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16.1 Introduction

For many years evolutionary relationships
among species and genera of cyst nematodes
were estimated by classical comparison of mor-
phological characters. Since the 1990s molecu-
lar information, such as nucleotide, amino acid
sequences and restriction fragment length
polymorphism (RFLP), has become increasingly
available for inferring phylogenetic relationships
and for reconstructing phylogenetic trees of cyst
nematodes.

The availability of molecular data has had a
significant impact on the systematics of cyst
nematodes, reshaping concepts of their relation-
ships at both the species and genus level. Phylo-
genetic analysis of sequences has allowed the
validity of some taxa to be tested, has supported
or rejected species synonymization or the erection
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of several new genera and, finally, has helped
to arrange all taxa in a natural classification.
In recent years, molecular phylogenetic trees
have become increasingly valuable to taxonom-
ists as the information is integrated with morpho-
logical characters and biological particularities in
evolutionary analysis.

Although molecular studies of cyst nema-
todes have yielded a substantial amount of data
on their genomes, transcriptomes and proteomes,
at present only small fractions of these datasets
have been used for phylogenetic reconstruc-
tions. Molecular data currently used for cyst
nematode phylogeny have come primarily from
nuclear ribosomal RNA genes, and nuclear and
mitochondrial protein-coding genes. Reconstruct-
ing the phylogeny from genes is not straightfor-
ward and requires several methodical steps to be
followed with certain assumptions and further
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careful verification of results. Phylogenetic trees
that illustrate the relationship among the
aligned gene sequences are considered as gene
trees. Whether these gene trees can be inter-
preted as representing the relationship among
species depends on whether the genes provided
for the alignment are truly orthologous, having
evolved from a common ancestral gene by
speciation.

16.2 Nuclear Ribosomal RNA Genes

The rRNA genes are the main genes traditionally
used for phylogenetic studies of cyst nematodes.
These include 18S, 28S and, especially, the in-
ternal transcribed spacer 1 (ITS1) and internal
transcribed spacer 2 (ITS2), which are inter-
spersed between the 188S, 5.8S and 28S rRNA
genes, respectively. The ITS regions are subjected
to a higher mutation rate, thus containing suffi-
cient signals to resolve phylogenies within sub-
families or genera of cyst nematodes better than,
for example, the 188 rRNA gene. The partial and
whole ITS rRNA gene phylogenies of cyst nema-
todes have been published in many articles
(Perris, 1998; Ferris et al., 1993, 1995, 1998,
1999a, b, 2004; Sabo et al., 2001, 2002; Subbo-
tin et al., 2001, 2006, 2010, 2017; Tanha Maafi
et al., 2003; Madani et al., 2004; Sturhan et al.,
2007; Mundo-Ocampo et al., 2008; Bernard
etal., 2010; De Luca et al., 2013; Knoetze et al.,
2013; Wang et al., 2013; Zhuo et al.,, 2013,
2014 and others) (Fig. 16.1). Phylogenies re-
constructed using 18S rRNA gene sequences
(Ferris et al., 2004; Mundo-Ocampo et al., 2008;
van Megen et al., 2009; Bernard et al., 2010; De
Luca et al., 2013) and the D2-D3 expansion frag-
ment of 28S rRNA gene sequences (Subbotin et
al., 2006, 2010; Mundo-Ocampo et al., 2008;
Bernard et al., 2010; De Luca et al., 2013; Wang
etal., 2013; Zhuo et al., 2013, 2014) were more
appropriate to study relationships among sub-
families and genera of Heteroderidae.

16.3 Nuclear Protein-coding Genes

Nuclear protein-coding genes can serve as a rich
source of genetic data for phylogenetic analysis of
many organisms, including nematodes. Genomic,

cDNA or amino acid sequences from the same
gene locus provide flexibility in the information
content that is available for phylogenetic recon-
struction of cyst nematode relationships at the
genus and species levels. Several nuclear protein-
coding genes, including heat shock protein 90
(Skantar and Carta, 2004; Mundo-Ocampo
et al., 2008), actin (Kovaleva et al., 2005a;
Mundo-Ocampo et al., 2008; Toumi et al,
2013a), fructose-bisphosphate aldolase (Kova-
leva et al., 2005b) and beta-tubulin (Sabo and
Ferris, 2004) have also been used for character-
ization and reconstruction of phylogenies of
cyst nematodes. Phylogenetic analysis of com-
bined 47 protein-coding gene sequences re-
covered from the EST data of Heterodera glycines,
Globodera pallida and G. rostochiensis with several
species of root-knot nematodes was conducted
by Scholl and Bird (2005). This study illustrated,
for the first time, that genomic analyses using
EST data mining methods can lead to interesting
and useful results.

16.3.1 Heat shock protein 90

Heat shock protein 90 (hsp90) encodes a mo-
lecular chaperone protein that assists other
proteins to fold properly, and serves as a buffer
against deleterious variation, particularly under
heat stress. Skantar and Carta (2004) used de-
generate primers to obtain partial hsp90 gene
sequences from several plant-parasitic nema-
todes including H. glycines, and demonstrated
that this gene was present in a single copy in the
genome of this species. This is also the case for the
model nematode Caenorhabditis elegans, in which
hsp90is encoded by the daf-21 gene (Birnby et al.,
2000), as well as the animal-parasitic nematode
Brugia pahangi (Devaney et al., 2005) and the
pine wood nematode Bursaphelenchus xylophilus
(Wang et al., 2012). Moreover, hsp90 EST se-
quences were included in the multigene phyl-
ogeny of Scholl and Bird (2005), which was
based upon several single-copy genes. Hsp90 pro-
tein sequence alignments were used to construct
higher order taxonomic trees, whilst genomic
DNA and coding region nucleotide alignments
resolved several species with high bootstrap sup-
port (Skantar and Carta, 2004). Mundo-Ocampo
et al. (2008) and Skantar et al. (2012) character-
ized partial hsp90 from several Heterodera species,
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Fig. 16.1. Phylogenetic relationships within cyst nematodes as inferred from Bayesian analysis of the
ITS1-5.85-ITS2 rRNA gene sequence alignment under the GTR + | + G model. Posterior probabilities

more than 70% are given for appropriate clades.

and Madani et al. (2011) provided some
sequences for several Globodera species. Phylo-
genetic trees based on hsp90 sequences showed
equal resolution and in most cases were congru-
ent with those inferred from ribosomal markers.
The phylogenetic relationships of cyst nema-
todes are given in Figure 16.2.

16.3.2 Actin

Actin is a highly conserved structural, multi-
functional protein that forms microfilaments
and is ubiquitously expressed in eukaryotic
cells. Multicellular eukaryotes contain mul-
tiple actin genes, the sequences of which are
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Fig. 16.2. Phylogenetic relationships within cyst nematodes as inferred from Bayesian analysis of the
hsp90 gene sequence alignment under the GTR + | + G model. Posterior probabilities more than 70% are

given for appropriate clades.

highly conserved, with pairwise percentage
identities of actins in the range of 88-98%.
The existence of multiple actin genes in eu-
karyotes is thought to provide a higher copy
number to cope with the demands for actin.
The C. elegans genome encodes five actin genes
(act-1, act-2, act-3, act-4 and act-5). Kovaleva
etal. (2005a) characterized three genes encod-
ing actin from H. glycines and G. rostochiensis,
and partial sequences of this gene from six other
cyst nematodes. Actin sequence variation within
the Heteroderidae ranged from 0.3 to 13.0%,
allowing separation of species similar to that
achieved by other ribosomal markers and
hsp90 (Mundo-Ocampo et al., 2008). Partial se-
quences of actin genes from several species
were also published by Toumi et al. (2013a).
The actin phylogenetic tree for Heterodera is
similar with those for ribosomal RNA genes
(Fig. 16.3). Amino acid sequences were similar
for the cyst nematodes, ranging from 99-100%
identity, and apparently do not contain phylo-
genetic signals.

16.3.3 Fructose-bisphosphate aldolase

Fructose-bisphosphate aldolase, often just
named as aldolase, is an enzyme catalysing a
reversible cleavage of fructose 1,6-bisphosphate
into the triose phosphates dihydroxyacetone
phosphate and glyceraldehyde 3-phosphate. Two
distinct types of cDNAs for aldolase, ce-1 and
ce-2, have been isolated from C. elegans (Inoue
et al., 1997). Kovaleva et al. (2005b) were the
first to characterize full cDNA and genomic aldo-
lase sequences for H. glycines and G. rostochienis
and fragments of this gene from several other
cyst nematodes. Based upon intron characteris-
tics, it appeared that ce-2 was more similar to the
cyst nematodes aldolase genes than ce-1. In add-
ition, C. elegans ce-2 aldolase had a higher amino
acid similarity to the cyst nematodes (72%) than
does ce-1 (60%). Whilst it has not been used ex-
tensively to date, the aldolase gene can be con-
sidered as a prospective candidate marker for
reconstruction of phylogeny within cyst nema-
tode subfamilies.
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16.3.4 f-tubulin gene

Sabo and Ferris (2004) attempted to reconstruct
the cyst nematode phylogeny using nuclear and
amino acid sequences of p-tubulin gene. These
studies resulted in an unresolved tree recon-
structed from six putative paralogues of this
gene, thus leading to the conclusion that this
gene is not suitable for phylogenetic study of this
nematode group.

16.4 Mitochondrial DNA Genome
Organization

At present, mitochondrial genomes have been
characterized in detail for only four cyst nematode

species: G. pallida (Armstrong et al., 2000; Gibson
et al., 2007a), G. rostochiensis (Gibson et al.,
2007b), G. ellingtonae (Phillips et al., 2016) and
H. glycines (Gibson et al., 2011). The studies re-
vealed two types of mitochondrial DNA genome
organizations for cyst nematodes: (i) one circular,
double-stranded DNA molecule presently found
in H. glycines; and (ii) several circular, double-
stranded DNA molecules with different gene
contents found in representatives of the genus
Globodera, The mechanism by which the multipar-
tite genome in Globodera arose is still uncertain.
The mitochondrial genome of H. glycines
was characterized by Gibson et al. (2011), who
estimated that the entire single circular mtDNA
should be around 21-22 kb containing 12 protein-
coding genes, two rRNA genes and 22 tRNA
genes (Fig. 16.4A) The genome contained a major
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non-coding and unsequenced region (between
trnG and trnN), which was estimated to be 7-8 kb
long. There were also smaller non-coding tracts
between the atp6 and nad5 genes (330 nucleo-
tides), the trnR and trnD genes (335 nucleo-
tides), and between the nad4L and trnG genes
(130 nucleotides). The organization of the mito-
chondrial genome of Radopholus similis, a migra-
tory endoparasitic nematode, showed the highest
level of similarity to that of H. glycines. Only
minor differences were found when the H. gly-
cines mtDNA genome was compared with partly
sequenced mtDNA genomes of H. cardiolata and
Punctodera chalcoensis.

Armstrong et al. (2000) were the first to
analyse mitochondrial DNA genome organiza-
tion for G. pallida mtDNA. The researchers pro-
vided evidence that this species was unusual
among the metazoa and had a multipartite
mtDNA structure or subgenomes. Small, circular
mitochondrial DNAs (Gpa-scmtDNAs I-VI) ran-
ging from 6.3 to 9.5 kb, have been discovered
by polymerase chain reaction (PCR) in a British
population of G. pallida, although additional
components of the G, pallida mtDNA still remain
uncharacterized. All of these G. pallida mtDNAs
contained sequences similar to known mitochon-
drial genes, with most containing sequences that
showed highest sequence similarity to previ-
ously described nematode mitochondrial genes.
Armstrong et al. (2000) also discovered that
these Gpa-scmtDNAs were present together in
populations of G. pallida, although their relative
frequencies may vary considerably between popu-
lations. The analysis revealed a degree of redun-
dancy in gene content, suggesting that not all
Gpa-scmtDNAs may be required to compose a
functional mtDNA. For example, Gpa-scmtDNA I
(coxII, nad4, coxIll, nad6, nadl, nad3) was found
to include genes duplicated on Gpa-scmtDNAs 11
(nad1, coxII) and III (nad3, cytb). This was con-
sistent with the observation that the Luffness
population of G, pallida was found to contain
only Gpa-scmtDNA I, and not Gpa-scmtDNA II
and III, whereas the Gourdie population was
found to contain Gpa-scmtDNAs II and III, with
Gpa-scmtDNA 1 being detectable only by PCR
(Armstrong et al., 2000). Later studies also re-
vealed evidence for recombination of sequence
variants of Gpa-scmtDNA IV for South Ameri-
can P4A population (Armstrong et al., 2000).
Gibson et al. (2007a) also found that three of the

Gpa-scmtDNAs (I, IT and IIT) of G. pallida were
mosaics, composed predominantly of multigenic
fragments found on other scmtDNA molecules,
and suggested that this mosaic pattern was an
indication of the operation of inter-mt recom-
bination.

Subgenomic organization was also found to
occur in G, rostochiensis, which is a close relative
of G. pallida (Gibson et al., 2007b). A comparison
of subgenomic organization between these two
Globodera species revealed a considerable degree
of overlap between them, showing that the two
subgenomes were identical to that reported for
G. pallida. However, other subgenomes were
unique to G. rostochiensis (Gro-scmtDNA VI and
VII), although some of these have blocks of
genes comparable to those in G. pallida. Com-
parisons of pairs of subgenomes from G. ros-
tochiensisindicated that the different subgenomes
shared fragments with high sequence identity.
Gibson et al. (2007b) interpreted this as evidence
that recombination is operating in the mito-
chondria of G. rostochiensis.

Several genes, nad2, nad4L, nad5, 128 rRNA
and two tRNA, normally found in nematode
mitochondrial genomes, were not identified in
any of the five subgenomes completely sequenced
in G. pallida (Armstrong et al., 2000; Gibson
et al., 2007a). Similarly, nad2, nadé6, 12S rRNA
and two tRNA were also not found in any of the
subgenomes sequenced from G. rostochiensis
(Gibson et al., 2007b). These missing genes may
therefore reside on other as yet uncharacterized
subgenomes.

A recent study of G. ellingtonae revealed
that its mitochondrial genome is unique and dis-
tinct from other multipartite mitochondrial gen-
omes. The genetic content of the genome was
disproportionately divided between the two cir-
cles, although they shared a ~6.5 kb non-coding
region. The 17.8 kb circle (Gel-mtDNA-I) con-
tained ten protein-coding genes and two tRNA
genes, whereas the 14.4 kb circle (Gel-mtDNA-IT)
contained two protein-coding genes, 20 tRNA
genes and both rRNA genes (Fig. 16.4B, C). The
copy number of mtDNA-II was more than four-
fold that of mtDNA-I in individual nematodes.
The difference in copy number increased be-
tween second-stage and fourth-stage juveniles
(Phillips et al., 2016).

The representatives of the genus Punctodera
are closely related to those from the genus
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Globodera. Punctodera chalcoensis was studied by
Gibson et al. (2011), who found that its genome
was larger than the multipartite mitochondrial
genomes of G. pallida and G. rostochiensis and
might also have minicircular mitochondrial
genome organization.

16.4.1 Mitochondrial DNA genes

MtDNA genes have advantages over rRNA
genes for studies of phylogenetic relationships
at the genus and species level, due in part to the
higher possibility of discovering intraspecific
polymorphism resulting from faster accumula-
tion of substitutions within mtDNA genes. The
cytochrome c oxidase subunit I, or coxI gene,
was successfully used by several researchers
(Toumi et al., 2013a, b; De Luca et al., 2013;
Vovlas et al., 2015; Subbotin, 2015; Sekimoto

etal., 2017) for diagnostics and reconstruction
of phylogenetic relationships within several
groups of cyst nematodes. This gene is known
as the standard molecular barcode for many
animals. The coxI gene and other mtDNA
genes are also presently used as markers for
phylogeographical analysis of cyst nematode
populations. For phylogeographical studies of
G. pallida another mtDNA gene, cytochrome b,
or cytb was also successfully applied (Picard
etal., 2007; Plantard et al., 2008; Madani et al.,
2010; Eves-van den Akker et al, 2015)
(Fig. 16.5). It is interesting to note that intra-
specific divergence in mtDNA sequences for
cyst nematodes can reach 10%, which is higher
than for other organisms. Such a high degree
of polymorphism may also limit the ability of
researchers to develop sets of universal primers
for amplification of mtDNA genes in cyst
nematodes.

002

Fig. 16.5. Relationships between populations of Globodera pallida along the Andean Cordillera as
inferred from the analysis of cytochrome b partial gene (a) and eight microsatellite loci (b). Asterisks (*)
symbolize haplotypes located outside the clade corresponding to their geographical origin; bootstrap
values are indicated for the nodes common to the tree analyses (neighbour-joining/maximum parsimony/
maximum likelihood). (b) Neighbour-joining analysis, with an Infinite alleles model (IAM) genetic distance
D,, or Nei et al. (1983) distance, based on eight microsatellite loci; numbers by nodes represent the node
between clades common to the three IAM genetic distance methods. (After Picard et al., 2007.)



©CAB International 2018 — for Sergei A. Subbotin

Molecular Taxonomy and Phylogeny

407

16.5 Origin and Phylogeny
of Heteroderidae

The relationships of cyst nematodes with other
Tylenchida have been the subjects of several
studies. Paramonov (1967) was the first to pro-
pose that cyst nematodes might represent a
particular phylogenetic lineage of hoplolaimids
based upon feeding adaptations on host plant
roots that appears to suggest a transition of this
group to sedentary endoparasitism. This idea
was later supported by Wouts and Sher (1971)
and Krall and Krall (1978). Several evolutionary
schemes that represent historical developments
for cyst nematodes were proposed by Stone
(1975, 1979), Krall and Krall (1978), Ferris
(1979, 1985), Coomans (1979, 1983) and Bald-
win and Schouest (1990) using morphological
characters. Wouts (1985) was the first to develop
a detailed phylogenetic classification of the fam-
ily Heteroderidae, in which a putative cladogram
consisted of six main lineages corresponding
to six subfamilies: Verutinae, Meloidoderinae,
Cryphoderinae, Heteroderinae, Ataloderinae and
Punctoderinae. According to Wouts (1985), the
hypothetical heteroderid ancestor developed
from a nematode that resembled modern mem-
bers of the family Hoplolaimidae and was pos-
sibly closely related to Rotylenchulus. The genus
Verutus was considered the most primitive genus
within heteroderids and was characterized by a
very large equatorial vulval slit. The genus
Meloidodera was considered to be further derived
by a reduction in the length of the vulva. Gen-
era, interpreted as developing later, exhibited a
subterminal vulval slit and progressive loss of
annulation of the female cuticle. Wouts (1985)
also proposed that genera that developed later
exhibit a subterminally located vulval slit and
progressively lost the annulation of the female
cuticle. In this process four evolutionary lines
emerged: (i) a posterior shift of the vulva and the
formation of more or less distinct vulval lips gave
rise to the genera Zelandodera and Cryphodera;
(i) changes in the lip configuration of the second-
stage juvenile gave rise to the genera Hylonema
and Heterodera; (iii) changes in the composition
of the female cuticle resulted in the genera The-
cavermiculatus, Atalodera, Sherodera, Sarisodera and
Bellodera; and (iv) a reduction in vulval slit size
led to the development of the genera Dolichodera,

Globodera, Cactodera and Punctodera. Wouts's
phylogeny proposes independent development
of cysts in two different lineages.

New insight into the phylogeny of Heterod-
eridae has been provided by the analyses of ribo-
somal RNA gene sequences as represented by
Ferris (1998), Ferris et al. (1999a, b), Sabo et al.
(2001), Subbotin et al. (2001, 2006, 2010),
Tanha Maafi et al. (2003), Sturhan et al. (2007),
Mundo-Ocampo et al. (2008), Bernard et al.
(2010), De Luca et al. (2013), Zhuo et al. (2014)
and others. Molecular phylogeny strongly sup-
ports close relationships between Heteroderidae,
Hoplolaimidae and Rotylenchulidae and the hy-
pothesis of Wouts (1985) that Verutus and Roty-
lenchulus are placed in the basal positions to all
sedentary nematodes of Heteroderidae (Subbo-
tin et al., 2010). Molecular phylogenies also sup-
port: (i) the division of cyst nematodes into two
subfamilies, the Heteroderinae and Punctoderi-
nae; (ii) the monophylies of Cactodera, Punctodera,
Globodera and Heterodera; and (iii) the validities
of Paradolichodera, Betulodera and Vittatidera. The
molecular analysis indicates that cyst formation
appeared only once during the evolution of
Heteroderidae.

16.5.1 Phylogeny of Heteroderinae

The subfamily Heteroderinae includes only a
single genus Heterodera. Historically, species of
the genus Heterodera were separated into three
groups based on vulval cone structures, that is,
the Schachtii, Goettingiana and Avenae groups
(Mulvey and Golden, 1983; Baldwin and Mundo-
Ocampo, 1991). Stone (1975) also recognized
several groups based on juvenile lip morphology.
Several additional, partly overlapping, groups
have also been proposed: Humuli (Mathews,
1971; Subbotin et al., 1997), Fici-humuli (Ferris,
1979), Oryzae, Cruciferae and Graminis (Stone,
1979), Latipons (Wouts and Sturhan, 1995) and
Bifenestra (Sturhan, 2006). Subbotin et al. (2001),
considering a combination of molecular data
with the morphology of vulval structures and
the number of incisures in the lateral field of ju-
veniles, supported the recognition of the Schachtii,
Goettingiana, Avenae and Humuli groups, albeit
with a modified species composition and the
erection of two new groups, Cyperi and Sacchari.
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After synonymization of the genus Afenestrata
with the genus Heterodera, the Afenestrata group
was also proposed (Mundo-Ocampo et al., 2008).
Morphological and molecular analysis further
supports the division of Heterodera into more or
less distinct species groups recognized as follows:
Afenestrata, Avenae, Bifenestra, Cardiolata, Cyperi,
Goettingiana, Humuli, Sacchari and Schachtii. Al-
though most valid species can be accommodated
in one of the above-mentioned groups, the pos-
ition of some Heterodera species (e.g. H. salixoph-
ila and H, zeae) remains undefined or uncertain
(Subbotin et al., 2010).

There are several hypotheses proposed
about the earliest group to arise within the genus
Heterodera: amphimictic species H. schachtii,
H. glycines and, perhaps, H. salixophila (Krall and
Krall, 1978); or a H. cruciferae-like form parasit-
izing dicots (Stone, 1979); or the cyst-forming
species previously placed in Afenestrata (Ferris,
1979; Wouts, 1985). The phylogenetic analyses
presented by Subbotin et al. (2001, 2010),
Tanha Maafi et al. (2003) and De Luca et al.
(2013) resolved the basal relationships within
Heterodera, and usually placed the Goettingiana
group (H. goettingiana, H. carotae, H. urticae,
H. cruciferae, H. scutellariae, H, circeae and H. persica)
as an earliest diverged group within the genus.
Obviously, the molecular data lend significant
support to Stone’s (1979) hypothesis. Although
relationships between heteroderid groups are
not well resolved, nevertheless four groups,
Avenae, Sacchari, Schachtii and Humuli, are often
placed in derived positions in most phylogenetic
trees. The Avenae and Sacchari groups have a
strong sister relationship in all trees. The rela-
tionships between Avenae + Sacchari, Schachtii
and Humuli groups remain unresolved, indicat-
ing the possible rapid evolutionary radiation of
these nematode lineages.

Some inconsistencies between molecular
phylogeny and previously proposed phylogenetic
hypotheses or groupings may be attributed to
homoplastic evolution. For example, according
to molecular analysis a bifenestral vulval cone
developed independently in three groups, Ave-
nae, Humuli and Bifenestra, during the evolution
of cyst nematodes. Likewise, the presence of three
incisures in the lateral field of second-stage ju-
veniles of the cyst nematodes seems to have also
arisen three times independently (Afenestrata,
Cyperi and Sacchari groups). Finally, a short

vulval slit developed independently in the Avenae
and Bifenestra groups within Heteroderinae.

The molecular data suggest an early diver-
gence between tropical and temperate heterode-
rid species. Krall and Krall (1978) stated that the
centre of origin for any organism group is likely
to be the extant area with the highest species
diversity. On this basis they suggested that the
Mediterranean and Central Asia regions could
be the centre of origin for the genus Heterodera.
However, the analysis of presently known pat-
terns of geographical distributions of the species
occupying basal positions (H. cajani, H. mothi,
H. zeae, H. latipons and H. persica) in phylogenetic
trees from different groups suggest that most
probably a centre of origin of Heterodera is in
south and western Asia, although the Afenestra-
ta group may have originated from the east Asia
region.

Phylogenetic relationships of species from
the genus Heterodera have also been intensively
studied within the groups, especially within Ave-
nae and Schachtii groups, to which the most agri-
cultural important species belong, Phylogenetic
relationships with the Avenae group were ana-
lysed using the ITS-rRNA gene sequences de-
scribed in detail by Subbotin et al. (2003). When
H., latipons and H. hordecalis were used as out-
group taxa, the species having cysts with an
underbridge (H. ustinovi and H. filipjevi) occupied
basal positions in the tree. Other species were
distributed into two main clades: (i) H. avenae,
H. arenaria, H. aucklandica and H. mani; and
(ii) H. australis, H. pratensis and H. sturhani, How-
ever, the ITS-rRNA gene sequences did enable
H. avenae to be distinguished from H. arenaria,
and H. pratensis from H, sturhani. Partial coxI
mtDNA gene sequences provided better discrim-
ination and resolution for species relationships.
Phylogenetic relationships between cyst nema-
tode species of the Avenae group as inferred from
the analysis of cox] mtDNA gene sequences were
recently analysed by Subbotin (2015). This gene
revealed distinct differences between H. australis
and H. avenae, between H, pratensis and H. stur-
hani, and between European and Asian popula-
tions of H. avenae (type A and type B). The partial
cox] mtDNA gene sequences also discriminate
H. avenae type A from H. arenaria.

Vovlas et al. (2015) recently presented
phylogenetic relationships between several spe-
cies of the Schachtii group as inferred from the
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analysis of the ITS-rRNA gene sequences. The
tropical species H. cajani is distributed in India,
Pakistan and Egypt, and occupies a basal pos-
ition in the Schachtii group. Heterodera glycines
had sister relationships with H. medicaginis,
whereas relationships between H. trifolii, H. daverti,
H. betae and H. ciceri were not well resolved. It
is interesting that some ITS-rRNA clones of
H. schachtii were also clustered with these spe-
cies, possibly indicating incomplete lineage sort-
ing within species of this group. Madani et al.
(2007) showed that intraspecific divergence for
the ITS-rTRNA gene sequence can reach 2.5% for
H. schachtii, whereas for other cyst nematode spe-
cies it does not exceed 1.6—1.8% (Subbotin et al.,
2000; Tanha Maafi et al., 2003; Madani et al.,
2004). Recent analysis showed that the coxI
mtDNA gene sequences provided better reso-
lution for the study of relationships within this
group (Vovlaset al., 2015; Sekimoto et al., 2017).

Phylogenetic relationships within species of
other groups were analysed by Mundo-Ocampo
et al. (2008) for Afenestrata group, Tanha Maafi
et al. (2007) for Sacchari group, Eroshenko et al.
(2001) for Humuli group and Zhuo et al. (2014)
for Cyperi group.

16.6 Phylogeny and
Phylogeography of Punctoderinae

The subfamily Punctoderinae constitutes six
genera, Betulodera, Cactodera, Dolichodera, Glo-
bodera, Paradolichodera and Punctodera, which
share the character of possessing a vulval cir-
cumfenestra. Although Siddigi (1986, 2000)
and Luc et al. (1988) did not accept the subdiv-
ision of cyst nematodes into two subfamilies,
Heteroderinae and Punctoderinae, the phylo-
genetic analyses of rRNA gene sequences gave
evidence that circuamfenestrate nematodes rep-
resent one of two separate major lineages within
cyst nematodes (Subbotin et al., 2001, 2010,
2011; Tanha Maafi et al., 2003).

Phylogenetic relationships among circum-
fenestrate cyst nematodes were inferred from
analyses of ITS-rRNA gene sequences in studies
conducted by several researchers (Ferris et al.,
1999a, b, 2004; Subbotin et al., 2000, 2001; Sabo
et al., 2002; Skantar et al., 2007; Bernard et al.,
2010; Madani et al., 2010; Handoo et al., 2012;
Lax et al., 2014), The molecular phylogenetic

tree of Punctoderinae consists of six major
clades corresponding to the division into genera
(Fig. 16.1). Monophylies of Punctodera, Cactode-
ra and Betulodera were always highly supported,
whereas monophyly of Globodera was not al-
ways evident. It has been previously remarked
that the observed paraphyly of Globodera may
simply reflect the general tendency of phylo-
genetic algorithms to produce unbalanced trees
rather than to define any true evolutionary his-
tory of a group with high rates of evolution.
Genetic divergence within this genus is reflected
by the species groupings based on geographical
origin and host plant speciation (Subbotin et al.,
2001). Betulodera with Vittatidera clades occupy
basal positions on all trees. Relationships of
Paradolichodera and Punctodera with other gen-
era are not well resolved and may vary among
trees (Subbotin et al., 2011).

The phylogeographic analysis using rRNA
gene sequences was used to test possible origin
and patterns of dispersal of circumfenestrate
cyst nematodes. Subbotin et al. (2011, 2017)
suggested that North America appeared to be a
centre of early evolution and the area from
which subsequent dispersal of Punctoderinae
occurred. Indeed, in North America the greatest
number of related circumfenestrate cyst nema-
tode species and genera occur; 12 of the 13
known Cactodera species, three of four known
Punctodera, known Betulodera, Dolichodera and
Vittatidera species and several Globodera species.
Of six valid Punctoderinae genera, only Parado-
lichodera was described from New Zealand and
has never been recorded in North America or in
any other region of the world.

Another proposed approach to determine a
centre of origin is to identify the area in which
the most evolutionarily primitive representa-
tives, closest in form to the supposed ancestral
group, occur, with the assumption that they are
not likely to have dispersed far from the centre
of origin. Phylogenetic analyses using morpho-
logical (Krall and Krall, 1978; Wouts, 1985;
Baldwin and Schouest, 1990) and molecular
(Subbotin et al., 2006, 2010) datasets revealed
that extant Ataloderinae and Meloidoderinae
share common ancestors with cyst nematodes.
The species of these subfamilies parasitize a rather
wide spectrum of plants, including gymnosperms
and angiosperms. The ability of some species of
Meloidodera, Cryphodera (Meloidoderinae) and
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Rhizonemella sequoiae (Ataloderinae) to parasit-
ize plants from Pinus and Sequoia, respectively, is
consistent with the argument of Krall and Krall
(1978) that suggests an ancient origin for these
genera in the New World. The distribution of ex-
tant Meloidoderinae includes North America,
Europe, Asia and Oceania, whilst most represen-
tatives of Ataloderinae are found in North America
(Ekphymatodera, Sarisodera, Rhizonemella, Bellod-
era and Atalodera). However, some species of
Atalodera are not restricted to North America
and have been described from South America and
Asia, In addition, only two Ataloderinae genera,
Hylonema and Camelodera, are reported from
Africa and Asia, respectively. Thus, the general
pattern of modern distribution of non-cyst
nematodes sharing a common ancestor with
Punctoderinae favours the hypothesis of a North
American origin of circumfenestrate cyst nema-
todes. Although Cactodera and Punctodera pu-
tatively originated and began to diversify in
North America, results of the phylogeographical
analysis, in which several new findings of un-
described species of Globodera from New Zealand
and South Africa were included, revealed that
South America or Africa appears to be a centre
of origin of Globodera, Thus, Stone's (1979) hy-
pothesis of an ‘out-of-the-west’ Gondwana ori-
gin of Globodera with subsequent dispersal of the
species of this genus to Europe, North America,
Asia and Oceania found some support from the
rRNA datasets.

The absence of a fossil record together with
unequal rates of rRNA gene evolution do not
allow reliable application of molecular clock ap-
proaches to estimate divergence time for different
cyst nematode lineages. The ages of cyst nema-
tode divergences have been estimated using dif-
ferent approaches. Picard et al. (2008) considered
the age of the Cactodera—(Punctodera + Globodera)
divergence to be close to the Heteroderinae—
Punctoderinae divergence, which might have
occurred after separation of Laurasia and Gon-
dwana, that is, 173-130 million years ago. The
divergence of the South American and Laur-
asian Globodera lineages was considered to have
occurred between 80 and 60 million years ago
after the break of a temporary connection be-
tween North and South America in the Palaeo-
cene. However, if we consider the estimated ages
of host plants presently associated with non-cyst
and cyst nematodes, slightly younger dates of

divergence between nematode lineages could be
suggested. For example, the age of Meloidoderi-
nae associated with Pinus could be proposed as
the time when Pinus diverged from the other
genera, that is, 140 million years ago. For Atal-
oderinae parasitizing Sequoia, it might be the late
Cretaceous (99—65 million years ago) and Ter-
tiary, periods from which Sequoia fossil records
are primarily known. The late Cretaceous was
also considered as a possible time period for
origin, diversification and spread of various
Poaceae (Prasad et al., 2005), which are re-
ported to be hosts for some Ataloderinae. From
this line of reasoning one could speculate on
the Heteroderinae-Punctoderinae divergence
occurring between 90 and 70 million years ago.
The divergence of the two main Globodera lin-
eages is associated with the time of origin for the
Solanaceae, that is, 65-51 million years ago
(Wikstrom et al., 2001; Paape et al., 2008).
Thus, the split of the two Globodera lineages
might have occurred subsequent to the breakup
of Gondwana and the Africa and South America
split in the Mid-Cretaceous, and it seems that the
evolution of Punctoderinae cannot be explained
solely by the separation of the continents and
diffusion expansion. Recent advances in phy-
logenetics and, in particular, molecular dating,
indicate that transoceanic dispersal has played
an important role in shaping plant and animal
distributions, thereby obscuring any effect of tec-
tonic history (Vanderpoorten et al., 2010). Sub-
botin et al. (2011) also suggested that ‘jump
dispersal’ might play a significant role in the bio-
geographic history of cyst nematodes and hy-
pothesized that long-distance dispersal might
even have occurred repeatedly during cyst nema-
tode evolution. This idea suggested a scenario
whereby a modern Globodera lineage arose from
introduction of the ancestral Punctoderinae to
Gondwana via long-distance dispersal from
North America.

16.7 Phylogeny and
Phylogeography of Globodera

The genus Globodera displays two main clades in
phylogenetic trees: (i) Globodera from South and
North America parasitizing plants from Solan-
aceae; and (ii) Globodera from Africa, Europe,
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Asia and New Zealand parasitizing plants from
Asteraceae and other families. The first main
clade includes the first subclade with G. pallida
and G. mexicana and the second one with G. el-
lingtonae, G. tabacum and G. rostochiensis. The se-
cond main clade consists of three subclades:
(i) G. capensis from South Africa; (ii) G. zelandica
and two undescribed species from New Zealand;
and (iii) G. artemisiae, G. millefolii from Europe and
Asia, two recently described species from South
Africa and one undescribed species from
Portugal. It has been hypothesized that centres
of diversification and speciation in each main
clade are associated with mountain regions
(Subbotin et al., 2016). The centre of diversifica-
tion for Globodera parasitizing Solanaceae occurs
in the Andes (Grenier et al., 2010), known as
one of 35 world biodiversity hotspots. The Glo-
bodera belonging to the second main clade have
several centres of diversification: mountains of
the Western Cape in South Africa, South Island
mountains in New Zealand and, perhaps, moun-
tain ranges of Portugal (Subbotin et al., 2016).
The pale potato cyst nematode, G. pallida, is
considered a major worldwide pest of potatoes.
Several studies revealed that this species origin-
ated from South America, from where it has
been introduced to many parts of the world, par-
ticularly to Europe, Asia, and also to the USA,
Canada and New Zealand. In South America,
this cyst nematode is mainly found between
2000 and 4000 m above sea level, with the
heaviest infestations between 2900 and 3800 m
elevation (Franco, 1977). Distinct genetic differ-
ences among G. pallida populations spanning
Europe and those found in South America were
revealed by sequence and phylogenetic analyses
of the ITS-rRNA (Blok et al., 1998; Subbotin
etal., 2000, 2011; Madani et al., 2010), cyth (Pic-
ard et al., 2007; Plantard et al., 2008; Pylypenko
et al., 2008; Madani et al., 2010), PCR-ITS-RFLP
(Ayub and Rumpenhorst, 2000; Grenier et al.,
2001), simple sequence repeat primer analysis
(Blok and Phillips, 1995), PCR-RAPD (Blok et al.,
1997; Bendezu et al., 1998; Grenier et al., 2001;
Rumpenhorst and Ayub, 2001), isoelectric fo-
cusing (IEF) of proteins (Rumpenhorst and Ayub,
2001), 2-DGE of proteins (Grenier et al., 2001)
and satellite DNA analysis (Grenier et al., 2001;
Plantard et al., 2008). The analysis of partial
cytb gene sequences of G. pallida collected in dif-
ferent regions allowed Plantard et al. (2008) to

identify the origin of western European popula-
tions with a high degree of certainty (Fig. 16.5).
This analysis showed that all of these popula-
tions originated from a single restricted area in
the extreme south of Peru, located between the
north shore of the Lake Titicaca and Cusco.
Plantard et al. (2008) found that only four cytb
haplotypes are reported in western Europe, one
of them also being found in some populations
of this area of southern Peru. After studying
the USA and Canadian G. pallida, Madani et al.
(2010) concluded that they belong to the western
European haplotype and, thus, North American
populations resulted from the continued spread
of G. pallida from western Europe to other coun-
tries and continents, and were unlikely to be
the result of a separate introduction to North
America directly from South America.

The highest ITS-rRNA and cytb gene se-
quence diversity for G. pallida was reported in
Peru and the Andes. Picard et al. (2007) used 42
populations sampled along a 1500-km north-
south transect in Peru genotyped with a partial
cyth and seven nuclear microsatellite loci, and
described a clear phylogeographical pattern
among Peruvian populations revealing five
distinct clades (Fig. 16.5). The clade containing
the southern populations was genetically more
diverse and forms the most basal branch. The
large divergence among cytb haplotypes sug-
gested that they diverged before human domesti-
cation of potato. Investigations by Picard et al.
(2007) also clearly illustrated a northward ex-
pansion of populations from the south of Peru
(around Lake Titicaca) to the north. It has been
hypothesized that this south-to-north pattern
took place during the uplift of the Andes begin-
ning 20 million years ago and followed the same
direction, and reflected the colonization of pro-
gressively emerging favourable areas of the
Andes by wild potatoes and the co-evolution of
G. pallida with its host plant (Picard et al., 2007;
Grenier et al., 2010). Grenier et al. (2010) also
suggested that northward from Peru (ie. in
Ecuador and Columbia) this pattern of decreas-
ing genetic variability and speciation might con-
tinue. It is also noted that G. mexicana, exhibiting
a lower genetic variability, was only reported in
Mexico. Under the assumption of a northward
expansion from south Peru of G. pallida popula-
tions on wild solanaceous hosts, Grenier et al.
(2010) hypothesized that G. mexicana would
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represent a distinct speciation event that was
initiated through G. pallida. Close relationships
of G. mexicana with representatives of one of the
G. pallida clade have been strongly supported by
the phylogenetic analysis of the ITS-rRNA gene
sequences (Subbotin et al., 2011).

Phylogenetic analysis with limited sam-
plings for representatives of the second subclade
of Globodera parasitizing Solanaceae also shows
a pattern of their northward expansion in the
Andes. The potato cyst nematode G. ellingtonae,
recently described from the USA and evidently
introduced from a central Andes location (Grenier
et al., 2010; Handoo et al., 2012; Lax et al.,
2014), occupies a basal position in the subclade,
whereas G. tabacum and G. rostochiensis, having
a sister relationship, are distributed more in the
north.

The golden cyst nematode G. rostochiensis,
native to South America, has been introduced in
many parts of the world, including Europe and
North America. Boucher et al. (2013) analysed
12 new microsatellite markers in order to char-
acterize the genetic links between 15 globally
distributed G. rostochiensis populations, includ-
ing the populations found in Quebec. The results
revealed that the five populations from South
America, especially those from Bolivia, had a
higher genetic diversity than those originating
from Europe and North America. The results
also indicated that the Bolivian populations
were distinct from other populations and sug-
gested that a minimum of two introductions
with different origins would have to have oc-
curred in North America: (i) one in Quebec and/
or Newfoundland directly or indirectly from
European populations; and (ii) one in British
Columbia and/or New York from a currently un-
identified location, as inferred by the fact that
these populations make up an independent gen-
etic cluster.

The tobacco cyst nematode G. tabacum is a
polytypic species containing the following sub-
species: G. tabacum tabacum, G. tabacum virginiae
and G. tabacum solanacearum, which are poorly
differentiated by morphology although separ-
able by host preference. Relationships within
this complex were not resolved using the ITS-
rRNA gene sequence analysis; however, PCR-
RAPD (Thiéry et al., 1997) and AFLP (Marché
etal., 2001) techniques, and sequences of genes
coding CLE peptides and cell wall degrading

enzymes (Alenda et al., 201 3) were able to differ-
entiate the subspecies. Moreover, Marché et al.
(2001) recognized a fourth subspecies within
G. tabacum from Mexico, named G. tabacum ‘azteca’;
however, Alenda et al. (2013) later discarded
this subspecies. The analysis of six genes did not
support the fourth subspecies as all the Mexican
populations clustered either with G. tabacum vir-
giniae or G. tabacum solanacearum.

Picard et al. (2008) estimated divergence
dates using nuclear ribosomal (ITS1-5.8S-ITS2)
and cytb sequences, and proposed that G. taba-
cum most probably diverged from G. rostochiensis
24.7-18.5 million years ago (Late Oligocene—
Early Miocene), and that G. pallida diverged from
G. mexicana 20.6-15.4 million years ago (Early
Miocene). Within G. pallida, basal divergence of
clades of the cytb dendrogram occurred at some
time in the 17.8-13.4 million years ago (Middle
Miocene) and 11.8-8.8 million years ago (Late
Miocene) intervals. Alenda et al. (2013) as-
sumed that subspecies of G. tabacum appeared
less than 15 million years ago.

One of the important practical implica-
tions of these phylogeographical studies is
that the reference sequence databases of cytb,
ITS-rRNA and other genes for Globodera popula-
tions parasitizing Solanaceae have been cre-
ated. These databases comprise a valuable
resource for accurate identification of suspected
new Globodera from quarantine samples, pro-
viding early detection that could prevent intro-
duction and spread of new nematode isolates
or species. As was the case for G. ellingtonae, it
is possible that new nematodes would be genet-
ically very divergent from known species, re-
quiring additional plant-resistance sources to
control them, and would enhance the already
high adaptive potential of established local
Globodera populations.

16.8 Co-evolution of Cyst
Nematodes with their Host Plants

Krall and Krall (1978) and Krall (1990) argued
the importance of a comparative ecological
approach to study the evolution of cyst nema-
todes. They proposed a hypothesis of co-evolution
of heteroderids with plants using the concept
of flowering plant evolution developed by
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Grossheim (1945). Additional aspects of hy-
potheses of co-evolution of cyst nematodes and
their plant hosts were developed and discussed
by Stone (1979, 1985) and Sturhan (2000).
Molecular phylogeny of cyst nematodes allowed
Subbotin et al. (2001, 2010) to evaluate the
hypothesis of co-evolution of heteroderids with
their hosts as proposed by Krall and Krall (1978)
and Stone (1979). The results tended to support
the idea that different cyst nematode groups co-
evolved with hosts belonging to single or closely
related families of plants. Nevertheless, some
species were able secondarily to colonize eco-
logically convergent plant species from unre-
lated families (Subbotin et al., 2010).

In relation to the taxonomy according to
current plant classification (Angiosperm Phylogeny
Group, 2016), cyst nematode species have been
described from the type plant hosts belonging
to the following orders: the genus Heterodera —
Poales (46 species), Fabales (10), Caryophyl-
lales (5), Rosales (7), Lamiales (4), Mapighiales
(3), Apiales (2), Brassicales (2), Saxifragales (1),
Myrtales (1), Fagales (1), Sapindales (1), Aster-
ales (1); the genus Globodera — Solanales (7), Aster-
ales(2),Rosales(1), Myrtales(1), Caryophyllales
(1); the genus Cactodera (14 species) — Caryo-
phyllales (11), Asterales (1), Poales (1); the
genus Punctodera — Poales (4); the genus Dolicho-
dera — Poales (1); the genus Paradolichodera —
Poales (1); the genus Betulodera—Fagales (1) and
Vittatidera— Poales (1). Thus, half of known cyst
nematode species have been described from
plants in the order Poales, one of the largest or-
ders of flowering plants. Six main lineages are
evident within Heterodera — three of them with
monocotyledons and three with dicotyledons.
The Goettingiana group includes species parasit-
izing plants belonging to various taxonomic
groups of dicotyledons. The Sacchari, Avenae,
Afenestrata, Bifenestra, Cardiolata and Cyperi
groups all co-evolved with Poales. The Schachtii
group primarily co-evolved with plants from the
order Fabales and then colonized Lamiales, Car-
yophyllales and Asterales. Another lineage in-
cludes species of the Humuli group associated
with hosts from Caryophyllales and Rosales.
Two species related to this group but different in
morphology, H. salixophila and H. zeae, parasitize
plants from Malpighiales and Poales, respect-
ively. It is plausible to hypothesize that some of
these species are associated with changes in host

specialization relatively recently, jumping to
phylogenetically unrelated but ecologically simi-
lar host plants

Molecular phylogenetics further suggest
that within Punctoderinae there are several dis-
tinct lineages: (i) basally derived Betulodera hav-
ing hosts from Fagales; (ii) Vittatidera parasitizes
Poales; (iii) Cactodera associating with Caryophyl-
lales (Amaranthaceae, Caryophyllaceae, Portu-
lacaceae) and, perhaps, relatively recently with
Asterales and Poales; (iv) Punctodera and Parado-
lichodera parasitizing Poales; (v) Globodera hav-
ing hosts from Asterales and Myrtales; and
(vi) Globodera parasitizing Solanales (Subbotin
etal., 2010).

16.9 Conclusions and Future
Prospects

In recent years, genome-scale data or phylog-
enomics has become an increasingly powerful
tool for phylogenetic inference of many organ-
isms and for resolving difficult phylogenetic
and phylogeographic questions; however,
these approaches have not yet found wide-
spread practical application for the study of
cyst nematode evolution. The main strength of
phylogenomics is the drastic reduction of
errors in tree inference that may arise from a
single gene dataset when replaced by the use
of large multigene datasets. Genome data af-
ford a much broader selection of genes that are
appropriate for phylogenetic analysis, and re-
duction of non-phylogenetic signals from the
large multigene datasets is a challenging area
of future research, which enables difficult
issues of relationships in these nematodes to
be resolved.

Another topic of molecular phylogenetics
that has been recently influenced by population
genetics is species delimitation by tree-based and
non-tree-based methods that rely upon molecu-
lar sequence data. A robust hypothesis testing
for species limits that incorporates information
on the rRNA and mtDNA genes together with
application of coalescent theory, which deals
with complex models incorporating phenomena
such as migration, selection and recombination
(Rosenberg and Nordborg, 2002), has enor-
mous promise,
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