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Nematodes Which Challenge Global
Wheat Production
Richard W. Smiley and Julie M. Nicol
SUMMARY
1) Effects of cereal cyst (Heterodera) and rootlesion (Pratylenchus) nematodes on wheat are
difficult to identify and control. Symptoms are
non-specific and easily confused with stress
from nutrient deficiency, drought, or disease.
2) Multiple species of Heterodera and
Pratylenchus are capable of damaging wheat.
Identification of species is difficult and
procedures based on comparative morphology
can be unreliable. Identification of species is
now assisted by molecular tools.
3) Heterodera species discussed in this chapter
reproduce only on hosts within the Poaceae,
and
individual
species
are
highly
heterogeneous for virulence to specific host
genotypes. Many pathotypes occur within H.
avenae, and the same is anticipated for H.
filipjevi and H. latipons. No pathotypic
variation within either P. neglectus or P.
thornei has been reported on wheat, but both
species multiply in a wide range of monocot
and dicot hosts. Mixtures of Heterodera
species or pathotypes, and Pratylenchus
species, may occur within individual fields.

4) Field sanitation is important because these
nematodes multiply on many weed species and
volunteer cereals. Cereal cyst nematode can be
controlled by rotating w\heat with a noncereal,
a resistant cultivar, or with weed-free fallow.
Root-lesion nematode is best managed by
rotating resistant and tolerant wheat cultivars
with other poor hosts.
5) Resistance and tolerance are genetically
independent, and cultivars resistant or tolerant
to one species are not necessarily resistant or
tolerant to another species. Root-lesion
nematode resistance is quantitative and cereal
cyst nematode is controlled by single-gene
resistance. Molecular markers have been
developed to identify genes and quantitative
trait loci for resistance in seedlings.
6) Molecular tests to identify and quantify
nematodes in commercial soil testing
laboratories will allow more effective surveys
of populations. Greater collaboration is needed
between research institutions, organizations,
and countries.

They puncture cells and damage plants
mechanically and chemically, reducing plant
vigor, inducing lesions, rots, deformations, galls,
or root knots, and predisposing plants to
infection by root-infecting fungi. World crop
production is thought to be reduced 10% by
damage
from
plant-parasitic
nematodes
(Whitehead 1997).

INTRODUCTION
Plant-parasitic nematodes are tiny but complex
animals
(unsegmented
roundworms)
anatomically
differentiated
for
feeding,
digestion, locomotion, and reproduction (Barker
et al., 1998). Most species are transparent,
vermiform (eel-shaped), and 0.5 to 2 mm long.
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Plant-parasitic nematode species that live in
the soil represent one of the most difficult pest
problems to identify, demonstrate, and control. A
particular challenge is to clearly identify damage
by cereal nematodes, as the symptoms are nonspecific and easily confused with other ailments
such as nitrogen deficiency, water availability,
and other disease. Farmers, pest management
advisors, and scientists routinely underestimate
or fail to recognize their impact on wheat.
Procedures to sample, extract, identify, and
quantify plant-parasitic nematodes are both
technically challenging and time consuming.
Extensive training is necessary to distinguish
genera and species (Varma 1995; Mai and
Mullin 1996; Siddiqi 2000), which is essential
for implementation of appropriate management
strategies.
The damage threshold, defined as the
number of nematodes to give a specific yield
loss, is determined by both environmental and
genotypic factors. The threshold generally is
decreased when plant growth is stressed by
drought, poor soil nutrition, impediments to root
penetration, or adverse temperature. The
threshold is increased by partial or full resistance
reactions by a given cultivar. Damage caused by
cereal nematode is likely to be greater where
limited rotation or cultivar options exist,
especially in rainfed cereal monoculture,
including “rotations” of winter wheat with
summer fallow. Unlike the visually obvious and
more vastly studied cereal rusts, the global
knowledge of economic importance is less well
known and understood due to difficulties
working with soil-inhabiting nematodes.
The most important plant-parasitic species
affecting wheat are in the genera Heterodera
(cyst), Pratylenchus (root-lesion), Meloidogyne
(root
knot),
Ditylenchus
(stem),
Tylenchorhynchus and Merlinius (stunt),
Paratrichodorus (stubby-root), and Anguina
(seed-gall) (Rivoal and Cook 1993; McDonald
and Nicol 2005; Nicol and Rivoal 2007; Bockus
et al., 2009).
This chapter will focus on two nematodes of
primary global importance to wheat. The global
distribution of cereal cyst nematode species and
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pathotypes is clearly a major economic constraint
to rainfed wheat production systems, especially
where monocultures are dominant. Root-lesion
nematode species are also important but appear
to have a more restricted distribution.

CEREAL CYST NEMATODE
Cyst nematodes are the most studied plantparasitic nematodes on wheat (Cook and Noel
2002; Nicol 2002; Nicol et al., 2003). Although
the „Heterodera avenae group‟ (Handoo 2002) is
a complex of 12 species and intraspecific
pathotypes that invade roots of cereals and
grasses, three main species are the most
economically important: Heterodera avenae, H.
filipjevi, and H. latipons (Rivoal and Cook 1993,
McDonald and Nicol 2005).
Heterodera
avenae
is
economically
important in temperate wheat-producing regions
throughout the world, including North and South
Africa, East and West Asia, Australia, Europe,
the Indian Subcontinent, the Middle East, and
North America. Heterodera latipons occurs
mostly throughout the Mediterranean region but
also in Asia and Europe. This species was
recently described as widespread and
economically important in key wheat growing
provinces of China (Peng et al., 2007).
Heterodera filipjevi was recently detected in
North America (Smiley et al., 2008) and also has
an increasingly recognized wide distribution
across northern Europe and continental climates
of Central and West Asia, as well as the Middle
East and Indian Subcontinent. Only one species
is generally identified in most regions but
mixtures of species may also occur in individual
fields (Abidou et al., 2005).
Less prevalent species of cyst nematode
associated with wheat include H. arenaria, H.
bifenestra, H. hordecalis, H. mani, H.
pakistanensis, H. pratensis, H. zeae, and
Punctodera punctata.
Symptoms and epidemiology
Plants with roots heavily damaged by H.
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avenae appear initially as pale green seedlings
that lack vigor (Color Plate 16). Mature plants
are often severely stunted (Color Plate 17).
Plants with visual damage often occur in patches
but may also occur over entire fields, particularly
under monocultures of susceptible cereals and
when combined with inadequate plant nutrition
or other stress.
Symptoms on roots are specific to host
species. Wheat (Triticum species) and barley
(Hordeum vulgare L.) roots invaded by
Heterodera avenae branch excessively at
locations where juveniles invade, resulting in a
bushy or knotted appearance (Color Plate 18a).
Root symptoms often do not become
recognizable until one to three months after
planting, depending upon climatic conditions and
spring or winter wheat growth habit. Oat (Avena
sativa L.) roots invaded by H. avenae are
shortened and thickened but do not exhibit the
knotted symptom.
Heterodera species complete only one
generation per crop season. Juveniles penetrate
epidermal and cortical cells of young root
segments in the zone of elongation. They enter
the stele, where they induce the formation of a
specialized feeding cell called a syncytium.
Females are fertilized by males and 100-600
eggs are retained in the female body.
Mature females become sedentary and
embedded in the root. The presence of the white
swollen female body (0.5-2mm; about the size of
a pin head) is diagnostic. It can be seen around
the flowering time of wheat. One or more
females are generally visible at the point of
abnormal root proliferation. They protrude from
the root surface, glisten when wet, and are whitegray. They are best viewed by washing a root
sample and observing under low magnification
(Color Plate 18b), because their presence among
knotted roots is often obscured by adhering soil.
The females are attached loosely and are easily
dislodged when soil is washed from roots.
Upon death of host roots the female body
wall dies and hardens into a resistant dark-brown
cyst of a similar size as a soil particle. These
cysts mostly dislodge into the soil as the wheat
roots decompose. The cyst protects eggs and
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juveniles during periods between hosts. Eggs
inside cysts may remain viable for several years.
Emergence of juveniles from brown cysts
requires a period of dormancy (diapause) that
differs among species and climatic regions.
Diapause characteristics must be understood
before damage by these nematodes can be
effectively managed. Emergence of juveniles is
triggered by specific interactions among soil
temperature and moisture, and these conditions
may be overcome to some extent by exudates
from host roots (Ismail et al., 2000; Scholz and
Sikora 2004; McDonald and Nicol 2005). Wellestablished
infestations
exhibit
ecotypic
differences in which peak numbers of infective
juveniles in soil generally coincide with the
traditional wheat sowing and seedling growth
stages in each geographic region (Rivoal and
Cook 1993).
Cereal cyst nematode is not strongly
restricted by soil type but damage is often
greatest in light-textured, well-drained soils such
as sands. The damage threshold varies with soil
type, climate, and cultivar, and with nematode
species, virulence, and ecotype characteristics.
These variable influences on plant damage make
it difficult to directly relate initial populations
with reduction in grain yield (Bonfil et al., 2004).
Causal organisms
The most economically important cyst
nematode species on wheat include H. avenae
Wollenweber, H. latipons Franklin, and H.
filipjevi (Madzhidov) Stone. Two important
nematodes previously reported as H. avenae
have been re-classified. The so-called Gotland
strain of H. avenae is now accepted as H.
filipjevi (Bekal et al., 1997; Ferris et al., 1999),
making this species more reported than
previously thought. Most recently, H. avenae
pathotype Ha13 in Australia was re-described as
H. australis (Subbotin et al., 2002); that
designation has not yet been widely accepted.
Identification of cereal cyst nematodes is
complex and has traditionally been based on
comparative morphology and diagnostic keys
(Luc et al., 1988; Handoo 2002). Techniques
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based on protein or DNA differences using
RFLP are now available to facilitate
identification to a species level and to study
phylogenetic relationships (Subbotin et al., 1996,
1999, 2000, 2001, 2003; Bekal et al., 1997;
Andrés et al., 2001a,b; Mokabli et al., 2001;
Rivoal et al., 2003). Further work is needed to
convert these RFLP-based primers into the more
cost- and time-efficient PCR-based probes.
One of the major challenges to controlling
cereal cyst nematodes is occurrence of
individuals within species and also among
populations from different regions that is highly
variable in virulence and in reproductive capacity
(fitness) characteristics on the same host (Rivoal
et al., 2001; Mokabli et al., 2002). Moreover,
individual species within the H. avenae group are
highly heterogeneous with respect to virulence to
specific host genotypes (Cook and Rivoal 1998;
Cook and Noel 2002; McDonald and Nicol
2005).
Virulence
groups
(pathotypes)
are
differentiated (Cook and Noel 2002; McDonald
and Nicol 2005) by testing unknown populations
against a matrix of cereals in “The International
Cereal Test Assortment for Defining Cereal Cyst
Nematode Pathotypes”, which was developed by
Andersen and Andersen (1982). The test
distinguishes three primary groups based on host
resistance reactions of three barley cultivars
carrying the resistance genes Rha1, Rha2, and
Rha3. Additional barley, oat, and wheat
differentials are used to define pathotypes within
each group. The most widely distributed H.
avenae populations in Europe, North Africa, and
Asia are in groups 1 and 2 (Al-Hazmi et al.,
2001; Cook and Noel 2002; Mokabli et al., 2002;
McDonald and Nicol 2005). Pathotypes in group
3 are prevalent in Australia, Europe, and North
Africa (Rivoal and Cook 1993; Mokabli et al.,
2002). Unfortunately, the pathotype concept is
incomplete because it was established to
differentiate northern European populations of H.
avenae and is increasingly incapable of clearly
defining resistance reactions achieved with
populations in other regions. For instance, three
undescribed pathotypes were recently reported
from China (Nicol and Rivoal 2007; Peng et al.,
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2007), and the existing pathotype matrix does not
define North American populations (Smiley,
unpublished data). The Test Assortment
therefore greatly underestimates polymorphism
for H. avenae (Cook and Noel 2002; McDonald
and Nicol 2005), H. latipons, and H. filijevi. The
Test Assortment needs to be revised to capture
new sources of resistance and pathogen
variation.
Management
To achieve effective control of cereal cyst
nematodes it is necessary to reduce the
population below the economic threshold for
damage. This requires definitive studies on
population dynamics and yield losses on
representative local cultivars under natural field
conditions. Cultural practices based on rotational
combinations of non-hosts (non-cereals),
resistant cultivars, and clean fallow can
effectively control these nematodes. Restricting
hosts to 50% of the time in heavier soils and 25%
in lighter soils can cause dramatic reductions in
the population of H. avenae. However, these
management strategies each require a full
understanding of the virulence and diapause
characteristics for the local nematode
populations, and of the effectiveness and
durability of the resistance gene(s) deployed
against that nematode population.
The use of host-plant resistance is one of the
most effective methods of controlling cereal
nematodes. Resistance is defined as the ability of
the host to inhibit nematode multiplication (Cook
and Evans 1987). Ideally resistance should be
combined with tolerance, which is the ability of
the host plant to maintain yield potential in the
presence of the nematode (Cook and Evans
1987). The use of cultivars that are both resistant
and tolerant offers the best control option, in
addition to being environmentally sustainable
and requiring no additional equipment or cost.
However, the use of resistance requires a sound
knowledge of the virulence spectrum for the
targeted species and pathotypes. Wheat cultivars
resistant to H. avenae populations in one region
may be fully susceptible to populations in other
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aestivum (Cre1 and Cre8) and Secale cereale
(CreR). Several other sources of resistance (CreX
and CreY) are also reported, but their genetic
control and gene designation are still unknown.
Most of these resistance genes have been
introgressed into hexaploid wheat.
The Cre1 gene is highly effective against
populations of H. avenae from Europe, North
Africa, and North America (Fig. 8.1) and
moderately effective or ineffective to populations
in Australia and Asia (Rivoal et al., 2001;
Mokabli et al., 2002). Populations of H. filipjevi
in India and H. latipons in Syria differ in
virulence to the Cre1 gene, compared with H.
avenae (Mokabli et al., 2002). In Turkey, the
Cre1 gene appears affective against H. filipjevi,
but Cre3 is not. The Cre3 gene is effective
against Australian populations (Vanstone et al.,
2008) but not European populations of H. avenae
(de Majnik et al., 2003; Safari et al., 2005) or H.
filipjevi in Turkey. The Cre2 and Cre4 resistance
genes from Aegilops and an unidentified
resistance gene from the wheat line AUS4930
offer promise against an array of Heterodera
species and pathotypes (Nicol et al., 2001). An
International Root Disease Resistance Nursery
containing seven of the known Cre genes is
coordinated by CIMMYT to establish the value
of these genes in different regions of the world.
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regions. This was shown for Australian cultivars
evaluated in Israel (Bonfil et al., 2004) and for
the cultivar Raj MR1 in India, which is effective
in Rajasthan but not in the Punjab (A.K. Singh,
personal communication). Also, although not
frequently reported, repeated plantings of wheat,
barley, and oat cultivars with a single gene for
resistance to H. avenae have led to selection of
new virulent pathotypes over prolonged time
periods, overcoming host plant resistance
(Lasserre et al., 1996; Cook and Noel 2002), in
addition to possibly increasing damage from
root-lesion nematode (Lasserre et al., 1994).
It is also possible to manage damage by
rotating resistant cereals with susceptible crop
species. However, local knowledge of resistance
reactions is essential for effective use of this
practice. For instance, rye (Secale cereale L.)
and certain cultivars of triticale (Triticosecale
rimpaui Wittm.) are resistant. Oat is resistant to
H. avenae in Australia and several
Mediterranean countries but susceptible in
northern Europe (McDonald and Nicol 2005).
Moreover, resistant cultivars from one region
may be exposed to mixtures of species in other
regions, as exemplified in Israel by oat cultivars
that are resistant to H. avenae and susceptible to
H. latipons (Mor et al., 1992).
Host resistance will continue to be the most
profitable and easily applied management
procedure. However resistance will only be used
by farmers if the cultivars also contain a level of
tolerance (yield performance) which is
comparable to other commonly cultivated wheat
cultivars. Sources of resistance to H. avenae
populations worldwide have been collated and
reviewed and, where possible, have had their
genetic location and gene designation reported
(Table 8.1) (Rivoal et al., 2001; Nicol 2002;
Nicol et al., 2003; McDonald and Nicol 2005;
Nicol and Rivoal 2007). All of the sources of
resistance reported against cereal cyst nematode
to date feature single-gene inheritance. Six Cre
genes for H. avenae resistance in wheat (Cre2 to
Cre7) and the Rkn2 gene for resistance to both H.
avenae and Meloidogyne naasi (Jahier et al.,
1998) were derived from Aegilops species. Other
resistance genes were derived from Triticum
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Fig. 8.1 Relative number of cysts for an Oregon population
of Heterodera avenae developing on root systems of 12
wheat cultivars or lines; the identity of a Cre resistance gene
is indicated if present.
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Table 8.1
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Principal sources of genes used to breed wheat for resistance to the cereal cyst nematode Heterodera avenae [Ha], unless stated otherwise.

Cereal Species
Wheat

Cultivar or Line

Origin

Triticum aestivum

Loros, AUS10894

?d

Katyil

Australia
Australia

Festiguay

Cre1e (formerly Ccn1), on chromosome
2BL
Ccn1
Cre8 (Formerly CreF) on chromosone 7L?
Recent analysis suggests 6B
possibly identical genetic location as Cre1;
also resistance to Pt
chromosome 1B (14% resistance)

AUS4930 = „Iraq 48‟

Iraq

Molineux

Australia
landrace from
Nidge, Turkey
one dominant gene
AUS 15854 x J-24

Raj MR1 (Raj Molya
Rodhak1)
Triticum durum

Resistance Gene(s)a,b

Psathias 7654, 7655,
Sansome, Khapli

Response to Pathotypesb,c

S, India

NW Europe, Australia; NW
USA under evaluation
Australia

pR to Ha13

Australia

pR to several pathotypes

R to several pathotypes and
Australia, France, CIMMYT;
Heterodera species and Pt
under evaluation
R to Ha13
Australia
R only to some populations of H.
Released cultivar in northern
avenae, appears S to Indian
India in 2002
H. filipjevi
S to some pathotypes, pR to
others

?

?

T701-4-6
Drira (=Ningadhu)
Tahara
Salvo
Secale cereale
R173 Family
Wild grass relatives of wheat

Australia
Australia
Australia
Poland

CreR on chromosome 6RL
?
?
?
CreR on chromosome 6RL

R to Ha13
R to Ha13
R to Ha13

Aegilops tauschii

CPI 110813

Central Asia

Cre4 on chromosome 2DL

R to Ha13

Aegilops tauschii

AUS18913

?

Cre3 on chromosome 2DL

R to Ha13

Aegilops peregrina
(= Ae. variabilis)

1

Aegilops longissima

18

Triticale and rye
Triticosecale

Aegilops geniculata
Aegilops triuncialis
Aegilops ventricosa

Use in Cultivars

R to Ha13

Australia
Australia
UK
Australia
Australian synthetic
hexaploid lines
Australian advanced
breeding lines

Cre(3S) with Rkn2 on chromosome 3S;
CreX, not yet located
?

79; MZ1, MZ61, MZ77,
?
MZ124
TR-353
?
VPM 1
11; AP-1, H-93-8

?

R to four French pathotypes and
France
Meloidogyne naasi
R and pR to several pathotypes

France – under evaluation

Cre7 (formerly CreAet)
R and pR to several pathotypes
Cre5 (formerly CreX), on chromosome 2AS R to several pathotypes

France – under evaluation
Spain – under evaluation

Cre2 (formerly CreX) on genome Nv

11; AP-1, H-93-8, HCre6, on chromosome 5Nv
93-35
a
Sources: Reviews and references in Rivoal and Cook (1993), Cook and Rivoal (1998), McDonald and Nicol (2005), and Nicol and Rivoal (2007).
b
Characterized single-gene resistance to cereal cyst nematode.
c
R = resistant, pR = partially resistant, S = susceptible.
d
? = no published scientific studies conducted.
e
Marker implemented in commercial breeding program – refer to Ogbonnaya et al. (2001b).
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Molecular markers have been developed to
identify genes for resistance to H. avenae in
barley and wheat (Eastwood et al., 1994;
Williams et al., 1994, 2006; Kretschmer et al.,
1997; Barr et al., 1998; Paull et al., 1998; Eagles
et al., 2001; Ogbonnaya et al., 2001a,b; Martin et
al., 2004; Barloy et al., 2007). Some of these
markers have been used in marker-assisted
selection and for pyramiding genes for
resistance.
Practices other than crop rotation and
planting resistant cultivars are less efficient;
however components of these strategies could
still form part of an integrated pest management
approach to nematode control. Other cultural
methods (Nicol and Rivoal 2007) include
manipulating the sowing time to minimize the
impact of the major hatching period, as when
winter wheat is planted during autumn in cool,
temperate regions where the major hatch occurs
during spring. Heterodera avenae populations
can also be reduced by planting a susceptible
host as a trap crop prior to the major hatching
period, thereby encouraging a maximum
hatching efficiency by a plant stand that is then
killed before new cysts are developed. The
greatest crop loss occurs when nutrients or water
become limiting for maximum plant growth
potential at any point during the growing season.
Crop damage is therefore minimized by
supplying optimal plant nutrition (Color Plate
16) and, where possible, supplemental water
during intervals of drought.
Biological control products are not
commercially available, but H. avenae
populations in some locations are maintained
below an economic threshold by fungal and
bacterial parasites of eggs and juveniles (Kerry
1987; Kerry and Crump 1998; Ismail et al.,
2001).
A low rate of nematicide application can
provide effective and economical control of
cereal cyst nematode in wheat (Brown 1987).
However, current environmental concerns
associated with these chemicals eliminate them
as a viable alternative for use by farmers. They
will, however, continue to be an important
research tool for studying yield loss and
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population dynamics.
Once introduced into a region or country it is
very difficult to minimize the spread of cyst
nematodes. They are efficiently disseminated by
all means of soil movement, including minute
amounts of soil that contaminate equipment, by
animals and plant products, and by soil that is
moved by water and wind. Rapid dissemination
together with increased reporting of H. avenae is
especially well illustrated in China, where this
nematode was first reported in 1987 and is now
reported in at least eight provinces (Nicol and
Rivoal 2007; Peng et al., 2007). Likewise, H.
avenae was first reported in the western USA in
1974 and is now reported in at least seven states
(Smiley et al., 1994, 2005c).

ROOT-LESION NEMATODE
At least eight species in the genus
Pratylenchus are parasitic to wheat (De Waele
and Elsen 2002; Nicol 2002; Nicol et al., 2003;
McDonald and Nicol 2005; Castillo and Vovlas
2007). Four species (P. crenatus, P. neglectus, P.
penetrans, and P. thornei) occur throughout the
world in temperate cereal-producing regions.
Pratylenchus neglectus and P. thornei are the
species most often associated with yield loss in
wheat and are emphasized in this chapter. One or
both species occur in Australia, Europe, the
Indian Subcontinent, the Mediterranean Basin,
the Middle East, West Asia, North Africa, and
North America (Nicol and Rivoal 2007).
Pratylenchus thornei is considered the most
economically important species on wheat and has
reduced yields as much as 85% in Australia, 37%
in Mexico, 70% in Israel, and 50% in the USA
(Armstrong et al., 1993; Nicol and OrtizMonasterio 2004; Smiley et al., 2005a).
Pratylenchus neglectus also causes losses up to
37% in the USA (Smiley et al., 2005b).
Symptoms and epidemiology
Pratylenchus species are migratory root
endoparasites capable of multiplying in a wide
range of monocot and dicot host species (Loof
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1978; Vanstone and Russ 2001a,b; Vanstone et
al., 2008). They live freely in soil and may
become entirely embedded in root tissue but
never lose the ability to migrate within the root
or back into soil.
Root-lesion nematodes puncture and migrate
through root epidermal and cortical cells (Color
Plate 19a). Tissue degradation results in lesions
that favor greater colonization by root-rotting
fungi. These activities reduce the ability of roots
to produce branches and absorb water and
nutrients. Cortical degradation and reduced
branching (Color Plate 19b) often are not visible
until plants are six or more weeks old, and these
symptoms are often confused with root rots
caused by Pythium and Rhizoctonia. Interactions
of root-lesion nematodes, fungal pathogens,
other plant-parasitic nematodes, and insect pests
have been reported (Lasserre et al., 1994; Taheri
et al., 1994; Smiley et al., 2004a,b).
Foliar symptoms are non-specific (Van
Gundy et al., 1974; Orion et al., 1984; Doyle et
al., 1987; Thompson et al., 1995; Smiley et al.,
2005a,b). Intolerant plants with roots heavily
damaged by root-lesion nematodes may exhibit
poor vigor, yellowing and premature death of
lower leaves, stunting, reduced tillering, and
reduced grain yield and grain quality. Damaged
wheat plants are less capable of extracting soil
water and exhibit stress and wilting earlier than
undamaged plants as soil moisture becomes
limiting for plant growth. Plants that become
infested while growing under drought stress are
more likely to suffer yield loss (Nicol and OrtizMonasterio 2004).
Pratylenchus species associated with wheat
are not strongly restricted by soil type and may
attain damaging population levels even in the
very driest (250 mm annual precipitation) rainfed
wheat-producing regions. Large populations
have been detected throughout the depth of root
growth in deep soils (Taylor and Evans 1998;
Thompson et al., 1999; Ophel-Keller et al.,
2008). Pratylenchus species can survive in an
inactive, dehydrated state (anhydrobiosis) in
roots and soil during dry conditions (Glazer and
Orion 1983; Talavera and Vanstone 2001).
Individuals entering host roots after emerging
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from anhydrobiosis multiply more rapidly than
individuals that have not been subjected to
dormancy. Populations of Pratylenchus often
decline during long fallow periods between crops
but high rates of survival have also been reported
(Orion et al., 1984; Talavera and Vanstone
2001).
Causal organisms
Pratylenchus neglectus (Rensch) Filipjev
Schuurmanns & Stekhoven and P. thornei Sher
& Allen often occur as mixtures in the same soil.
Both species are parthenogenic, with males
generally being rare or absent. In contrast,
species such as P. penetrans (Cobb) Filipjev and
Schuurmans Stekhoven are amphimictic, with
populations having both males and females.
All species of Pratylenchus retain a
vermiform body shape (Color Plate 19a) with
many being about 0.5 mm long and 0.02 mm in
diameter. Life cycles range from 45 to 65 days
depending on species and environmental
variables. Females deposit about one egg per day
in root tissue or in soil. First-stage juveniles molt
to second-stage juveniles within the egg. One
second-stage juvenile emerges from each egg
about one week after the egg was deposited. Two
additional molts within 35 to 40 days result in
the adult stage. All juvenile and adult stages are
parasitic. The number of nematodes in root tissue
increases exponentially through the growing
season.
Identification of Pratylenchus to the species
level is an essential prerequisite for most control
strategies. However, identification is difficult
because the few morphological characteristics of
taxonomic value for differentiating Pratylenchus
species are, without exception, replete with large
ranges of intraspecific variation, often including
overlapping ranges and shapes. Therefore,
procedures to differentiate species based on
comparative morphology (Loof 1978; Filho and
Huang 1989; Handoo and Golden 1989) are
always difficult and can be unreliable. Modern
techniques are based on detection of differences
of proteins or DNA (Ibrahim et al., 1995; Ouri
and Mizukubo 1999; Uehara et al., 1999; Andrés
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chemical fallow (5).
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Fig. 8.3 Reproductive factor (Rf) for Pratylenchus thornei
(left) and P. neglectus (right) in 20 Pacific Northwest (USA)
winter wheat cultivars, in 3 lines carrying genes for
resistance, and in unplanted soil; Rf = Pf Pi-1 × 100, where Pf
= final number after 16 weeks‟ growth and Pi = initial
population in soil (750 nematodes per kilogram).

Fig. 8.4 Tolerance index (bars) and grain yield for Pacific
Northwest (USA) spring wheat cultivars produced in
untreated soil (■) or in soil treated with nematicide (▲) to
reduce numbers of Pratylenchus neglectus; grain yield in
untreated soil correlated with tolerance index (R2 = 0.80, P <
0.0001).
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Management of root-lesion nematodes is best
approached by integrating crop rotations (Fig.
8.2) and planting wheat cultivars that are both
resistant (Fig. 8.3) and tolerant (Fig. 8.4).
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polyphagous nature of P. neglectus and P.
thornei. The greatest long-term production
efficiency will therefore be achieved with wheat
cultivars that are both resistant and tolerant to the
most economically important Pratylenchus
species in a region or to both species where
mixtures occur (Thompson et al., 2008; Vanstone
et al., 2008). However, cultivars with resistance
to P. neglectus are not necessarily resistant to P.
thornei (Fig. 8.3), and vice versa (Farsi et al.,
1995). Cultivars tolerant to P. neglectus are not
necessarily tolerant to P. thornei, and vice versa.

Rf

et al., 2000; Waeyenberge et al., 2000; Carta et
al., 2001; Al-Banna et al., 2004; CarrascoBallesteros et al., 2007; Castillo and Vovlas
2007). The PCR or RFLP procedures are
particularly useful for identifying species.
Species-targeted real-time PCR procedures have
been developed to differentiate and quantify P.
neglectus and P. thornei in a single DNA extract
from soil (G. Yan and Smiley, unpublished data).
Biological diversity among populations has
been reported for six Pratylenchus species (De
Waele and Elsen 2002), including P. neglectus
on potato (Hafez et al., 1999) but not for P.
thornei. The potential impact of P. neglectus
heterogeneity or pathotypes on wheat has not
been reported, but results from screening specific
wheat and barley genotypes against populations
of both P. neglectus and P. thornei in Australia,
Mexico, Turkey, and the USA have thus far been
uniform for both species across all countries, as
have been observations from crop rotation
experiments and commercial practices.
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Furthermore, resistance and tolerance to each of
these root-lesion nematode species are
genetically independent; a cultivar can be
resistant and intolerant, susceptible and tolerant,
or another combination.
Successive or frequent crops of susceptible
wheat cultivars elevate populations of P.
neglectus and P. thornei and increase the level of
risk to subsequent intolerant crops. Many
cultivars of mustard [Brassica juncea (L.)
Czern., Sinapsis alba L.], canola (Brassica napus
L.), lentil (Lens culinaris Medik.), and chickpea
(Cicer arietinum L.) also increase the population
of P. neglectus or P. thornei, or both, with
multiplication capacities differing greatly for
each combination of Pratylenchus species and
host cultivar (Bernard and Montgomery-Dee
1993; Castillo et al., 1998; Potter et al., 1999;
Fatemy et al., 2006).
Crops that restrict multiplication of P.
neglectus and/or P. thornei, such as some
cultivars of barley, safflower (Carthamus
tinctorius L.), triticale, flax (Linum usitatissimum
L.) and field pea (Pisum sativum L.), reduce the
nematode population and improve the yield
potential for subsequent intolerant wheat crops
(Van Gundy et al., 1974; Heide 1975; Esmenjaud
et al., 1990; Lasserre et al., 1994; Farsi et al.,
1995; Thompson et al., 1995; Hollaway et al.,
2000; Taylor et al., 2000; Riley and Kelley 2002;
Smiley et al., 2004b). However, results from
these studies indicate hosting ability is speciesand cultivar-specific, both within legumes and
cereals. Therefore, hosting-ability studies must
be conducted with local cultivars.
Wheat cultivars exhibiting tolerance to P.
neglectus and P. thornei have been deployed
effectively in Australia (Vanstone et al., 1998,
2008; Thompson et al., 1999, 2008; Nicol et al.,
2001), and studies are underway in the USA to
identify tolerant germplasm (Fig. 8.4). However,
tolerance alone is not considered an effective
long-term management strategy.
Resistance is the most important and
economical strategy for reducing populations of
root-lesion nematodes. Unlike the single-gene
inheritance of cereal cyst nematode resistance,
root-lesion nematode resistance is quantitative
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and controlled by several genes, making the
prospect of developing effective resistance more
challenging. However, many sources of
resistance to P. thornei have been identified in
commercial wheat cultivars, in Middle East
landrace lines, and in wheat relatives such as
Aegilops species (Table 8.2) (Thompson and
Haak 1997; Thompson et al., 1999; Nicol et al.,
1999, 2001, 2003; Nombela and Romero 1999;
Hollaway et al., 2000; Zwart et al., 2004, 2005;
Tokay et al., 2006; Sheedy et al., 2008). Several
lines are especially interesting in that they
exhibit resistance to both P. neglectus and P.
thornei (Zwart et al., 2005; Nicol et al., 2007;
Sheedy et al., 2007, 2008). Introgression of dualresistance sources (Fig. 8.3) into commercial
cultivars would eliminate the need for farmers to
identify Pratylenchus to the species level before
selecting a resistant cultivar. Also of particular
interest are lines that convey high levels of both
tolerance and resistance to P. thornei or P.
neglectus.
Phenotypic identification of resistance,
coupled with molecular biology, has been used to
investigate the genetic control and location of
resistance genes, and the identification of
resistance markers. Quantitative trait loci (QTLs)
for resistance to P. thornei have been identified
on chromosomes 1B, 2B, 3B, 4D, 6D, and 7A
(Schmidt et al., 2005; Zwart et al., 2005, 2006;
Tokay et al., 2006). The P. neglectus resistance
gene Rlnn1 occurs on chromosome 7A, and a
molecular marker can identify its presence in
seedlings (Williams et al., 2002). A resistance
gene for P. neglectus was also identified on
chromosome 4D (Zwart et al., 2005).
Research on resistance to P. neglectus and P.
thornei has included development of simple
sequence repeat (SSR) markers for tracking
QTLs in breeding programs. Associations
between markers and resistance reactions have
been sufficiently consistent to demonstrate the
potential for applying marker-assisted selection
to the improvement of Pratylenchus resistance in
wheat. This process is actively practiced by
Australian and CIMMYT International wheat
breeding programs, using the Rlnn1 marker
(Williams et al., 2002).
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Table 8.2 Principal sources of genes used to breed wheat for resistance to root-lesion nematodes Pratylenchus neglectus (Pn)
and P. thornei (Pt).
Cereal
Species

Cultivar or Line

Origin

Resistance Gene(s)a,b

Triticum
aestivum

GS50a

Australia reselection from
cv. Gatcher

Major QTL mapped to
6D

AUS4930=
Iraq 48
Reselection of
Excalibur
Croc_1/Ae.
tausch.
(224)//Opata
CPI133872

Iraq
Australian cv.
Excalibur

Response to
Pathotypesb,c

Use in Cultivars
Australia

QTLs mapped to 1B, 2B, R to Pt but also
and 6D
portrays R to Ha
R to Pn (Rlnn1), on
QTL mapped to 7AL
chromosome 7AL

Australia, CIMMYT –
under investigation
Australia, CIMMYT

Primary synthetic

QTLs mapped to 1B
and 3B

R to Pt

CIMMYT

Primary synthetic

QTLS mapped to 2B,
4D, 6A, 6D

R to Pt and Pn

Australia

QTLs mapped to 2B
and 6D

R to Pt

Australia

W-7984 x
Opata 85
AUS4926

Middle eastern
landrace

QTLS mapped to 1B,
2B, 3B, and 6D

R to Pt

Australia

AUS13124

Middle eastern
landrace

QTLs mapped to 2B,
3B, 6D, and 7A

R to Pt

Australia

Aegilops
CPI 110872
tauschii
Aegilops
MZ10, MZ61,
geniculata
MZ96, MZ144

R to Pt and Pn
Middle East and
West Asia

pR to Pt., several
also portray R to Ha

a

Sources: Reviews and references in Rivoal and Cook (1993), Cook and Rivoal (1998), McDonald and Nicol (2005), and Nicol and
Rivoal (2007).
b
Characterized QTLs associated with multigene resistance to root-lesion nematodes.
c
R = resistant, pR = partially resistant, Ha = Heterodera avenae.

Other management practices are less effective
in managing Pratylenchus populations. Field
sanitation during the fallow phase is as important
as during the in-crop phase, because Pratylenchus
species multiply on many weed species in the
genera Avena, Brassica, Bromus, Carrichtera,
Emex, Heliotropium, Hordeum, Malva, Raphanus,
Rumex, and Tribulis (Vanstone and Russ 2001a,b)
and on volunteer cereals including oat, wheat, and
triticale (Forge et al., 2000). The presence of
susceptible weeds or crop species between planted
crops allows Pratylenchus to increase population
density over a greater interval of the cropping
system (Smiley et al., 2004b).
Tillage has reportedly increased, decreased, or
had no effect on populations of Pratylenchus in
wheat (Smiley et al., 2004b). In North America it
appears that the greatest impact of conservation
cropping systems will be associated with the
frequency of host crops or weeds rather than the

presence, absence, or intensity of tillage. While
cultivation and fallow have appeared to reduce
populations of P. neglectus and P. thornei (Orion
et al., 1984; Thompson 1992; Nombela et al.,
1998; Smiley et al., 2004b; Strausbaugh et al.,
2004), these interpretations were based mostly
upon soil samples collected at shallow depth.
Shallow
samples
accurately
characterize
Pratylenchus populations in shallow soils but not
in many deep soils where these nematodes may be
found as deep as 150 cm and where peak
populations may vary from shallow to as deep as
60 to 90 cm depending upon variables such as
intensity of surface cultivation or seasonal rainfall
(Taylor and Evans 1998; Thompson et al., 1999;
Ophel-Keller et al., 2008).
The reproductive rate for P. thornei increases
as soil temperature increases from 15°C to 20°C
(Castillo et al., 1996). Irrigated wheat yield in P.
thornei-infested fields was improved by delaying
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planting by one month, presumably because
seedlings overwintered with lower populations
than for early planting (Van Gundy et al., 1974).
In a contrasting use of temperature treatment,
mulching a field with polyethylene film for 6 to 8
weeks over the hot summer period suppressed P.
thornei populations by 50% (Di Vito et al., 1991).
As with cereal cyst nematode, Pratylenchus
neglectus and P. thornei are often more damaging
to crops in drier than wetter regions. The
economic threshold for damage is expected to be
lower for low-rainfall environments than for crops
produced with supplemental irrigation or in areas
of greater precipitation especially during the
growing season (Orion et al., 1984; Castillo et al.,
1995; Nicol and Ortiz-Monasterio 2004).
Chemical nematicides are effective and are
widely used in research (Taylor et al., 1999;
Thompson et al., 1995; Smiley et al., 2005a,b) but
are not economically feasible, registered, or
environmentally appropriate for managing these
parasites on wheat. Biological control agents are
not commercially available for Pratylenchus
species on wheat. Bacterial parasites of
Pratylenchus have been reported (Ornat et al.,
1999) but are unlikely to be successfully adapted
for managing these migratory species that are well
adapted to highly diverse soils and climates.
Green-manure crops can be used to sanitize
soil through bio-fumigation in regions where water
is not a limiting factor for wheat growth. Several
Pratylenchus species are capable of multiplying in
roots of sudan grass [Sorghum drummondii (Nees
ex Steud.) Millsp. & Chase] and many Brassica
species. Populations may remain high where these
crops are grown to maturity for seed or forage
harvest. However, when green tissue from some of
these crops is incorporated into soil it is, in some
cases, capable of reducing the elevated population
to pre-plant levels or below (Bernard and
Montgomery-Dee 1993; Potter et al., 1998, 1999;
Forge et al., 2000).

FUTURE PERSPECTIVES
In most regions, and especially in the
developing world, the impact of cereal cyst and
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root-lesion nematodes on wheat yield has not been
documented, because extraction of nematodes is
not a normal practice for the husbandry of wheat.
Even where nematodes are known to be damaging
the identity of the species and pathotype (for cyst
nematodes) complex is often poorly defined.
More intensive surveys are required to more
clearly identify (i) areas where cereal cyst and
root-lesion nematodes are present, (ii) species and
pathotypes,
(iii)
occurrences
of
mixed
populations, and (iv) the magnitude and frequency
of yield loss. Further development of molecular
identification and quantification techniques and
adoption of these procedures by commercial soil
diagnostic laboratories will allow more rapid and
effective surveys of populations in areas where
nematodes are currently not monitored. A
commercial testing program in South Australia is
of particular interest (Ophel-Keller et al., 2008). A
DNA extract from soil is used to quantitatively
estimate inoculum levels of multiple fungal
pathogens and populations of several nematode
species, including H. avenae, P. neglectus, and P.
thornei. Levels of disease risk, established from
many years of collected field population and yield
loss data, are communicated back to farmers
through a network of agronomic advisors.
Many wheat breeding programs are not
breeding for resistance to cereal cyst and rootlesion nematodes. Reasons may include a lack of
understanding of the importance of the issue,
limited financial, technical or institutional support
for this disciplinary research, or lack of field test
sites with adequate uniformity of infestation and
absence of significant impacts by other parasitic
nematode species and soilborne fungal pathogens.
Additional wheat production efficiency and
profitability will be attained by improving the
level of nematode resistance and tolerance in
wheat cultivars produced on highly infested fields.
Development of additional and improved
molecular markers will allow more rapid
integration of resistance into commercial
cultivars. Genetic transformations may also aid in
the
development
of
nematode-resistant
germplasm. For cyst nematodes, molecular
techniques will also facilitate greater precision in
studies of resistance mechanisms (Seah et al.,
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2000; Andrés et al., 2001a; Montes et al., 2003,
2004).
Global complementation among regional or
national research programs has proven to be
highly beneficial for identifying and deploying
germplasm with higher levels of resistance and
tolerance to cereal cyst and root-lesion nematodes.
However, these global efforts currently lack
effective funding and coordination, limiting the
ability to realize the benefits already known to
exist. Greater collaboration is therefore needed
between
advanced
research
institutions,
international organizations such as CIMMYT and
ICARDA, and scientists in countries where these
nematodes are known to be a problem. These
collaborative efforts will provide greater
understanding of the complexity, economic
importance, and control of Heterodera and
Pratylenchus populations, and of pathotype
evolution or selection for Heterodera species.
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Plate 16
Visual symptoms of cereal cyst nematode
(Heterodera avenae) damage on spring wheat are masked
by a “doubled” fertilizer rate applied along the field border, in
foreground; roots from this field are shown as Plate 18a
(courtesy R.W. Smiley).

(a)

(b)

Plate 19 Root-lesion nematode on wheat, showing (a) root
cortex tissue stained to reveal an adult Pratylenchus thornei
female (0.5 mm long) and eggs (courtesy R.W. Smiley), and
(b) reduced root branching and cortical degradation by P.
neglectus (courtesy V.A. Vanstone).

Plate 17
Cereal cyst nematode (Heterodera avenae)
causing patchy growth of winter wheat on a flat field
(courtesy R.W. Smiley).

Plate 18
Cereal cyst nematode
(Heterodera avenae) on wheat roots,
showing (a) abnormal branching of
seedling roots at sites of invasion by
juveniles (courtesy R.W. Smiley), and (b)
cysts of adult females attached to mature
roots (courtesy R.H. Brown).

(a)

(b)

