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SUMMARY

1)

2)

3)

With few exceptions, root, crown, and culm rots
are especially prevalent in cropping systems
characterized by high residue retention, reduced
tillage, or high frequency of host crops. Most of
these diseases are not yet effectively managed
by genetic resistance, fungicides, or biological
agents. Optimal disease management generally
requires changing the soil environment to
reduce survival of the pathogens between
susceptible host crops, or the virulence of
pathogens during the infective stage.

Rotation to non-hosts is an effective
management strategy for common root rot, take-
all, Cephalosporium stripe, and eyespot but not
crown rot, Pythium root rot, or Rhizoctonia root
rot.

Other management practices that reduce
damage caused by several of these diseases
include preventing growth of volunteer cereals
and weed hosts during the interval between
crops, banding a portion of the fertilizer below
the seed, adjusting the planting date, using a

4)

5)

seed drill that causes intense soil disturbance in
the seed row, and protecting seedlings by
applying a fungicide to the seed. Only eyespot
can be controlled by applying fungicide to the
foliage. Crop management systems to control
take-all and eyespot are optimized using
models.

Severity of take-all and Rhizoctonia root rot
may increase at the beginning of a wheat
monoculture and then begin to decline in
severity. These disease decline phenomena are
mediated through influences of the soil
microbiota.

Wheat cultivars with useful levels of resistance
are available to suppress damage by common
root rot, crown rot, Cephalosporium stripe, and
eyespot. Molecular markers are used to detect
resistance genes in seedlings, and DNA-based
real-time polymerase chain reaction (PCR)
assays are available to identify and quantify
these pathogens in soil or plants. These assays
plus data interpretation based on disease
epidemiology have been used commercially to
predict potential grain yield loss from several of
these diseases.

INTRODUCTION

Most wheat (Triticum sp.) diseases caused by
root-, crown- and lower culm-infecting fungi are
not yet effectively managed by genetic resistance

or by application of a fungicide or biological
control agent. The best management strategy for
many of these diseases continues to depend upon
changing the soil environment in ways that either
influence the survival of the pathogen between
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summarized in this chapter (Table 6.1) are
heavily influenced by soil physical and chemical
properties, by interactions with associated
microbes and micro-fauna in soil and on plant
surfaces, and by the capacity of plants to serve as
hosts for growth and multiplication. The
complexity of factors affecting these pathogens
before and during pathogenesis is immense.

Updated summaries of these diseases cannot
be complete without acknowledging the great
contributions that have been made by large
numbers  of  practicing  farmers,  soil
microbiologists, soil ecologists, soil physicists,
soil chemists, agricultural engineers, agronomists,
plant pathologists, botanists, geneticists, and
wheat breeders. An introduction to these
founding contributions can be found in Butler
(1961), Baker and Snyder (1965), Garrett (1970),
Griffin (1972), Bruehl (1975, 1987), Schippers
and Gams (1979), Krupa and Dommergues
(1979), Cook and Baker (1983), and Parker et al.
(1985). Additional reference books are cited in
appropriate sections of this chapter.

Many similarities occur among pathogens
and diseases of wheat and other grasses.
Complementary insights into the biology of
pathogens causing four of these wheat diseases
are summarized from a different perspective in
treatises by Smith et al. (1989), Clarke and Gould
(1993), Couch (1995), and Smiley et al. (2005a).

The content of this chapter also would be
incomplete without referencing guidelines for
studying these pathogens and gaining a greater
visual appreciation of disease symptoms and
pathogen characteristics. Methods to isolate and
study the pathogens are provided by Singleton et
al. (1992), among others. Excellent color images
are available in Zillinsky (1983), Murray et al.
(1998), Wallwork (1992, 2000), Bailey et al.
(2003), and Bockus et al. (2009).

COMMON ROOT ROT

Common root rot is a name originally applied to a
complex of diseases caused by several species of
Bipolaris (‘Helminthosporium’) and Fusarium
(Butler 1961). Current usage restricts this name to
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root and stem base diseases caused by Bipolaris
sorokiniana, although this pathogen frequently
occurs in association with Fusarium crown rot
(Windels and Wiersma 1992; Smiley and
Patterson 1996; Fernandez and Chen 2005).
Common root rot was considered a very serious
disease, especially in Canada and Australia, in the
early- to mid-20th century (Butler 1961; Tinline et
al., 1991) and can cause grain yield losses as great
as 25% (Wildermuth et al., 1992). Common root
rot has received less attention in recent years,
possibly because of the increasing importance of
Fusarium crown rot, and because most research
on this pathogen now focuses on the foliar
disease, spot blotch (Kumar et al., 2002). The
significance of common root rot for modern
cultivars in contemporary cropping systems is not
well known and is probably underestimated.

Symptoms and epidemiology

All parts of the wheat plant can be infected.
Initial symptoms are dark necrotic lesions. The
classic symptom in soilborne infections is a dark
lesion on the subcrown internode (Color Plate
12a), which can extend up to the crown, and in
severe infections, up the lower internodes on the
stems. Plants with severe subcrown internode
symptoms have reduced root growth, especially
of crown roots (Kokko et al., 1995). The roots are
not usually the major site of infection, although
they may show some browning (Fedel-Moen and
Harris 1987; Kokko et al., 1995). Lesions of
common root rot (Color Plate 12a) are much
darker than those of Fusarium crown rot (Color
Plate 12b). On the stems, they appear streaky
rather than uniform around the circumference of
the stem. Severe common root rot is often
associated with water stress (Piccinni et al.,
2000). Plants may be stunted, and whiteheads
(Color Plate 13a) form if plants are water-stressed
late in the season.

The main source of inoculum is the conidia,
which are large and strongly pigmented and can
survive for several years in soil (Wildermuth and
McNamara 1991). Bipolaris sorokiniana can be
seedborne (Couture and Sutton 1980), but seed
transmission is unlikely to occur from common
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Table 6.1. Synopsis of primary pathogens, infection sites, symptoms, and effects of crop management practices for diseases addressed in Chapter 6.

O. acuformis

lower culm; plant
lodging; whiteheads

planting winter wheat too
early

delay autumn planting date;
plant spring wheat; crop
rotation; apply foliar fungicide

necessary for
spring plantings

Disease Principal pathogen(s) |Primary Primary symptoms | Conditions leading to Practices that generally Efficacy of seed- | Efficacy of
infection highest disease severity | minimize crop damage applied genetic
site fungicides resistance

Common root rot | Bipolaris sorokiniana stem base, lesion on subcrown cultivation; planting wheat | crop rotation; summer fallow; poor to fair poor to fair
crown, internode; stunting; annually; drought shallow sowing; delay autumn
subcrown whiteheads planting date; plant resistant
internode cultivar

Fusarium crown Fusarium culmorum, stem base, | browning of lower leaf | no-till or minimum tillage; | destroy infested crop residue; poor; more poor to fair;

rot F. pseudograminearum | crown, sheath; lesion on host crops annually or 2- | crop rotation; judicious effective for currently
subcrown subcrown internode; | year rotations; planting application of N; delay autumn | spring than not widely
internode dry rot of crown and | winter wheat too early; planting date; plant resistant autumn plantings | deployed

roots; whiteheads high N fertility; drought cultivar; shallow sowing

Pythium root rot | Pythium ultimum, seed, roots | seed rot; damping-off; | cool, wet soil; planting host | plant when soil temperature poor to fair; more | not

P. irregulare, root rot; stunting; crops annually; planting favors rapid seed germination; | effective for available
and others delayed maturity winter wheat too late or band a starter fertilizer below spring than
spring wheat too early seed; control green bridge; plant | autumn plantings
fresh seed
Rhizoctoniaroot |Rhizoctonia solani AG- |roots root rot; stunting; no-till; planting host crops | control green-bridge; disruption | poor for wheat not
rot 8, delayed maturity annually; planting winter of seed row at planting; pre- planted in available
R. oryzae wheat too late or spring plant tillage; band a starter autumn; poor to
wheat too early fertilizer below seed; summer fair for spring
fallow wheat
Take-all Gaeumannomyces roots root rot; stunting; planting host crops crop rotation; control green- poor to fair; more | not
graminis var. tritici, blackened stem base |annually; planting winter bridge; manage form of N effective for available
G. graminis var. in wet or humid sites; | wheat too early; major absorbed by roots; delay spring than
avenae whiteheads increase in soil pH after autumn planting date autumn plantings
lime application
Cephalosporium | Cephalosporium roots & long leaf stripes no-till or minimum tillage; | crop rotation; plant resistant not effective fair to good
stripe gramineum crown merging into dark acid soil; host crops winter wheat; plant spring
veins in leaf sheath; annually or 2-year wheat; destroy infested crop
stunting; whiteheads | rotations; planting winter residue; lime acid soils; control
wheat too early; green-bridge; delay autumn
freeze/thaw cycles during | planting
winter
Eyespot Oculimacula yallundae, | stem base elliptical lesions on host crops annually; plant resistant winter wheat; fair to good; not | good
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root rot-infected plants unless spot blotch is also
present.

Incidence of infection is related to the density
of conidia in soil (Tinline et al., 1988). Spore
density, and disease incidence and severity, are
higher in cultivated soils than in no-tillage
systems where seed is directly drilled into residue
of a previous crop (Reis and Abrao 1983;
Mathieson et al., 1990; Wildermuth et al., 1997).
This may be related to dispersion of spores within
the soil during cultivation. A high proportion of
spore production from wheat residues is from
crowns (Duczek 1990), and removal of residue
by burning has been shown to reduce the severity
of common root rot (Wildermuth et al., 1997).

High spore populations and disease severity
occur under continuous wheat (Wildermuth and
McNamara 1991; Conner et al., 1996).
Continuous wheat also increases the average
aggressiveness of field populations towards
wheat (El-Nashaar and Stack 1989). Wheat and
barley (Hordeum vulgare L.) are among the most
susceptible hosts, with oat (Avena sativa L.)
being less susceptible while legumes are
generally resistant (Wildermuth and McNamara
1987). Spore populations decline under fallow or
non-hosts, such as oilseeds or legumes, compared
with cereals (Wildermuth and McNamara 1991).

The effect of nutrients on common root rot is
equivocal. Most attention has been paid to
chloride, which reduces disease severity in some
experiments but has no consistent effect in others
(Windels et al., 1992; Tinline et al., 1993). Low
nitrogen levels possibly reduce disease severity,
so that severity in continuous wheat with no
added nitrogen is less than in wheat-legume
sequences, despite the rotation effect (Dalal et al.,
2004; Fernandez and Zentner 2005). This is
probably due to an interaction between high
nitrogen levels and water use (Dalal et al., 2004).

Incidences of common root rot and Fusarium
crown rot are often inversely related when both
diseases are present. Severity of common root rot
declined as incidence of Fusarium crown rot
increased in a long-term trial (Wildermuth et al.,
1997). This may represent competition between
the pathogens, because B. sorokiniana is a poor
competitor with Fusarium species in plant tissue

Section Il Making of a Wheat Crop

(Tinline 1977). However, B. sorokiniana is
strongly antagonized by the crown rot Fusarium
species in culture, and symptoms of the two
diseases are similar. It is therefore possible that B.
sorokiniana is difficult to detect by isolation or
symptoms in the presence of Fusarium species.
Because of possible interactions, reports of
common root rot when it co-occurs with Fusarium
crown rot must be interpreted with caution.

Causal organism

Bipolaris  sorokiniana  (Sacc.)  Shoemaker
[teleomorph = Cochliobolus sativus (S. Ito and
Kurib) Drechsler ex Dastur] has a worldwide
distribution and a wide host range among small
grain cereals and grasses (Kumar et al., 2002).
This pathogen is widely reported in older
literature as Helminthosporium sativum Pammel,
C.M. King & Bakke. The sexual state is readily
produced in the laboratory (Singleton et al., 1992)
but has not been reported in the field.

Some evidence exists for host specialization
within the species. Isolates from barley are more
virulent to barley roots than to wheat roots, and
vice versa (Conner and Atkinson 1989). Wheat
isolates vary greatly in their virulence on wheat
leaves (Duveiller and Garcia Altamirano 2000)
but no clear evidence for races has been found.

Bipolaris  sorokiniana produces several
sesquiterpenoid toxins, the most important of
which is prehelminthosporol (Kumar et al., 2002).
Isolates with low prehelminthosporol production
in culture tend to have reduced virulence on
barley roots (Apoga et al., 2002), but evidence for
a major role of toxins in pathogenesis is not
available.

Disease management

Rotation to non-hosts is the primary management
strategy for common root rot. This must be
combined with effective management of grassy
weeds. Some benefit may also be gained by
rotation among cereal hosts, because this acts
against selection for highly aggressive strains
(Conner et al., 1996). Zero-tillage (no-till or
direct-drill) reduces common root rot severity,
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and shallow sowing can also reduce contact with
inoculum (Tinline and Spurr 1991). Avoidance of
stress in the crop reduces severity. In general,
management  practices directed at more
conspicuous diseases like take-all and Fusarium
crown rot will also reduce common root rot in
most areas.

A moderate level of resistance is available
among wheat cultivars (Wildermuth et al., 1992).
Most current breeding work is directed against
spot blotch, but there is evidence that at least
some sources of resistance to spot blotch will also
be effective against common root rot (Arabi et al.,
2006).

FUSARIUM CROWN ROT

Fusarium crown rot is a generic term for diseases
of stem bases caused by several species of
Fusarium. These diseases are also widely known
as foot rot. Crown rot or similar diseases have
been reported from all areas where wheat is
grown (Nelson et al., 1981; Summerell et al.,
2001b). The importance of this disease complex
has risen with increasing adoption of residue
retention and reduced tillage practices, which
favor the buildup of inoculum and greater levels
of infection (Windels and Wiersma 1992;
Burgess et al., 1993; Smiley et al., 1996a).

The fungi which cause Fusarium crown rot
can also incite Fusarium head blight. The focus of
most community concern and research in recent
years has been on head blight because of the
potential for mycotoxin contamination of food
and feedstuffs. However Fusarium crown rot
remains a serious problem, especially given the
difficulties in managing it within the constraints
imposed by modern cropping systems.

Symptoms and epidemiology

Symptoms of crown rot are first seen as necrotic
lesions or more general browning on leaf sheaths
and stem tissue. Infections from inoculum in the
soil may appear first as brown lesions on the
subcrown internode (Color Plate 12b) while those
from surface residue occur through the crown

(Color Plate 13b; Summerell et al., 1990).
Infected crown roots exhibit a dry, brown
discoloration.

Infection from rain-splashed conidia may be
through leaf sheaths above the soil surface,
leading to browning first appearing at nodes
above the crown (Jenkinson and Parry 1994). For
all sites of primary infection, the near-uniform
browning may then progress for several
internodes up the stem (Color Plate 13c, left
side). A pink discoloration under leaf sheaths or
in other tissues may also be seen, and orange
sporodochia (conidial masses) can form on nodes
under high humidity. If infected plants are water-
stressed during grain filling, premature ripening
may occur, leading to whiteheads (Color Plate
13a). The whitehead symptom generally does not
occur when moisture is adequate for optimal
plant growth.

Following physiological maturity the fungi
aggressively colonize stem tissue and survive as
mycelium in the infested residues. Fusarium
culmorum can also survive as chlamydospores in
the soil.

Fusarium crown rot in most environments
behaves as a monocyclic disease with incidence
being dependent on initial inoculum in the soil or
crop residue (Backhouse 2006). Secondary
spread appears to be limited in dry environments,
but splash dispersal of conidia can be significant
in more humid environments (Jenkinson and
Parry 1994). It is not known what role ascospores
may play in infections of stem bases.

High nitrogen levels favor disease in two
ways. The increased leaf area predisposes plants
to late-season water stress under dry conditions,
increasing severity (Cook 1980). High nitrogen
levels also increase incidence of infection
(Smiley et al., 1996a), presumably by increasing
susceptibility. Zinc deficiency may also increase
susceptibility (Grewal et al., 1996).

Causal organisms

A large number of Fusarium species are capable
of causing stem base disease in wheat
(Akinsanmi et al., 2004). Of these, F. culmorum
(W. G. Smith) Sacc., F. pseudograminearum
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O’Donnell & T. Aoki (teleomorph = Gibberella
coronicola T. Aoki & O’Donnell), F.
graminearum Schwabe [teleomorph = G. zeae
(Schwein.) Petch], and F. avenaceum (Fr.) Sacc.
(teleomorph = G. avenacea R.J. Cook) have been
considered the most important  species
worldwide.

Fusarium culmorum has the most widespread
recorded distribution from wheat stem bases
among these species, being found on all
continents. Parry et al. (1994) suggested that F.
culmorum was typically found in warmer, drier
cereal growing areas. However, surveys in
Australia and North America indicate that it is
most prevalent in the cooler or higher rainfall
parts of the wheat growing areas in these regions
(Smiley and Patterson 1996; Backhouse et al.,
2004). Fusarium culmorum differs from the other
species in that chlamydospores play an important
part in epidemiology (Sitton and Cook 1981).
Infection rates are less affected by surface plant
residues compared to other species associated
with crown rot (Windels and Wiersma 1992). No
teleomorph is known, but evidence for
recombination has been found in field
populations (T6th et al., 2004), and it is likely
that a sexual state does exist.

Fusarium pseudograminearum was formerly
known as F. graminearum Group 1 (Aoki and
O'Donnell 1999). The teleomorph, G. coronicola,
is rarely found in the field (Summerell et al.,
2001a). This species is the most important cause
of crown rot in Australia and South Africa
(Burgess et al., 1975; Van Wyk et al., 1987,
Backhouse and Burgess 2002; Chakraborty et al.,
2006). It is also prevalent in western North
America (Smiley and Patterson 1996; Clear et al.,
2006), occurs at low frequency in the
Mediterranean region and Asia (Bentley et al.,
2006; Tunali et al., 2008), and has not been
reported from South America or Europe north of
the Alps.

The role of F. graminearum as a cause of
Fusarium crown rot is unclear because of
uncertainty about the identity of fungi reported
under this name. In literature prior to the 1980s F.
pseudograminearum was reported as F.
graminearum, and even recently the two species
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have not always been distinguished. O'Donnell et
al. (2004) segregated F. graminearum from eight
cryptic sister species, many of which also
occurred on cereals. Fusarium graminearum in
the strict sense is best known as a head blight
pathogen. It is frequently isolated from wheat
stem tissue, and shows a similar range of
aggressiveness to wheat crowns as F.
pseudograminearum in pathogenicity tests under
controlled conditions (Akinsanmi et al., 2004).
However, surveys in several countries which
have used modern taxonomic concepts have
generally failed to report F. graminearum as a
significant component of the Fusarium crown rot
complex compared with other species (Pettitt et
al., 2003; Akinsanmi et al., 2004; Backhouse et
al., 2004; Smiley et al., 2005b). The teleomorph,
G. zeae, occurs readily in the field, unlike other
species in the complex.

Fusarium avenaceum is typically prevalent in
cooler climates such as eastern Canada and
northern Europe (Hall and Sutton 1998; Pettitt et
al., 2003), although it occurs more widely as a
minor component of the disease complex.
Pathogenicity to wheat subcrown internodes and
crowns is similar to that of F. culmorum, F.
graminearum, and F. pseudograminearum
(Fernandez and Chen 2005; Smiley et al., 2005Db).
The teleomorph, G. avenacea, has not been found
in the field. Fusarium avenaceum appears to have
a broader host range than the other species but is
more frequently associated with diseases of
legumes (Satyaprasad et al., 2000).

Disease management

Chemical control of Fusarium crown rot is
generally unsuccessful. Management therefore
depends mainly on cultural practices and
resistance. Because incidence of disease caused
by F. pseudograminearum, F. graminearum, and
F. avenaceum is strongly correlated with the
quantity of infested residue (Windels and
Wiersma 1992; Smiley et al., 1996a; Wildermuth
et al., 1997; Backhouse 2006), practices which
either remove the residue or allow its
decomposition are effective management tools.
Stubble burning, either after harvest or
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immediately before sowing, can maintain the
disease at low levels even in continuous wheat
production (Burgess et al., 1993, 1996).
However, this practice has become unacceptable
in many areas. Amounts of surface residue and
stubble burning may have less effect where F.
culmorum is present (Windels and Wiersma
1992; Smiley et al., 1996a), presumably because
of the presence of chlamydospores in the soil
(Bateman et al., 1998).

Rotation with non-hosts allows time for
natural mortality of the pathogen. The rotations
that can be used, and their effectiveness, differ
between pathogens. Fusarium
pseudograminearum has the narrowest host
range, and almost any non-cereal host, including
grain legumes and oilseeds as well as sorghum
[Sorghum bicolor (L.) Moench] can be used
(Burgess et al., 1996; Kirkegaard et al., 2004).
Maize (Zea mays L.) has not been recorded as a
host for F. pseudograminearum, but would be a
poor choice if F. culmorum or F. graminearum,
which do infect maize, are present. Crop rotation
may have less effect on F. culmorum than on F.
pseudograminearum, presumably because of the
longevity of chlamydospores relative to
mycelium in stubble (Sitton and Cook 1981,
Summerell and Burgess 1988).

Nitrogen management has a strong impact on
disease incidence and severity, particularly in
low-rainfall environments where plants mature
without the benefit of late-season rainfall (Cook
and Veseth 1991; Smiley et al., 1996a).
Application of nitrogen at rates greater than
required for the expected or attained grain yield
typically increases the expression of whiteheads,
reduces grain yield and test weight, and increases
grain protein content. In low-rainfall regions
where low nitrogen inputs are required to produce
low-protein soft-white wheat, severity of crown
rot is greatly increased when growers apply
higher rates of nitrogen to produce high-protein
market classes of wheat.

Wheat cultivars differ in susceptibility to
crown rot, although the range available among
released cultivars is usually small (Wallwork et
al., 2004). Moreover, cultivars or lines expressing
resistance in some instances are often highly

variable in responses over seasons and
geographic areas (Smiley, unpublished data).
Durum wheat (T. turgidum ssp. durum) tends to
be more susceptible than bread wheat (T.
aestivum L.) (Kirkegaard et al., 2004) and should
be avoided in high disease-risk situations. Wheat
lines with higher levels of resistance have been
identified in a wide range of backgrounds
including bread wheat, T. zhukovskyi Menabde et
Ericzjan, T. dicoccum Schrank, and synthetic
wheat (Wallwork et al., 2004; Nicol et al., 2007).
Resistance appears to be expressed against all
pathogen species (Miedaner 1997; Wallwork et
al., 2004). Both seedling and adult-plant forms of
partial resistance have been identified for F.
pseudograminearum. For screening purposes,
seedling but not adult-plant resistance has been
inversely correlated with the genetically
determined depth at which crown tissue is formed
for each wheat genotype (Wildermuth et al.,
2001). Genotypes with seedling resistance form
crowns at more shallow depth than susceptible
genotypes, possibly enabling them to partially
escape or delay infection. Most work on
resistance to Fusarium in wheat has been done
with head blight, but the lack of correlation
between resistance for head blight and resistance
for crown rot in rye (Secale cereale L.)
(Miedaner et al., 1997) suggests that head blight
resistance will not necessarily be effective against
crown rot.

PYTHIUM ROOT ROT

Pythium root rot of wheat is caused by numerous
species of Pythium. These species have a broad
host range including maize, barley, oat, rye, and
many broadleaf crops such as pea (Pisum sativum
L.), chickpea (Cicer arietinum L.), lentil (Lens
culinaris Medik.), and soybean [Glycine max (L.)
Merr.].

Pythium  species have a worldwide
distribution and are found in most agricultural
soils (Hendrix and Campbell 1970; Martin and
Loper 1999). As many as six species have been
isolated from a single soil sample and more than
30 species have been isolated from wheat (Farr et
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al., 2007), although not all species are equally
virulent (Chamswarng and Cook 1985; Ingram
and Cook 1990; Higginbotham et al., 2004b).
Because of the ubiquitous nature of these
pathogens and the chronic nature of the disease,
Pythium root rot was termed “the common cold
of wheat” (Cook and Veseth 1991).

The impact of Pythium on wheat was not
realized until field trials were conducted with the
fungicide metalaxyl. This oomycete-specific
fungicide increased yields as much as 0.8 t ha™ in
the Pacific Northwest USA (Cook et al., 1980;
Smiley et al., 1996b). Treatment of Pythium-
infested soil with fumigation increased vyields
13% to 36% (Cook et al., 1987). Pythium root rot
has also been reported on wheat in Australia
(Pankurst et al., 1995), southeast USA (Milus and
Rothrock 1997), and Turkey (Tunali et al., 2008)
but can probably be isolated from soils in most
wheat growing areas.

Symptoms and epidemiology

Pythium primarily infects juvenile tissues
including embryos, emerging seedlings, root tips,
lateral roots, and root hairs. High pathogen
populations can reduce emergence of seedlings
and stands of wheat (Color Plate 14a), due to
death of the seedling from infection either before
emergence (pre-emergence damping-off) or after
emergence (post-emergence damping-off). Rotted
seeds can also be found in soil. However, with
cereals such as wheat, these symptoms are rare.
Usually, an embryo-infected seedling will emerge
successfully and then remain stunted (Fukui et
al., 1994).

Diagnosis of Pythium is difficult in wheat
because of the lack of distinctive above-ground
symptoms. In general, wheat will appear stunted,
but without disease-free plants for comparison,
this generalized mild stunting may not be noticed
in the field. However, because the pathogen
destroys root tips, feeder roots, and root hairs, the
ability of the plant to take up water and nutrients
is reduced and symptoms of nutrient deficiency
or water stress can become apparent. Maturity
can be delayed, plant height is reduced, plants
have fewer tillers, and heads are poorly filled.
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Infected roots may appear yellow-brown in color,
but usually the rotted roots quickly disintegrate
and are not recovered.

Pythium species survive as thick-walled
oospores or sporangia that are produced in
infected roots. When roots decay the inoculum is
released into the soil. Most inoculum is present in
the top 10 to 15 cm of soil. The pathogen can
colonize clean wheat straw, chaff, or green
manure as a nutrient source to support mycelium
growth and to increase inoculum density (Cook et
al., 1990). In the Pacific Northwest, Pythium
populations averaged 350 to 400 propagules per
gram of soil (Cook et al., 1990), exceeding the
threshold of 200 propagules per gram of soil
needed to cause growth reductions (Fukui et al.,
1994). When a seed is placed in the soil, or a root
tip grows near a Pythium spore, seed or root
exudates stimulate the germination of the spore,
resulting in rapid chemotrophic attraction to and
infection of the seed or root (Hering et al., 1987;
Fukui et al., 1994; Martin and Loper 1999). Spore
germination can occur within a few hours and
infection within 10 to 24 hours. Many Pythium
spp. are also capable of rapid mycelial growth. In
wet soils, some species can form motile
swimming spores (zoospores) which are
chemotactically attracted to root tips and seeds.

Pythium diseases are favored by cool, wet,
poorly-drained soils with high clay content and
low pH (Fukui et al., 1994). These cool wet
conditions are often associated with delayed
sowing of fall-planted crops (Smiley et al.,
1996b) or result from excessive crop residue in
no-till systems, which reduce the warming and
drying of the soil during the spring (Cook et al.,
1990). However, improved water infiltration
often associated with long-term no-till may
reduce the occurrence of Pythium diseases.
Maximum infection by P. ultimum and P.
irregulare occurs at 10°C and 5°C (Ingram and
Cook 1990), but some species can act as snow
molds, infecting under snow cover at 0°C to 3°C.

Causal organisms

Although 30 species of Pythium have been
associated with wheat, most reports focus upon P.
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arrhenomanes Drechs., P. graminicola Subr., P.
ultimum Trow, P. aristosporum Vanterpool, P.
irregulare Buisman, P. torulosum Coker &
Patterson, P. sylvaticum Campbell & Hendrix,
and P. heterothallicum Campbell & Hendrix.
Pythium debaryanum Hesse is frequently cited in
older literature but this is not currently
recognized as a valid species and many records
may be incorrect. Recent surveys using classical
and molecular techniques have identified 13
species of Pythium on wheat in the Pacific
Northwest USA, including a new species, P.
abappressorium (Paulitz and Adams 2003,
Paulitz et al., 2003a). Most species are capable of
causing significant reductions in root biomass
(Higginbotham et al., 2004b), but the most
virulent were P. ultimum, P. irregulare group 1,
and P. irregulare group IV sensu Matsumoto
(identified as P. debaryanum in that paper).

Pythium species produce oospores, which
result from the fertilization of oogonia by
antheridia. Oospores are generally spherical, from
15 to 40 pum in diameter, and result from sexual
recombination. Asexual sporangia can germinate
directly to form hyphae or indirectly to form
zoospores, and can be spherical, filamentous, or
lobed in shape. Identification is based on
morphology of sporangia, oospores, oogonia, and
antheridia (van der Plaats-Niterink 1981), or on
molecular methods based on sequencing of the
internal transcribed spacer (ITS) region of the
rDNA (Lévesque and de Cock 2004; Schroeder et
al., 2006).

Disease management

Although no high-level resistance or tolerance is
found in adapted wheat cultivars, minor
differences do occur in susceptibility among
cultivars  (Higginbotham et al., 2004a).
Resistance is not a management option at the
present time. Crop rotation is not used for
management because of the wide host range of
Pythium species. However, different hosts select
for different Pythium species (Ingram and Cook,
1990) and recent surveys have demonstrated
shifts in species composition resulting from
different crop rotations or cropping systems

(Schroeder et al.,, 2007). For example, P.
irregulare Group | is strongly associated with
legume rotations (lentil and pea). Because of long
survival of Pythium oospores in dry soils during
the summer, traditional summer fallow may not
be effective, although many species decline to
low numbers in a fallow system (Schroeder and
Paulitz 2006).

Seed treatments reduce early damage to seed
and seedlings (Smiley et al., 1996b; Cook et al.,
2002b) and can increase grain yield through
improved stand establishment (Color Plate 14a),
but they will not reduce root rot in mature plants
because no commercially registered fungicide is
systemically translocated downward into the
roots. Effective seed treatments include the
oomycete-specific metalaxyl and mefanoxam,
and the broad-spectrum thiram. Biological seed
treatments with bacteria (Pseudomonas, Bacillus,
Enterobacteria) have controlled Pythium root rot
in the greenhouse and have resulted in some yield
increases in the field (Weller and Cook 1986;
Kim et al., 1997; Cook et al., 2002b; Kageyama
and Nelson 2003).

Some management practices can mitigate the
effects of Pythium root rot, such as banding a
starter fertilizer directly below the seed to
maintain seedling vigor when a portion of the
root system becomes rotted (Cook et al., 2000).
Because old seed germinates more slowly, giving
a greater window of opportunity for Pythium to
infect, only new seed should be planted.
Volunteer crop plants and weeds should be killed
with pre-plant herbicides at least three weeks
before planting to minimize the “green-bridge”
effect (Smiley et al., 1992; Pittaway 1995). Plants
that are dying from treatment with the herbicide
glyphosate can serve as reservoirs of Pythium
inoculum, because the necrotrophic pathogen can
extensively colonize the root system when the
plant defense system is reduced by inhibition of a
key enzyme in the shikimate pathway by this
herbicide (Lévesque and Rahe 1992).
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RHIZOCTONIA ROOT ROT AND BARE
PATCH

Rhizoctonia root rot and bare patch of wheat
occur throughout the world (MacNish and Neate
1996; Mazzola et al., 1996a). The disease is
caused by a complex of Rhizoctonia species that
infects roots and seeds of wheat, barley, and other
cereals, resulting in above-ground stunting,
pruning of root tips, reduced tillering, and
reduced vyield. Some groups of Rhizoctonia,
including R. solani AG-8 and R. oryzae, have a
wide host range and will also infect broadleaf
rotation crops (Cook et al., 2002a; Paulitz 2002;
Paulitz et al., 2002a).

Symptoms and epidemiology

The main above-ground symptom of Rhizoctonia
root rot is plant stunting. Plants can be stunted in
patches or individually. When in patches, called
bare patch, the classic symptom is expressed as
severe stunting of nearly all plants in roughly
circular patches that can be small or up to many
meters in diameter. Patches are first noticeable
about one month after planting spring wheat and
as late as early spring for winter wheat (Color
Plate 14b). Bare patch is associated with R. solani
anastomosis group 8 (AG-8) and occurs most
commonly in areas with low rainfall and lighter-
textured soils such as sandy loam soils with low
organic matter. Roots of young seedlings are
pruned off, resulting in plants deficient in
nutrients such as phosphorus, which can cause
purpling of the leaves in phosphorus-deficient
soils -- hence the name “purple patch” in some
regions. Rhizoctonia can also cause generalized
stunting and uneven plant heights without bare
patches, especially in areas of higher precipitation
with continuous annual cropping.

Rhizoctonia  solani AG-8 causes a
characteristic “spear tipping”, where the root tips
appear reddish-brown and are tapered to a fine
point (Color Plate 12c). Brownish lesions 1 to 3
mm long are present on the root. The pathogen
can rot the root cortex, leaving a temporarily
intact stele, giving the roots a constricted or
pinched appearance at the site of infection
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(Paulitz et al., 2002a). Seminal and crown root
growth is inhibited because of death of root tips.
Maturity is delayed and tiller formation is
reduced (Smiley and Wilkins 1993). Rhizoctonia
oryzae can cause pre-emergence and post-
emergence damping-off, but this is hot common
with R. solani AG-8.

Rhizoctonia primarily survives from year to
year in intact roots and crop debris. Rhizoctonia
oryzae can also survive as microsclerotia. Hyphae
of Rhizoctonia species are capable of spreading
long distances in soil from a food base (Garrett
1970; Bailey et al., 2000), moving through soil
pores and along the surfaces of soil particles.
Most of the inoculum is present in the top 10 to
20 cm of soil (Neate 1987). Rhizoctonia is not
uniformly or randomly distributed in the field but
has an aggregated spatial structure (Paulitz et al.,
2003b). Roots are infected by hyphae growing
out from crop debris or infected roots (Gill et al.,
2002), and infections of seedling roots causes
more damage to plants than infections of mature
plant roots.

Greenhouse studies have shown that
Rhizoctonia spreads faster in sandy soil than in
finer-textured soil (Gill et al., 2000). Rhizoctonia
in Australia is associated with light-textured soils,
especially the sandy calcareous soils of South
Australia, but has also been found in red clays
and acid soils (MacNish and Neate 1996). In the
Pacific Northwest USA, bare patch is more
common in sandy loam soils with low soil
organic matter than in silt loam soils.

Increased disease is associated with reduced-
tillage or no-till (Weller et al., 1986; Pumphrey et
al., 1987; Smiley and Wilkins 1993; Roget et al.,
1996), at least in the initial years of no-till
following conversion from conventional tillage
(Schroeder and Paulitz 2006). The mechanism for
this increase is unknown. Tillage may disrupt
hyphal networks (Gill et al., 2001a) or promote
flushes of microbial activity that inhibit
Rhizoctonia.

In moist soil, root rot caused by R. solani
AG-8 is most severe at 12°C to 15°C (Smiley and
Uddin 1993; Gill et al., 2001c). However, in dry
soil the pathogen is equally and highly virulent at
temperatures from 10°C to 25°C (Gill et al.,
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2001c). Pathogen virulence in warm, moist soils
is somewhat suppressed by a high level of
activity by associated soil microorganisms (Gill
et al., 2001b). Rhizoctonia oryzae has a higher
temperature optimum for disease (Ogoshi et al.,
1990; Smiley and Uddin 1993), causing
maximum disease at 20°C to 27°C.

Reduction in root mass can result in nutrient
deficiency. Increasing nutrient availability with
starter fertilizer banded below or beside the seed
enables plants to tolerate the disease even where
seedling infection rates are amplified by the
starter fertilizer (Smiley et al., 1990; Cook et al.,
2000). Application of nitrogen has shown
variable effects on disease, and application of
zinc reduced bare patch in zinc-deficient soils in
Australia (MacNish and Neate 1996) but not in
zinc-sufficient soils in the USA (Cook et al.,
2002a).

Infected roots of grassy weeds and crop
volunteers enable Rhizoctonia to survive and
expand inoculum density between crops. When
these plants are killed with pre-plant or in-crop
herbicides, this nectrophic pathogen can
extensively colonize the dying root system,
serving as a bridging reservoir of amplified
Rhizoctonia inoculum. If a pre-plant herbicide is
applied to infected plants soon before planting,
the newly planted wheat seed germinates and
seedlings emerge at a time when the Rhizoctonia
inoculum level is at a maximum level (Smiley et
al., 1992). This phenomenon is known as the
green bridge and is especially evident following
application of glyphosate, which curtails plant
defenses because of inhibition of a key enzyme in
the shikimate pathway (Lévesque and Rahe
1992). Residual levels of certain other herbicides
in soil from a previous crop may also increase
Rhizoctonia disease (Smiley and Wilkins 1992).

Causal organisms

A complex of species causes root rot on wheat,
including Rhizoctonia solani Kiihn (teleomorph =
Thanatephorus cucumeris Donk), R. oryzae
Ryker and Gooch (teleomorph = Waitea circinata
Warcup and Talbot), and binucleate species with
a sexual stage in the genus Ceratobasidium.

Rhizoctonia solani is divided into a number of
subgroups called anastomosis groups (AGS),
based on fusion of hyphae between isolates (Sneh
et al., 1991); AG-8 is associated with stunting
and bare patch symptoms on wheat and barley.
Other weakly virulent AGs also have been
isolated from wheat, including AGs 2, 2-1, 4, 5,
9, and 10 (Ogoshi et al., 1990; T.C. Paulitz,
unpublished data).

Rhizoctonia oryzae also is an important cause
of root rot in the Pacific Northwest USA (Ogoshi
et al., 1990; Smiley and Uddin 1993; Mazzola et
al., 1996b; Paulitz et al., 2002a,b). The sexual
state, W. circinata, consists of subgroups that
attack rice (Oryza sativa L.; W. circinata var.
oryzae) and turfgrasses (W. circinata var.
circinata and W. circinata var. agrostis). The
most pathogenic isolates on wheat in the Pacific
Northwest appear to be var. circinata, based on
DNA sequencing (P.A. Okubara, pers. comm.).

Binucleate Rhizoctonia AGs ClI, E, H, K, and
D have also been isolated from wheat, although
their pathogenicity on wheat roots is not well
known (Mazzola et al., 1996a; Tunali et al.,
2008). Most of these binucleate isolates appear to
be weakly virulent on cereals and more virulent
on broadleaf rotation crops (Paulitz, unpublished
data). AG-D is also known as Rhizoctonia
cerealis Van der Hoeven, which causes sharp
eyespot, a basal culm disease similar in
appearance to eyespot caused by Oculimacula
species and discussed later in this chapter.

Rhizoctonia species can be difficult to
identify because they do not produce spores.
Rhizoctonia solani forms rather thick hyphae (4-
15 um diam.) with characteristic right-angle
branching, dolipore septa near each hyphal
branch, and a slight constriction at the branching
point (Sneh et al., 1991). Some species form
microsclerotia in culture, which are irregularly
shaped dark-brown aggregations of thick-walled,
monilioid cells. However, these are not common
with R. solani AG-8. Rhizoctonia solani and R.
oryzae are multinucleate. Rhizoctonia oryzae
branches at 30°C to 50°C from the main hyphae
and forms abundant irregularly shaped orange-
pink or salmon to brown-colored sclerotia in
culture, 1 to 3 mm in diameter. Both species can
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survive in root pieces as rounded, thick-walled
monilioid cells.

Rhizoctonia is difficult to quantify because of
low population densities in soil. Rhizoctonia
propagules can be extracted by sieving of organic
matter, plating of soil pellets, and elutriation or
baiting with various plant materials (Singleton et
al.,, 1992). A semi-quantitative method using
wood toothpicks as bait has been particularly
useful (Paulitz and Schroeder 2005) and
quantitative DNA-based methods using real-time
polymerase chain reaction (PCR) have been
developed to identify and quantify several
Rhizoctonia species from soil and plants
(Okubara et al., 2008).

Disease management

The most effective cultural management practice
involves controlling the green-bridge by killing
volunteer crop plants and weeds with a pre-plant
herbicide at least three weeks before planting
(Smiley et al., 1992). Keeping the field fallow
without a living host also reduces the severity of
disease, but only if the fallow period is long
enough for inoculum levels of the fungus to be
reduced (Roget et al., 1987). Paulitz (unpublished
data) showed that chemical fallow over two
consecutive years was not enough to reduce
inoculum of R. solani AG 2-1 or R. oryzae in a
higher precipitation area of the Pacific Northwest,
but could reduce hyphal activity in low-rainfall
areas by the end of the fallow season, and that
this effect could be carried over to the following
crop. Reduced mechanical fallow was more
effective than chemical fallow.

Increased disturbance in the seed row can
also reduce disease (Roget et al., 1996). Farmers
in the USA greatly reduced the impact of
Rhizoctonia bare patch by using very heavy
direct-seed drills that caused extensive and deep
disruption of soil in the seed row. However, such
drills are now seldom used because they required
large tractors and high amounts of energy. A
lighter, paired-row direct-seed drill configuration
also reduced Rhizoctonia disease, possibly
because of a more open canopy and quicker soil
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warming between pairs of rows and residue
removal between paired rows (Cook et al., 2000).

Burning or otherwise removing stubble from
no-till fields does not generally reduce disease
severity (Smiley et al.,, 1996a; T.C. Paulitz,
unpublished data) or the amount of Rhizoctonia
inoculum (T.C. Paulitz, unpublished data),
possibly because the pathogen mainly survives in
the root system. However, stubble or crop residue
does affect the soil temperature and moisture
during the spring, often resulting in cooler soils
which are more conducive for Rhizoctonia
damage to young seedlings.

Protective seed treatments with chemicals
such as tebuconazole, difenoconazole, thiram,
and fludioxonil often result in better seedling
health, expressed as more tillers, roots, and
greater plant height, but in most cases grain yield
is not statistically increased (Mazzola et al.,
1996a; Paulitz and Scott 2006). Effects of crop
rotation have been variable because of the wide
host range of Rhizoctonia on other rotation crops
(MacNish and Neate 1996; Mazzola et al., 19964a;
Cook et al., 2002a). No genetic resistance to
Rhizoctonia root rot has been detected in adapted
cultivars of wheat but resistance appears to reside
in wild relatives of wheat that have not yet been
exploited (Smith et al., 2003a,b).

TAKE-ALL

Take-all is the most damaging root disease of
wheat worldwide and can cause severe grain
yield losses when consecutive cereal crops are
grown (Asher and Shipton 1981; Hornby et al.,
1998). Take-all is the most important limiting
factor for winter wheat production in Western
Europe. The pathogen causes root necrosis of
wheat and, to a lesser extent, of barley, rye, and
some grasses.

Symptoms and Epidemiology

The take-all fungus survives during the intercrop
period on root and shoot debris of a previously
infected crop, or on grasses and volunteer cereals.
It infects seminal roots, causing characteristic
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black necrosis, sometimes after root surface
colonization by brown runner hyphae of the
fungus. Secondary infections occur mainly from
root-to-root contact, extending disease to the
neighboring plants, but spreading only a short
distance resulting in a patchy distribution of the
disease within a crop (Cook 2003; Gosme et al.,
2007). The root system can become entirely
affected. In moist conditions a black necrosis can
develop on the lower stem (Color Plate 12d), but
this symptom seldom occurs in low-rainfall
regions where wheat matures with little or no
summer rainfall or irrigation. Perithecia (sexual
stage) may form on the lower stem and discharge
ascospores, but the importance of ascospores in
the existing crop is likely limited because
perithecia are formed late in the growing season.
Due to restricted capture of nitrogen and water by
roots (Schoeny et al.,, 2003), infected plants
develop poorly and appear as stunted patches in
spring. Premature ripening in summer is
expressed as whiteheads (Color Plates 13a, 14c)
bearing shrivelled grains.

Severe disease that develops early in the
season causes dramatic yield losses by reducing
all yield components (Schoeny et al., 2001). Even
when disease severity is low or moderate, major
yield losses are to be expected when a dry period
occurs during grain formation and filling. Take-
all is severe when the autumn and winter are mild
and humid, allowing early infections to greatly
increase the level of primary inoculum (Hornby
1978). As the take-all fungus is not a good
saprophyte, high levels of inoculum are the result
of host plants being infected. Wheat
monocultures increase inoculum levels through
several seasons, increasing disease severity to a
maximum generally between the second and
fourth year. In regions where soil organic matter
is plentiful and the soil environment is favorable
for microbial growth, continued production of
wheat then leads to a decline of disease severity
until a balance is reached at a severity less than
that during years of maximum disease expression.
Several biological hypotheses were proposed to
explain this phenomenon, named take-all decline
(Hornby 1979). Current agreement focuses on the
important role of fluorescent pseudomonads as

biological antagonists of the take-all pathogen
(Weller et al., 2007).

Mathematical models (Brasset and Gilligan
1989) incorporate components for primary and
secondary infection, together with reduction of
inoculum potential over time. A routine DNA-
based assay recently refined as a real-time PCR
test is provided as a service to Australian farmers
to quantify take-all pathogens in soil samples and
to serve as a basis for predicting potential yield
loss (Herdina and Roget 2000).

Causal organism

Gaeumannomyces graminis (Sacc.) Arx &
Olivier var. tritici Walker (Ggt) is responsible for
take-all of wheat, triticale (Triticosecale rimpaui
Wittm.), barley, and rye, in decreasing order of
susceptibility. These crops can also be attacked
by G. graminis var. avenae (Gga), which causes
take-all of oat and take-all patch of turfgrass
(Smiley et al., 2005a). Varieties Ggt and Gga can
be differentiated by host range and pathogenicity
tests or by measuring the mean length of
ascospores: 70 to 105 um for Ggt and 100 to 130
um for Gga (Freeman and Ward 2004). Two
other G. graminis varieties are known to colonize
roots of wheat but are considered as weakly or
non-pathogenic, G. graminis var. graminis
causing dieback of Bermudagrass [Cynodon
dactylon (L.) Pers.], and G. graminis var. maydis
causing take-all on maize (Freeman and Ward
2004).

Gaeumannomyces species such as Ggt and
Gga are homothallic, meaning individual isolates
are able to produce perithecia. When
Gaeumannomyces-like fungi are isolated from
plants with take-all symptoms but fail to produce
perithecia in culture, the isolates should be
examined for the possibility that they are an
anamorphic state (Phialophora or Harpophora
spp.; Gams 2000) of recently described
heterothallic species requiring the presence of
both mating types to produce the sexual stage.
These fungi seldom produce a sexual stage in
nature and require mixtures of mating types to
produce the sexual stage in culture. They are
easily misidentified as Ggt or Gga, may be under-
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reported, and are likely to occur on cereals in
nature. Gaeumannomyces incrustans Landschoot
& Jackson and Magnaporthe poae Landschoot &
Jackson were the first-described heterothallic
species of Gaeumannomyces-like fungi (Clarke
and Gould 1993). Anamorphs of M. poae,
misreported initially as P. graminicola and later
shown to be individual mating types of M. poae
(Clarke and Gould 1993), cause summer patch of
perennial grasses (Smiley et al., 2005a).
Anamorphic states of G. incrustans, M. poae, and
related fungi cause a high-temperature form of
take-all on wheat and other cereals in pot tests
(Smiley et al., 1986; Elliot 1991).

DNA probes have also been developed to
identify isolates of G. graminis varieties and
related species (Clarke and Gould 1993; Augustin
et al, 1999; Herdina and Roget 2000;
Rachdawong et al., 2002; Freeman and Ward
2004). Molecular tools have revealed genetic
polymorphism within Ggt populations (Ward and
Gray 1992; Bateman et al, 1997).
Characterizations of Ggt populations from
monoculture wheat crops, using both restricted
fragment length polymorphism (RFLP) and
random amplified polymorphic DNA (RAPD)
markers, have revealed two genetic groups called
G; and G, (Lebreton et al., 2004). Isolates of G;
were dominant in the first and sixth wheat crops,
and G, isolates were dominant in the third and
fourth wheat crops. Aggressiveness of group G,
was significantly greater than that of group G,
which corresponds with observed peaks of
disease during a wheat monoculture. A linear
relationship between G, and G, frequencies and
disease severity on wheat roots occurred in fields
monitored over three consecutive seasons
(Lebreton et al., 2007).

Disease management

The most important cultural practice used to
control take-all is crop rotation (Asher and
Shipton 1981; Hornby et al., 1998; Ennaifar et
al., 2007). Other practices that influence take-all
severity following the build-up of inoculum
during preceding host crops include tillage
(Ennaifar et al., 2005), sowing date and density,
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application of fertilizer or lime, and grass weed
control. Fungicide seed treatment provides
consistent but partial efficacy by reducing
primary infections (Schoeny and Lucas 1999;
Bailey et al., 2005; Ennaifar et al., 2005). No
resistant cultivar is currently available and
sources of resistance are scarce (Cook 2003).

Effects of soil cultivation have been variable.
Direct-seeded crops have had a lower disease
incidence in Britain (Brooks and Dawson 1968)
and either a higher level of disease (Moore and
Cook, 1984) or no effect (Schroeder and Paulitz
2006) in the Pacific Northwest USA.

Late sowing will allow a longer period of
inoculum  reduction and less favorable
temperature conditions at the time of possible
infections, thus reducing the frequency of
primary infections. Reducing the sowing density
reduces the amount of primary infection as well
as secondary infections capable of transmitting
the disease from plant to plant (Colbach et al.,
1997).

Take-all generally becomes more severe
immediately following application of lime to acid
soils, particularly when applications causing a
large change in acidity occur during intervals in
which environmental conditions and host
frequency are also conducive to disease
expression (Asher and Shipton 1981). However,
host genotypes, isolates of Ggt, and other soil
microbes each vary in tolerance to acidity. In
some regions the occurrence of severe take-all
has been associated more with acid than neutral
soils, resulting in less severe take-all following
application of lime (Hornby et al., 1998).

Application of the ammonium-ion form of
nitrogen fertilizer generally leads to a reduction
of take-all severity compared to the nitrate form
or a mixture of these ions (Huber et al., 1968;
Lucas et al., 1997). When absorbed by roots, the
ammonium ion reduces rhizosphere pH and
stimulates antagonistic components of the root-
surface  microflora, such as fluorescent
pseudomonads (Smiley 1978; Sarniguet et al.,
1992a,b).

Efficient control of grass weeds and
volunteer cereals is important for eliminating
additional inoculum build-up (Ennaifar et al.,
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2005; Gutteridge et al., 2005) that may occur
without contributing to take-all decline, as
reported for blackgrass (Alopecurus myosuroides
Hudsen), barren brome [Anisantha sterilis (L.)
Nevski] and rye brome (Bromus secalinus L.)
(Dulout et al., 1997; Gutteridge et al., 2005).

Attempts have been made to develop a
biological method to control the disease based on
various hypotheses proposed to explain the
phenomenon of take-all decline (Lucas and
Sarniguet 1998). The most intensive work on this
topic has involved fluorescent pseudomonads that
produce antibiotic compounds (Weller et al.,
2007). Due to often inconsistent performance
when these biocontrol agents are applied to soil
in an inundative biological control, Cook (2007)
stressed the importance of managing the resident
rhizobacteria with the cropping system to achieve
a conservation biological control.

CEPHALOSPORIUM STRIPE

Cephalosporium stripe is a vascular wilt caused
by a pathogen with a host range within the
Poaceae (Farr et al., 2007). Spring cereals are
susceptible but most economic damage occurs on
winter cereals (wheat, barley, oat, rye, and
triticale) in cool, temperate regions of North
America, Europe, Africa, and Japan.

Symptoms and epidemiology

One or more distinct longitudinal chlorotic stripes
appear in leaves during jointing (Color Plate
15a). A dark brown leaf vein (Color Plate 15hb)
extends from the base of each leaf stripe, through
the leaf sheath, and into the culm. Leaf striping
often does not occur on all leaves and tillers of
affected plants. Affected leaves senesce
prematurely, plants are typically stunted, and
heads may ripen prematurely to produce
whiteheads (Color Plate 13a). As plants mature
the culm of infected tillers may darken at and
below nodes. When seedlings are heavily infected
they may exhibit a mosaic-like yellowing in late
winter or early spring and may die before stripes
develop.

The pathogen is disseminated in infested seed
(Murray 2006), but most disease is caused by
infection of roots by soilborne conidia (Mathre
and Johnston 1975). The pathogen directly
penetrates adventitious (coronal) roots and lower
stems and moves into xylem vessels (Stiles and
Murray 1996; Douhan and Murray 2001).
Conidia produced in the xylem and those entering
directly through wounds are carried upward in the
transpiration stream and lodge and multiply at
stem nodes and in leaf veins. Occlusion of xylem
vessels by conidia impedes the transport of water
and nutrients (Wiese 1972).

The pathogen produces a chlorosis-inducing
toxin Graminin A and an exogenous
polysaccharide that are not required for
pathogenicity and virulence (Van Welt and
Fullbright 1986). They are important to
development of disease symptoms (Kobayasi and
Ui 1979; Creatura et al., 1981; Rahman et al.,
2001) and survival of the pathogen in dead straw
(Bruehl 1975; Wiese and Ravenscroft 1978).

Foliar tissue infested during the parasitic
phase on living plants is returned to the soil
during harvest and tillage. The pathogen does not
persist in root tissue. In regions where summer
rainfall is common the fungus can survive for up
to three years in infested residue but is mostly
destroyed within one year if the residue is buried
by tillage. In regions where most precipitation
occurs during the winter period the rate of straw
decomposition is slower and survival of the
pathogen longer. Acid soils favor saprophytic
survival in straw and production and survival of
conidia (Murray and Walter 1991).

Reduction in grain yield is correlated with
numbers of spores in soil (Martin et al., 1986;
Specht and Murray 1990; Bockus et al., 1994).
Cool, wet weather during autumn and winter
favors profuse sporulation on infested plant
debris at or near the soil surface (Wiese and
Ravenscroft 1975, 1978; Mathre and Johnston
1977). Disease incidence is often more prevalent
when seed is planted into wet soil (Bruehl 1968;
Pool and Sharp 1969; Anderegg and Murray
1988). Numbers of propagules in soil decline
rapidly during spring.
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Pathogen entry into the plant does not require
pre-existing tissue damage (Anderegg and
Murray 1988) but is strongly amplified by
injuries caused by emerging secondary roots and
tillers (Douhan and Murray 2001), freezing of
roots (Bailey et al., 1982; Martin et al., 1989),
root breakage during freeze and thaw cycles
(Bruehl 1968), insects (Slope and Bardner 1965),
and acid soils (Bockus and Claassen 1985;
Anderegg and Murray 1988; Stiles and Murray
1996).

Causal organism

Cephalosporium gramineum Y. Nisik. &
Ikata produces small unicellular conidia in a
slimy exopolysaccharide matrix (Stasinopoulos
and Seviour 1989). The Cephalosporium stage
occurs in the xylem of living plants and on the
surface of dead straw at or near the soil surface.
In most but not all regions the fungus also
produces a saprophytic sporodochial stage
(Hymenula cerealis Ellis & Everh.) mostly near
nodes of dead straw that was infested while living
(Wiese and Ravenscroft 1978). Sporodochia are
formed during cool, wet periods from late autumn
to early spring. Hyaline conidia are produced in
great abundance on moistened sporodochia.

Disease management

Cephalosporium stripe incidence and severity
increase with frequency of winter wheat
production (Latin et al., 1982; Bockus et al.,
1983). Disease is greatest where wheat is grown
annually and is much less damaging in two-year
rotations where summer rainfall is common and
in three-year rotations where precipitation occurs
mostly during the winter. Rotations are most
effective when volunteer cereals and grass weeds
are controlled during the over-winter fallow
period to prevent an increase in pathogen
inoculum density. Cephalosporium stripe is
especially damaging in direct-drill (no-till)
planting systems (Latin et al., 1982; Bockus et
al., 1983). The amount of pathogen inoculum can
be greatly reduced by burning, removing, or
deeply burying infested residue (Pool and Sharp
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1969; Wiese and Ravenscroft 1975; Bockus et al.,
1983; Christian and Miller 1984). Planting as late
as possible during the autumn reduces disease
incidence and severity (Bruehl 1968; Pool and
Sharp 1969; Martin et al., 1989) by limiting the
colonization of root and crown tissue by the
pathogen (Pool and Sharp 1969; Douhan and
Murray 2001), provided planting is not delayed
such that yield potential is reduced more than
may be caused by Cephalosporium stripe in
earlier plantings (Raymond and Bockus 1984).
Disease severity on winter wheat grown on acid
soils can be reduced by applying lime (Bockus
and Claassen 1985; Anderegg and Murray 1988),
but the benefit is mostly limited to years when
root wounding from frozen soil is minor (Murray
etal., 1992).

Winter wheat cultivars with partial resistance
are available (Bockus 1995; Murray et al., 2001;
Mundt 2002). Susceptible cultivars are
consistently susceptible and resistant cultivars
vary widely in disease reaction from year to year
(Martin et al., 1989). Repeated plantings of
moderately resistant cultivars reduce the level of
pathogen inoculum in soil and adequately
manage the loss of yield over time (Shefelbine
and Bockus 1989; Murray et al., 2001). Two
mechanisms of resistance have been described.
The pathogen may be excluded from entering the
plant, resulting in lower levels of disease
incidence, or the pathogen may have restricted
ability to move through root and crown tissue,
resulting in fewer infected tillers and delayed
symptom development (Morton and Mathre
1980; Mathre and Johnston 1990; Douhan and
Murray 2001). Genes conveying a high level of
resistance to C. gramineum were derived from a
wheat-Thinopyrum amphiploid (Mathre et al.,
1985), were characterized (Cai et al., 1996,
1998), and are being introgressed into
commercial cultivars.

Fungicide and microbial products do not
effectively suppress Cephalosporium  stripe.
Spring cereals are susceptible but mostly escape
infection.
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EYESPOT

Eyespot is caused by a fungus which produces
lesions on the lower culms, just above the soil
surface. The disease is also called strawbreaker
foot rot because, when severe, it causes the stem
to break and the plant to lodge. Eyespot occurs
commonly on fall-planted wheat but can also be
observed on barley and oat, and occasionally on
wheat planted during early spring. Although
reported in many countries, eyespot is most
important in regions with temperate climates such
as in the Pacific Northwest USA and Western
Europe (Nelson and Sutton 1988).

Symptoms and Epidemiology

Initial symptoms appear on seedlings during
autumn or early spring as dark lens-shaped
lesions with diffuse margin and occasionally a
central black ‘pupil’ on the outer leaf sheaths, just
above the soil. The infection progresses inward
from sheath to sheath and into the stem (Color
Plate 13c, right side). Invasion of the stem
reduces translocation of water and nutrients,
reducing yield mainly through a reduction of
kernels per head and kernel weight (Ponchet
1959). Severe eyespot lesions (Color Plate 13d)
weaken the stems to the extent that they collapse
(Ray et al., 2006), causing plants to lodge (Color
Plate 14d).

The main source of inoculum is mycelium of
the fungus surviving on infested crop debris
remaining from a previous crop. Infection occurs
via spores formed on the debris, which are mostly
spread over short distances in rain-splash
droplets. The optimum temperature for
sporulation is 5°C (Fitt et al., 1988). Frequent
rains are necessary to assure inoculum dispersal,
and high humidity is required for sporulation and
infection (Rowe and Powelson 1973).

Growth of the fungus inward through
successive leaf sheaths on an infected tiller is a
function of accumulated temperature and
differences in susceptibility between cultivars
(Ponchet 1959; Rapilly et al., 1979). The earliest
infections lead to earlier and more severe
penetrations of the stems and the greatest

reduction in yield. Forecasting models have been
developed (Rapilly et al., 1979; Siebrasse and
Fehrmann 1987), but most of them do not take
into account the effects of cultivar resistance,
diversity within the fungus populations, and crop
management practices (Colbach and Saur 1998).
The models are mainly used at a regional level as
an alert system to enable advisors and farmers to
optimize  fungicide applications.  Typical
decisions at the field level call for a justification
to apply a fungicide if the disease exceeds a
threshold of at least two outer leaf sheaths
penetrated on more than 20% of the tillers at
Zadoks growth stage 30 (Fitt et al., 1988). A
model defining crop management systems that
reduce the risk of eyespot is also available
(Colbach et al., 1999).

Causal organisms

Eyespot is caused by Oculimacula yallundae
(Wallwork & Spooner) Crous & W. Gams, and
O. acuformis (Boerema, R. Pieters & Hamers)
Crous & W. Gams (Crous et al., 2003). These
fungi were previously classified as Tapesia
yallundae and T. acuformis, respectively
(Robbetse et al., 1995), and are the teleomorphic
stages of Helgardia herpotrichoides (Fron) Crous
& W. Gams and H. acuformis (Niremberg) Crous
& W. gams (Crous et al., 2003). Before being
considered as two species these fungi were
described as Pseudocercosporella
herpotrichoides var. herpotrichoides and P.
herpotrichoides var. acuformis (Niremberg
1981). These two varieties were initially thought
to correlate with two pathotypes known as the
wheat-type (W-type) and rye-type (R-type),
respectively, in reference to their pathogenicity
on wheat only or on wheat and rye (Priestley et
al., 1992). They were also distinguished as the N-
and L-type in reference to normal or slow
mycelium growth (Cavelier et al., 1987), but
further examination of more strains found this
distinction to be incomplete (Lucas et al., 2000).
Globose, greyish brown apothecia bearing
ascospores of O. yallundae develop on decaying
stems and leaf sheaths late in the season and are
mainly found on stubble during the intercrop
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period (Wallwork and Spooner 1988; Hunter
1989). Although O. vyallundae has been
considered the more important causal agent of
eyespot, O. acuformis increased significantly to
become the dominant species during the 1990s in
the Pacific Northwest USA (Douhan et al., 2003)
and Western Europe (Lucas et al., 2000).

The forms which are more commonly
observed in a growing wheat crop are the
anamorphs H. herpotrichoides and H. acuformis.
They can be differentiated through examination
of conidial and cultural characteristics: H.
herpotrichoides produces either curved or curved
and straight conidia (4 septate, 35-80 pm x 1.5-
2.5 um) on fast growing, even-edged colonies
and squirrel-grey or olive-grey mycelia, and H.
acuformis with only straight conidia (4-6 septa,
43-120 pm x 1.2-2.3 um) on slow-growing,
feathery or uneven-edged colonies and grey to
brown-grey mycelia (Nirenberg, 1981). The two
species can be identified more rapidly and
accurately by molecular markers used in a PCR
assay combined with restriction enzyme digestion
of an amplified ribosomal DNA fragment (Gac et
al., 1996a,b). A real-time PCR assay now allows
workers to simultaneously identify and quantify
O. yallundae and O. acuformis (Walsh et al.,
2005).

Disease management

Crop rotation remains the best preventive method
for managing this disease. Intensification of
agriculture in Western Europe led to an increase
in grain yield losses due to eyespot and this
disease became, from the 1970s, the main target
of fungicides applied between the tillering and
stem-extension stages of wheat growth. The most
active fungicides have been the antimicrotubular
benzimidazole group, especially carbendazim. In
the early 1980s, because of the selection of
resistant strains, the benzimidazoles were
replaced by C-14 demethylation inhibitors
(DMIs) such as prochloraz (imidazole group) or
flusilazole (triazole group). In the early 1990s the
efficiency of these DMIs was also compromised
by fungicide resistance in some regions (Leroux
and Gredt 1997). The most-used current
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fungicide is cyprodinil, but decreased sensitivity
from repeated applications has also been
observed with this fungicide (Babij et al., 2000).

Moderate resistance to eyespot, provided by
the gene Pch2, was first incorporated in the
French winter wheat cultivar Cappelle-Desprez
(Muranty et al., 2002). This gene remained
durable despite widespread exploitation and has
been transferred into many cultivars. The gene
Pchl was transferred (Maia 1967) from Aegilops
ventricosa Tausch. into Triticum persicum
Vavilum ex Zhuk., and the F; hybrid was
backcrossed with the bread wheat cultivar Marne,
producing the resistant line VPMj; initials refer to
ventricosa, persicum, and Marne. The resistance
to eyespot conferred by Pchl is higher than that
conferred by Pch2 (Hollins et al., 1988; Jahier et
al., 1989), which only acts at the seedling stage
(Muranty et al., 2002), and now is being
emphasized in wheat breeding programs in
Europe and the USA (Allan et al., 1993). These
eyespot resistance genes remain durable and there
is no evidence of differences with respect to
Oculimacula species.

FUTURE PERSPECTIVES

Knowledge of the etiology and control of root,
crown, and culm rots continues to improve with
advances in technology. The following examples
illustrate promising areas of emerging research.
Development of molecular procedures is
greatly expanding the precision of pathogen
identification and, consequently, also supporting
a constant evolution in pathogen taxonomy and
phylogeny. Examples include identification of
DNA sequences of the ITS region of Pythium
(Martin 2000; Lévesque and de Cock 2004,
Schroeder et al., 2006), Rhizoctonia (Gonzalez et
al., 2001), Gaeumannomyces (Freeman and Ward
2004), and Fusarium (O'Donnell et al., 2004).
Results of these tests suggest that many Pythium
species reported in the literature may be
conspecific with others, and other described
species may actually be complexes of cryptic
species. Many sequences of Pythium species on
GenBank may also be misidentified. Likewise,
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newly recognized polymorphism within G.
graminis var. tritici has been revealed (Lebreton
et al., 2004), and it appears that anastomosis
groups of R. solani may function as phylogenetic
and biological species which have evolved
separately on different host plants and no longer
exchange genetic material (Gonzélez et al.,
2006). PCR techniques were used to show that
Cephalosporium  gramineum can  become
seedborne in wheat (Vasquez-Siller and Murray
2003), and real-time PCR procedures were
developed to identify and quantify several of
these pathogens in DNA extracts from soil and
plants (Lees et al., 2002; Schroeder et al., 2006;
Okubara et al., 2008).

Real-time PCR is also now used to make
routine  farm  management  decisions. A
commercial soil diagnostic laboratory in South
Australia uses a DNA extract from soil to identify
and estimate population levels of several
nematode species and inoculum levels of fungal
pathogens including F. culmorum, F.
pseudograminearum, G. graminis var. tritici, G.
graminis var. avenae, and R. solani AG-8
(Ophel-Keller et al., 2008). Predictions of
potential disease risk are communicated back to
farmers through a network of agronomic advisors
(Herdina and Roget 2000). This application of
modern technology will undoubtedly facilitate
more rapid and effective surveys of species
distribution and inoculum density.

The growing body of literature on molecular
aspects of pathogenicity will continue to refine
understanding of pathogenic variation within
pathogen populations, as well as to improve
development of genetic resistance. Considerable
new molecular information is available regarding
the pathogenicity and genetic structure of B.
sorokiniana (Kumar et al., 2002), Fusarium
species causing crown rot (O’Donnell et al.,
2004; Monds et al., 2005; Chakraborty et al.,
2006), and G. graminis var. tritici (Lebreton et
al., 2004). All Fusarium populations studied thus
far appear to be recombining, suggesting an
unrecognized  role  for  ascospores in
epidemiology. Current studies of the roles of
avenacinase, melanin, and laccases in take-all,
and the link between G. graminis var. tritici and

Magnaporthe grisea (Cook 2003; Freeman and
Ward 2004) are likely to provide new options for
achieving genetic resistance. Likewise, despite
the lack of specific genetic resistance to Pythium
in wheat, a better understanding is emerging for
innate resistance and the role of signaling
pathways, especially the jasmonic acid and
ethylene pathways (Vijayan et al., 1998; Okubara
and Paulitz 2005). Elicitors produced by Pythium
have also been identified, which may be
perceived by the host plant (Veit et al., 2001).
Higher levels of eyespot resistance may result
from studies of the determinants of pathogenicity
by Oculimacula yallundae and O. acuformis,
including analysis of the infection process and
importance of tissue susceptibility.

Identification and deployment of genetic
resistance has been especially difficult for species
of Pythium, Rhizoctonia, Fusarium, and
Gaeumannomyces. Strong advances are currently
being made in mapping QTLs for partial seedling
resistance to Fusarium crown rot (Boville et al.,
2006; Collard et al., 2006). This work is also
being extended to include adult-plant resistance.
However, these pursuits need to be balanced by a
deeper understanding of the components of
resistance, including resistance to penetration,
resistance to stem colonization, plant reaction to
infection, and sensitivity to toxins to enable a
more definitive identification of the QTL.

Identification of loci for resistance to
Fusarium and other pathogens are complemented
by improvements in the precision and speed of
assays to detect disease resistance or to link
phenotypic reactions to sources of genetic
resistance (Cowger and Mundt 1998; Wildermuth
et al.,, 2001; Mitter et al., 2006). Continued
development of markers for detecting the
presence of resistance genes in seedlings will
further improve the efficiency of wheat breeding
programs. Plant breeders in France (INRA) are
also attempting to clone the Pchl gene for
resistance to eyespot.

New insights into disease epidemiology are
emerging through development of models to
predict incidence and severity of take-all
(Ennaifar et al., 2007) and eyespot (Colbach et
al., 1999). These models provide a tool to more
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effectively identify and combine the most
efficient methods that individually provide only
partial disease control (Ennaifar et al., 2005).
They also provide a tool to more effectively
respond to society’s demand to reduce the use of
pesticides. One example is the current multi-
disciplinary emphasis on developing crop rotation
and management systems to control eyespot,
based on the use of multi-resistant, hardy winter
wheat cultivars in France (Savary et al., 2006).

Extensive research continues to be focused
on the pursuit of biological control and enhanced
soil suppressiveness for diseases such as take-all,
common root rot, Pythium root rot, and
Rhizoctonia root rot. The greatest focus has been
applied to take-all (Hornby et al., 1998; Weller et
al., 2007). Additionally, B. sorokiniana is a poor
saprophytic competitor, sensitive to suppression
in soils (Bailey and Lazarovits 2003), and
sensitive to several potential biocontrol agents
(Kumar et al., 2002). Likewise, Rhizoctonia root
rot often becomes severe during the initial
transition from conventional tillage to no-till
(Schroeder and Paulitz 2006), but long-term no-
till farms and annual wheat experiments in the
USA show little Rhizoctonia disease (Smiley et
al., 1996a; T.C. Paulitz, unpublished data).
Natural suppression to R. solani in cereal crops
has been documented (Lucas et al., 1993; Roget
1995; Mazzola et al., 1996a). Wiseman et al.
(1996) demonstrated that suppression was
dependent upon a microbial component, and
disease incidence and severity have been
inversely correlated with microbial biomass
(Smiley et al., 1996a). Many other instances of
Rhizoctonia-suppressive  soils  have  been
described (Mazzola et al., 1996a; Sneh et al.,
1996) but specific mechanisms for suppression
are generally unknown.

Complementation and collaboration among
regional or national research  programs
throughout the world have been highly effective
for identifying and deploying germplasm with
higher levels of resistance to common root rot,
eyespot, and Fusarium crown rot. However, these
efforts are not effectively funded and
coordinated. Greater institutional collaboration
and funding linkages are needed to improve the
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efficiency of coordination between international
organizations such as CIMMYT and ICARDA,
and public and commercial programs in countries
where wheat is an important crop.
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Plate 12 Lesions on subcrown internodes caused by (a)
Bipolaris sorokiniana and (b) Fusarium pseudograminearum, (c)
“spear tipping” of roots by Rhizoctonia solani AG-8, and (d)
blackening of roots and basal stem by Gaeumannomyces
graminis var. tritici . [(a & d) courtesy B.B. Bockus; (b & c)
courtesy R.W. Smiley.]

(© (d)

Plate 13 (a) Whiteheads caused by multiple root, crown, and
culm rotting fungi and insect pests, (b) crown rot and (c, left)
uniform browning of basal stem internodes by Fusarium
pseudograminearum, and lesions of the culm mainstem (c, right)
and leaf sheath (d) by Oculimacula yallundae ((a-c) courtesy
R.W. Smiley; (d) courtesy T.D. Murray.)
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Plate 14 (a) Improvement of wheat seedling stand by treating seed with metalaxyl (right) to reduce Pythium root-rot and damping-off
(left), (b) Rhizoctonia bare patch symptoms in winter wheat during early spring, (c) patches of whiteheads caused by take-all, and (d)
lodging of a winter wheat cultivar susceptible to eyespot (left) compared to a cultivar with a gene for resistance (right) [(a,b and d)
courtesy R.W. Smiley; (c) courtesy W.W. Willis].

@)

Plate 15 Winter wheat with leaf stripes (a) and browning of vascular bundles (b) caused by Cephalosporium gramineum. (courtesy
R.W. Smiley).



