downy mildews, powdery mildews and rusts enter into highly
specialised biotrophic relationships with their hosts. Intercellular hyphae of the
downy mildew pathogens colonise the host mesophyll and form haustoria,
through which they absorb nutrients. Downy mildews parasitise, then sporulate
on, living cells. Although parasitised cells eventually die, necrosis is delayed and
limited compared to late blight symptoms caused by Phgtophthora infestans.
Rust fungi such as Puccinia coronata (crown rust of oats) disturb the kinetin
balance of infected tissues, delaying senescence of host cells in sporulating
lesions, giving a 'green island' appearance. As the host matures and senesces,



1 6. lryfection processes 255

pustules of the wheat stem rust pathogen switch from producing urediniospores
to teliospores, triggered by the metabolic and hormonal changes associated with
the senescence of host cells.

Host cel l

Figure 16.4 Electron micrograph of penetration point of a haustorium of IJromyces
appertdtculatus through the cell wall of bean. (From Deverall, 1981.)

Vascular infections
Wilting results from any interference with the water balance within the plant.
Vascular wilt pathogens usually reach the vascular tissue through wounds or
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after limited, probably non-parasitic, growth through the epidermis and cortex of
roots. True vascular wilts are caused by pathogens that colonise the vascular
system exclusively, such as the fungi Fusarium oxAsporum, VerticiLLtum atbo'
atrum and V. dahtiae and bacteria such as Ralstonia (Pseudomonas)
soLanacearum. Wilting results from the physical blockage of :qylem vessels
caused by the pathogen and, to some extent, the host response to the presence
of the pathogen. Symptoms vary from yellowing, vascular browning, tylosis
formation and gumming of the vascular system to general wilting of the plant.

Vascular tissue as well as the surrounding cortical tissue is colonised by wilt
pathogens such as the Dutch elm pathogen (Ophiostoma uLmil, the oak wilt
pathogen (Ceratocgstis Jagacearum) and the persimmon wilt pathogen
{C. diospgrr). The damage caused by these pathogens depends largely on the
extent of cortical invasion. These pathogens are not true vascular wilt fungi as
they are not restricted to the vascular tissue.

Systemic infections

Few pathogens completely and systemically colonise their host. Many viruses
spread to most parts of infected plants, but are not necessarily present in all
tissues. This feature is exploited to generate virus-free tip cuttings of many
ornamental plants, as juvenile host tissue in the stem apex is not colonised.

Some downy mildews, including those of sunflower (PLasmopara haLstedtt),
sugarcane and maize (Sclerospora sacchari), systemically infect their hosts. After
biotrophically colonising leaf tissue, hyphae invade the vascular bundles and
grow throughout their hosts, causing growth deformations rather than necrosis.
Some smuts invade young seedlings of their hosts and biotrophically colonise the
growing plant, before sporulating in developing florets.

Endobiotic infections

Some pathogens complete their development entirely within the cells of their
hosts and may spread from cell to cell during cell division. Chytrids,
plasmodiophoromycetes, viruses, phytoplasmas and some bacteria form
endobiotic relationships with their hosts. Zoospores of the plasmodiophoromycete
PLasmodtophora brassicae, the cause of club root of brassicas, encyst on root
hairs of crucifers before their cytoplasm migrates as a membrane-bound
plasmodium into the host cytoplasm. This plasmodium colonises and parasitises
the root hair cell. In susceptible hosts secondary zoospores migrate to the root
cortex, where they induce the host to form galls containing resting spores. As the
galls decay, resting spores are released into the soil where they germinate to
release primary infective zoospores.

16.5 Disease physiology

Most necrotrophs, because they kill host cells before invading them, have a
limited effect on the overall physiologr of their hosts. However, if the necrotroph
produces a toxin that is transported throughout the plant, extensive damage may
result. In contrast, biotrophs become intimately incorporated into, and subtly
modi$r, host physiologr. Following infection by biotrophs, significant changes
occur in host metabolism as a direct result of pathogen secretions such as toxins
or enzymes, or pathogen-induced host responses. These changes may facilitate
parasitism, although the significance of most post-infectional changes is not yet
fullv understood.
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Respiration

Oxygen is widely involved in cell metabolism and changes in o>cygen consumption
may indicate specific or general changes in metabolic activity. The respiration
rate (measured as the rate of oxygen consumption) of diseased plants invariably
increases following infection by fungi, bacteria or viruses. In other words,
diseased plants 'rrn a respiration' just as diseased animals 'rrn a temperature'.
Leaf temperatures increase measurably during infection because of higher rates
of glucose catabolism. Allen and Goddard in 1938 showed a four- to five-fold
increase in respiration rates in powdery mildew-infected wheat leaves (Table
16.2). Although the pathogen is largely restricted to epidermal cells, most of the
recorded increase was localised in the mesophyll. Respiration increases seven- to
ten-fold in the centre of a rust pustule and doubles over the whole plant.

Table 16.2 Respiration rates in healthy and powdery mildew-infected wheat leaves. (From Allen
and Goddard, 1938.)

mL 02 consumed hourrcm-2 leaf surface

Non-infected leaf
Infected leaf
Infected leaf minus mildew
Non-infected epidermis
Infected epidermis
Infected epidermis minus mildew

t.70
7.92
6.40
o.15
1.30
0.14

An oxidative burst, similar to that described in mammalian phagocytes, has
been observed in many plant-parasite interactions. In both responses the burst
is an early step in a cascade of the respective disease resistance responses. This
rapid rise in o>(ygen consumption is caused by the activation of NADPH-oxidase
in membranes of responding plant cells, releasing reactive o>rygen species such
as the superoxide anion (Oz-) and hydrogen peroxide (HzOJ. The oxidative burst
is involved in localised and systemic induction of disease resistance mechanisms
(Chapter 17). These mechanisms range from the simple oxidation of preformed
defence compounds or the expression of complex disease resistance and wound
repair mechanisms involving a massive shift in gene expression and biosynthetic
activity.

Biotrophic infections of susceptible plants typically cause two discrete bursts
in oxidative activity. The initial burst at penetration of tobacco seedlings by
Phgtophthora nicotianae is followed by a gradual increase in o'$/gen uptake,
coinciding with colonisation, then a rapid increase at sporulation. Increased
respiration rates during colonisation reflect the massive shifts in gene expression
and metabolism that occur in infected plant cells. Respiratory rates also increase
because the parasitic depletion of host sugars relieves feedback inhibition of
enzJrrnes involved in respiration. In resistant plants, glucose is non-oxidatively
catabolised by the diversion of glycolysis to the pentose phosphate pathway, an
initial step in secondary metabolism and the biosynthesis of defence-related
metabolites. In susceptible plants, the extra energy produced by the respiratory
burst is diverted to the growing pathogen. The burst in oxygen consumption
associated with sporulation is linked to a breakdown in enzymic regulation of cell
metabolism, non-enz5rmic and enzymic oxidation of cell components and the
'uncoupling' of electron transfer during the phosphorylation of ADP to ATP.
Uncoupling of electron transfer in uninfected plants can be experimentally
induced by the electron acceptor, 2,4-dinitrophenol (DNP), causing an increased
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respiration rate. The observation that DNP does not affect respiration rates in
infected plants suggests that respiration is already uncoupled. Only a fraction of
the increased o>qrgen uptake is due to the pathogen, as can be deduced from the
similar response to fungal, bacterial or viral infections.

Photosynfhesis
Pathogens interfere with photosynthesis directly and indirectly. Leaf blights
cause defoliation and consequent loss of photosynthetic tissue, while necrotrophs
decrease photosynthetic rates by damaging chloroplasts or damaging and
eventually killing cells. Vascular wilts or root rots induce water stress in infected
hosts and the resulting stomatal closure and decreased gas exchange shut down
photoslmthesis.

Biotrophs affect photosynthesis by degrees. Light infections usually have little
effect on photosynthetic rates. raCO2-uptake experiments show that infections of
rust {Uromgces dppendiculatus) initially increase the net photosynthetic rates of
bean leaves, presumably by lifting feedback inhibition of carbon fixation. Heavy
infections and sporulation reduce the photoslmthetic leaf area, cause water loss
through the ruptured cuticle and induce premature leaf senescence, each of
which contributes to a fall in photosynthetic efficiency. When 24o/o of the area of
sunflower leaves is covered with sporulating pustules of the rust fungus Puccinra
helianthi, t+COz uptake decreases by 34o/o, reflecting the combined effects of
decreased photosynthetic area and decreased photosynthetic efficiency.

Translocation

Biotrophic infection sites become strong metabolic sinks. As a result, nutrients
are retained and the export of laC from colonised leaves is reduced from 5oolo in
healthy leaves to 2-3o/o in rusted wheat leaves (Fig. 16.5). In addition, leaves that
usually export photos5mthates become net importers. The import of raC increases
from lo/o in uninfected leaves to 32o/o in rusted leaves (Fig. 16.5). Finally,
nutrients are diverted from plant metabolites to pathogen storage products. For
example, Phgtophthora cinnamomi sequesters available sugars into
sedoheptulose, Agrobacterium tumifaciens-infected plant cells synthesise opines
and Fhluta fulua stores sugars as mannitol. Each of these storage products is
only utilised by the pathogen so severe infections significantly deplete the food
reserves of a plant. Depletion, diversion and retention of photosynthetic products
stunt plant growth. Stunting further compounds the parasitic depletion of
nutrients because stunted roots are less efficient at absorbing water and
nutrients, and stunted stems and leaves intercept less light, reducing net
photosynthetic rates.

Transpiration
Pathogens affect the water relations of plants direcfly and indirectly. Biotrophic
pathogens apparently have little effect on transpiration rates until sporulation
ruptures the host cuticle. Once pustules appear the plant loses control of
evapotranspiration and leaves wilt rapidly. Root pathogens directly affect the
ability of infected plants to absorb water from the soil by killing the root system.
The primary symptorn of Phgtophttnra cinnamomi root rot of avocado is rotting of
the fine feeder roots colonising the leaf litter layer. The yellowing, defoliation and
dieback of the shoots that characterise the disease are secondary symptoms
resulting from water stress caused by damage to the root system.
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Root damage is not the only cause of secondary symptoms. In trees infected
by root pathogens, abscisic acid levels rise, causing stomatal closure and leaf
fall. Interference with stomatal function may be a widespread consequence of
plant disease. While P. cinnamomi root infections induce stomatal closure,
stomata on leaves infected with P. inJestans remain wide open and fail to
respond to environmental signals that normally regulate stomatal aperture.
Vascular pathogens affect water transport and transpiration in their hosts
because they physically block >rylem vessels and disrupt plant hormone
balances.

Growth and development
Because pathogens affect the source-sink patterns in plants, normal growth and
development are affected. In addition to the direct damage to plant tissue and
nutrient deprivation, many pathogens disturb the hormone balance in plants.
Plant growth and development depends on subtle shifts in the balance between
auxin, gibberellin, cytokinin, ethylene and abscisic acid. Pathogens may disturb
the hormone balance by releasing plant hormones or by inducing increased or
decreased synthesis or degradation of plant hormones.

Gibberellic acid, the first plant hormone described, was discovered during a
study of bakanae, or 'foolish seedling' disease of rice. Infected seedlings are
unusually tall and flowering is suppressed. Following the discovery in the t93os
that cell-free culture filtrates of the pathogen, GibbereLLa J4jikuroi, cause the
same symptoms, the active chemical was identified as gibberellic acid.
Gibberellic acid was subsequently shown to be produced by plants, where it
naturally functions as a plant hormone. Epinasty, the down-turning of petioles, is
a symptom typical of many systemic bacterial infections such as bacterial wilt
caused by Ralstonia solanacearum. The fact that this symptom can also be
induced by the addition of ethylene suggests that this plant stress hormone is
involved in symptom development. Green islands formed around rust pustules
result from sustained cytokinin levels in infected cells. Cytokinin generates a
metabolic sink and maintains cell viability in parasitised cells, while non-
parasitised cells surrounding the pustule senesce and die prematurely.

Hormonal disturbances are also involved in the appearance of witches' broom
and broomsticking symptoms caused by phytoplasmas (e.g. big bud diseases)
and some fungi, such as CrinipelLis perniciosa (witches' broom of cocoa), and
Oncobasidium theobromae (vascular-streak dieback of cocoa). Vascular wilt
infections upset auxin and ethylene balances in plants, inducing epinasty and the
formation of adventitious roots on the lower stem. Galls and club-roots caused by
fungi, nematodes, insects and bacteria develop because of excessive cell growth
(hypertrophy) and division (hyperplasia). Perhaps the best studied example of
symptoms associated with hormonal disturbance is crown gall, a disease of a
wide range of plants caused by the bacterium Agrobacterium tumeJactens (see
Chapter 29). Genes from the pathogen, after incorporation into the plant genome,
condition the overproduction of hormones that induce cell division and gall
formation. Giant cells formed in roots infected by the root knot nematode
MeLotdoggne, result from the breakdown of cell walls as well as excessive cell
growth.

16.6 Summary
The infection process can be divided into three phases: pre-entry, entry and
colonisation. Disease resistance results if the infection process is blocked at any
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one of these stages. In fact, even in susceptible plants, only a few of the
pathogen propagules that come into contact with a host complete the infection
cycle and reproduce. The higher the proportion, the more severe the disease.
Development of pathogens before they enter host tissue is influenced by
exudates on or near the plant surface and other micro-organisms, as well as the
chemical and physical environment. Pathogens enter their hosts through natural
openings, through wounds or by penetrating the intact plant surface directly.

Parasitism results from the d5mamic interaction of plants and pathogens. The
success of colonisation depends on the substrate requirements of the pathogen
and the ability of the host to satis$r these requirements. It also depends on the
nature and magnitude of the host response to the presence of the pathogen.
Based on the nutritional status of the parasitic relationship established,
pathogens utilise necrotrophic or biotrophic strategies to establish parasitism.
Necrotrophs derive their nutrition from host cells killed in advance of invasion,
while biotrophs establish a compatible parasitic relationship with living host cells.
Understanding the strategies and signals used by pathogens to establish
parasitism will provide valuable insights and tools for the study of plant
physiologr.

The speed and magnitude of the host response are equally important for the
establishment of parasitism. If host cells are insensitive to pathogen-released
toxins and remain viable, necrotrophic colonisation and parasitism will fail.
Conversely, if host cells collapse and die before parasitism is established,
biotrophs will be unable to colonise those cells. A thorough understanding of the
host response will facilitate its manipulation to increase resistance to disease.

Infection directly and indirectly affects the physiology of plants, but the nature
and degree of the change varies from almost imperceptible to radical. Some
changes, such as the respiratory burst and source-sink modifications, are
common to many host-parasite interactions, while other changes are unique and
diagnostic for particular host-parasite combinations.
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