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Plant-parasitic nematodes (PPNs) interact with plants in different ways, for example,
through subtle feeding behavior, migrating destructivelythrough infected tissues, or
acting as virus-vectors for nepoviruses. They are all obligate biotrophic parasites as
they derive their nutrients from living cells which they modify using pharyngeal gland
secretions prior to food ingestion. Some of them can also shield themselves against
plant defenses to sustain a relatively long lasting interaction while feeding. This paper is
centered on cell types or organs that are newly induced in plants during PPN parasitism,
including recent approaches to their study based on molecular biology combined with cell
biology-histopathology. This issue has already been reviewed extensively for major PPNs
(i.e., root-knot or cyst nematodes), but not for other genera (viz.Nacobbus aberrans,
Rotylenchulusspp.). PPNs have evolved with plants and this co-evolution process has
allowed the induction of new types of plant cells necessary for their parasitism. There
are four basic types of feeding cells: (i) non-hypertrophied nurse cells; (ii) single giant
cells; (iii) syncytia; and (iv) coenocytes. Variations in the structure of these cells within
each group are also present between some genera depending onthe nematode species
viz. Meloidogyne or Rotylenchulus. This variability of feeding sites may be related in
some way to PPN life style (migratory ectoparasites, sedentary ectoparasites, migratory
ecto-endoparasites, migratory endoparasites, or sedentary endoparasites). Apart from
their co-evolution with plants, the response of plant cellsand roots are closely related
to feeding behavior, the anatomy of the nematode (mainly stylet size, which could reach
different types of cells in the plant), and the secretory �uids produced in the pharyngeal
glands. These secretory �uids are injected through the stylet into perforated cells where
they modify plant cytoplasm prior to food removal. Some species do not produce
specialized feeding sites (viz.Ditylenchus, Subanguina), but may develop a specialized
modi�cation of the root system (e.g., unspecialized root galls or a profusion of roots).
This review introduces new data on cell types and plant organs stimulated by PPNs
using sources varying from traditional histopathology to new holistic methodologies.
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INTRODUCTION

More than 4,100 species of plant-parasitic nematodes (PPNs)
have been identi�ed (Decraemer and Hunt, 2006) and some
of them cause damage to economically important crops. A
restricted group of genera is considered as major plant-pathogens
whereas others are speci�c to a more limited range of crops.
Some estimates suggest that PPNs cause a 77 billion dollar
loss in agricultural production worldwide each year (Sasser and
Freckman, 1987). Additional losses could be related to food
quality and visual imperfections or market devaluation associated
with infection symptoms (i.e., carrots or potatoes a�ected by
Meloidogynespp.), restrictions to market exportation due to the
imposition of quarantine trade rules, or measures of control
aimed at keeping nematodes below damage threshold in the �eld.

Most nematode damage occurs through direct alteration of
plant cells, usually interfering with the normal cell cycle or
by withdrawing nutrients from cell cytoplasm. However, some
groups also act as virus vectors of nepo- and tobraviruses
(Longidorids and Trichodorids, respectively;Decraemer and
Robbins, 2007). Furthermore, PPNs could interact with other
plant-pathogens to increase damage to the plant or to break
plant resistance (i.e., vascular fungal diseases;Back et al., 2002).
In addition, some microorganisms pathogenic to grazer animals
have been associated with galls produced by anguinid nematodes
(McKay and Ophel, 1993). These issues, caused by PPNs, have
resulted in quarantine regulations [i.e., ruled by European
and Mediterranean Plant Protection Organization (EPPO) and
Association of South East Asian Nations (ASEAN)].

The aboveground symptoms of root nematode damage
are usually unspeci�c and associated with nutrient de�ciency,
incipient wilt, stunting, poor yield, and sometimes plant death.
Very few symptoms in plants can be associated unequivocally
with PPNs as they are usually di�cult to detect, with the
exception of galls in roots or stems and necrosis or deformations
in some hosts caused by speci�c species. PPNs can feed on all
plant parts, including roots, stems, leaves, �owers, and seeds.
For this feeding and interaction with plants, they need a stylet
(a hollow mouth spear, like a hypodermic needle), which is
highly variable in length and shape. Furthermore, PPNs usually
possess three to �ve pharyngeal glands that produce secretions,
most of which are emitted thorough the stylet, that assist plant-
nematode interaction (i.e., penetration, internal migration, and
parasitism). Other glands (amphids, phasmids, adanal glands,
and the excretory/secretory system) as well as hypodermis
secretions are important in nematode cross-talk with plants
(Rosso et al., 1999; Haegeman et al., 2012). PPNs can be classi�ed
as: (i) Ectoparasites: the nematode remains outside of the plant
and uses its stylet to feed from the plant root cells; (ii) Semi-
endoparasites: nematodes partially penetrate the plant and feed at
some point during their life cycle; (iii) Migratory endoparasites:
nematodes spend much of their time migrating through root
tissues destructively feeding on plant cells; and (iv) Sedentary
endoparasites: the nematode spends the majority of their lifespan
sedentary inside the plant tissue establishing a highly specialized
parasitism. Groups iii and iv are the most important in terms
of crop losses. There are four basic types of feeding cells: (i)

non-hypertrophied nurse cells; (ii) single giant cells; (iii) syncytia;
and (iv) coenocytes. This variability of feeding sites may be
related in some way to PPN life style (migratory ectoparasites,
sedentary ectoparasites, migratory ecto-endoparasites, migratory
endoparasites, or sedentary endoparasites). Some species do not
produce stable feeding sites associated with their parasitism,
and in such cases the parasitized cells usually die (i.e.,
Trichodorus, Paratrichodorus, Tylenchorhynchus). Apart from
their co-evolution with plants, the response of plant cells and
roots are closely related to feeding behavior, the anatomy of
the nematode (mainly stylet size, which could reach di�erent
types of cells in the plant), and the secretory �uids produced
in the pharyngeal glands. These secretory �uids are injected
through the stylet into perforated cells where they modify plant
cytoplasm prior to food removal. In some cases, the e�ect of
nematode parasitism is not only associated with the feeding
site, but it extends to adjacent tissues; for example, in the case
of Meloidogynespp. or Nacobbus aberrans, the �rst produce
coenocytes and the second a syncytium, both with similar cell
proliferation around the feeding sites that �nally form a root
gall. Nematode mode of interaction with plants is an active
�eld of research targeting the design of e�ective new control
strategies. This review intends to describe those plant-nematode
interactions that cause speci�c alterations in plant cells related to
their feeding habit. Because of the extensive range of PPNs, only
important genera of major groups with speci�c e�ects in plants
will be studied.

PLANT MORPHOGENESIS INDUCED BY
NEMATODES

Stem, Leaf, Seed, and Root Gall
Nematodes
These groups of nematodes use �lms of water to migrate up the
plant stem and are therefore more damaging under wet and cold
conditions. The fourth-stage juveniles penetrate plant trough
buds, petioles, lenticels, or stomata and subsequently move
intercellularly through the middle lamella. Symptoms in the plant
are leaf or bulb deformities, short internodes, and in some species
true neoplastic tissues similar to galls are formed (Figures 1A–G).
In most hosts, these nematodes induce extensive cell separation,
some necrosis, and hypertrophy (Figures 1B–D,F,G). Usually,
several adjacent cells, not directly penetrated by the nematode
stylet, exhibit cytological features such as a granulated cytoplasm
with hypertrophied nuclei and nucleoli. These cells could
be called nurturing cells and they proliferate amongst pith
parenchyma and vascular bundles in some plants close to the
feeding sites formed by the cavity within the gall (Watson and
Shorthouse, 1979; Vovlas et al., 2015a). Some authors as early
asGoodey (1935), Krusberg (1961), andWatson and Shorthouse
(1979), related this speci�c plant morphogenesis to the number
of meristematic cells, as cortical parenchyma is associatedwith
cell separation only, while meristematic cells are more commonly
related with gall formation. The most important species of the
genusDitylenchus(“stem nematodes”) isDitylenchus dipsaci
because of its wide range of possible hosts and the damage it
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FIGURE 1 | Morphogenesis caused by stem, leaf, seed and root gall nematodes. Ditylenchus gigas(A–D): (A) Necrotic area on stem (arrowed).(B–D) Cross sections
of parenchymatic tissues of the stem showing under-epidermic cavities surrounded by necrotic cells and nematode body portions (Vovlas et al., 2011; with permission
of John Wiley and Sons).Ditylenchus oncogenus(E–G): (E) Leaf midrib nematode-induced galls, showing different deformation degrees.(F) Longitudinal section of
parenchyma of a stem portion showing sub-epidermal cavities (ca) surrounded by necrotic cells.(G) Cross-section of �ower parenchyma showing a nematode (n),
and hypertrophied nuclei (hn) in the attacked cells (Vovlas et al., 2015b; with permission of Cambridge University Press).Anguina tritici(H–J): (H) Healthy (left) and
infected (right) spike and seed galls of wheat.(I,J) Cross-sections of wheat-seed showing severe infection induced by the nematode (n) and the high number of
nematodes inside the grain (Source: N. Vovlas). Root-gallscaused by Subanguina radicicola(K) on Poa annua(Source: N. Vovlas).Subanguina moxae(L,M):
Cross-sections of foliar galls fromArtemisiasp. showing cavities (ca), nematodes (n), and a layer of nutritious cells (lnc) (Source: N. Vovlas). ca, cavity; ec, epidermic
cell layer; hn, hypertrophied nuclei; lnc, layer of nutritious cells; n, nematode. Scale bars:A,F,H,K D 1,000 mm; B,E D 500 mm; C,D,G,J D 50 mm; I,L,M D 100 mm.
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causes to plants. Other species that cause crop damage include
D. gigas, D. destructor, D. angustus,and D. africanus. However,
most species within this genus are fungal-feeders in the soil.
Depending on the species, they could infect a broad number of
plants (i.e.,Ditylenchus dipsaci) or be speci�cally associated with
some plants (i.e.,D. oncogenusto Sonchus bulbosusor D. gigas
to broad beans) (Vovlas et al., 2015b). Plant responses could
also di�er depending on the nematode-species or their speci�c
host, for example in the species complex group ofD. dipsaci,
some hosts (rye and oats) produce an excessive number of tillers
and develop pu�y sheaths (Hawn, 1969); in other hosts, leaves
produce small pale-green swellings which contain aggregations
of nematodes (Campbell and Gri�n, 1973), deformed leaves or
bulbs as in garlic or onion (Sturhan and Brzeski, 1991), or crown-
canker in sugar beet (Castillo et al., 2007). However, some species
from this complex group (Ditylenchus dipsacis.l.) are composed
of a number of biological races and populations di�ering in
host preferences and occur at a di�erent stage of speciation and
reproductive isolation, and probably they could be separated
species (Sturhan and Brzeski, 1991). It has been proposed that
D. dipsaciincludes at least seven potential species (Subbotin et al.,
2005): D. dipsacisensu stricto and six putative species named
asDitylenchussp. B fromVicia fabaL., Ditylenchussp. C from
Cirsium arvense(L.) Scop.,Ditylenchussp. D fromPilosellaspp.,
Ditylenchussp. E fromCrepis praemorsa(L.) Tausch,Ditylenchus
sp. F fromLeontodon autumnalisL., andPilosella o�cinarum(L.)
F.W.Schultz and Sch.Bip. andDitylenchussp. G fromPlantago
maritima L. Some of these have been recently separated as
individual species (i.e.,D. weischerior sp. C andD. gigasor sp.
B;Chizhov et al., 2010; Vovlas et al., 2011).

Seed gall nematodes (Anguina tritici) were the �rst PPNs
recorded byNeedham (1744)in wheat seed-galls. They have a
similar life cycle toDitylenchusspecies where they infect aerial
plant organs, with the exception that they feed ectoparasitically
on growing points and leaf bases until they reach the
in�orescence in some species (Siddiqi, 2000). They produce galls
on �owers, seeds, leaves, and roots (Figures 1H–J). Some species
(e.g.,Anguina funesta) can transportClavibacter toxicusattached
to their cuticle to rye grass ears. This bacterium produces
toxins that are poisonous to grazing sheep in infested grass
in Australia (Bird, 1985). In general,Anguina spp. produce
a similar morphogenesis in plants to the galls produced by
Ditylenchusspecies, with the presence of hypertrophied cells and
hyperplasia in gall tissues. However, they seem more specialized
in comparison to the galls produced in some hosts byD.
dipsaci (i.e., garlic or onion). Galls of seed gall nematodes
usually develop in place of ovules, less commonly in place
of stamens, and rarely on glumes or rachides and are used
for nematode survival and dispersal (Figure 1H; Stynes and
Bird, 1982). These galls show a considerable thickening of
the cell wall of the peripheral outermost layer of cells that
probably have a role in the protection of anhydrobiotic second-
stage juveniles and gall integrity (Figures 1I,J: Stynes and
Bird, 1982; Fattah and Al-Assas, 2010). A cavity is formed
by numerous interconnected cells with irregular shape and
contains several hypertrophied nuclei with several nucleoli,
and a granular cytoplasm (Figures 1I,J). Nematode containing

cells are surrounded by a layer of nutritious cells with several
hypertrophied nuclei, each containing several nucleoli. These
cells could function as a nutrient sink area from the plant
(Skinner et al., 1980; Sobczak et al., 1997). The galls of some
species, such asSubanguina picridisinfecting Russian knapweed
(Rhaponticum repens), have a well-de�ned zone of numerous
nurturing cells and the cells among the nematodes do not
become necrotic (Watson, 1986). Plant mechanisms that support
parasitism and how those cells act as a nutrient sink tissue for
the nematode are important points of study during interaction
analysis.

Other species infect aerial plant parts, such as leaves, stems,
or in�orescences, and usually they only become established in
actively growing undi�erentiated tissues. Interestingly,Anguina
spp., Paranguinaspp., andSubanguinaspp. are parasites of
monocotyledonous plants with a broad range of hosts that
produce one generation per gall with the second-stage juvenile
as the invasive stage (Figures 1L,M). Mesoanguinashows narrow
host speci�city, with two morphologically distinct generations
per gall and with their third-stage juvenile as the invasive
stage.Heteroanguinagenus parasitize monocots and dicots
producing one generation per gall with their fourth-stage
juvenile as the invasive stage (Chizhov and Subbotin, 1985).
Furthermore, Anguinidae phylogeny obtained using rDNA data
shows an evolutionary specialization apparently related to an
evolutionary trend in gall development: from abnormal swelling
and growth of infested plant organs toward small localized
galls, and from infestation of vegetative parts toward generative
organs (Subbotin et al., 2004). In addition, there are high levels
of co-speciation events between the phylogenies of anguinids
parasitizing Poaceae and their host grasses (Subbotin et al., 2004).

These perturbations in leaf tissues are similar to those
occurring in compatible interactions with some mites that
produce galls. The �rst reaction of a cell is probably the
production of a callous related to the puncturing action of
the feeding nematode; this has been documented in gall cells
produced by some mites (Stynes and Bird, 1982). Usually
the punctured cells die, but in a compatible interaction, the
surrounding cells, which become a nourishing tissue, are
activated by the continuous feeding of the nematode and
cell division occurs. These cells are characterized by a dense
cytoplasm, small vacuoles, and enlarged nuclei and nucleoli
(Westphal and Manson, 1996) and seem to be activated by
the continuous feeding of nematodes as cells are killed by the
feeding process and new cells are incorporated into this layer.
Recently, the interaction ofDitylenchus gallaeformans, which
induces galls on the in�orescences ofMiconia albicansand
Miconia ibaguensis,has been studied in detail (Ferreira et al.,
2017). This interaction showed that instead of �owers, the axes
of the galled in�orescences are surrounded by emergences with
nutritive tissues lining the larval chambers. The nutritive tissues
of these galls have totipotent cells, originating new tissues with
dermal, ground, and vascular tissues providing these galls with
indeterminate growth. Furthermore, the new development for
these types of nematodes,D. gallaeformansinduces a long-
distance impact on fruits, which have an increased number of
carpels.Ferreira et al. (2017)suggest that such long-distance
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e�ects may compensate for the damage of the galls inducing
mechanisms by favoring, at least partially, its host plant �tness.

Subanguina radicicolais the only known anguinid that
parasitizes roots. It induces galls on the roots of several grasses,
barley, and rye and occurs widely in Europe (Siddiqi, 2000). Galls
have a small size (less than 5 mm long). They can be found
either on the root apex or along the root axis, and sometimes the
infected plants have numerous lateral roots (Figure 1K; Vovlas,
1983). In the case ofS. radicicola, large cavities are formed in the
root cortex, but collapsed and enlarged cells are also found in the
endodermis, pericycle, and vascular parenchyma. Those changes
cause asymmetry of the central cylinder, provoking abnormal
functioning of the root and a reduction in plant growth (Vovlas,
1983).

Root Nematodes
Plant Ectoparasites
Plant ectoparasites comprise a broad range of nematode families.
The feeding habit of these nematodes, their secretions, the
population densities, the type of cell selected, and the time
of interaction within these cells are important factors in the
development of di�erent cell and root structures.

Trichodorid nematodes preferably feed on epidermal cells
in the elongation regions of rapidly growing roots; they tend
to aggregate at the root's apex and stop root growth through
gregarious feeding (Wyss, 2010). Usually, they induce abnormal
growth of lateral roots and the proliferation of branch roots
(Agrios, 2005). Severely infected roots show a smaller root
system than non-infected plants, with the presence of fewer
roots exhibiting short, stubby, swollen root branches (Figure 2A;
Agrios, 2005). Meristematic activity and root growth stop
because of the physical feeding e�ect, and this causes a rounded
tip to develop that exhibits di�erentiation of stellar tissue almost
to the apex of the root (Pitcher, 1967); however, cells already
formed enlarge abnormally and cause swelling of the root tip
(Figure 2B; Agrios, 2005). Other PPNs with similar patterns of
ectoparasitic feeding on epidermal cells do not produce the e�ects
caused by Trichodorids, probably because they do not aggregate
at speci�c zones on the root.

Longidorids are large nematodes (up to 12 mm long) that are
equipped with long stylets, which allow them to feed deep within
plant roots. These nematodes usually feed on root tips, reaching
the di�erentiated vascular cylinder with their long stylets, but
they could infect other parts of the root (Figures 2C,D; Cohn,
1970). Two genera have been studied in more detail,Xiphinema
and Longidorus. Both produce galls in the tips by arresting root
growth, but with di�erent internal modi�ed cells.Xiphinema
spp. induce large hypertrophied multinucleated cells (from
two to eight nuclei;Figures 2E,F), while Longidorusspp. form
hypertrophied uninucleate cells (Wyss, 2010). In both cases, these
cells are highly active metabolically, with typical hypertrophy,
amoeboid-shaped nuclei, increased cytoplasmic density, and
abundance of mitochondria, plastids, and rough endoplasmic
reticulum (Wyss et al., 1980; Gri�ths and Robertson, 1984,
1988). Xiphinema indexfemales initially feed in the transition
zone between the root apex and cell elongation (Weischer and
Wyss, 1980). The odontostyle is inserted through three to four

cell layers before feeding starts, and can penetrate to a depth
of up to eight cell layers (Weischer and Wyss, 1976). These
parasitized cells become necrotic and surrounded by slightly
enlarged binucleate cells (Figure 2F: Wyss et al., 1980; Bleve-
Zacheo and Zacheo, 1983). The binucleate cells grow to large
multinucleate cells by means of synchronous mitoses without
cytokinesis and are indispensable for nematode reproduction
(Figures 2E,F; Rumpenhorst and Weischer, 1978; Wyss, 1978;
Staudt and Weischer, 1992). Once the gall is formed, it becomes
attractive to more individuals (Wyss, 2010), probably because of
the plant nutrient sink e�ect. Interestingly, one speci�c group
of species within the genusXiphinema(X. americanumgroup)
usually does not induce galls at the tips but instead clusters
of short stubby lateral roots are formed (Siddiqi, 1973). In
Longidorus, a similar process is induced; di�ering in several
points: (i) the feeding habit is at root tips, transforming them into
terminal galls (Wyss, 2010); (ii) the initial feeding in one cell also
removes the contents of neighboring cells by the production of
cell wall holes through dissolution (Robertson et al., 1984); and
the initial hypertrophy of individual uninucleate cells is followed
by hyperplasia with synchronized cell division and a posterior
hypertrophy of these cells (Gri�ths and Robertson, 1984). There
is still a big question over the putative in�uence of the di�erent
feeding habits in the induction of hypertrophied uninucleate
or multinucleated cells, both avoiding cycles of cytokinesis.
The feeding habits betweenXiphinemaandLongidorusprobably
di�er as Longidorusresults in a greater uptake of cytoplasm
as necrotic cells are frequently found around the odontostyle.
Furthermore, the role of e�ectors could be important in this root
interaction, but information on this point is lacking.

Some ecto-endoparasites, such as the generaHelicotylenchus,
Hoplolaimus, Rotylenchus,and Scutellonemacould invade roots
to feed on cortical or outer stellar cells (Wyss, 2010). Other
authors localized parasitized cells adjacent to protoxylem cells
(Jones, 1978a) and noted that infection could take place anywhere
in the root, with the exception of the root tip (Klinkenberg, 1963).
This type of feeding site is bene�cial for the female as, after
feeding in these modi�ed cells, they lay many eggs (Jones, 1978b).
Some species ofHelicotylenchuscould feed in a semiendoparasitic
sedentary manner for up to 19 days (Jones, 1978b) even on
woody plant roots, for example in the olive (Figures 2G,H;
Inserra et al., 1979). The nematode feeds in one cell, which
could be enlarged and is surrounded by four or �ve cells with
an enlarged cytoplasmic volume (Jones, 1978a). The food cell is
highly active with numerous mitochondria, plastids, amyloplast-
like organelles, and rough endoplasmic reticulum (Jones, 1978a).
It is also uninucleate and the plasmalema becomes detached from
the cell wall in di�erent places, the resultant gap contains vesicles
and dense deposits resembling wall fragments. Lipid droplets
and proteinaceous deposits have also been documented in food
cells (Jones, 1978a). Similarly, H. oleaeinduces a single food
cell in the cortex (Figures 2G,H; Inserra et al., 1979). However,
Helicotylenchus microlobusinfecting corn produces a single food
cell in the cortex that is the same size as adjacent cortical
cells, but with a denser cytoplasm and an enlarged nucleus
with a prominent nucleolus (Vovlas and Inserra, 1985). Plant
responses in di�erent hosts, the position of parasitized cells in the
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FIGURE 2 | Morphogenesis caused by ectoparasite root nematodes.Paratrichodorus teres(A,B): (A) Apical-root galls on wheat.(B) Cross-section of apical-root
wheat gall (Source: N. Vovlas).Xiphinema index(C–F):(C, D) Apical-root galls in grapevine.(E,F) Cross-sections showing multinucleate cells with hypertrophied
nucleus (hn) induced by nematode parasitism (Gutiérrez-Gutiérrez et al., 2011; with permission of John Wiley and Sons).Helicotylenchus oleae(G,H): Cross-sections
of olive roots showing the nematode feeding on a parenchymatic feeding cell (fc) with hypertrophied nucleus (hn) (Source: N. Vovlas). fc, feeding cell; hn,
hypertrophied nucleus; n, nematode; st, stylet. Scale bars: A,D D 1,000 mm; B D 200 mm; E D 10 mm; F,H D 20 mm; G D 100 mm.
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di�erent plant tissues, and the nematode species could have an
important role in the di�erent cell features noted in histological
observations.

Plant Endoparasites
Root-knot nematodes (Meloidogynespp.)
Meloidogyneis a genus including more than 90 species. Only
a few of them are considered as major pests (M. incognita,
M. javanica, M. arenaria, and M. hapla; Jones et al., 2013).
One of their main characteristics is that they are extremely
polyphagous (Moens et al., 2009), especially those species with
a wide geographical distribution, while others are more speci�c,
for example,M. baeticaa�ecting only the wild olive (Castillo
et al., 2003a). They often reproduce by mitotic parthenogenesis,
with the exception ofM. haplaor M. chitwoodithat reproduce
by facultative meiotic parthenogenesis (Berg et al., 2008; Escobar
et al., 2015).

Root-knot nematodes (RKN) initiate a subtle interaction with
their hosts through intercellular migration after sensingchemical
gradients of root di�usates (Teillet et al., 2013). Second-stage
juvenile (J2), the infective parasitic form of RKNs, enter the
elongation zone of the root and, using cell wall hydrolytic
enzymes such as endoglucanases, endoxylanases, pectatelyases,
etc., from their subventral glands secreted into the apoplast
(Perry and Moens, 2011), they reach the vascular cylinder by
entering through the root meristem area. In this way, they
considerably reduce mechanical damage to the plant cells as
compared to other nematode groups, such as cyst nematodes
(CN). Once established, a group of �ve to eight cells in the
vascular cylinder develop into feeding cells, called giantcells
(GCs) (Figures 3B,D,F,G,H,I; Escobar et al., 2015). This occurs
as a result of re�ned cross-talk between plant precursor cells
and still unclari�ed nematode e�ectors (Cabrera et al., 2015a;
Truong et al., 2015). The precursor cells of the GCs are not
well de�ned, although pericycle cells are de�nitely involved
in gall/GC development (Cabrera et al., 2014a). Profuse, and
mostly asymmetric division of vascular cells, partially resembling
the divisions occurring during lateral root formation (Cabrera
et al., 2014a), as well as hyperplasia of the surrounding tissues
(Escobar et al., 2015), increase root girth through the formation
of galls; these are pseudo-organs that function as feeding sites
(Figures 3A,E,C). SomeMeloidogynespecies produce small galls
(M. artiellia; M. paranaensis) (Franklin, 1961; Carneiro et al.,
1996) with fewer nuclei but of a larger size, including the
nucleoli, for example,M. artiellia as compared toM. arenaria,
M. incognita,andM. javanica(Figures 3E–I; Vovlas et al., 2005).
Gall size is not phylogenetically related when compared with
the latest phylogenetic relationships of the genus (Ali et al.,
2015). Perhaps, an important component of these di�erent plant
responses is the interaction of plant molecular pathways with the
repertoire of e�ectors produced by the nematode.

Inside the galls, GCs undergo repeated mitosis with partial
cytokinesis and endoreduplication or equivalent processes such
as defective mitosis or nuclear fusion (de Almeida Engler
et al., 2015), leading to DNA ampli�cation, which is thought
to be necessary for GC expansion (Escobar et al., 2015). GCs
expand, increasing their volume more than 60-fold from 3 days

post-infection (dpi) to 40 dpi on average (Cabrera et al., 2015b).
Interestingly, the volume of individual GCs does not always
correlate with the stage of gall development as GCs probably
grow asynchronously. However, the average volume occupied by
all GCs as a pool within a gall, show a strong correlation to that
of the infection stage (Cabrera et al., 2015b), probably because it
is the meaningful functional feeding volume for the nematode.
GCs also become transfer cells with cell wall ingrowths and
irregular thickenings that increase the e�ective solute exchange
area (Jones and Gunning, 1976; Berg et al., 2008), demonstrating
the molecular signatures of this cell type (Cabrera et al., 2014b).
Hence, they have irregular shapes, with elongated cell protrusions
close to the nematode lip region that can be clearly observed
after 3D reconstruction (Figure 3D; Cabrera et al., 2015b; de
Almeida-Engler et al., 2016).

After the analysis of single isolated GCs inside the galls, the
development of speci�c techniques combining transcriptomics
and cell biology (see cells within the section;Figure 3) identi�ed
massive changes in gene expression inArabidopsis, tomato, and
MedicagoGCs (et al., 2003; Ramsay et al., 2004; Fosu-Nyarko
et al., 2009; Barcala et al., 2010; Escobar et al., 2011; Damiani
et al., 2012; Ji et al., 2013; Portillo et al., 2013). Thus, huge
transcriptional changes encompass GC formation, for example,
genes related to secondary metabolism, mostly involved in plant
defense are repressed, at least at early-medium stages of infection.
However, other stress related genes that are induced, such as
those encoding heat-shock proteins, may function as molecular
chaperons aiding protein conformation when GC metabolism
is actively contributing to nematode feeding (Barcala et al.,
2008, 2010). Among the genes with modi�ed expression after
nematode infection, a major group are those related to hormone-
regulated developmental pathways, particularly those associated
to auxin-cytokinin balance, such asLBD16, a transcription factor
from the lateral organ boundary family crucial for gall/GC and
lateral root development (Cabrera et al., 2015b). The irregular
shape of GCs (Figures 1C,E) is also accompanied by changes in
the cytoskeleton and transcriptional changes in di�erent genes
encoding cytoskeletal proteins, such as microtubule-associated
(AtMAP65), actin depolymerizing factors (AtADF2) (Caillaud
et al., 2008; Clément et al., 2009), and those from the actin
and tubulin family (de Almeida Engler et al., 2004), among
others. However, a true dynamic picture of the morphological
and molecular changes occurring during GC development is still
lacking.

Cyst nematodes (Globoderaspp. and Heteroderaspp.)
Cyst nematodes belong to the subfamily Heteroderinae (Evans
and Rowe, 1998). The genusGloboderaspp. andHeteroderaspp.
contain most of the agronomically important species, although
species number is far larger inHeterodera(Subbotin et al., 2010)
than in Globodera(Subbotin et al., 2010). Some of these species
could infect woody plants, as is the case forH. mediterraneain
the olive (Castillo et al., 1999). J2, is the infective stage, in a
similar manner to root-knot nematodes, they use their styletto
inject secretions from the gland cells. In contrast, they migrate
intracellularly destroying cells from the outer layers of theroot
due to quick stylet thrusts combined with cell wall degrading
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FIGURE 3 | Morphogenesis in root knot nematodes forming galls.Meloidogynespp. (A–I): (A) Egg mass (eg) protruding from a gall in aCucumis sativusroot infected
by Meloidogyne javanica. (B) Longitudinal section of a gall fromArabidopsis thalianashowing multinucleate giant cells (*) and anterior region of the nematode (n).(C)
Vascular tissue of a gall with GUS intense signal from anArabidopsis transgenic marker line.(D) 3D reconstruction of giant cells (*) fromArabidopsis thaliana(Source:
C. Escobar).Meloidogyne artiellia(E–I): (E) Healthy andM. artiellia-infected chickpea roots, showing the prominent adult female covered by the egg mass.(F)
Cross-section of M. artiellia-infected root showing the typical feeding site with giant cells (Palomares-Rius et al., 2011; with permission of Elsevier).(G–I) Detail of
multinucleate giant cells induced byM. artiellia, M. arenaria, and M. javanicain chickpea roots, respectively (Vovlas et al., 2005; with permission of The American
Phytopathological Society). *, multinucleate giant cell;eg, egg-mass; hn, hypertrophied nucleus; n, nematode. Scale bars: A–C,E D 100 mm; F–I D 20 mm.

FIGURE 4 | Morphogenesis in cyst nematodes forming syncytia.Heteroderaspp. (A–I): Heterodera cruciferae(A–F) Transverse sections of cabbage roots infected
by H. cruciferaeshowing the semi-endoparasitic adult female (n) inducing the cortical and stellar syncytium (s) with fused syncytial cells with dense cytoplasm and
hypertrophic nuclei (hn) ((Sasanelli et al., 2013); with permission of The American Phytopathological Society). Heterodera daverti(G,H) Cross-sections of white clover
roots showing the semi-endoparasitic adult female (n) inducing the cortical and stellar syncytium (s) with fused syncytial cells presenting dense cytoplasm and
hypertrophic nuclei (hn) (Vovlas et al., 2015a; with permission of Springer).Heterodera �lipjevi (I) Detail of syncytial cells in wheat roots showing hypertrophic nuclei (hn)
(Source: N. Vovlas). Scale bars:A D 1,000 mm; B,G,H D 500 mm; C–F,I D 100 mm.

and modifying proteins. Their feeding cells are called syncytia,
derived from one single cell (initial syncytial cell) that increases
its size by fusion of adjacent cells after cell wall dissolution

(Figure 4; Sobczak and Golinowski, 2011). In Arabidopsis,
females ofHeterodera schachtiiusually develop in syncytia from
procambial or pericycle cells, whereas males develop in syncytia
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from pericycle cells (Golinowski et al., 1996; Sobczak et al.,
1997). The syncytium can eventually be composed of more than
200 cells when it reaches its maximum size (Figure 4; Hussey
and Grundler, 1998). Interestingly, the volume of a syncytium
associated with a female can be 10-times larger than that caused
by a male, and nuclei enlargement through endoreduplication
contributes to this process (Figure 4I; Bohlmann, 2015). These
morphological changes are accompanied by profound expression
and metabolic changes in syncytia. Accumulation of sugars,
starch, and amino acids are common features shared by the GCs
of RKNs and syncytia of cyst nematodes (Siddique and Grundler,
2015).

Finally, the juvenile will enlarge and undergo several
molts, encompassing the developmental stages J3 and J4,
before reaching the adult stage (Figures 4B,G; Barcala et al.,
2016). Contrary to most RKN species, they reproduce
sexually, the female is fertilized by a free-moving male
and deposits the eggs inside its body; this subsequently
hardens to provide extra protection for eggs and serves as a
resistant cyst (Barcala et al., 2016). Additionally, molecular
techniques, such as microaspiration or laser microdissection
of syncytia (Anjam et al., 2016) combined with transcriptomic
analysis allowed the identi�cation of batteries of genes
di�erentially expressed in soybean roots byH. glycines(e.g.,
Ithal et al., 2007; Klink et al., 2007, 2010). In Arabidopsis,
expression changes in syncytia indicated a suppression of
plant defenses, similar to those that take place in GCs, for
example, those genes encoding peroxidases or the induction
of genes encoding amino acid transporters (Szakasits et al.,
2009).

Other plant endoparasites
Nematode-induced feeding cells are derived from di�erent plant
tissues depending on the nematode group. In nematodes other
than RKNs and cyst nematodes, they can be induced in the
cortex or in the vascular cylinder and these may vary from a
single feeding cell to several cells forming a feeding site or a
syncytium.

Trophotylenchulus obscurusparasitizes co�ee roots and feeds
on a unique cell in the cortex (Figure 5A). This cell has a
similar size to neighboring cells, but with a denser cytoplasm
and enlarged nucleus with a prominent nucleolus; a large vacuole
is formed in senescent nurse cells (Figure 5B; Vovlas, 1987).
However, other members of this genus have other feeding habits,
for exampleT. �oridensiscauses the formation of a small number
of discrete nurse cells (three to six) in the stellar parenchyma
with dense cytoplasm and hypertrophied nuclei and nucleoli in
Pinus clausa(Cohn and Kaplan, 1983). However, it can also
form a syncytium of one to six layers of cortical cells located
around the circumference of the root section in a non-cultivated
dicot (Inserra et al., 1988). Tylenchulus semipenetransinduces a
similar feeding site structure to that ofT. �oridensis, with the
exception that the cells originate from the cortex and the �rst
feeding cell, into which the lip region of the nematode remains
protruded, appears dead and empty with nurse cells distributed
around it (Figures 5C,D; Wyss, 2010). Syncytia produced by
Verutus volvingentiscontain dense cytoplasm, enlarged nuclei

and nucleoli, and are located within the cortex of the root (Cohn
et al., 1984).

Nacobbus aberransinduce slight swelling of the root apex
which is produced by the migratory feeding habits of juveniles,
with a true gall being produced by the adult female (Inserra
et al., 1983). The roots show a rosary of bead-like galls,
variable in size, with accentuated asymmetry, fragmentation of
the stele, hyperplasia of vascular parenchyma, and abnormal
proliferation of lateral roots (Figures 5E,F; Inserra et al., 1983;
Vovlas et al., 2007). Juveniles move intracellularly, creating
necrosis and cavities in the root cortex surrounded by cells
containing dense cytoplasm and hypertrophic nuclei; in some
hosts, they cause damage to the root stela (Inserra et al.,
1983; Vovlas et al., 2007). Inside the gall, females induce a
large syncytium derived from incomplete successive fusionsof
adjacent cells (Figures 5G,H; Vovlas et al., 2007). Cells maintain
their individuality in the syncytium, which may involve over185
cells with dense cytoplasm and hypertrophied nuclei and nucleoli
(Figures 5G,H; Vovlas et al., 2007). Some studies reveal thatN.
aberranss.l. is a complex of species with important di�erences in
host preference (Lax et al., 2014).

Another genus, related toHeteroderaand Globodera, is
the cystoid nematodeMeloidodera, which exhibits some
characteristics ofHeteroderaandMeloidogynein its life cycle. The
female of these nematodes does not turn into a cyst and its eggs
are deposited in a small gelatinous matrix or sometimes retained
inside the body. These nematodes induce a GC in the pericycle
with a unique irregular hypertrophied nucleus and a variable
number of nucleoli; hyperplasia takes place in cells adjacent to
the GC (Mundo-Ocampo and Baldwin, 1983a). This GC grows
inside the vascular cylinder and therefore has direct contact with
the vascular system; plasmodesmata are also concentrated in pit
�elds, which occur in the thin part of the GC wall adjacent to the
vascular parenchyma (Figure 5M;Mundo-Ocampo and Baldwin,
1983a). GCs induced byMeloidoderaspp. vary in shape and size
depending on the nematode and host species as well as stage
of root development at the time of infection (Mundo-Ocampo
and Baldwin, 1983a). Other Heteroderidae, such asCryphodera
and Sarisodera,produce GCs in a similar way toMeloidodera
(Figures 5I–L; Mundo-Ocampo and Baldwin, 1983b, 1984)
however, Atalodera (Ataloderinae) or the cystoid nematode
Meloidoderitainduces a syncytium (Figure 5N; Mundo-Ocampo
and Baldwin, 1983c; Vovlas et al., 2006). These di�erent
nematode genera produce variable interactions with plants and
have scarcely been studied because of their minor importance
as crop pests; however, they are of importance in phylogenic
analysis.

In reniform Rotylenchulusspecies, only immature females
invade the roots. Two types of plant reaction are induced by
these nematodes: (i) a uninucleate GC (R. macrodoratus), and
(ii) a syncytium (R. borealis, R. macrosoma, R. parvus, and
R. reniformis), both originate from the endodermis (Vovlas et al.,
1985). The syncytium is con�ned to the pericycle layer of the root
with most of the cells retaining their individuality and e�ectively
separated from the surrounding cells by a thick cell wall.
However, this response seems to be mediated by characteristics
of the host or root, because uninucleate GCs originating from
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FIGURE 5 | Morphogenesis in root nematodes: other root endoparasites(A–N). Trophotylenchulus obscurus(A,B): (A) Nematode (n) parasitizing coffee root.(B)
Cross section of coffee root showing feeding cells (fc) withno evident increase in size and the nematode (Source: N. Vovlas).Tylenchulus semipenetrans(C,D): (C)
Nematode (n) parasitizing citrus root.(D) Cross section showing induced nurse cells (nc) with dense cytosols (Source: N. Vovlas).Nacobbus aberrans(E–H). (E,F)
Tomato roots infected by the nematode showing knobs.(G,H) Cross sections of tomato roots showing the nematode (n) and the induced syncytium (s) (Vovlas et al.,
2007; with permission of Journal of Nematology).Cryphodera brinkmani(I–L): (I) Root segment of pine with the posterior portion of the body ofa white female (n)
protruding from the root surface.(J–L) Cross sections of pine roots showing nematode female body (n) embedded in the cortical parenchyma and an uninucleate
giant cell (ugc) with hypertrophied nucleus (hn) (Vovlas et al., 2013; with permission of Springer).(M) Cross section of corn root infected byMeloidodera charis
showing the single nurse cell (nc) (Source: N. Vovlas).(N) Cross section ofMentha aquaticaroot infected by Meloidoderita kirjanovaeshowing the syncytial formation
(s) (Vovlas et al., 2006; with permission of Journal of Nematology). Fc, feeding cell; hn, hypertrophied nucleus; n, nematode; nc, nurse cell; s, syncytium; ugc,
uninucleate giant cell. Scale bars:A,I D 500 mm; B,G,H,N D 50 mm; C,D,J–M D 100 mm.
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a cortical cell and extending from the cortex into the stele have
also been observed in thick roots infected byR. macrodoratusor
in di�erent host species byR. borealis(Inserra and Vovlas, 1980;
Vovlas et al., 1985). Nevertheless, in wild and cultivated olives,
both types of cell response can be induced byR. macrodoratus
and R. macrosoma(Castillo et al., 2003b; Van Den Berg et al.,
2016). Rotylenchus reniformiscould also parasitize cells in the
cortex, through formation of a connection to the stele, similar
to R. macrodoratusor R. borealis, but this does not appear to be
associated with root diameter. Instead, there appears to be anarea
of the root with multiple infections that might respond di�erently
to the rest of the root (Razak and Evans, 1976). The cytoplasm
of the feeding cells is dense and granular and surrounds a larger
and irregularly shaped nucleus with a large nucleolus (Razak and
Evans, 1976; Vovlas et al., 1985).

MOLECULAR INTERACTION BETWEEN
NEMATODES AND PLANT EFFECTORS

Hogenhout et al. (2009)de�ned an e�ector as “all pathogen
proteins and small molecules that alter host-cell structure and
function.” Nematodes secrete e�ectors to develop their feeding
cells, to easily up-take the contents of the cytoplasm, and to move
through plant tissues. Those with a more intimate relationship
with plants (parasitizing them, but not killing them), as is the
case for RKN and CN, change plant developmental processes
(mainly by altering the plant phytohormone balance, and the
plant cell wall architecture) and also modulate host stress and
defense responses [regulation of reactive oxygen species (ROS)]
(Lin et al., 2016). They normally use nuclear-targeted, apoplastic,
and cytoplasmic e�ectors (Gardner et al., 2015). Haegeman et al.
(2012)noted that “the di�erent lifestyles of PPNs are expected
to be re�ected in their secretions, which presumably contain
e�ectors with di�erent functions according to the nematode's
speci�c needs.” However, with the exception of a small number of
species where the genome or transcriptome has been sequenced,
the remaining PPNs are practically unexplored. Another point
is the important percentage of nematode-derived sequences
without homologies (pioneer genes) in the databases that need
to be characterized. E�ectors are usually secreted from the
pharyngeal glands, the hypodermis, and the amphids. Some of
the e�ectors found in PPNs have been incorporated in genomes
by horizontal gene transfer from other microorganisms suchas
bacteria and fungi (Haegeman et al., 2011a). In this review, we
have concentrated on e�ectors involved in cellular and tissue
modi�cation in plants. Other extensive reviews in this subject
can be found elsewhere (Haegeman et al., 2012; Favery et al.,
2016; Rehman et al., 2016). Some e�ectors are involved in the
invasion, migration, and degradation of host tissues. Thishas
deep implications on the damage provoked to root cells during
the nematode migration in endoparasites. Cellulases, pectate
lyases, polygalacturonases, xylanases, arabinogalactan endo-1,4-
betagalactosidases, and arabinases have been found in many
di�erent species of PPNs (Haegeman et al., 2012). Other e�ectors
could help in the action of these enzymes, such as expansins,
and they have also been found in a broad range of nematodes

(Haegeman et al., 2012; Nyaku et al., 2014). Many of these
genes are widely present in PPNs and have been introduced
into nematode genomes by horizontal gene transfer from other
microorganisms (Haegeman et al., 2011a).

Two di�erent ontogenies of nematode-induced structures are
considered as indicated above: the cell which nourishes the
nematode and the gall. Gall formation in some cases (such as
in RKN) has similarities with nodules induced by endosymbiotic
bacteria. For example, PHANTASTICA and KNOX transcription
factors, the early nodulin gene ENOD40, and the cell cycle
control gene CCS52a are induced in plants during formation
of both nodules and GCs (Favery et al., 2002). Genes encoded
by RKN, similar toNodL, could generate active Nod factors
in nematodes (Haegeman et al., 2012) and be involved in
nodulation. However, these genes have not been found in
the transcriptome ofD. africanusand D. destructor, in which
di�erent mechanisms could be used to generate the feeding cells
(Haegeman et al., 2009). In this respect, RKN and CN species
secrete chorismate mutase (CM;Doyle and Lambert, 2003); this
enzyme is proposed to deplete levels of the chorismate precursor,
leading to auxin production. There are many nematodes with
di�erent feeding sites employing this enzyme (RKN and CN) or
even migratory endoparasites that do not produce any speci�c
feeding sites (Haegeman et al., 2011b). In this sense, many
di�erentially expressed genes or the activation of promoters
related to auxin (e.g.,Cabrera et al., 2014b; Olmo et al.,
2017) and ethylene signaling have been observed during the
plant-nematode interaction [and in a lesser extent related to
giberelic acid (GA), cytokinins, and abcisic acid (ABA)] (Gheysen
and Mitchum, 2009; Li et al., 2009; Goverse and Bird, 2011).
Moreover, auxins and cytokinins have been found inH. schachtii
andM. javanicasecretions by using mass spectrometric analysis
(De Meutter et al., 2003, 2005). Furthermore, the role of
alterations in the plant hormonal regulation during the feeding
site formation became more complex since the discovery in the
RKN and CN secretions of proteins that can mimic plant peptide-
hormones. One of them is the CLAVATA-like elements (CLE),
described initially as plant factors promoting cell di�erentiation
in root and shoot apical meristems (class A;Whitford et al.,
2008). Several of these peptides have been found in nematode
secretions and in their genomes (RKN and CN;Gao et al., 2001;
Abad et al., 2008; Opperman et al., 2008). Other plant peptide
hormones, such as C-terminally Encoded Peptide (CEP)-like
sequences, are present inM. incognitaand M. hapla but are
absent in cyst nematodes (Goverse and Bird, 2011). However,
their speci�c role in the formation of the feeding site is not
clearly demonstrated. A multigene phylogenetic analysis ofN.
aberranswith respect to PPNs of all groups con�rms its proximity
to both CN and RKN (Eves-Van Den Akker et al., 2014).
Interestingly, three CLE-like peptides have been identi�ed in the
N. aberranstranscriptome, two of them contain putative signal
peptides and were signi�cantly up-regulated during the sedentary
biotrophic phase. However, no CEP-like peptides were identi�ed
in the N. aberranstranscriptome (Eves-Van Den Akker et al.,
2014). In this sense, the unique features of CEP-like peptides in
Rotylenchus reniformis(syncytium forming nematodes) expand
the importance of these e�ectors in: (i) increasing host nitrate
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uptake, whilst (ii) limiting the size of the syncytial feeding site
produced. However, these CEP domains evolvedde novoin
R. reniformis(Eves-Van Den Akker et al., 2016). The presence
of CLE genes with greater expression in sedentary phases of
R. reniformishave also been studied (Wubben et al., 2015).
Recently, the genome ofR. reniformishas been sequenced and
more important data linking groups of sedentary nematodes
and e�ectors could be explored in the future (Nyaku et al.,
2014). Some e�ectors have been found in many nematodes,
such as the transthyretin-like proteins (TTL;Gao et al., 2003;
Furlanetto et al., 2005; Jacob et al., 2007; Bella�ore et al.,
2008; Jones et al., 2009; Haegeman et al., 2012), which could
target the brassinosteroid signaling pathway, a main mechanism
for hormonal regulation in plants that greatly impact plant
development (Wei and Li, 2016), but this remains to be proven
(Haegeman et al., 2012).

It is established that all PPNs inject e�ectors before up-take
of cytoplasm. Even nematodes that undergo a short feeding
process with the plant, create modi�cations of the cytoplasm and
nuclei (i.e., Trichodorids, migratory ectoparasites, or migratory
endoparasites;Wyss, 2010). Their mode of action could be
to manipulate host transcription as an important strategy for
counteracting plant defense responses (Jaouannet and Rosso,
2013; Quentin et al., 2013). However, many aspects of the
plant-nematode interaction mediated by nematode e�ectors
that interfere with the plant/cell development remains to be
elucidated.

CONCLUSIONS

This review highlights the diversity of plant morphogenesis
induced by PPNs. Their complexity increases with an increase
in PPN sedentary nature and therefore their requirement for
a sustained food supply for nourishment to complete their
biological cycle. Interestingly, such PPNs are the most successful
parasites and produce relevant economic losses a�ecting di�erent
crops (i.e., RKNs and CNs). This fact has biased the profuse
knowledge of PPN interaction to be mainly centered on two
genera (Meloidogyneand Globodera). However, a general trend
that takes place in most plant-nematode interactions is the
induction and development of feeding cells that exhibit a

dense cytoplasm along with nuclear alterations such as a large
nucleolus. These �ndings suggest that nuclear changes must
be crucial to sustain nematode feeding, together with a dense
cytosol, which is a sign of high metabolic activity. Yet, the
size of feeding cells seems more variable, for example the
GCs of RKNs can increase to more than 60-fold their volume,
whereasTrophotylenchulus obscurusinduces a single cell with
no prominent size increment in comparison to surrounding
cells.

In this review, we have described a scenario where a plethora
of some interesting plant-nematode interactions in nature have
not yet been clearly or deeply studied, they are mere histological
descriptions with scarce or no molecular studies of the a�ected
tissues. This makes impossible to compare mechanisms of
feeding cell induction or the processes contributing to their
maintenance within the plant and therefore it is not currently
possible to establish a general and clear picture of commonalities
between di�erent feeding sites formed by di�erent
PPNs.

AUTHOR CONTRIBUTIONS

JP-R, CE, JC, AV, and PC conceived the topic. JP-R, CE, JC, AV,
and PC wrote the manuscript. JP-R, CE, JC, AV, and PC revised
several versions of the manuscript.

FUNDING

This research was supported by grant P12-AGR 1486 from
“Consejeria de Economia, Innvovacion y Ciencia” from Junta de
Andalucia, and Union Europea, Fondo Europeo de Desarrollo
regional, “Una manera de hacer Europa”; grants AGL2016-
75287-R, PCIN-2013-053 by the Spanish Government and grant
PEII-2014-020-P by the Castilla-La Mancha Government. JC is
supported by a Cytema-Santander contract from UCLM.

ACKNOWLEDGMENTS

Authors acknowledge N. Vovlas his critical review of the
manuscript before submission, as well as histopathological
pictures.

REFERENCES

Abad, P., Gouzy, J., Aury, J. M., Castagnone-Sereno, P., Danchin, E. G. J.,
Deleury, E., et al. (2008). Genome sequence of the metazoan plant-parasitic
nematodeMeloidogyne incognita. Nat. Biotechnol.26, 909–915. doi: 10.1038/
nbt.1482

Agrios, G. N. (2005).Plant Pathology. London: Elsevier, Academic Press.
Ali, N., Tavoillot, J., Mateille, T., Chapuis, E., Besnard, G., El Bakkali, A., et al.

(2015). A new root-knot nematodeMeloidogyne spartelensisn. sp.(Nematoda:
Meloidogynidae) in Northern Morocco. Eur. J. Plant Pathol.143, 25–42.
doi: 10.1007/s10658-015-0662-3

Anjam, M. S., Ludwig, Y., Hochholdinger, F., Miyaura, C., Inada,M., Siddique, S.,
et al. (2016). An improved procedure for isolation of high-quality RNAfrom
nematode-infectedArabidopsisroots through laser capture microdissection.
Plant Methods12:25. doi: 10.1186/s13007-016-0123-9

Back, M. A., Haydock, P. P. J., and Jenkinson, P. (2002). Disease complexes
involving plant parasitic nematodes and soilborne pathogens.Plant Pathol.51,
683–697. doi: 10.1046/j.1365-3059.2002.00785.x

Barcala, M., Cabrera, J., Fenoll, C., and Escobar, C. (2016). “Belowground defense
strategies against sedentary nematodes,” inBelowground Defense Strategies
Against Sedentary Nematodes,eds C. Vos and K. Kazan (Cham: Springer-
Verlag).

Barcala, M., García, A., Cabrera, J., Casson, S., Lindsey, K., Favery, B., et al. (2010).
Early transcriptomic events in microdissectedArabidopsisnematode-induced
giant cells.Plant J.61, 698–712. doi: 10.1111/j.1365-313X.2009.04098.x

Barcala, M., García, A., Cubas, P., Almoguera, C., Jordano, J., Fenoll, C., et al.
(2008). Distinct heat-shock element arrangements that mediate the heat
shock, but not the late-embryogenesis induction of small heat-shock proteins,
correlate with promoter activation in root-knot nematode feeding cells. Plant
Mol. Biol.66, 151–164. doi: 10.1007/s11103-007-9259-3

Frontiers in Plant Science | www.frontiersin.org 12 November 2017 | Volume 8 | Article 1987



Palomares-Rius et al. Morphogenesis Caused by Nematodes

Bella�ore, S., Shen, Z., Rosso, M. N., Abad, P., Shih, P., and Briggs, S. P.
(2008). Direct identi�cation of theMeloidogyne incognitasecretome reveals
proteins with host cell reprogramming potential.PLoS Pathog.4:e1000192.
doi: 10.1371/journal.ppat.1000192

Berg, R. H., Fester, T., and Taylor, C. G. (2008). “Development of the root-
knot nematode feeding cell,” inPlant Cell Monographs, Cell Biology of Plant
Nematode Parasitism, eds. R. H. Berg and C. G. Taylor (Berlin; Heidelberg:
Springer), 115–152.

Bird, A. F. (1985). The nature of the adhesion ofCorynebacterium rathayito
the cuticle of the infective juveniles ofAnguina agrostis. Int. J. Parasitol.15,
301–308. doi: 10.1016/0020-7519(85)90067-0

Bleve-Zacheo, T., and Zacheo, G. (1983). Early stage of diseasein �g roots induced
byXiphinema index. Nematol. Mediterr.11, 175–187.

Bohlmann, H. (2015). Introductory chapter on the basic biology of cyst nematodes.
Adv. Bot. Res.73, 34–53. doi: 10.1016/bs.abr.2014.12.001

Cabrera, J., Diaz-Manzano, F. E., Sanchez, M., Rosso, M. N., Melillo, T., Goh,
T., et al. (2014a). A role for LATERAL ORGAN BOUNDARIES-DOMAIN
16 during the interactionArabidopsis-Meloidogynespp.provides a molecular
link between lateral root and root-knot nematode feeding site development. New
Phytol.203, 632–645. doi: 10.1111/nph.12826

Cabrera, J., Barcala, M., Fenoll, C., and Escobar, C. (2014b). Transcriptomic
signatures of transfer cells in early developing nematode feeding cellsof
Arabidopsis. Front. Plant Sci.5, 1–9. doi: 10.3389/fpls.2014.00107

Cabrera, J., Díaz-Manzano, F. E., Fenoll, C., and Escobar, C. (2015a).
Developmental pathways mediated by hormones in nematode feeding sites.
Adv. Bot. Res.73, 167–188. doi: 10.1016/bs.abr.2014.12.005

Cabrera, J., Díaz-Manzano, F. E., Barcala, M., Arganda-Carreras,I., de Almeida-
Engler, J., Engler, G., et al. (2015b). Phenotyping nematode feeding sites:
three dimensional reconstruction and volumetric measurements of giant cells
induced by root-knot nematodes inArabidopsis. New Phytol.206, 868–880.
doi: 10.1111/nph.13249

Caillaud, M. C., Abad, P., and Favery, B. (2008). Cytoskeleton reorganization, a key
process in root-knot nematode-induced giant cell ontogenesis.Plant Sig. Behav.
3, 816–818. doi: 10.4161/psb.3.10.5889

Campbell, W. F., and Gri�n, G. D. (1973). Fine structure analyses of stem
nematode-induced white �agging inMedicago sativa. J. Nematol.5, 123–126.

Carneiro, R. M. D. G., Carneiro, R. G., Abrantes, I. M. O., Santos, M. S.
N. A., and Almeida, M. R. A. (1996).Meloidogyne paranaensisn. sp.
(Nemata: Meloidogynidae), a root-knot nematode parasitizing co�ee in Brazil.
J. Nematol.28, 77–189.

Castillo, P., Vovlas, N., Azpilicueta, A., Landa, B. B., and Jiménez-Díaz, R.
M. (2007). Host-parasite relationships in fall-sown sugar beets infected by
the stem and bulb nematode,Ditylenchus dipsaci. Plant Dis. 91, 71–79.
doi: 10.1094/PD-91-0071

Castillo, P., Vovlas, N., Nico, A. I., and Jiménez-Díaz, R. M. (1999). Infection of
olive trees byHeterodera mediterraneain orchards in Southern Spain.Plant
Dis.83, 710–713. doi: 10.1094/PDIS.1999.83.8.710

Castillo, P., Vovlas, N., Subbotin, S., and Troccoli, A. (2003a).A new root-
knot nematode,Meloidogyne baetican. sp. (Nematoda: Heteroderidae),
parasitizing wild olive in Southern Spain.Phytopathology93, 1093–1102.
doi: 10.1094/PHYTO.2003.93.9.1093

Castillo, P., Vovlas, N., and Troccoli, A. (2003b). The reniform nematode,
Rotylenchulus macrosoma, infecting olive in southern Spain.Nematology5,
23–29. doi: 10.1163/156854102765216650

Chizhov, V. N., Borisov, B. A., and Subbotin, S. A. (2010). A new stem nematode,
Ditylenchus weischerisp. n. (Nematoda: Tylenchida), a parasite of Cirsium
arvense (L.) Scop, in the Central Region of the Non-Chernozem zone of Russia.
Rus. J. Nematol.18, 95–102.

Chizhov, V. N., and Subbotin, S. A. (1985). Revision of the nematode
subfamily Anguininae (Nematoda, Tylenchida) on the basis of their biological
characteristics.Zool. Zhurnal64, 1476–1486.

Clément, M., Ketelaar, T., Rodiuc, N., Banora, M. Y., Smertenko, A., Engler,
G., et al. (2009). Actin-depolymerizing factor2-mediated actin dynamics are
essential for root-knot nematode infection ofArabidopsis. Plant Cell 21,
2963–2979. doi: 10.1105/tpc.109.069104

Cohn, E. (1970). Observations on the feeding and symptomatologyof Xiphinema
andLongidoruson selected host roots.J. Nematol.2, 167–173.

Cohn, E., and Kaplan, D. T. (1983). Parasitic habits ofTrophotylenchus �oridensis
(Tylenchulidae) and its taxonomic relationship toTylenchulus semipenetrans
and allied species.J. Nematol.15, 514–523.

Cohn, E., Kaplan, D. T., and Esser, R. P. (1984). Observations on the mode
of parasitism and histopathology ofMeloidodera �oridensisand Verutus
volvingentis(Heteroderidae). J. Nematol.16, 256–264.

Damiani, I., Baldacci-Cresp, F., Hopkins, J., Andrio, E., Balzergue,
S., Lecomte, P., et al. (2012). Plant genes involved in harbouring
symbiotic rhizobia or pathogenic nematodes.New Phytol.194, 511–522.
doi: 10.1111/j.1469-8137.2011.04046.x

de Almeida-Engler, J., Siqueira, K. M. S., Nascimento, D. C., Costa, T. G.,
and Engler, G. (2016). A cellular outlook of galls induced by root-knot
nematodes in the model hostArabidopsis thaliana. Nematoda1:e062016.
doi: 10.4322/nematoda.00616

de Almeida Engler, J., Van Poucke, K., Karimi, M., De Groodt, R., Gheysen,
G., Engler, G., et al. (2004). Dynamic cytoskeleton rearrangements in
giant cells and syncytia of nematode-infected roots.Plant J. 38, 12–26.
doi: 10.1111/j.1365-313X.2004.02019.x

de Almeida Engler, J., Vieira, P., Rodiuc, N., Grossi de Sa, M. F., and Engler,
G. (2015). The plant cell cycle machinery: usurped and modulated by plant-
parasitic nematodes.Adv. Bot. Res.73, 91–118. doi: 10.1016/bs.abr.2014.12.003

Decraemer, W., and Hunt, D. (2006). “Structure and classi�cation,” in Plant
Nematology, eds R.N. Perry and M. Moens (Wallingford: CAB International),
3–32.

Decraemer, W., and Robbins, R. T. (2007). The who, what and whereof
longidoridae and trichodoridae.J. Nematol.39, 295–297.

De Meutter, J., Robertson, L., Parcy, F., Mena, M., Fenoll, C., and
Gheysen, G. (2005). Di�erential activation of ABI3 and LEA genes
upon plant parasitic nematode infection.Mol. Plant Pathol.6, 321–325.
doi: 10.1111/j.1364-3703.2005.00283.x

De Meutter, J., Tytgat, T., Witters, E., Gheysen, G., Van Onckelen, H., and
Gheysen, G. (2003). Identi�cation of cytokinins produced by the plant parasitic
nematodesHeterodera schachtiiandMeloidogyne incognita. Mol. Plant Pathol.
4, 271–277. doi: 10.1046/j.1364-3703.2003.00176.x

Doyle, E.A., and Lambert, K.N. (2003). Meloidogyne javanica chorismate mutase
1 alters plant cell development.Mol. Plant Microbe Interact.16, 123–131.
doi: 10.1094/MPMI.2003.16.2.123

Escobar, C., Barcala, M., Cabrera, J., and Fenoll, C. (2015). Overview
of root-knot nematodes and giant cells.Adv. Bot. Res.73, 1–32.
doi: 10.1016/bs.abr.2015.01.001

Escobar, C., Horowitz, S. B., and Mitchum, M. G. (2011). “Transcriptomic
and proteomic analysis of the plant response to nematode infection,” in
Genomics and Molecular Genetics of Plant-Nematode Interactions,eds J. Jones,
G. Gheysen, and C. Fenoll (Dordrecht; Heidelberg; London; New York, NY:
Springer), 157–173.

Evans, K., and Rowe, J. A. (1998). “Distribution and economic importance,” inThe
Cyst Nematodes, ed S. B. Sharma (Dordrecht: Kluwer Academic Publishers),
1–30.

Eves-Van Den Akker, S., Laetsch, D. R., Thorpe, P., Lilley, C. J.,Danchin, E.
G. J., Da Rocha, M., et al. (2016). The genome of the yellow potato cyst
nematode,Globodera rostochiensis, reveals insights into the basis of parasitism
and virulence.Genome Biol.17, 1–23. doi: 10.1186/s13059-016-0985-1

Eves-Van Den Akker, S., Lilley, C., Danchin, E., Rancurel, C., Cock, P., Urwin, P.,
et al. (2014). The transcriptome ofNacobbus aberransreveals insights into the
evolution of sedentary endoparasitism in plant-parasitic nematodes. Genome
Biol. Evol.6, 2181–2194. doi: 10.1093/gbe/evu171

Fattah, F. A., and Al-Assas, K. (2010). Histopathological comparison of galls
induced byAnguina tritici with galls subsequently colonised byRathayibacter
tritici in wheat.Nematol. Mediterr.38, 173–177.

Favery, B., Complainville, A., Vinardeli, J. M., Lecomte, P., Vaubert,D., Mergaert,
P., et al. (2002). The endosymbiosis-induced genes ENOD40 andCCS52a are
involved in endoparasitic-nematode interactions inMedicago truncatula. Mol.
Plant Microbe Interact.15, 1008–1013. doi: 10.1094/MPMI.2002.15.10.1008

Favery, B., Quentin, M., Jaubert-Possamai, S., and Abad, P. (2016). Gall-
forming root-knot nematodes hijack key plant cellular functions to induce
multinucleate and hypertrophied feeding cells.J. Insect Physiol.84, 60–69.
doi: 10.1016/j.jinsphys.2015.07.013

Frontiers in Plant Science | www.frontiersin.org 13 November 2017 | Volume 8 | Article 1987



Palomares-Rius et al. Morphogenesis Caused by Nematodes

Ferreira, B. G., Avritzer, S. C., and Isaias, R. M. S. (2017). Totipotent nutritive
cells and indeterminate growth in galls ofDitylenchus gallaeformans
(Nematoda) on reproductive apices ofMiconia. Flora 227, 36–45.
doi: 10.1016/j.�ora.2016.12.008

Fosu-Nyarko, J., Jones, M. G. K., and Wang, Z. (2009). Functional characterization
of transcripts expressed in early-stageMeloidogyne javanica-induced giant
cells isolated by laser microdissection.Mol. Plant Pathol.10, 237–248.
doi: 10.1111/j.1364-3703.2008.00526.x

Franklin, M. (1961). A British Root-knot nematode,Meloidogyne artiellian. sp. J.
Helminthol.1961(Suppl.1), 85–92. doi: 10.1017/S0022149X00017600

Furlanetto, C., Cardle, L., Brown, D. J., and Jones, J. T. (2005). Analysis of expressed
sequence tags from the ectoparasitic nematodeXiphinema index. Nematology7,
95–104. doi: 10.1163/1568541054192180

Gao, B., Allen, R., Maier, T., Davis, E. L., Baum, T. J., and Hussey, R.
S. (2001). Identi�cation of putative parasitism genes expressedin the
oesophageal gland cells of the soybean cyst nematodeHeterodera glycines.
Mol. Plant Microbe Interac.14, 1247–1254. doi: 10.1094/MPMI.2001.14.
10.1247

Gao, B. L., Allen, R., Maier, T., Davis, E. L., Baum, T. J., and Hussey, R. S. (2003).
The parasitome of the phytonematodeHeterodera glycines. Mol. Plant Microbe
Interac.16, 720–726. doi: 10.1094/MPMI.2003.16.8.720

Gardner, M., Verma, A., and Mitchum, M. G. (2015). Emerging roles of cyst
nematode e�ectors in exploiting plant cellular processes.Adv. Bot. Res.73,
259–291. doi: 10.1016/bs.abr.2014.12.009

Gheysen, G., and Mitchum, M. (2009). Molecular insights in the susceptible
plant response to nematode infection.Plant Cell Monographs15, 45–81.
doi: 10.1007/978-3-540-85215-5_3

Golinowski, W., Grundler, F. M. W., and Sobczak, M. (1996). Changes in
the structure of Arabidopsis thalianaduring female development of the
plant-parasitic nematodeHeterodera schachtii. Protoplasma194, 103–116.
doi: 10.1007/BF01273172

Goodey, T. (1935).The Pathology and Aetiology of Plant Lesions Caused by
Parasitic Nematodes. London: Impression Bureau of Agricultural Parasitology
Publications, 34

Goverse, A, and Bird, D. (2011). “The role of plant hormones in nematode
feeding cell formation,” inGenomics and Molecular Genetics of Plant–Nematode
Interactions,eds J. Jones, G. Gheysen and Fenoll C. (Dordrecht: Springer),
325–348.

Gri�ths, B. S., and Robertson, W. M. (1984). Morphological and histochemical
changes occurring during the life-span of root-tip galls onLolium perenne
induced byLongidorus elongatus. J. Nematol.16, 223–229.

Gri�ths, B. S., and Robertson, W. M. (1988). A quantitative study of
changes induced byXiphinema diversicaudatumin root-tip galls of
strawberry and ryegrass.Nematologica34, 198–207. doi: 10.1163/002825988
X00297

Gutiérrez-Gutiérrez, C., Palomares-Rius, J. E., Jiménez-Díaz, R. M., and
Castillo, P. (2011). Host suitability ofVitis rootstocks to root-knot
nematodes (Meloidogynespp.) and the dagger nematodeXiphinema index,
and plant damage caused by infections.Plant Pathol. 60, 575–585.
doi: 10.1111/j.1365-3059.2010.02404.x

Haegeman, A., Jones, J. T., and Danchin, E. G. J. (2011a). Horizontal gene transfer
in nematodes: a catalyst for plant parasitism?Mol. Plant. Microbe Interac.24,
879–887. doi: 10.1094/MPMI-03-11-0055

Haegeman, A., Joseph, S., and Gheysen, G. (2011b). Analysis of the
transcriptome of the root lesion nematodePratylenchus co�eaegenerated
by 454 sequencing technology.Mol. Biochem. Parasitol.178, 7–14.
doi: 10.1016/j.molbiopara.2011.04.001

Haegeman, A., Mantelin, S., Jones, J. T., and Gheysen, G. (2012). Functional
roles of e�ectors of plant-parasitic nematodes.Gene 492, 19–31.
doi: 10.1016/j.gene.2011.10.040

Haegeman, A., Vanholme, B., and Gheysen, G. (2009). Characterization of a
putative endoxylanase in the migratory plant-parasitic nematodeRadopholus
similis. Mol. Plant Pathol.10, 389–401. doi: 10.1111/j.1364-3703.2009.00539.x

Hawn, E. J. (1969). Alfalfa root galls caused by the stem and bulb nematode.
J. Nematol.1, 190–191.

Hogenhout, S. A., Van Der Hoorn, R. A. L., Terauchi, R., and Kamoun,S. (2009).
Emerging concepts in e�ector biology of plant-associated organisms.Mol. Plant
Microbe Interac.22, 115–122. doi: 10.1094/MPMI-22-2-0115

Hussey, R. S., and Grundler, F. M. (1998). “Nematode parasitism of plants,” in
Physiology and Biochemistry of Free-Living and Plant Parasitic Nematodes,eds
R.N. Perry and J. Wright (Oxford: CAB International Press), 213–243.

Inserra, R. N., and Vovlas, N. (1980). The Biology ofRotylenchulus macrodoratus.
J. Nematol.12, 97–102.

Inserra, R. N., Vovlas, N., Gri�n, G. D., and Anderson, J. L. (1983). Development
of the false root-knot nematode,Nacobbus aberrans, on sugarbeet.J. Nematol.
15, 288–296.

Inserra, R. N., Vovlas, N., and Morgan Golden, A. (1979).Helicotylenchus oleaen.
sp. andH. neopaxillin. sp. (Hoplolaimidae), two new spiral nematodes parasitic
on olive trees in Italy.J. Nematol.11, 56–62.

Inserra, R. N., Vovlas, N., and O'Bannon, J. H. (1988). Morphological
and biological characters of diagnostics signi�cance inTylenchulusand
Trophotylenchusspecies.Nematologica34, 412–421. doi: 10.1163/002825988
X00378

Ithal, N., Recknor, J., Nettleton, D., Maier, T., Baum, T. J., and Mitchum,
M. G. (2007). Developmental transcript pro�ling of cyst nematode
feeding cells in soybean roots.Mol. Plant Microbe Interac.20, 510–525.
doi: 10.1094/MPMI-20-5-0510

Jacob, J., Vanholme, B., Haegeman, A., and Gheysen, G. (2007). Four
transthyretin-like genes of the migratory plant-parasitic nematodeRadopholus
similis: members of an extensive nematode-speci�c family.Gene402, 9–19.
doi: 10.1016/j.gene.2007.07.015

Jaouannet, M., and Rosso, M. N. (2013). E�ectors of root sedentary nematodes
target diverse plant cell compartments to manipulate plant functions and
promote infection.Plant Sig. Behav.8:e25507. doi: 10.4161/psb.25507

Ji, H., Gheysen, G., Denil, S., Lindsey, K., Topping, J. F., Nahar, K., et al.
(2013). Transcriptional analysis through RNA sequencing of giant cells
induced byMeloidogyne graminicolain rice roots.J. Exp. Bot.64, 3885–3898.
doi: 10.1093/jxb/ert219

Jones, J. T., Haegeman, A., Danchin, E. G. J., Gaur, H. S., Helder,J., Jones, M. G. K.,
et al. (2013). Top 10 plant-parasitic nematodes in molecular plant pathology.
Mol. Plant Pathol.14, 946–961. doi: 10.1111/mpp.12057

Jones, J. T., Kumar, A., Pylypenko, L. A., Thirugnanasambandam, A., Castelli,
L., Chapman, S., et al. (2009). Identi�cation and functional characterization
of e�ectors in expressed sequence tags from various life cycle stages of the
potato cyst nematodeGlobodera pallida. Mol. Plant Pathol.10, 815–828.
doi: 10.1111/j.1364-3703.2009.00585.x

Jones, M. G. K., and Gunning, B. E. S. (1976). Transfer cells and nematode
induced giant cells in Helianthemum. Protoplasma 87, 273–279.
doi: 10.1007/BF01623973

Jones, R. K. (1978a). Histological and ultrastructural changes incereal roots
caused by feeding ofHelicotylenchusspp. Nematologica24, 393–397.
doi: 10.1163/187529278X00515

Jones, R. K. (1978b). The feeding behaviour ofHelicotylenchusspp.on wheat roots.
Nematologica24, 88–94. doi: 10.1163/187529278X00100

Klink, V. P., Hosseini, P., Matsye, P. D., Alkharouf, N. W., and Matthews, B.
F. (2010). Syncytium gene expression in Glycine max ([PI 88788])roots
undergoing a resistant reaction to the parasitic nematodeHeterodera glycines.
Plant Physiol. Biochem.48, 176–193. doi: 10.1016/j.plaphy.2009.12.003

Klink, V. P., Overall, C. C., Alkharouf, N. W., MacDonald, M. H., and Matthews,
B. F. (2007). Laser capture microdissection (LCM) and comparative microarray
expression analysis of syncytial cells isolated from incompatible andcompatible
soybean (Glycine max) roots infected by the soybean cyst nematode (Heterodera
glycines). Planta226, 1389–1409. doi: 10.1007/s00425-007-0578-z

Klinkenberg, C. H. (1963). Observations on the feeding habitsof Rotylenchus
uniformis, Pratylenchus crenatus, P. penetrans, Tylenchorhynchus
dubius and Hemicycliophora similis. Nematologica9, 502–506.
doi: 10.1163/187529263X00566

Krusberg, L. R. (1961). Studies on the culturing and parasitism ofplant parasitic
nematodes, in particularDitylenchus dipsaciandAphelenchoides ritzemabosion
alfalfa tissues.Nematologica6, 181–200. doi: 10.1163/187529261X00027

Lax, P., Rondan Dueñas, J. C., Gardenal, C. N., and Doucet, M. E.(2014).
Phylogenetic relationships among populations of theNacobbus aberrans
(Nematoda, Pratylenchidae)complex reveal the existence of cryptic species.
Zool. Scr.43, 184–192. doi: 10.1111/zsc.12043

Li, Y., Fester, T., and Taylor, C. (2009). “Transcriptomic analysis of nematode
infestation”, in Cell Biology of Plant Nematode Parasitism. Plant Cell

Frontiers in Plant Science | www.frontiersin.org 14 November 2017 | Volume 8 | Article 1987



Palomares-Rius et al. Morphogenesis Caused by Nematodes

Monographs,eds R.H. Berg and C.G. Taylor (New York, NY: Springer),
189–220.

Lin, B., Zhuo, K., Chen, S., Hu, L., Sun, L., Wang, X., et al. (2016). A
novel nematode e�ector suppresses plant immunity by activating host
reactive oxygen species-scavenging system.New Phytol.209, 1159–1173.
doi: 10.1111/nph.13701

McKay, A. C., and Ophel, K. M. (1993). ToxigenicClavibacter/Anguina
associations infecting grass seeheads.Annu. Rev. Phytopathol.31, 131–157.
doi: 10.1146/annurev.py.31.090193.001055

Moens, M., Perry, R., and Starr, J. (2009). “Meloidogynespecies a diverse group of
novel and important plant parasites,” inRoot-knot nematodes, eds. R. N. Perry,
M. Moens and J. L. Starr (Wallingford: CABI publ.), 1–13.

Mundo-Ocampo, M., and Baldwin, J. G. (1983a). Host response toMeloidodera
spp. (Heteroderidae).J. Nematol.15, 544–554.

Mundo-Ocampo, M., and Baldwin, J. G. (1983b). Host Response toSarisodera
hydrophilaWouts and Sher, 1971.J. Nematol.15, 259–268.

Mundo-Ocampo, M., and Baldwin, J. G. (1983c). Host-Parasite
relationships of Atalodera spp. (Heteroderidae). J. Nematol. 15,
234–243.

Mundo-Ocampo, M., and Baldwin, J. G. (1984). Comparison of host response of
Cryphodera utahensiswith other Heteroderidae and a discussion of phylogeny.
Proc. Helminthol. Soc. Wash.5, 25–31.

Needham, J. T. (1744). A letter concerning certain chalky tubulousconcretions,
called malm; with some microscopical observations on the farina of the red
lily, and of worms discovered in smutty corn.Philos.Trans. R. Soc. Lond.42,
634–641. doi: 10.1098/rstl.1742.0101

Nyaku, S. T., Sripathi, V. R., Kantety, R. V., Cseke, S. B., Buyyarapu, R., Mc Ewan,
R., et al. (2014). Characterization of the reniform nematode genomeby shotgun
sequencing.Genome57, 209–221. doi: 10.1139/gen-2014-0019

Olmo, R., Cabrera, J., Moreno-Risueno, M. A., Fukaki, H., Fenoll, C.,and Escobar,
C. (2017). Molecular transducers from roots are triggered inArabidopsisleaves
by root-knot nematodes for successful feeding site formation: aconserved
post-embryogenicde novoorganogenesis program?Front. Plant Sci.8:875.
doi: 10.3389/fpls.2017.00875

Opperman, C. H., Bird, D. M., Williamson, V. M., Rokhsar, D. S., Burke,
M., and Cohn, J. (2008). Sequence and genetic map ofMeloidogyne
hapla: a compact nematode genome for plant parasitism.Proc.
Natl. Acad. Sci. U.S.A.105, 14802–14807. doi: 10.1073/pnas.08059
46105

Palomares-Rius, J. E., Castillo, P., Navas-Cortés, J. A., Jiménez-Díaz, R. M., and
Tena, M. (2011). A proteomic study of in-root interactions between chickpea
pathogens: the root-knot nematodeMeloidogyne artielliaand the soil-borne
fungusFusarium oxysporumf. sp.cicerisrace 5.J. Proteomics74, 2034–2051.
doi: 10.1016/j.jprot.2011.05.026

Perry, R., and Moens, M. (2011). “Introduction to plant-parasitic nematodes;
modes of parasitism,” inGenomics and molecular genetics of plant-nematode
interactions,eds J. Jones, G. Gheysen, and C. Fenoll (Amsterdam: Springer),
3–20.

Pitcher, R. S. (1967). The host-parasite relations and ecology ofTrichodorus
viruliferus on apple roots, as observed from an underground laboratory.
Nematologica13, 547–557. doi: 10.1163/187529267X00364

Portillo, M., Cabrera, J., Lindsey, K., Topping, J., Andres, M. F., Emiliozzi, M.,
et al. (2013). Distinct and conserved transcriptomic changes during nematode-
induced giant cell development in tomato compared withArabidopsis:
a functional role for gene repression.New Phytol. 197, 1276–1290.
doi: 10.1111/nph.12121

Quentin, M., Abad, P., and Favery, B. (2013). Plant parasitic nematode e�ectors
target host defense and nuclear functions to establish feeding cells.Front. Plant
Sci.4, 53. doi: 10.3389/fpls.2013.00053

Ramsay, K., Wang, Z., and Jones, M. G. K. (2004). Using laser capture
microdissection to study gene expression in early stages of giant
cells induced by root-knot nematodes.Mol. Plant Pathol. 5, 587–592.
doi: 10.1111/j.1364-3703.2004.00255.x

Razak, A. R., and Evans, A. A. F. (1976). An intracellular tube associated with
feeding byRotylenchus reniformison cowpea root.Nematologica22, 182–189.
doi: 10.1163/187529276X00274

Robertson, W. M., Trudgill, D. L., and Gri�ths, B. S. (1984). Feeding of
Longidorus elongatusand L. leptocephalus on root-tip galls of perennial

ryegrass (Lolium perenne).Nematologica30, 222–229. doi: 10.1163/187529284
X00121

Rehman, S., Gupta, V. K., and Goyal, A. K. (2016). Identi�cationand functional
analysis of secreted e�ectors from phytoparasitic nematodes.BMC Microbiol.
16:48. doi: 10.1186/s12866-016-0632-8

Rosso, M. N., Favery, B., Piotte, C., Arthaud, L., De Boer, J. M., Hussey, R.
S., et al. (1999). Isolation of a cDNA encoding a b -1,4-endoglucanase in
the root-knot nematodeMeloidogyne incognitaand expression analysis
during plant parasitism. Mol. Plant Microbe Interac.12, 585–591.
doi: 10.1094/MPMI.1999.12.7.585

Rumpenhorst, H. J., and Weischer, B. (1978). Histopathological and histochemical
studies on grapevine roots damaged byXiphinema index. Revue de Nématologie
1, 217–225.

Sasanelli, N., Vovlas, N., Trisciuzzi, N., Cantalapiedra-Navarrete, C., Palomares-
Rius, J. E., and Castillo, P. (2013). Pathogenicity and host–parasite
relationships ofHeterodera cruciferaein cabbage.Plant Dis. 97, 333–338.
doi: 10.1094/PDIS-07-12-0699-RE

Sasser, J.N., and Freckman, D.W. (1987). “A world perspective on nematology: the
role of the society” inVistas on Nematology,eds J. A. Veech and D. W. Dickson
(Hyattsville, MD: Society of Nematologists Inc.), 7–14.

Siddiqi, M. R. (1973).Xiphinema americanum. C.I.H. Descriptions of Plant-
parasitic Nematodes, 29:4.

Siddiqi, M. R. (2000).Tylenchida: Parasites of Plants and Insects.Wallingford:
CABI.

Siddique, S., and Grundler, F. M. W. (2015). Metabolism in nematode feeding sites.
Adv. Bot. Res.73, 119–138. doi: 10.1016/bs.abr.2015.02.001

Skinner, J. A., Orr, C. C., and Robinson, A. F. (1980). Histopathogenesis of the Galls
Induced byNothanguina phyllobiain Solanum elaeagnifolium. J. Nematol.12,
141–150.

Sobczak, M., and Golinowski, W. (2011). “Cyst nematodes and syncytia,” in
Genomics and Molecular Genetics of Plant-Nematode Interactions, eds J. Jones,
G. Gheysen and C. Fenoll (Amsterdam: Springer), 61–82.

Sobczak, M., Golinowski, W., and Grundler, F. W. (1997). Changes in the structure
of Arabidopsis thalianaroots induced during development of males of the plant
parasiticnematode Heterodera schachtii. Eur. J. Plant Pathol.103, 113–124.
doi: 10.1023/A:1008609409465

Staudt, G., and Weischer, B. (1992). Resistance to transmission of grapevine fanleaf
virus byXiphinema indexin Vitis rotundifoliaandVitis munsoniana.Wein-Wiss
47, 56–61.

Sturhan, D., and Brzeski, M. W. (1991). “Stem and bulb nematodes, Ditylenchus
spp.,” inManual of Agricultural Nematology,ed W. R. Nickle (New York, NY:
Marcel Dekker, Inc.,), 423–464.

Stynes, R. A., and Bird, A. F. (1982). Development of galls induced in Lolium
rigidumbyAnguina agrostis. Phytopathology72, 336–346.

Subbotin, S. A., Krall, E. L., Riley, I. T., Chizhov, V. N., Staelens, A., De Loose,
M., et al. (2004). Evolution of the gall-forming plant parasitic nematodes
(Tylenchida: Anguinidae) and their relationships with hosts as inferred from
Internal Transcribed Spacer sequences of nuclear ribosomal DNA.Mol.
Phylogenet. Evol.30, 226–235. doi: 10.1016/S1055-7903(03)00188-X

Subbotin, S. A., Madani, M., Krall, E., Sturhan, D., and Moens, M.
(2005). Molecular diagnostics, taxonomy, and phylogeny of the stem
nematode Ditylenchus dipsacispecies complex based on the sequences
of the internal transcribed spacer-rDNA.Phytopathology95, 1308–1315.
doi: 10.1094/PHYTO-95-1308

Subbotin, S. A., Mundo-Ocampo, M., and Baldwin, J. G. (2010).Systematics
of cyst nematodes (Nematoda: Heteroderinae). Nematology Monographs and
Perspectives8B, (Leiden: Brill), 512.

Szakasits, D., Heinen, P., Wieczorek, K., Hofmann, J., Wagner, F., Kreil,
D. P., et al. (2009). The transcriptome of syncytia induced by the cyst
nematodeHeterodera schachtiiin Arabidopsisroots. Plant J.57, 771–784.
doi: 10.1111/j.1365-313X.2008.03727.x

Teillet, A., Dybal, K., Kerry, B. R., Miller, A. J., and Curtis, R. H. C.,and Hedden,
P. (2013). Transcriptional changes of the root-knot nematodeMeloidogyne
incognitain response toArabidopsis thalianaroot signals.PLoS ONE8:e61259.
doi: 10.1371/journal.pone.0061259

Truong, N. M., Nguyen, C. N., Abad, P., Quentin, M., and Favery,B. (2015).
Function of root knot nematode e�ectors and their targets in plant parasitism.
Adv. Bot. Res.73, 293–324. doi: 10.1016/bs.abr.2014.12.010

Frontiers in Plant Science | www.frontiersin.org 15 November 2017 | Volume 8 | Article 1987



Palomares-Rius et al. Morphogenesis Caused by Nematodes

Van Den Berg, E., Palomares-Rius, J. E., Vovlas, N., Tiedt, L. R.,Castillo, P.,
and Subbotin, S. A. (2016). Morphological and molecular characterisation of
one new and several known species of the reniform nematode,Rotylenchulus
Linford & Oliveira, 1940 (Hoplolaimidae: Rotylenchulinae), and a phylogeny of
the genus.Nematology18, 67–107. doi: 10.1163/15685411-00002945

Vovlas, N. (1983). Histopathogenesis of galls induced bySubanguina radicicolaon
Poa annuaroots.Plant Dis.67, 143–144. doi: 10.1094/PD-67-143

Vovlas, N. (1987). Parasitism ofTrophotylenchulus obscuruson co�ee roots.Revue
De Nématologie10, 337–342.

Vovlas, N., Cohn, E., and Inserra, R. N. (1985). Histological changes induced by
Rotylenchus borealison corn and sweet potato and byR. parvuson sugarcane.
Revue De Nématologie8, 125–130.

Vovlas, N., and Inserra, R. N. (1985). Single modi�ed food cell induced by
Helicotylenchus pseudorobustusin corn roots.J. Nematol.17, 371–373.

Vovlas, N., Landa, B. B., Liébanas, G., Handoo, Z. A., Subbotin, S. A., and Castillo,
P. (2006). Characterization of the cystoid nematodeMeloidoderita kirjanovae
(Nemata: Sphaeronematidae) from Southern Italy.J. Nematol.38, 376–382.

Vovlas, N., Nico, A. I., De Luca, F., De Giorgi, C., and Castillo,P. (2007). Diagnosis
and molecular variability of an Argentinean population ofNacobbus aberrans
with some observations on histopathology in tomato.J. Nematol.39, 17–26.

Vovlas, N., Rapoport, H. F., Jiménez Díaz, R. M., and Castillo, P. (2005).
Di�erences in feeding sites induced by root-knot nematodes,Meloidogynespp.,
in chickpea.Phytopathology95, 368–375. doi: 10.1094/PHYTO-95-0368

Vovlas, N., Trisciuzzi, N., Troccoli, A., De Luca, F., Cantalapiedra-Navarrete, C.,
and Castillo, P. (2013). Integrative diagnosis and parasitic habits ofCryphodera
brinkmani a non-cyst forming heteroderid nematode intercepted on Japanese
white pine bonsai trees imported into Italy.Eur. J. Plant Pathol.135, 717–726.
doi: 10.1007/s10658-012-0108-0

Vovlas, N., Vovlas, A., Leonetti, P., Liébanas, G., Castillo, P., Subbotin, S., et al.
(2015a). Parasitism e�ects on white clover by root-knot and cyst nematodes
and molecular separation ofHeterodera davertifrom H. trifolii. Eur. J. Plant
Pathol.143, 833–845. doi: 10.1007/s10658-015-0735-3

Vovlas, N., Troccoli, A., Palomares-Rius, J. E., De Luca, F., Cantalapiedra-
Navarrete, C., Liébanas, G., et al. (2015b). A new stem nematode,
Ditylenchus oncogenusn. sp. (Nematoda: Tylenchida), parasitizing sowthistle
from Adriatic coast dunes in southern Italy.J. Helminthol.90, 152–165.
doi: 10.1017/S0022149X14000947

Vovlas, N., Troccoli, A., Palomares-Rius, J. E., De Luca, F., Liébanas, G., Landa,
B. B., et al. (2011).Ditylenchus gigasn. sp. parasitizing broad bean: a new
stem nematode singled out from theDitylenchus dipsacispecies complex using
a polyphasic approach with molecular phylogeny.Plant Pathol.60, 762–775.
doi: 10.1111/j.1365-3059.2011.02430.x

Wang, Z., Potter, R. H., and Jones, M. G. K. (2003). Di�erentialdisplay
analysis of gene expression in the cytoplasm of giant cells induced in
tomato roots by Meloidogyne javanica. Mol. Plant Pathol. 4, 361–371.
doi: 10.1046/j.1364-3703.2003.00184.x

Watson, A. K. (1986). Biology ofSubanguina picridis, a potential biological control
agent of Russian knapweed.J. Nematol.18, 149–154.

Watson, A. K., and Shorthouse, J. D. (1979). Gall formation onCirsium arvenseby
Ditylenchus dipsaci. J. Nematol.11, 16–22.

Wei, Z., and Li, J. (2016). Brassinosteroids regulate root growth,development, and
symbiosis.Mol. Plant9, 86–100. doi: 10.1016/j.molp.2015.12.003

Weischer, B., and Wyss, U. (1976). Feeding behaviour and pathogenicity
of Xiphinema index on grapevine roots.Nematologica 22, 319–325.
doi: 10.1163/187529276X00607

Weischer, B., and Wyss, U. (1980). Development, histology and ultrastructure
of root-tip galls induced by the ectoparasitic nematodeXiphinema index.
Bull. Soc. Bot. France Actual. Bot.127, 67–69. doi: 10.1080/01811789.1980.108
26436

Westphal, E., and Manson, D. C. M. (1996). “Feeding e�ects on host plants: gall
formation and other distortions,” inEriophyid Mites-Their Biology, Natural
Enemies and Control,eds E. E. Lindquist, M. W. Sabelis and J. Bruin
(Amsterdam: Elsevier), 231–250.

Whitford, R., Fernandez, A., De Groodt, R., Ortega, E., and Hilson,P. (2008).
Plant CLE peptides from two distinct functional classes synergistically induce
division of vascular cells.Proc. Natl. Acad. Sci. U.S.A.105, 18625–18630.
doi: 10.1073/pnas.0809395105

Wubben, M. J., Gavilano, L., Baum, T. J., and Davis, E. L. (2015). Sequence and
spatiotemporal expression analysis of CLE-motif containing genes from the
reniform nematode (Rotylenchulus reniformisLinford & Oliveira). J. Nematol.
47, 159–165.

Wyss, U. (1978). Root and cell response to feeding byXiphinema
index. Nematologica 24, 159–166. doi: 10.1163/187529278
X00362

Wyss, U. (2010). “Feeding behaviour of plant-parasitic nematodes,” in The
Biology of Nematodes,ed D. L. Lee (Boca Ratón: Taylor & Francis Group),
462–513.

Wyss, U., Lehmann, H., and Jank-Ladwig, R. (1980). Ultrastructure ofmodi�ed
root-tip cells inFicus carica, induced by the ectoparasitic nematodeXiphinema
index. J. Cell Sci.41, 193–208.

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2017 Palomares-Rius, Escobar, Cabrera, Vovlas and Castillo. This
is an open-access article distributed under the terms of theCreative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org 16 November 2017 | Volume 8 | Article 1987


