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1.1 Introduction

Cyst nematodes are remarkable parasites. They 
have highly specialized interactions with plants 
and induce the formation of  a unique feeding 
structure, the syncytium, within the roots of  
their hosts. Cyst nematodes are of  enormous 
economic importance throughout the world and 
the various species infect all of  the world’s most 
important crops (Jones et al., 2013); they also 
share a unique feature: the ability of  the female 
to turn her cuticle into a durable, protective cap-
sule for her eggs. Cyst nematodes are classified 
within eight genera of  the subfamily Heterod-
erinae: Heterodera, Globodera, Cactodera, Dolicho-
dera, Paradolichodera, Betulodera, Punctodera and 

 Vittatidera (Subbotin et al., 2010a, b). However, 
not all genera of  the Heteroderinae are cyst 
forming; for example, Atalodera, Bellodera, Meloi-
dodera and Verutus (Evans and Rowe, 1998). 
The most economically important species occur 
within the genera Heterodera and Globodera.

All cyst nematodes are obligatory endo-
parasites feeding within the roots of  their hosts. 
Following fertilization and production of  eggs, 
the body wall of  the female tans and desiccates. 
This generates a long-lasting cyst that holds a 
large number of  embryonated eggs, which can 
survive for long periods until a suitable host is 
available. This persistence is one of  the charac-
teristics that explain the economic importance 
of  this group. At low nematode densities, 
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 above-ground symptoms of  cyst nematode dam-
age may be minimal. When nematode popula-
tions increase, host plants may become stunted 
and wilt. These symptoms are often misattrib-
uted to other abiotic factors, such as soil charac-
teristics, mineral nutrition and water availability, 
or  diseases.

1.2 Impact

The most damaging species include soybean cyst 
nematodes (SCN) (Heterodera glycines), potato 
cyst nematodes (PCN) (including Globodera palli-
da and G. rostochiensis) and cereal cyst nema-
todes (CCN) (including Heterodera avenae and 
H. filipjevi) (Jones et al., 2013). Losses caused by 
these and other cyst nematodes are difficult to 
define. PCN have been estimated to cause losses 
of  9% of  total potato production worldwide 
(Turner and Subbotin, 2013). SCN are thought 
to be responsible for losses in excess of  US$1.5 
billion each year in the USA alone (Chen et al., 
2001). Losses caused by CCN largely depend on 
environmental conditions but may sometimes 
exceed 90% (Nicol et al., 2011).

In addition to this direct impact on crop 
yield, cyst nematodes also have an indirect effect 
due to increased costs incurred by growers for 
their control and due to a reduction of  product 
quality. Control of  cyst nematodes uses a number 
of  strategies including host resistance, prolonged 
rotation, chemicals, the action of  biological 
 antagonists (which may be stimulated through 
 solarization) or trap crops (see Chapters 9 and 13, 
this volume). To reduce potential costs for control, 
quarantine status is assigned to some species. For 
example, PCN, a group of  global importance, are 
native to South America (Plantard et al., 2008; 
Grenier, 2010) from where they were introduced 
in Europe along with potatoes (Turner and Evans, 
1998). Because of  their substantial  impact on 
potato production and their ease of  dissemin-
ation, PCN are listed as quarantine nematodes in 
many countries around the world (CABI, 2016a; 
Chapter 7, this volume). The rapid expansion in 
the area of  soybean production in the USA that 
started in the mid-1900s served to establish a 
huge reservoir of  hosts that permitted a simi-
larly large increase in SCN (Davis and Tylka, 
2000). A federal quarantine for SCN was estab-
lished in 1957; however, the quarantine was 

lifted in 1972 because it was ineffective. It has 
been suggested that the movement of  SCN- 
infested soil and plant material into new soy-
bean production areas had already occurred 
before the quarantine could be established.

1.3 History of the Genus

Wouts and Baldwin (1998) wrote an excellent 
 review of  the taxonomy and identification of  the 
cyst nematodes, including historical aspects. 
The  following is partly inspired by this review. 
The first cyst-forming nematode was reported by 
Schacht (1859) from sugar beets that showed 
poor development. The nematode was later de-
scribed by Schmidt (1871) as Heterodera schachtii 
in honour of  its discoverer. During the years that 
followed, further cyst nematodes were reported to 
cause similar effects on other crops; it was be-
lieved that H. schachtii was the causal agent in all 
of  these cases. However, when cyst nematodes 
collected from peas did not infect oats, a well-
known host of  H. schachtii, it became clear that 
other cyst- forming species were involved. Eventu-
ally, Liebscher (1892) described the species as 
H.  goettingiana. Based on the host specificity of  
cyst nematodes, Wollenweber described the po-
tato cyst nematode (G. rostochiensis) and oat cyst 
nematode (H. avenae) in 1923 and 1924, respect-
ively (Wollenweber, 1923, 1924). All of  these spe-
cies were detected in Europe; H. punctata was the 
first cyst nematode species to be described from 
North America (Thorne, 1928). Being unaware 
of  the description of  H. rostochiensis, a species 
with a spherical cyst, the author considered the 
spherical shape of  the cyst the basis of  H. punctata. 
In  his review of  the genus Heterodera, Filipjev 
(1934) recognized seven cyst-forming species. Be-
fore restoration of  the earlier generic name Meloi-
dogyne by Chitwood (1949), the genus Heterodera 
contained both cyst-forming species of  Heterode-
ridae and various root-knot species under the 
name H. marioni (Luc, 1986; Moens et al., 2009). 
With her monograph on the genus Heterodera, 
Franklin (1951) enabled the identification of  ten 
species. However, the host range remained for sev-
eral years the standard for the identification of  
Heterodera species. In 1959, Skarbilovich erected 
the subgenus Globodera to group the round cyst 
nematode species, including the PCN. Later, Behr-
ens (1975) raised Globodera to generic level.
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On the basis of  solid morphological charac-
ters the former genus Heterodera was eventually 
split into the genera Heterodera, Globodera, Punc-
todera and Cactodera (Wouts and Baldwin, 
1998). The genera Dolichodera, Betulodera, Para-
dolichodera and Vittatidera (each represented by 
one species) were added later (Turner and Sub-
botin, 2013). In 2017, eight genera and a total 
of  121 species are recognized within the cyst 
nematodes (see Chapter 15, this volume).

1.4 Distribution

For a long time, cyst nematodes were thought to 
occur only in temperate areas (Luc, 1986) or to 
be largely a pest of  temperate regions. The first 
report of  a cyst nematode in a tropical crop was 
on sugarcane in Hawaii (Muir and Henderson, 
1926). When Luc (1961) reported two Heterode-
ra species, one from swamp rice in the Ivory 
Coast and another from sugarcane in the Congo, 
it became clear that cyst nematodes could occur 
in the tropics. The species were described as 
H. oryzae and H. sacchari, respectively. Later, sev-
eral other species were described from tropical 
crops and weeds (Fourie et al., 2017; Chapter 15, 
this volume). Their host range may be large (e.g. 
H. cajani) or restricted to a small number of  plants 
(e.g. H. sacchari).

Within the genus Globodera, three species 
are of  major importance: G. pallida, G. rostochien-
sis and G. tabacum. They are found worldwide in 
temperate regions or in temperate areas of  trop-
ical regions where their hosts are grown. The 
range of  their economically important hosts is 
restricted to Solanaceae. The genus Heterodera 
contains many more species of  economic import-
ance. Species important in temperate regions are 
(major hosts): H. avenae (cereals), H. filipjevi (cer-
eals), H. latipons (cereals), H. cruciferae (Crucifer-
ae), H. glycines (legumes), H.  schachtii (various) 
and H. trifolii (various). The following species are 
important in tropical regions: H. cajani (legumes), 
H. oryzicola (rice, banana), H. sacchari (rice, sug-
arcane), H. sorghi (cereals) and H. zeae (cereals).

The most important CCN, that is, H. avenae, 
H. filipjevi and H. latipons, differ in their distribu-
tion (reviewed by Toumi et al., 2017). Heterodera 
avenae was first reported in Germany and subse-
quently detected in most European countries. 
It  has also been detected in Asia and South 

 Africa, New Zealand, Peru, Canada, the Middle 
East, North Africa and the USA. Heterodera 
latipons is distributed in the Mediterranean re-
gion, but has also been detected in the former 
Soviet Union, Iran, Japan and Canada. Heterode-
ra filipjevi was first reported in the Sverdlovsk 
 region (Russia). Later, it was found in the for-
mer Soviet Union, Europe (Norway, Germany, 
 Poland, Spain and Sweden), Turkey, Iran, Syria, 
India, Tajikistan and the USA. Heterodera glycines 
is a major pest of  soybean in regions of  the USA, 
particularly semi-arid areas. The nematode has 
also been found as a pest of  soybean outside 
the USA (e.g. Argentina, Brazil, Colombia, China, 
Egypt, Indonesia, Iran, Italy, Japan, Korea, Para-
guay and the former Soviet Union) (CABI, 2016b). 
Both H. schachtii and H. trifolii have a cosmo-
politan distribution. Other species have a rather 
limited distribution: H. cajani is restricted to 
India and neighbouring countries (Pakistan and 
Myanmar; CABI, 2016c); H. oryzicola has only 
been identified in India; H. sacchari in several 
West African countries, India and Pakistan; 
H. sorghi in India and Pakistan; whilst H. zeae has 
been identified in India, Pakistan, Egypt and the 
USA. The patchy distributions of  some species 
may reflect a restricted presence in a relatively 
small geographical area but may also reflect re-
distribution due to human activities as well as the 
lack of  thorough sampling in some areas.

1.5 Identification

1.5.1 Traditional identification

Species of  the Heteroderinae share similar 
morphology and are often distinguished from 
each other only by small details (Turner and 
Subbotin, 2013). Traditional identification is 
mainly based on the morphology and morpho-
metrics of  both females (cysts) and second-stage 
juveniles (J2) (Chapters 14–15, this volume). 
These stages are found in soil extracts and pos-
sess useful species-discriminating features in 
both morphology and morphometrics.

1.5.1.1 Cysts

The presence or absence of  a vulval cone is an 
important character separating genera (Heterod-
era is the only genus with a prominent vulval 
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cone; the cone is reduced in size in Cactodera; no 
vulval cone is present in Globodera, Dolichodera 
and Punctodera, hence the round-shaped cyst). A 
thin-walled area surrounds the vulva. The thin 
wall can be lost; the opening that is formed is 
called the fenestra. The degree of  fenestration 
(presence or absence; shape) is used in the diag-
nosis of  genera and species. Measurements of  
the fenestral area (fenestral length and width, 
vulval bridge width and length, length of  under-
bridge, length of  vulval slit) as well as vulval fea-
tures (e.g. the presence of  bullae) are very useful 
for species and genus diagnostics.

1.5.1.2 Second-stage juveniles

Both morphometrics (body length and width, 
hyaline tail length, true tail length, stylet length, 
stylet knob width) and morphology (stylet knobs 
shape, number of  lines in lateral field, number 
head annules) of  J2 are used to separate genera 
and species.

1.5.2 Molecular identification

Because identification of  cyst nematodes is time 
consuming and difficult, especially when the 
sample contains more than one species, bio-
chemical techniques allowing a clear-cut identi-
fication have been developed. It was shown that 
isoelectric focusing (IEF) could be used to identify 
G. rostochiensis and G. pallida (Fleming and Marks, 
1982) and to separate Heterodera species of  the 
Avenae group (Subbotin et al., 1996) on the basis 
of  different protein profiles. IEF is used as a rou-
tine diagnostic technique for G. rostochiensis and 
G. pallida (Karssen et al., 1995). Esterase isoen-
zyme patterns of  the white females have been 
used reliably to identify H. cajani, H. graminis, 
H. sorghi and H. zeae (Meher et al., 1998).

Compared with IEF, DNA-based identifica-
tion techniques have several advantages. DNA 
profiles can be obtained rapidly from a few or 
even single nematodes and the clarity of  the re-
sults enables species to be identified very easily. In 
addition, no problems are encountered with the 
effects of  environmental and developmental vari-
ation (Subbotin et al., 2013). Polymerase chain 
reaction-restriction fragment length polymorph-
ism (PCR-RFLP) and PCR with species- specific 
primer(s) presently are used for diagnostics of  

many cyst nematode species (Chapter 17, this 
volume). PCR-RFLP of  the internal transcribed 
spacer (ITS) region of  the ribosomal RNA (rRNA) 
gene has been used for identifying species from 
the genus Heterodera (Subbotin et al., 1999, 
2000; Zheng et al., 2000; Madani et al., 2004). 
Species-specific primers have been developed for 
major species, such as G. rostochiensis and G. pal-
lida (Mulholland et  al., 1996; Bulman and 
Marshall, 1997), H. schachtii (Amiri et al., 2001, 
2002), H. glycines (Subbotin et al., 2001), 
H.  latipons (Toumi et al., 2013a), H. avenae and 
H.  filipjevi (Toumi et al., 2013b). Real-time PCR 
was used for the detection of  single J2 of  G. pallida 
and H. schachtii (Madani et al., 2005) or H. gly-
cines (Ye, 2012); a qPCR protocol was developed 
for H. avenae and H. latipons (Toumi et al., 2015). 
Van den Elsen et al. (2012) developed a qualita-
tive viability test based on the detection of  tre-
halose (a disaccharide sugar present in the 
perivitelline fluid between the unhatched J2 and 
the eggshell; see Chapter 3, this volume) in vi-
able eggs of  potato cyst nematodes. In accord-
ance with these findings, Ebrahimi et al. (2015) 
found a relationship between egg viability and 
the trehalose content, and developed a trehalose- 
based method to quantify viable eggs of  G. ros-
tochiensis and G. pallida.

The phylogeny of  Heterodera spp. can be in-
ferred from sequences of  ITS ribosomal DNA 
(rDNA) (Tanha Maafi et al., 2003; Chapter 16, 
this volume). The combination of  ITS with mor-
phological data enabled several groups within 
Heterodera to be recognized: Afenestra, Avenae, 
Bifenestra, Cardiolata, Cyperi, Goettingiana, 
Humuli, Sacchari and Schachtii groups (Subbotin 
et al., 2010b). Close relationships were revealed 
between the Avenae and Sacchari groups and 
 between the Humuli group and the species H. tur-
comanica and H. salixophila (Subbotin et al., 
2013).

1.6 Life Cycle

The life cycle of  cyst nematodes is summarized 
in Figure 1.1. In cyst nematodes the eggs are re-
tained in a cyst, which is the dead body wall of  
the female. Within these eggs, the embryo devel-
ops into the first-stage juvenile, which moults to 
the J2. This stage is equipped with a stylet. The 
stylet is used to cut a slit in the eggshell allowing 
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the J2 to hatch from the egg. The unhatched J2 
may be able to survive within the egg for a long 
time, depending on the species and environmen-
tal conditions. This stage is the dormant stage of  
the life cycle, a stage of  arrested development. 
Cyst nematodes have two types of  dormancy: 
diapause and quiescence (Chapter 3, this vol-
ume). Diapause has a time component that en-
ables the J2 to overcome seasonal environmental 
conditions that are unfavourable for hatch, such 
as extreme temperatures or drought. Globodera 
rostochiensis, G. pallida and H. avenae usually 
have an obligate diapause during their first sea-
son of  development. In G. rostochiensis and 
G. pallida, diapause is terminated in late spring, 
when the combination of  rising soil temperature 
and adequate soil moisture is favourable for 
 infection of  the new potato crop. Facultative 
 diapause is initiated by external factors from 
the  second season onwards. Once diapause is 

 completed, the J2 may enter into quiescence, a 
spontaneous reversible response to unpredict-
able unfavourable environmental conditions 
(Perry et al., 2013). This requires various envir-
onmental cues to effect further development. In 
temperate regions this usually occurs with an 
increase in soil temperature together with spe-
cific hatching stimuli produced by the host root 
system, termed root diffusate or root exudate 
(Perry, 2002). Cyst nematodes can be classified 
into four categories based on their hatching re-
sponses to water and root diffusate of  the host: 
(i) high J2 root diffusate hatch, low J2 water 
hatch (G. rostochiensis, G. pallida, H. cruciferae, 
H. carotae, H. goettingiana, H. humuli); (ii) high J2 
root diffusate hatch, moderate J2 water hatch 
(H. trifolii, H. galeopsidis, H. glycines); (iii) high J2 
root diffusate hatch, high J2 water hatch 
(H. schachtii, H. avenae); and (iv) high J2 root dif-
fusate hatch of  later generations, large J2 hatch 

S

(A)

(B)

(C)

(D)

(E)

(F)

Fig. 1.1. Life cycle of a cyst nematode. Cysts contain up to approximately 400 eggs, each one containing 
a second-stage juvenile (J2). After hatch (A), the J2 moves through the soil, invades a host root 
(B; arrowed) and moves through the root to establish a feeding site (C; syncytium; S) on which it feeds 
and develops. Juveniles develop either into females, which become saccate and rupture the root (D), or 
into vermiform males, which leave the root, locate the female and mate (E). The female then dies to form 
the cyst (F). (From Turner and Subbotin, 2013.)
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in all generations (H. cajani, H. sorghi). The de-
gree to which cyst nematodes are dependent on 
root diffusates to initiate hatch is related to host 
range: species that have a narrow host range 
tend to have strong dependency on the presence 
of  diffusates from host species in order to hatch, 
whereas those with broader host range hatch 
more readily in the absence of  such cues. Not all 
juveniles hatch at the same time – a proportion 
of  J2 are retained either within the cyst body or 
in external egg masses. Globodera species do not 
produce eggsacs. In some Heterodera species 
(H. avenae) all eggs are retained in the cyst, whilst 
in others (e.g. H. cajani, H. glycines, H. cruciferae) 
eggs are also deposited in an eggsac, which is at-
tached to the cyst. Within a species, eggsac pro-
duction can vary according to environmental 
conditions; for example, H. glycines produces 
more eggs in eggsacs under favourable condi-
tions (Ishibashi et al., 1973). Upon hatch, J2 
leave the cyst either via the fenestrae or the neck. 
Once in the soil, they search for a suitable host. 
The J2 locate the host by exploiting gradients of  
chemicals released by the root system of  the host 
(Chapter 3, this volume).

The J2, the infective stage of  cyst nema-
todes, penetrates the root system of  its host 
near the root tip. Inside the root, the nematode 
 migrates intracellularly, using its stylet to cut 
through cell walls, to the pericycle, where it se-
lects a suitable cell used to form a feeding site, 
termed a syncytium (Chapter 4, this volume). 
The hollow stylet pierces the wall of  this cell and 
saliva is injected from the pharyngeal glands. If  
the protoplast collapses or if  the stylet becomes 
covered with a layer of  callose-like material, the 
stylet is retracted. This behaviour is repeated 
until a suitable cell that does not respond ad-
versely to J2 probing is found. This cell becomes 
the initial syncytial cell (Golinowski et al., 1997). 
Cell wall openings are formed between the initial 
syncytial cell and its neighbours by widening of  
plasmodesmata followed by controlled break-
down of  the plant cell wall in these regions. The 
cytoplasm of  the initial syncytial cell prolifer-
ates, the central vacuole breaks down and the 
nucleus becomes enlarged. Similar changes are 
observed in the cells surrounding the initial syn-
cytial cell as they become connected to the initial 
syncytial cell. Eventually the protoplasts of  the 
initial syncytial cell and its neighbours fuse at 
the cell wall openings and this process is  repeated 

with further layers of  cells until 200–300 cells 
are incorporated into the syncytium. Cell wall 
ingrowths form where the syncytium is adjacent 
to the vascular tissues that increase the internal 
surface area and facilitate the passage of  nutri-
ents into the syncytium. If  the J2 is able to in-
duce and maintain syncytia (compatible 
relationship), the juvenile will develop into a 
male or female adult (Chapter 8, this volume).

About 7 days after penetration, the J2 moults 
to the third-stage juvenile (J3). The J3 has a 
well-developed genital primordium and rectum; 
the male has a single testis and the female has 
paired ovaries. At this stage female nematodes 
become saccate. The J3 moults to the fourth-
stage juvenile; eventually, the nematode will 
moult a final time to the adult stage. At this 
(fourth) moult, the females are saccate and their 
posterior ends protrude through the root cortex, 
ready for mating. Males develop in the same root 
as the females. When they emerge at the fourth 
moult they are still enclosed in the J3 cuticle. 
Males revert to the vermiform body shape, are 
non-feeding and leave the roots; they live for 
about 10 days after first leaving the root (Evans, 
1970). They are attracted to females, which 
exude sex pheromones (Chapter 3, this volume). 
Females may mate with different males. When a 
population is exposed to poor environmental 
conditions (e.g. competition for feeding sites due 
to overcrowding or a resistant response; see 
 section 1.7) more males are present (Trudgill, 
1967).

After mating, the embryo develops within 
the egg, which is still within the female’s body. 
Eventually, the female dies and her cuticle 
undergoes polyphenol oxidase tanning to form a 
tough protective cyst containing several hun-
dred embryonated eggs. The cysts become de-
tached from the roots as the plant dies and 
remain dormant in the soil until the next suit-
able host grows in the vicinity (Turner and 
Evans, 1998).

The number of  generations per year varies 
between cyst nematode species. Under field con-
ditions most temperate species of  cyst nema-
todes will complete one or two generations, 
corresponding to the natural life cycle of  its host 
combined with the length of  the optimal tem-
perature range. For example, temperature was 
crucial in determining the number of  gener-
ations H. schachtii completed on oil seed rape 
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during the growing season (Kakaire et al., 2015). 
However, in tropical regions where favourable 
environmental conditions are more constant 
throughout the year, multiple generations are 
present, with up to 11 generations being re-
ported for H. oryzicola (Jayaprakash and Rao, 
1983). The time needed to complete the life cycle 
of  a cyst nematode depends upon the co- 
evolution of  the species with its host range and 
the environmental conditions. In temperate re-
gions, life cycles are completed in about 30 days, 
but this may be reduced in warmer climates.

1.7 Syncytium

One of  the most remarkable adaptations of  cyst 
nematodes for parasitism is the ability to induce 
the formation of  a syncytium in the roots of  
their host (Fig. 1.2). Cyst nematodes depend on 
the syncytium for all nutrients that are required 
for development to the adult stage. In addition, 
each nematode can only induce a single syncyt-
ium, meaning that this structure must be kept 
alive for a period of  several weeks throughout 
the duration of  feeding. The syncytium is a 
large, multinucleate and metabolically active 
structure. The central vacuole present in other 
root cells is absent or greatly reduced and the 
cytoplasm is enriched in rough endoplasmic 

 reticulum and other subcellular organelles 
( Sobczak and Golinowski, 2009, 2011). These 
changes in plant cell structure are underpinned 
by profound changes in host gene expression in 
the syncytium. Microarrays have been used to 
probe changes in gene expression that occur in 
the syncytia induced by H. schachtii in Arabidop-
sis (Puthoff  et al., 2003; Szakasits et al., 2009) 
and H. glycines in Glycine max (e.g. Ithal et al., 
2007; Klink et al., 2007). These and similar 
studies have shown that expression profiles of  
thousands of  plant genes are changed in the 
syncytia. Changes in nuclear structure within 
the syncytium are likely to be due to induction of  
the endocycle (De Almeida Engler et al., 2011). 
Although the precise mechanisms that underlie 
syncytium induction remain unknown, effect-
ors have been identified from cyst nematodes 
that may interact with auxin transport proteins 
or that are similar to peptide ligands that control 
host developmental processes (see Chapter 4, 
this volume).

Resistance against biotrophic pathogens 
is  associated with a hypersensitive reaction. A 
small number of  resistance responses against 
cyst nematodes are characterized by this type of  
strong, early response targeted against the syn-
cytium. For example, the response of  Sinapsis 
alba ‘Maxi’ to H. schachtii features a strong nec-
rotic response surrounding the J2, which is 
 unable to induce a syncytium (Soliman et al., 
2005). However, most resistance against cyst 
nematodes operates by restricting the develop-
ment of  the syncytium, preventing it from grow-
ing to a stage where it meets the vascular tissues. 
In these cases invasion, migration and the early 
stages of  syncytium induction proceed as seen in 
the susceptible host. However, after this initial 
developmental stage the syncytium itself, or 
more often the cells surrounding the syncytium, 
collapse. This degeneration of  the surrounding 
tissues restricts the development of  the syncyt-
ium, leading either to the death of  the nematode 
or to production of  a much larger proportion of  
males, which tend to develop from smaller syn-
cytia (Sobczak and Golinowski, 2011).

There are some superficial similarities be-
tween syncytia induced by cyst nematodes and 
the giant cells induced by root-knot nematodes 
(Moens et al., 2009). Both are large multinucle-
ate and highly metabolically active structures 
that show enriched cytoplasm compared to the 

X

X

N
N

N

Pl

Ph
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Fig. 1.2. Transmission electron micrograph of a 
syncytium induced by Globodera rostochiensis in 
root of tomato ‘Moneymaker’ (7 days post 
infection), showing several broken cell walls 
(arrowheads) and enlarged syncytial elements. 
Abbreviations: N: nucleus; Ph: phloem; Pl: plastid 
with starch grains; X: xylem. Scale bar = 10 μm. 
(Courtesy of Miroslaw Sobczak, Dept Botany, 
Warsaw University of Life Sciences, Poland.)
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surrounding tissues. However, phylogenetic 
analysis shows that the ability to induce feeding 
structures has evolved independently in cyst and 
root-knot nematodes (Baldwin et al., 2004). 
Giant cells also have a completely different on-
togeny to syncytia and are formed as a result of  
repeated rounds of  nuclear division in the ab-
sence of  cytokinesis.

1.8 Effect of Abiotic Factors

Cyst nematodes exhibit considerable variation in 
optimum temperature for hatching in vitro; for 
example, G. pallida is adapted to lower temperat-
ures than G. rostochiensis (16°C and 20°C, re-
spectively) (Turner and Subbotin, 2013). 
Kaczmarek et al. (2014) observed the greatest 
cumulative percentage hatch of  J2 occurring be-
tween 15 and 27°C for G. rostochiensis and 13 
and 15°C for G. pallida. In addition to hatching, 
soil temperature also influences mobility, infect-
ivity and lipid utilization of  J2 of  PCN (Robinson 
et al., 1987; Ebrahimi et al., 2014). Low opti-
mum temperatures for hatching are characteris-
tic of  cyst nematodes that can invade during 
winter or early spring, such as H. cruciferae. As 
expected, nematodes adapted to warmer cli-
mates exhibit higher temperature optima, for ex-
ample, 30°C for H. zeae.

Soil type can also affect rates of  hatch. In 
general, coarse-textured soils favour hatching 
and subsequent invasion of  root systems, pro-
viding suitable conditions for aeration and 
nematode migration. Maximum hatch usually 
occurs in soil at field capacity, whilst drought 
and waterlogging inhibit hatch (Turner and 
Subbotin, 2013).

1.9 Important Species

Out of  the eight genera of  cyst nematodes, only 
two, Heterodera and Globodera, contain econom-
ically important species. The species discussed 
in this section are distributed in temperate re-
gions, in temperate areas of  tropical regions, 
sub- tropical regions and tropical areas and, be-
cause of  their importance, have been studied in-
tensively. It is clear that there is substantial 
overlap between these climatic groupings.

1.9.1 Sugar beet cyst nematode  
Heterodera schachtii

The sugar beet cyst nematode was the first 
cyst-forming nematode detected when it was 
found associated with stunted and declining 
sugar beet in Germany (see section 1.3). Heterod-
era schachtii is now found in all major sugar beet 
production areas of  the world; it is mainly pre-
sent in temperate regions but is occasionally 
 established in hot climates. The species is wide-
spread in most European countries, the USA, 
Canada, the Middle East, Africa, Australia and 
South America (Baldwin and Mundo-Ocampo, 
1991; Evans and Rowe, 1998; CABI, 2016d). 
The nematode causes serious yield reductions 
and decreases sugar content of  sugar beet wher-
ever the crop is grown. In European countries 
the annual yield losses were estimated at ca €90 
million (Müller, 1999). The optimum tempera-
ture for development is around 25°C. In some 
climates, three to five generations may complete 
development on sugar beet in one season (Frank-
lin, 1972). Heterodera schachtii belongs to the 
Schachtii species group. Host plants of  H. schachtii 
are numerous and belong mainly to the families 
Amaranthaceae and Brassicaceae, but also to 
Polygonaceae, Scrophulariaceae, Caryophillace-
ae and Solanaceae (Turner and Subbotin, 2013).

A second cyst nematode parasitizes sugar 
beet, H. betae, described by Wouts et al. (2001). 
Before its description it used to be called the 
forma specialis beta or race of  H. trifolii. Heterodera 
betae is not easily distinguished morphometric-
ally from H. schachtii. However, unlike cysts of  
H. schachtii, cysts of  H. betae mature through a 
yellow stage. However, it is readily distinguished 
by RFLP analysis of  the ITS regions of  rDNA 
(Amiri et al., 2002). It has been reported from 
The Netherlands, France, Switzerland, Italy, 
Germany, Sweden and Morocco. Both H. schachtii 
and H. betae belong to the Schachtii group.

1.9.2 Cereal cyst nematodes Heterodera 
avenae, H. latipons and H. filipjevi

The CCN form a complex of  several closely re-
lated species, which are distributed worldwide, 
mainly on plants of  the Poaceae (Rivoal and 
Cook, 1993; Nicol and Rivoal, 2007). Smiley 
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et al. (2017) published an excellent, comprehen-
sive review of  CCN. Among CCN, H. avenae was 
the first species to be described (Wollenweber, 
1924), followed by the Mediterranean H. latipons 
(Franklin, 1969), the north European H. horde-
calis (Andersson, 1974), the east European 
H. filipjevi (Madzhidov, 1981) and several other 
species (Wouts et al., 1995). So far, 12 species of  
the CCN group have been described. However, 
H.  avenae, H. latipons and H. filipjevi are con-
sidered the most economically important species 
in cereals worldwide (Rivoal and Cook, 1993; 
Nicol and Rivoal, 2007).

Heterodera avenae (common name: cereal or 
oat cyst nematode) is the main nematode species 
on cereals in temperate regions. It has been re-
ported in most European countries and also in 
North Africa, South Africa, Asia (China, India, 
Iran, Japan, Pakistan, Syria, Saudi Arabia and 
Turkey), New Zealand, Peru, Canada and the 
USA. In Europe, more than 50% of  the fields in 
major cereal-growing areas were found to be in-
fested by H. avenae (Rivoal and Cook, 1993); an-
nual yield losses are estimated at £3 million 
(Nicol and Rivoal, 2008). In the USA, the an-
nual loss is estimated at US$3.4 million in wheat 
production in the states of  Idaho, Oregon and 
Washington. Heterodera avenae belongs to the 
Avenae group.

In the 1960s, another cyst nematode was 
detected in the Mediterranean region (Israel and 
Libya) on the roots of  stunted wheat plants. It 
was described as H. latipons (common name: 
Mediterranean cereal cyst nematode) based on 
the morphological characteristics of  the Israel 
population (Franklin, 1969). Heterodera latipons 
has a wide distribution and is essentially distrib-
uted in the Mediterranean region and the Middle 
East (Toumi et al., 2017), but was also detected 
in more or less temperate continental climates of  
the former USSR (Mulvey and Golden, 1983; 
Subbotin et al., 1996), Japan (Momota, 1979) 
and Canada (Sewell, 1973). Heterodera latipons 
belongs to the Avenae group; it often occurs in 
mixed populations with H. avenae in cereal crop-
ping systems. Heterodera latipons is believed to 
cause less damage to cereals compared with 
H.  avenae (Mor et al., 1992, 2008). However, in 
Cyprus, H. latipons was reported to decrease 
 barley yield by 50%. The loss was greatest under 
 severe drought conditions and monoculture sys-
tems (Philis, 1988, 1997). In Syria, the nematode 

causes average yield losses of  20 and 30% in 
barley and durum wheat, respectively, and the 
nematode was more damaging under water 
stress conditions (Schölz, 2001).

The third species of  the CCN complex is 
H.  filipjevi (common name: Filipjev cyst nema-
tode; previously called Gotland strain of  H. avenae, 
pathotype 3 of  H. avenae or race 3 of  H. avenae). 
Currently, its distribution seems to be restricted to 
countries in Asia (China, India, Iran, Syria, Tajiki-
stan and Turkey), Europe (Germany, Norway, Pol-
and, Spain, Sweden and the former USSR) and the 
USA. On winter wheat under rain-fed conditions 
in Turkey, the average yield loss caused by H. filip-
jevi was between 42 and 50% (Nicol et al., 2006). 
In Iran, the yield loss due to H. filipjevi on winter 
wheat in monoculture was estimated at 48% (Ha-
jihasani et al., 2010). In Norway, the occurrence 
of  H. filipjevi caused damage to Secale cereale (win-
ter rye) (Holgado et al., 2005).

There is considerable information on hatch-
ing and dormancy of  the three major species of  
CCN. Environmental stresses on the female of  
H. avenae initiate a facultative diapause (Wright 
and Perry, 2006; see Chapter 3, this volume). In 
West Australia, H. avenae hatches optimally at a 
temperature between 10 and 15°C, with the 
hatching peak of  80% under the field conditions 
in late May (Banyer and Fisher, 1971; Meagher, 
1977; Stanton and Eyres, 1994). Similar results 
were reported from France for H. avenae, although 
differences were observed between southern and 
northern ecotypes (Rivoal, 1986). In the south 
of  France, an obligatory diapause acts during 
the summer and autumn and is disrupted by low 
temperatures, which explains the winter hatch-
ing of  this ecotype. By contrast, for the northern 
ecotype, a facultative diapause acts during win-
ter and is broken by an increase of  temperature, 
which leads to hatching in spring (Rivoal, 
1983). Heterodera latipons hatched well at 10°C 
in Syria (Schölz and Sikora, 2004) and Jordan 
(Al Abed et al., 2009) with the maximum hatch-
ing not more than 33% of  viable cyst contents, 
and with one hatching peak at the end of  
January– early February. Hatching of  H. filipjevi 
in root diffusate of  susceptible barley was similar 
to that in water and, overall, hatch of  H. latipons 
was similar to that of  the southern (Mediterra-
nean) ecotype of  H. avenae (Chapter 3, this vol-
ume). The optimal hatch for Turkish populations 
of  H. filipjevi was between 10 and 15°C; in 
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in vitro and field conditions 94% of  the J2 hatched, 
with two peaks recorded at early October and be-
tween the end of  January to early March (Sahin 
et al., 2010).

The infection process of  CCN differs be-
tween species (Mor et al.,1992). J2 of  H. avenae 
attacked the root tip region inducing typical 
branching and swelling of  roots with ensuing 
adherence of  soil particles; J2 of  H. latipons, 
however, penetrated at sites along roots more 
distant from the root tip. Hence, H. latipons did 
not produce clearly visible root symptoms in the 
early infection period or the seedling stage. Mor 
et al. (1992, 2008) further observed differences 
between H. latipons and H. avenae in the infection 
process and in the feeding cell structures in cer-
eals. The growth inhibition caused by H. avenae 
was more severe compared with H. latipons (Mor 
et al., 1992).

1.9.3 Soybean cyst nematode  
Heterodera glycines

A cyst nematode parasitizing soybean plants, 
Glycine max was found in Japan in 1915. This 
was initially known as H. schachtii. Eventually, 
Ichinohe (1952) named the species H. glycines, 
and gave a brief  description of  this nematode.

The species occurs in most countries of  the 
world where soybean is produced, that is, the 
USA, South America (Argentina, Brazil, Colom-
bia and Paraguay), Asia (China, Indonesia, 
Iran, Japan and Korea), Egypt, Italy and the for-
mer Soviet Union. It is a pest in temperate areas 
and does not develop below 15°C or above 33°C. 
Heterodera glycines probably evolved either in 
China or Japan, from where it has been spread 
to the New World (see Chapter 9, this volume). 
In a study of  losses in ten soybean-producing 
countries together accounting for 97% of  the 
world crop, H. glycines appeared to be the most 
important constraint on yield and caused dam-
age estimated at US$1960 million (Wrather 
et al., 2001). Wrather et al. (2003) found that in 
the period 1999–2002, the highest yield losses 
on soybean were caused by H. glycines in both 
the USA and Canada, the reduction in yield in 
the USA in 2002 amounting to US$784 million. 
In Japan, yield losses have been estimated at 
10–70% (Ichinohe, 1988). Heterodera glycines 
has a broad host range, especially within the 

Fabaceae ( Turner and Subbotin, 2013). Riggs 
(1992) compiled the most comprehensive host 
list for SCN: it included 22 plant families and 
286 species. Evaluating weed species from the 
Northern Great Plains as hosts of  soybean cyst 
nematode, Poromarto et al. (2015) identified 26 
weed species from 11 plant families as new hosts 
of  SCN.

Heterodera glycines interferes with nodula-
tion and causes early yellowing of  soybean 
plants. The above-ground symptoms of  damage 
are not specific. Heterodera glycines has been clas-
sified into a large number of  races, which are 
distinguished using differential hosts (see Chap-
ter 9, this volume). Heterodera glycines belongs to 
the Schachtii group.

1.9.4 Pigeon pea cyst nematode  
Heterodera cajani

In 1964, Swarup et al. reported a cyst nematode 
species of  the Schachtii group under the name of  
H. trifolii from a pigeon pea field at IARI, New 
Delhi, India. The species was later briefly de-
scribed from roots of  pigeon pea, Cajanus cajan, 
by Koshy (1967) and named H. cajani. Later, a 
more detailed description was provided by Koshy 
et al. (1971) and Koshy and Swarup (1971).

Heterodera cajani is widely spread in India 
(CABI, 2016c); it has also been reported in Egypt 
(Aboul-Eid and Ghorab, 1974). Primary hosts 
include: C. cajan, Vigna unguiculata, V. mungo, 
V. radiata, V. aconitifolia, Phaseolus species, Pisum 
sativum and Phyllanthus maderaspatensis (Evans 
and Rowe, 1998) and S. indicum and Cyamopsis 
tetragonolobus from Haryana (India) (Bhatti and 
Gupta, 1973). The most important hosts are 
species of  Fabaceae and Pedaliaceae.

The nematode completes its life cycle in 
16  days at 29°C but during cooler conditions 
(10–25°C), the life cycle takes 45–80 days to 
complete (Koshy and Swarup, 1971). On one crop 
of  pigeon pea, eight or nine generations were re-
corded. Although amphimixis is the rule, females 
sometimes reproduce without males. Eggs may 
be retained inside the female body but many are 
laid in a gelatinous matrix forming eggsacs. 
Emergence from eggsacs is higher and more rapid 
than from white (young) or brown (mature) cysts 
(Sharma and Swarup, 1984; Sharma and 
Sharma, 1998). Juvenile emergence is greater 
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from cysts produced on 30-day-old pigeon pea 
plants than from cysts produced on older plants. 
The pattern of  J2 emergence is complex and tem-
perature is a major, but not the only, important 
factor. Some of  the encysted juvenile population 
undergoes diapause (Singh and Sharma, 1996). 
Root leachates of  host plants stimulate J2 hatch 
of  H. cajani. Leachates collected from 2-, 3-  or 
4-week-old plants or soil are more stimulatory 
than those from 1-week-old plants (Yadav and 
Walia, 1988).

Survival is greater at 20 and 25°C than at 
15 and 30°C. Eggs within cysts are able to with-
stand extremes of  desiccation. Exposing nine dif-
ferent hosts to 14 populations of  H. cajani from 
different origin revealed the presence of  three 
races (Siddiqui and Mahmood, 1993).

1.9.5 Sugarcane cyst nematode  
Heterodera sacchari

Heterodera sacchari was originally described on 
sugarcane in the Niari Valley, Congo (Luc and 
Merny, 1963). Later, it was reported in the Ivory 
Coast, where it was detected in flooded rice fields 
(Merny, 1970), in Nigeria on sugarcane (Jerath, 
1968) and wild grasses (Odihirin, 1975), on 
flooded rice fields of  Casamance Province, Sene-
gal and in Gambia (Fortuner and Merny, 1973) 
and on sugarcane in Burkina Faso (Cadet and 
Merny, 1978). The species is also reported on 
Saccharum spontaneum in India (Swarup et al., 
1964). Next to sugar cane and rice, various wild 
Graminaceae are considered as hosts (Odihirin, 
1975). The species has also been reported in 
Trinidad. However, the veracity of  H. sacchari re-
cords from Asian countries, as well as from 
Trinidad, may need confirmation (Tanha Maafi 
et al., 2007).

The morphology of  H. sacchari has been de-
scribed by Luc and Merny (1963) and the ori-
ginal description was supplemented by Luc 
(1974) and several others (e.g. Vovlas et al., 
1986; Nobbs et al., 1992; Tanha Maafi et al., 
2007). Heterodera sacchari is a triploid partheno-
genetic species (Netscher, 1969). The non- 
functional male is rare and has been described 
by Netscher et al. (1969). The hatching of  juven-
iles from cysts is similar in sugarcane root diffu-
sate and tap water (Garabedian and Hague, 
1984).

In western areas of  Africa, H. sacchari may 
constitute a danger for sugarcane, and both up-
land and swamp rice. Jerath (1968) observed 
that infested sugarcane plants are stunted and 
thin, and secondary roots are less abundant 
than healthy plants. In sugarcane plantations, 
cysts of  H. sacchari may be transported by the 
water in irrigation canals for at least 5 to 8 km 
(Odihirin, 1977). On rice, experiments show 
(Babatola, 1983a) that infested plants are 
chlorotic and their growth retarded, roots are 
necrotic and blackened, tiller numbers are re-
duced and the grain yield is lower. Heterodera 
sacchari attacks both swamp and upland rice 
but the latter appears more susceptible to dam-
age (Babatola, 1983a). Rice cultivars react very 
differently to infestation by the nematode 
( Babatola, 1983b).

Heterodera sacchari belongs to the Sacchari 
group and to the H. sacchari species complex, to-
gether with H. leuceilyma and H. goldeni (Tanha 
Maafi et al., 2007). The three species are not eas-
ily separated. Several restriction enzymes distin-
guish H. sacchari from H. goldeni (Subbotin et al., 
2010b).

1.9.6 Rice cyst nematodes Heterodera 
oryzae and H. oryzicola

Heterodera oryzae and H. oryzicola, both called 
rice cyst nematodes, are parasites of  rice and 
plantains. Luc and Berdon Brizuela (1961) de-
scribed H.  oryzae from swamp rice fields in the 
central part of  Côte d’Ivoire. The species was also 
reported from Asian countries. However, Luc 
(1986) and Nobbs et al. (1992) suggest these 
findings need to be confirmed at species level be-
cause of  possible confusion with H. elachista and 
H. oryzicola. All of  these species belong to the 
Cyperi species group and are morphologically 
very similar and difficult to separate on basis 
of  morphology. However, non-specific esterase 
banding patterns allowed separation of  all four 
species (Nobbs et al., 1992). Rao and Jayaprakash 
(1978) described H. oryzicola on roots of  upland 
rice in the state of  Kerala, India. Later it was de-
tected on rice and banana in several states in 
India (Kaushal et al., 2007).

Females of  both species retain eggs and pro-
duce large egg masses. Heterodera oryzicola is de-
pendent on root diffusates to induce substantial 
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hatch (Ibrahim et al., 1993). The dependence of  
H. sacchari on diffusates is less easily defined; in 
the study by Ibrahim et al. (1993) it was only 
with cysts from the last two polyphenol extrac-
tions that a small proportion of  eggs were de-
pendent on root diffusates for hatch and the 
total percentage hatch from these cysts was 
considerably less than from cysts collected from 
younger plants.

Hosts for H. oryzae are rice, plantain (Musa 
paradisiaca) and maize. Rice is the primary host 
for H. oryzicola. Other hosts include plantain and 
a few grasses. The damage is not quantified for 
both species. Heterodera oryzae is less aggressive 
than H. sacchari on rice (Luc, 1986).

1.9.7 Potato cyst nematodes Globodera 
rostochiensis, G. pallida and  

G. ellingtonae

Globodera rostochiensis and G. pallida are cosmo-
politan pests in both temperate countries and 
temperate regions of  tropical countries. They 
have been reported on all continents where po-
tatoes are grown (OEPP/EPPO, 2014). They 
have been detected in 71 (G. rostochiensis) and 
55 (G. pallida) countries (CABI, 2016a). They are 
native to South America (Grenier et al., 2010), 
where they are the principal pest of  Andean po-
tato crops. In this region, the species are mainly 
found between 2000 and 4000 m.a.s.l., with the 
heaviest infestations between 2900 and 3800 
m.a.s.l. Globodera rostochiensis and G. pallida are 
differently distributed in the Andes. The demar-
cation line between the two species is near 
15.6°S. With few exceptions, populations north 
of  this line are mainly G. pallida. Those from 
areas around Lake Titicaca and further south 
are predominantly G. rostochiensis with few 
G. pallida or mixtures of  both species. The most 
southerly populations, from the east side of  the 
Andes in Bolivia, are mixtures of  G. rostochiensis 
and G. pallida. In 2008 cysts were isolated from a 
field in Oregon and in two fields in Idaho, all 
three having a history of  growing potatoes; the 
cysts belonged to a new species, which was 
named and described in 2012 as G. ellingtonae 
(Handoo et al., 2012).

PCN do not cause specific symptoms of  in-
fection. At low nematode densities crops display 
patches of  poor growth and affected plants may 

show chlorosis and wilting; tuber sizes are re-
duced, whereas at higher densities both number 
and size of  tubers can be reduced. Globodera ros-
tochiensis and G. pallida are responsible for an-
nual potato tuber losses of  up to 9% in Europe. 
By contrast, in Oregon, G. ellingtonae caused 
minimal damage to potato.

1.9.7.1 Globodera rostochiensis,  
the golden or yellow potato  

cyst nematode

The golden cyst nematode was first reported in 
1881 when it was found associated with potato 
plants, Solanum tuberosum, in Rostock, Germany. 
For a long time, the nematode was referred to as 
H. schachtii, because this was the only known 
species of  cyst nematode at that time. Following 
its first detection, G. rostochiensis became more 
widely known throughout Europe and, eventu-
ally, was described in 1923. Its common name 
derives from the fact that as the female dies, her 
body wall (cuticle) undergoes polyphenol oxi-
dase tanning from white through golden yellow 
to brown. The dead female cyst contains the 
eggs, often more than 300, and is effective in 
protecting the unhatched J2 from environmen-
tal extremes (see Chapter 3, this volume) and 
predation by mites etc.

The development of  one generation re-
quires 6–10 weeks. The J2 can enter diapause 
and remain viable for 20 or more years (Perry 
et al., 2013). Every year a small proportion of  J2 
hatch spontaneously in the absence of  a host 
and die of  starvation. This natural decline has 
been estimated to be 20–40% per year for G. ros-
tochiensis and 10–30% per year for G. pallida 
(Whitehead, 1995). On average, G. rostochiensis 
has a 40% greater spontaneous hatch than 
G. pallida (Evans and Haydock, 2000). Substan-
tial hatch depends on stimulation from hatching 
factors, found in host root diffusates (see Chap-
ter 3, this volume). The optimum temperature 
for the hatch of  G. rostochiensis is about 15°C, 
with the largest proportion of  adults in a popula-
tion at 650–830 day degrees over a basal tem-
perature of  4.4°C (Evans, 1968). Crops that are 
attacked by G. rostochiensis are tomato, eggplant 
and potato (Subbotin et al., 2010a); the number 
of  weed hosts is limited, although numerous 
wild Solanum species from South America have 
been described as hosts.
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1.9.7.2 Globodera pallida, the pale  
potato cyst nematode

Globodera pallida was originally considered to be 
a pathotype of  H. rostochiensis (= G. rostochiensis); 
during tanning, the female cuticle does not pass 
through a yellow stage, hence the common name. 
The species was described from two localities: 
Epworth in Lincolnshire, England, representing 
the Pa3 pathotype, and Duddingston, Scotland, 
representing the Pa1 pathotype (see Chapter 9, 
this volume).

Globodera pallida is a major pest of  potato 
crops in cool temperate climates. Using the 
 mtDNA gene, cytochrome b (cytb) sequences and 
microsatellite loci, Plantard et al. (2008) showed 
that the majority of  G. pallida presently distrib-
uted in Europe derived from a single restricted 
area in the extreme south of  Peru, located be-
tween the north shore of  Lake Titicaca and Cusco.

Globodera pallida usually develops one gen-
eration per vegetation season. It is adapted to cool 
temperatures and is able to hatch earlier in the 
year and develop at temperatures 2°C cooler than 
G. rostochiensis (Langeslag et al., 1982). Globode-
ra pallida hatches at around 10°C or less and is 
adapted to develop at cool temperatures between 
10 and 18°C, whereas G. rostochiensis seems to be 
adapted to a temperature range of  15 to 25°C 
(Franco, 1979). Day length also influences hatch, 
which is faster where the host has continuous 
light rather than prolonged hours of  darkness 
(Hominick, 1986; see Chapter 3, this volume).

1.9.7.3 Globodera ellingtonae,  
the Ellington potato cyst nematode

The third species of  PCN, G. ellingtonae, is cur-
rently the subject of  detailed investigation to 
 determine its biology and, especially, its patho-
genicity. Although not strictly a ‘principal spe-
cies’ worldwide, it is of  considerable interest. 
Populations were isolated from soil collected 
from a research farm near Powell Butte, Oregon, 
USA, and from two farmers’ fields in Idaho, USA 
in 2008. The isolates were characterized both 
morphologically, using cysts and hatched J2, 
and molecularly, and it was described as a new 
species by Handoo et al. (2012). The USA isolates 
of  G. ellingtonae fell into the same group as iso-
lates from Antofagasta, Chile, but morphological 
measurements of  the isolates from South  America 

are not available. The Attacama desert region of  
Chile, which spans Bolivia, Chile and Argentina, 
is likely to be where the nematode originates 
(Inga Zasada, Oregon, 2017, personal commu-
nication).

Globodera ellingtonae is a restricted pathogen 
in the USA. The Animal and Plant Health In-
spection Service, USA, sampled 300,000 add-
itional fields in Idaho and 100,000 fields in other 
states, and no additional G. ellingtonae cysts were 
found (Zasada et al., 2015). Potato varieties re-
sistant to G. rostochiensis pathotype Ro1 are re-
sistant to G. ellingtonae (Zasada et al., 2015). 
Development of  G. ellingtonae is similar to that 
reported for G. rostochiensis and G. pallida, and in 
bare soil the maximum reduction of  eggs per 
cyst was 55 to 73%, which is similar to that for 
G. pallida and G. rostochiensis (Phillips et al., 2017). 
As with the other species of  PCN, hatch of  G. elling-
tonae depends on stimulation by host root diffu-
sates (Zasada et al., 2015).

1.10 Pathotypes and Races

Several species of  cyst nematodes can be con-
trolled by the use of  resistant cultivars (see 
Chapter 9, this volume). Within this context, the 
term ‘resistance’ refers to the genetics of  traits in 
host plants that interact with nematode (a)viru-
lence genes. Resistant cultivars inhibit repro-
duction of  a nematode population. When such a 
population is able to reproduce and increase in 
number on a resistant cultivar, the population is 
said to be virulent. The use of  resistant varieties 
has demonstrated the genetic variation between 
virulent populations (Cook and Rivoal, 1998). 
Interactions between the (plants and nematode) 
genetic systems are the basis for the identifica-
tion of  pathotypes. These are usually recognized 
by the effect of  the virulence phenotype in ex-
periments with host plant differentials. Patho-
types are regarded as a group of  individual 
nematodes with common gene(s) for (a)viru-
lence and differing from gene or gene combin-
ations found in other groups. Pathotype schemes 
were proposed for the major cyst nematodes, 
PCN (G. rostochiensis and G. pallida), CCN (H. ave-
nae, H. filipjevi and H. australis) and SCN (H. gly-
cines). They are all based on the ability (or inability) 
of  populations within each species to reproduce 
on a range of  ‘differential’ host plants.
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Pathotype schemes for G. rostochiensis and 
G. pallida were proposed by Kort et al. (1977) and 
Canto-Saenz and de Scurrah (1977); the 
schemes described the virulence of  populations 
from Europe and South America, respectively 
(Table 1.1). In the pathotype/differential clone 
interactions, susceptible (+) indicates a multipli-
cation rate (Pf/Pi) >1.0, and resistant (−) indicates 
a Pf/Pi <1.0, where Pi and Pf  are the initial and 
final population sizes, respectively. The schemes 
standardized contrasting national schemes, espe-
cially those used within European countries, but 
it soon became clear that environmental influ-
ences and the extensive heterogeneity of  some 
populations, especially those of  G. pallida, caused 
problems (Turner and Subbotin, 2013). Popula-
tions in the centres of  origin of  the two species in 
South America are more heterogeneous in viru-
lence characteristics than those introduced and 
dispersed in the rest of  the world. Some popula-
tions are relatively homozygous for virulence, 
for example, Ro1 (R1A) and Pa1 (P1A). Others, 
including most other G. pallida populations, are 
heterogeneous and give varying results; thus, 
these populations cannot reliably be described as 
pathotypes and are increasingly referred to as 
virulence groupings (Trudgill, 1985). Potato 
clones with the gene H1 are resistant to G. ros-
tochiensis pathotypes Ro1 and Ro4, which have 
been combined as virulence group Ro1.

The pathotype scheme for CCN developed by 
Anderson and Anderson (1982) describes the 
pathotypes of  species of  CCN (H. avenae, H. filipjevi 
and H. australis) based on their multiplication on 
host differentials of  barley, oats and wheat. The 
separation into three pathotype groups is based on 
reactions of  the barley cultivars with the known 
resistance genes Rha1 (‘ Ortolan’), Rha2 (‘Siri’ and 
‘KVL191’) and Rha3 (‘Morocco’). Each pathotype 
group is further subdivided according to their re-
actions on other differentials (Table 1.2). Resist-
ance is defined as fewer than 5% new females 
compared with numbers on susceptible control. 
As with the PCN pathotype schemes, because the 
genetics of  field populations are largely unknown 
and variability exists within them, the term ‘viru-
lence phenotype’ has been proposed (Turner 
and Subbotin, 2013). Evidence suggests that the 
aforementioned species of  CCN have populations 
with different virulence phenotypes. There is 
limited evidence for loss of  effectiveness of  resist-
ance genes used in widely grown cultivars.

Differences in virulence between popula-
tions of  H. glycines are termed races rather than 
pathotypes. Such differences were first observed 
during breeding programmes in the USA for re-
sistant soybean varieties (Golden et al., 1970). 
The term ‘races’ was used to define field popula-
tions with different abilities to reproduce on plant 
lines carrying various sources of  resistance and 
on resistant cultivars. Four soybean differentials 
(‘Pickett’, ‘Peking’, ‘PI 88788’ and ‘PI 90763’) 
were used in this race test, with ‘Lee’ as the sus-
ceptible standard. A resistant response (aviru-
lence) was defined as a Female Index of  <10% 
of  that obtained on ‘Lee’. However, it was soon 
found that the scheme inadequately described the 
genetic diversity of  SCN (Epps and Duclos, 1970). 
When Riggs et al. (1981) increased the number 
of  differentials to 12 resistant soybean lines, they 
identified 25 different ‘races’ (Table 1.3). Because 
H. glycines populations vary in genetic diversity, 
and this variation has implications for manage-
ment strategies, a mechanism was needed for 
documenting and discussing population differ-
ences. Niblack et al. (2002) proposed an HG Type 
Test to describe population variation better and to 
expand the flexibility of  the race classification 
system. The HG Type system uses three of  the 
four resistant soybean genotypes used as indica-
tor hosts (‘Peking’ (= ‘PI 548402’), ‘PI 88788’ 
and ‘PI 90763’). Reproduction of  10% or more 
on a resistant cultivar, when compared with the 
susceptible ‘Lee 74’, results in a designation of  
compatibility. Virulence is measured as a Female 
Index using numbers of  females on both ‘Lee 74’ 
and the test cultivar (Niblack et al., 2009).

More information is provided in the excel-
lent review by Cook and Rivoal (1998). Turner 
and Subbotin (2013) conclude: ‘Despite the limi-
tations of  the various pathotype/race schemes 
for cyst nematodes, providing their limitations 
are recognized, they continue to give a useful in-
dication of  the virulence characteristics of  par-
ticular nematode gene pools. As such, they can 
provide critical information necessary for effect-
ive management and the emergence of  new 
virulent strains.’

1.11 Symptoms

The above-ground symptoms of  cyst nematodes 
are not specific. The only unique symptom of  
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Table 1.1. Pathotype groups of potato cyst nematodes, Globodera rostochiensis and G. pallida. (Adapted from Cook and Noel, 2002.)

Species and accession

Species
Globodera species virulence 
groupa

European pathotypesb

South American pathotypesc

Ploidy, resistance gene

G. rostochensis G. pallida

Ro1 Ro3 Ro5 Pa1 − − Pa2/3

Ro1 Ro4 Ro2 Ro3 Ro5 Pa1 − − Pa2 Pa3 −

R1A R1B R2A R3A − P1A P1B P2A P3A P4A P5A P6A

Solanum tuberosum ssp. tuberosum 4×, (minor) +/− + + + + + + + + + + +
S. tuberosum spp. andigena CPC 1673 4×, H1 on chromosome 5 − − + + + + ” “ “ + + “
S. kurtzianum KTT 60.21.19 2×, K1 K2 A & B − (+) − (+) (+) + + + + + + +
S. vernei GLKS 58.1642.4 2×. Quantitative − + − − + + + + − + + +
S. vernei Vt 62.33.3 2×. Quantitative − − − + − + − − − + +
ex. S. multidissectum hyprid P55/7 2×, 1 + polygenes H2 + + + + + − −/+ − + + + +
S. t. ssp. andigena H3 + polygenes + “ “ “ “ (−) “ “ “ (−) (−) “
CIP 280090.10 Quantitative “ “ “ “ “ “ “ “ “ − − +
S. vernei hybrid 69.1377/94 2×, Polygenes − − − − − − “ “ “ − − “
S. vernei hybrid 63.346/19 2×, Polygenes − − − − − + “ “ “ + + “
S. spegazzinii 2×, Fa = H1 − − + + + “ “ “ “ “ “ “
S. spegazzinni 2×, Fb+2 minor + − + − − “ “ “ “ “ “ “

Glo1 on chromosome 7 (−) + + + + “ “ “ “ “ “ “

aTrudgill (1985); bKort et al. (1977); cCanto-Saenz and de Scurrah (1977).
Note: + = compatible interaction: nematode multiplication, potato susceptible; − = incompatible interaction: nematode no multiplication, potato resistant ; () = partial or uncertain 
interaction ; “ = no information.
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Table 1.2. Pathotype groups of cereal cyst nematodes, Heterodera avenae, H. filipjevi and H. australis. (Adapted from Cook and Rivoal, 1998.)

Species H. avenae H. australis H.filipjevi

Pathotype group Ha1 group Ha2 group Ha3 group

Pathotype
Different species and 
cultivar

Ha11 Ha21 Ha31 Ha41 Ha51 Ha61 Ha71 Ha12 Ha13 Ha23 Ha33

Barley
Varde + “ “ + “ + + + + + +
Emir + + “ + “ − + + + + +
Ortolan/Drost − − − − − − − + + + +
Morocco − − − − − − − − − − −
Siri − − − + + + − − + + +
KVL 191 − − − “ + + + − “ “ “
Bajo Aragon − “ “ − “ − − − + + +
Herta + + − “ − “ − + + “ “
Martin 403 − “ “ − “ − − − − + +
Dalmatische (−) “ “ + “ − (+) + + (−) +
La Estanzuela “ “ “ “ “ “ + “ “ (−) “
Hartian 43 − “ “ “ “ “ − − “ − +

Oat
Nidar + “ “ (+) “ + − + + + +
Sol II + − − − − + − + + + +
Pura Hybrid BS1 − − “ − − − − − + − +
Avena sterilis 1376 − − “ − − − − − − − −
Silva (−) “ “ − “ (−) − (−) (−) (−) +
IGV.H. 72-646 − “ “ − “ − − − + + +

Wheat
Capa + + “ + “ + + + + + +
AUS10894 − “ “ − “ − + − (−) + +
Loros − − “ − “ (−) − − (−) + +
Psathias “ “ “ + “ “ “ + + + −
Iskamish K-2-light + “ “ − “ (−) “ + + + +

Note: + = susceptible; – = resistant (< 5% new females compared to numbers on susceptible control); () = intermediate; “ = no observation.
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 infection by cyst nematodes is the presence of  
adult female nematodes and cysts on the host 
roots. Symptoms of  cyst nematode damage to 
host crops may include the appearance in the 
field of  circular- or oval-shaped areas of  stunted, 
yellowed and less vigorous plants. Infested 
patches vary in size and often show a clear-cut 
border between stunted and apparently healthy 
plants. PCN causes growth retardation and, at 
very high population densities, damage to the 
roots. Potato plants may show chlorosis and wilt-
ing, resulting in early senescence of  plants. Crops 
infected with PCN show patches of  poor growth. 
PCN cause yield loss and tubers will be smaller. 
Like PCN, symptoms caused by SCN infection are 
not unique. They are easily confused with nutri-
ent deficiency, particularly iron deficiency, stress 
from drought or herbicide injury. Roots infected 
with SCN are dwarfed, yellowing and stunted. 
Heterodera glycines interferes with nodulation 
and may decrease the number of   nitrogen-fixing 
nodules on the roots. CCN cause stunting and 
chlorosis on wheat and barley. Symptoms in the 
foliage are generally assumed to be associated 
with irregularities in soil depth, soil texture, soil 
pH, mineral nutrition, water availability or dis-
eases. The roots branch excessively at sites where 
H. avenae females have established a syncytium, 
resulting in a knotted appearance on the root. 
On oats, H. avenae does not cause this knotted 
symptom. Heterodera schachtii can parasitize 
roots of  plants of  all ages. Seedlings may be se-
verely injured or killed. When infected with beet 
cyst nematodes, outer leaves of  plants usually 
wilt during the hot period of  the day or when soil 
moisture becomes limited. Leaves of  parasitized 
plants also may have pronounced yellowing. In-
fected plants have small storage roots that are 
severely branched with excess fibrous roots and 
are often referred to as bearded.

1.12 Management

Management of  nematodes involves the reduc-
tion of  nematode densities to non-damaging 
threshold levels using several measures in rela-
tion to the whole production system; control im-
plies the use of  a single measure to reduce or 
eliminate nematode numbers (Brown and Kerry, 
1987). Several characteristics of  cyst nematodes 
are of  essential importance in management or 
control (Riggs and Schuster, 1998): (i) J2 are 
protected within eggs, which in turn are pro-
tected in a cyst with a hardened protective wall; 
(ii) unhatched J2 may remain dormant for many 
years; (iii) in many cases (e.g. Globodera spp.) 
substantial hatch will only occur in the presence 
of  hatching factors produced by a potential host; 
and (iv) some cyst nematodes have a relatively 
narrow host range.

Fundamental to the prevention of  cyst 
nematodes spreading into non-infested regions 
is the use of  certified planting material, and 
strict legislation for those commodities being 
traded both internationally and locally. This 
 policy has been the pillar for controlling several 
major cyst nematodes such as G. rostochiensis, 
G. pallida and H. schachtii (Hockland et al., 2013). 
Cysts are easily spread on farm machinery and 
may be present in soil adhering to planting ma-
terial or in water run-off. Cleaning machinery 
before and after use is recommended as are 
 restricting movement of  soil outside the field 
boundary and construction of  natural wind-
breaks.

Restriction of  the risk of  movement of  im-
portant pests is regulated via quarantine meas-
ures. In 2011, four species of  cyst nematodes 
were on the quarantine list of  different countries: 
G. rostochiensis (119), G. pallida (80), H. glycines 
(55) and H. schachtii (14) (Hockland et al., T
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Table 1.3. Races of soybean cyst nematode Heterodera glycines. (Adapted from Cook and Rivoal, 1998.)

Differential cultivar

Race                   3     6   13     9     1    5   11   2     8    10   12   14      7    15     1    4
Virulence
phenotype          0     1     2    3    4    5     6     7    8     9    10    11    12    13   14  15

‘Pickett’
‘Peking’
‘PI 88788’
‘PI 90763’

+     −*   +    −   +    −    +    −     +       −      +      −       +     −     +    −
+     −    −    +    +    −    −     +     +       −      −      +       +     −      −    +
+     −    −    −    −    +    +    +     +       −      −      −       −       +     +    +
+     −    −    −    −    −    −     −     −      +      +      +       +      +     +    +

* – resistant (female index <10% ‘Lee’); + susceptible (female index >10% that of susceptible control ‘Lee’).
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2013). Crop rotation can be an important com-
ponent in managing cyst nematode densities 
when their host range is narrow. Cyst nema-
todes that have a small number of  cultivated 
host plants include G. rostochiensis, G. pallida, 
H. avenae, H. zeae and H. carotae. Non-host crops 
can safely be cultivated, during which time a 
combination of  spontaneous hatch and natural 
mortality will reduce the field population to 
below threshold levels. However, at high in-
festation levels the time between susceptible 
crops required to reduce populations to non- 
damaging levels may render control by rotation 
uneconomic.

Resistance of  major crop hosts to G. ros-
tochiensis, G. pallida, G. tabacum tabacum, G. taba-
cum solanacearum, H. avenae, H. glycines, H. schachtii 
and H. cajani has been found and attempts made 
to incorporate it into commercial cultivars. Only 
low level, or no, resistance is known in the major 
crop hosts of  H. cruciferae, H. oryzae, H. sacchari 
and H. oryzicola (Riggs and Schuster, 1998). In 
many cases resistance is found only in wild spe-
cies, with the accompanying inherent difficulties 
of  transferring into commercial cultivars (see 
Chapters 8 and 9, this volume). The inappropri-
ate continuous planting of  resistant cultivars 
 increases the selection pressure for virulent 
populations (e.g. potatoes and G. rostochiensis 
and G. pallida), limiting the durability of  resist-
ance. This is demonstrated by the repeated use of  
cultivars containing the H1 gene against G. ros-
tochiensis leading to selection for G. pallida, 
which has now become the principal species in-
fecting potato in the UK.

Eggs of  cyst nematodes are grouped, either 
inside the female’s body/cyst or in a gelatinous 
sac. In these conditions they represent an easy 
target for parasitism by fungi or bacteria living 
in the rhizosphere. Numerous studies using 
nematophagous fungi and bacteria against eco-
nomically important cyst nematodes have been 
undertaken with varying degrees of  success and 
failure. The best example of  suppressiveness of  

soils towards cyst nematodes is in the control of  
H. avenae by the fungi Nematophthora gynophila 
and Pochonia chlamydosporia (see Chapter 11, 
this volume).

Nematicides are very effective in control-
ling cyst nematodes (Whitehead and Turner, 
1998; see Chapter 13, this volume) but several 
of  the most effective have now been withdrawn 
because of  health, safety and environmental 
concerns. The effectiveness of  nematicides is re-
duced by their biological degradation by soil or-
ganisms, a process that may be increased by 
repeated use (Karpouzas and Giannakou, 2002). 
Nematicides have been extensively used as a 
control strategy for G. rostochiensis and G. pallida 
on potatoes, H. goettingiana on peas and H. ave-
nae on cereals (all one or two generations a year). 
Species that produce several generations in a 
year (e.g. H. glycines) appear to be more difficult 
to control. Inadequate control of  G. pallida in-
crease on susceptible potatoes by an oximecar-
bamate nematicide of  short persistence, such as 
oxamyl, is primarily due to the slow rate of  J2 
emergence in most populations of  G. pallida, 
with a second generation and the upward mi-
gration of  J2 from deeper untreated soil later in 
the growing season as potential contributory 
factors (Whitehead, 1992).

The repeated use of  a single control meas-
ure is likely to fail, sooner or later, because of  the 
selection of  individuals unaffected by any con-
trol measure that may be applied. The potential 
for managing cyst nematodes by combining two 
or more control strategies in an integrated pro-
gramme has been widely demonstrated (Roberts, 
1993). Usually some level of  crop rotation is 
practised, alongside additional measures. The 
advantages of  this approach include the use of  
partially effective strategies and protection of  
highly effective ones that are vulnerable to 
nematode adaptation or environmental risk; ex-
amples include integrated control of  G. ros-
tochiensis and G. pallida in Europe, and H. glycines 
in the USA.
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