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

More than 4,100 species of plant-parasitic nematodes (PPNglated in some way to PPN life style (migratory ectoparasite
have been identi ed Pecraemer and Hunt, 20)€and some  sedentary ectoparasites, migratory ecto-endoparasitgsatory
of them cause damage to economically important crops. Asndoparasites, or sedentary endoparasites). Some species do n
restricted group of genera is considered as major plant-pgghs  produce stable feeding sites associated with their parasitism
whereas others are specic to a more limited range of cropsand in such cases the parasitized cells usually die (i.e.,
Some estimates suggest that PPNs cause a 77 billion doltpfichodorus Paratrichodorus Tylenchorhynchiis Apart from
loss in agricultural production worldwide each yeataser and  their co-evolution with plants, the response of plant cells and
Freckman, 1987 Additional losses could be related to food roots are closely related to feeding behavior, the anatofny o
quality and visual imperfections or market devaluation @s®@d  the nematode (mainly stylet size, which could reach di erent
with infection symptoms (i.e., carrots or potatoes aected bytypes of cells in the plant), and the secretory uids produced
Meloidogynespp.), restrictions to market exportation due to the jn the pharyngeal glands. These secretory uids are injected
imposition of quarantine trade rules, or measures of controkhrough the stylet into perforated cells where they modify plan
aimed at keeping nematodes below damage threshold in the el@ytop|asm prior to food removal. In some cases, the e ect of

Most nematode damage occurs through direct alteration ohematode parasitism is not only associated with the feeding
plant cells, usually interfering with the normal cell cycle o sjte, but it extends to adjacent tissues; for example, in tise ca
by WithdraWing nutrients from cell cytoplasm. However, SOMepf Me|0|dogynespp or Nacobbus aberran$he rst produce
groups also act as virus vectors of nepo- and tobravirusesenocytes and the second a syncytium, both with similar cell
(Longidorids and Trichodorids, respectiveljpecraemer and proliferation around the feeding sites that nally form a root
Robbins, 200 Furthermore, PPNs could interact with other gall. Nematode mode of interaction with plants is an active
plant-pathogens to increase damage to the plant or to breakg|d of research targeting the design of e ective new control
plant resistance (i.e., vascular fungal dise&sesk et al., 2002  strategies. This review intends to describe those plantatede
In addition, some microorganisms pathogenic to grazer aréma interactions that cause speci c alterations in plant cellated to
have been associated with galls produced by anguinid nereatoctheir feeding habit. Because of the extensive range of PRINs, 0

(McKay and Ophel, 1993These issues, caused by PPNs, havghportant genera of major groups with speci ¢ e ects in plants
resulted in quarantine regulations [i.e., ruled by Europeanyill be studied.

and Mediterranean Plant Protection Organization (EPPO) and
Assaociation of South East Asian Nations (ASEAN)].

The aboveground symptoms of root nematode damagl ANT MORPHOGENESIS INDUCED BY
are usually unspeci ¢ and associated with nutrient de cignc NEMATODES
incipient wilt, stunting, poor yield, and sometimes plant deat
Very few symptoms in plants can be associated unequivocal§tém, Leaf, Seed, and Root Gall
with PPNs as they are usually dicult to detect, with the Nematodes
exception of galls in roots or stems and necrosis or deforomati  These groups of nematodes use Ims of water to migrate up the
in some hosts caused by speci c species. PPNs can feed ong#int stem and are therefore more damaging under wet and cold
plant parts, including roots, stems, leaves, owers, and seedconditions. The fourth-stage juveniles penetrate plant giou
For this feeding and interaction with plants, they need aedtyl buds, petioles, lenticels, or stomata and subsequently move
(a hollow mouth spear, like a hypodermic needle), which idntercellularly through the middle lamella. Symptoms in theupt
highly variable in length and shape. Furthermore, PPNs Ugualare leaf or bulb deformities, short internodes, and in sopecies
possess three to ve pharyngeal glands that produce secretiongue neoplastic tissues similar to galls are formidres 1A-Q.
most of which are emitted thorough the stylet, that assistipla In most hosts, these nematodes induce extensive cell separati
nematode interaction (i.e., penetration, internal migoati and some necrosis, and hypertroph¥igures 1B-D,F,G. Usually,
parasitism). Other glands (amphids, phasmids, adanal glandseveral adjacent cells, not directly penetrated by the nedeat
and the excretory/secretory system) as well as hypodermssylet, exhibit cytological features such as a granulatemptasm
secretions are important in nematode cross-talk with plantsith hypertrophied nuclei and nucleoli. These cells could
(Rosso etal., 1999; Haegeman et al., RBPRNs can be classi ed be called nurturing cells and they proliferate amongst pith
as: (i) Ectoparasites: the nematode remains outside of the plaparenchyma and vascular bundles in some plants close to the
and uses its stylet to feed from the plant root cells; (i) Semifeeding sites formed by the cavity within the galV¢tson and
endoparasites: nematodes partially penetrate the plant addifee Shorthouse, 1979; Vovlas et al., 201B8ome authors as early
some point during their life cycle; (iii) Migratory endopartes: asGoodey (1935Krusberg (1961)andWatson and Shorthouse
nematodes spend much of their time migrating through root(1979) related this speci ¢ plant morphogenesis to the number
tissues destructively feeding on plant cells; and (iv) Sealgn of meristematic cells, as cortical parenchyma is associaitid
endoparasites: the nematode spends the majority of thespiée  cell separation only, while meristematic cells are more comgnon
sedentary inside the plant tissue establishing a highly afieetl  related with gall formation. The most important species of the
parasitism. Groups iii and iv are the most important in terms genus Ditylenchus(“stem nematodes”) iDitylenchus dipsaci
of crop losses. There are four basic types of feeding célls: Gecause 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 nematles. Ditylenchus gigas(A-D): (A) Necrotic area on stem (arrowed)(B-D) Cross sections
of parenchymatic tissues of the stem showing under-epiderric cavities surrounded by necrotic cells and nematode body prtions (Vovlas et al., 201% with permission
of John Wiley and Sons)Ditylenchus oncogenus(E-G). (E) Leaf midrib nematode-induced galls, showing different dermation degrees.(F) Longitudinal section of
parenchyma of a stem portion showing sub-epidermal cavitie (ca) surrounded by necrotic cells(G) Cross-section of ower parenchyma showing a nematode (n),
and hypertrophied nuclei (hn) in the attacked cells/ovlas et al., 2015k with permission of Cambridge University Press)Anguina tritici(H-J): (H) Healthy (left) and
infected (right) spike and seed galls of wheai(l,J) Cross-sections of wheat-seed showing severe infection indced by the nematode (n) and the high number of
nematodes inside the grain (Source: N. Vovlas). Root-galtsaused 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 nittous cells (Inc) (Source: N. Vovlas). ca, cavity; ec, egtnic
cell layer; hn, hypertrophied nuclei; Inc, layer of nutritiis cells; n, nematode. Scale barsA,F,H,K D 1,000 mm; B,E D 500 mm; C,D,G,J D 50 nm; I,L,M D 100 mm.
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causes to plants. Other species that cause crop damage includdis are surrounded by a layer of nutritious cells with salver
D. gigasD. destructarD. angustusand D. africanus However, hypertrophied nuclei, each containing several nucleoli. SEhe
most species within this genus are fungal-feeders in the soitells could function as a nutrient sink area from the plant
Depending on the species, they could infect a broad number dSkinner et al., 1980; Sobczak et al., )9The galls of some
plants (i.e.Ditylenchus dipsaror be speci cally associated with species, such &ubanguina picridimfecting Russian knapweed
some plants (i.eD. oncogenutd Sonchus bulbosws D. gigas (Rhaponticum repepshave a well-de ned zone of numerous
to broad beans)\(ovlas et al., 2015b Plant responses could nurturing cells and the cells among the nematodes do not
also di er depending on the nematode-species or their speci decome necroticW/atson, 198f Plant mechanisms that support
host, for example in the species complex groupDofdipsaci  parasitism and how those cells act as a nutrient sink tissue for
some hosts (rye and oats) produce an excessive number of tilldhe nematode are important points of study during interaction
and develop puy sheathsHawn, 196%; in other hosts, leaves analysis.
produce small pale-green swellings which contain aggregstio  Other species infect aerial plant parts, such as leaves, stems,
of nematodes@ampbell and Grin, 1973, deformed leaves or or in orescences, and usually they only become established i
bulbs as in garlic or onionSturhan and Brzeski, 199Dr crown-  actively growing undi erentiated tissues. Interestinghnguina
canker in sugar bee@@astillo et al., 20Q7However, some species spp., Paranguinaspp., andSubanguinaspp. are parasites of
from this complex groupDitylenchus dipsaai.l.) are composed monocotyledonous plants with a broad range of hosts that
of a number of biological races and populations di ering in produce one generation per gall with the second-stage juvenil
host preferences and occur at a di erent stage of speciation arak the invasive stageigures 1L,M. Mesoanguinahows narrow
reproductive isolation, and probably they could be separatetost speci city, with two morphologically distinct generati®
species $turhan and Brzeski, 191t has been proposed that per gall and with their third-stage juvenile as the invasive
D. dipsacincludes at least seven potential speciesipotinetal., stage.Heteroanguinagenus parasitize monocots and dicots
2009: D. dipsacisensu stricto and six putative species namegbroducing one generation per gall with their fourth-stage
asDitylenchussp. B fromVicia fabal., Ditylenchussp. C from juvenile as the invasive stag€hizhov and Subbotin, 1935
Cirsium arvenséL..) Scop.Pitylenchussp. D fromPilosellsspp., Furthermore, Anguinidae phylogeny obtained using rDNA data
Ditylenchussp. E fromCrepis praemorgd.) TauschPitylenchus shows an evolutionary specialization apparently related to an
sp. F fromLeontodon autumnalis., andPilosella o cinarum(L.)  evolutionary trend in gall development: from abnormal sivgjl
F.W.Schultz and Sch.Bip. amditylenchussp. G fromPlantago and growth of infested plant organs toward small localized
maritima L. Some of these have been recently separated galls, and from infestation of vegetative parts toward gaties
individual species (i.eD. weischeror sp. C andD. gigaor sp.  organs Gubbotin et al., 2004In addition, there are high levels
B;Chizhov et al., 2010; Vovlas et al., 211 of co-speciation events between the phylogenies of anguinids
Seed gall nematodeg#\rfguina tritic) were the rst PPNs parasitizing Poaceae and their host grasse&fotin et al., 2004
recorded byNeedham (1744jn wheat seed-galls. They have a These perturbations in leaf tissues are similar to those
similar life cycle toDitylenchusspecies where they infect aerial occurring in compatible interactions with some mites that
plant organs, with the exception that they feed ectoparadlifica produce galls. The rst reaction of a cell is probably the
on growing points and leaf bases until they reach theproduction of a callous related to the puncturing action of
in orescence in some speciesifidiqi, 200). They produce galls the feeding nematode; this has been documented in gall cells
on owers, seeds, leaves, and rodtguires 1H-J. Some species produced by some mitesS{ynes and Bird, 1932 Usually
(e.g.Anguina funestpcan transporClavibacter toxicuattached the punctured cells die, but in a compatible interaction, the
to their cuticle to rye grass ears. This bacterium producesurrounding cells, which become a nourishing tissue, are
toxins that are poisonous to grazing sheep in infested grasxtivated by the continuous feeding of the nematode and
in Australia @ird, 1989. In general,Anguina spp. produce cell division occurs. These cells are characterized by a dense
a similar morphogenesis in plants to the galls produced byytoplasm, small vacuoles, and enlarged nuclei and nucleoli
Ditylenchusspecies, with the presence of hypertrophied cells anfiVestphal and Manson, 199@nd seem to be activated by
hyperplasia in gall tissues. However, they seem more specializhe continuous feeding of nematodes as cells are killed by the
in comparison to the galls produced in some hosts Dy feeding process and new cells are incorporated into this layer.
dipsaci (i.e., garlic or onion). Galls of seed gall nematodefkecently, the interaction oDitylenchus gallaeformansvhich
usually develop in place of ovules, less commonly in plac@duces galls on the in orescences Miconia albicansand
of stamens, and rarely on glumes or rachides and are usediconia ibaguensidias been studied in detaiF¢rreira et al.,
for nematode survival and dispersdFigure 1H; Stynes and 2017. This interaction showed that instead of owers, the axes
Bird, 198). These galls show a considerable thickening obf the galled in orescences are surrounded by emergencis wi
the cell wall of the peripheral outermost layer of cells thanutritive tissues lining the larval chambers. The nutriitissues
probably have a role in the protection of anhydrobiotic second of these galls have totipotent cells, originating new tissugs w
stage juveniles and gall integrityFigures 11,J Stynes and dermal, ground, and vascular tissues providing these gdtls w
Bird, 1982; Fattah and Al-Assas, 2D1@& cavity is formed indeterminate growth. Furthermore, the new development for
by numerous interconnected cells with irregular shape andhese types of nematodeB,. gallaeformansnduces a long-
contains several hypertrophied nuclei with several nucleoldistance impact on fruits, which have an increased number of
and a granular cytoplasn{gures 11,J. Nematode containing carpels.Ferreira et al. (2017%uggest that such long-distance
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e ects may compensate for the damage of the galls inducingell layers before feeding starts, and can penetrate to a depth
mechanisms by favoring, at least partially, its host planegs. of up to eight cell layers\eischer and Wyss, 19).6These
Subanguina radicicolas the only known anguinid that parasitized cells become necrotic and surrounded by slightl
parasitizes roots. It induces galls on the roots of seveedsgs, enlarged binucleate cell§ifure 2F Wyss et al., 1980; Bleve-
barley, and rye and occurs widely in Eurogggddiqi, 200). Galls  Zacheo and Zacheo, 1933The binucleate cells grow to large
have a small size (less than 5 mm long). They can be foundultinucleate cells by means of synchronous mitoses withou
either on the root apex or along the root axis, and sometimes thcytokinesis and are indispensable for nematode reproduction
infected plants have numerous lateral rodigure 1K; VVovlas, (Figures 2E,F Rumpenhorst and Weischer, 1978; Wyss, 1978;
1983. In the case 08. radicicolglarge cavities are formed in the Staudt and Weischer, 19pnce the gall is formed, it becomes
root cortex, but collapsed and enlarged cells are also foutioe  attractive to more individuals\{/yss, 201)) probably because of
endodermis, pericycle, and vascular parenchyma. Those esandghe plant nutrient sink e ect. Interestingly, one speci c grpu
cause asymmetry of the central cylinder, provoking abnormabf species within the genusiphinema(X. americanumgroup)
functioning of the root and a reduction in plant growttvpvias, usually does not induce galls at the tips but instead clusters

1983. of short stubby lateral roots are formedsifidigi, 1973 In
Longidorus a similar process is induced; diering in several

Root Nematodes points: (i) the feeding habit is at root tips, transforming thénto

Plant Ectoparasites terminal galls (Vyss, 201)j (ii) the initial feeding in one cell also

Plant ectoparasites comprise a broad range of nematode &mili removes the contents of neighboring cells by the production of
The feeding habit of these nematodes, their secretions, treell wall holes through dissolutiorRpbertson et al., 19%4and
population densities, the type of cell selected, and the timthe initial hypertrophy of individual uninucleate cells islfmived
of interaction within these cells are important factors ineth by hyperplasia with synchronized cell division and a posterior
development of di erent cell and root structures. hypertrophy of these cell$3(i ths and Robertson, 198). There
Trichodorid nematodes preferably feed on epidermal cellss still a big question over the putative in uence of the di erte
in the elongation regions of rapidly growing roots; they tendfeeding habits in the induction of hypertrophied uninucleate
to aggregate at the root's apex and stop root growth througlor multinucleated cells, both avoiding cycles of cytokiaes
gregarious feeding/(yss, 201)) Usually, they induce abnormal The feeding habits betweefiphinemaand Longidorugprobably
growth of lateral roots and the proliferation of branch rootsdi er as Longidorusresults in a greater uptake of cytoplasm
(Agrios, 200% Severely infected roots show a smaller rootas necrotic cells are frequently found around the odontestyl
system than non-infected plants, with the presence of fewedfurthermore, the role of e ectors could be important in this oo
roots exhibiting short, stubby, swollen root branchEg(re 2A;  interaction, but information on this point is lacking.
Agrios, 200} Meristematic activity and root growth stop  Some ecto-endoparasites, such as the gereliaotylenchys
because of the physical feeding e ect, and this causes a rdundeloplolaimus Rotylenchusand Scutellonemaould invade roots
tip to develop that exhibits di erentiation of stellar tissialmost to feed on cortical or outer stellar cellsVyss, 201)) Other
to the apex of the rootHitcher, 196);, however, cells already authors localized parasitized cells adjacent to protoxylelts ce
formed enlarge abnormally and cause swelling of the root tigJones, 1973and noted that infection could take place anywhere
(Figure 2B Agrios, 200 Other PPNs with similar patterns of in the root, with the exception of the root tig{linkenberg, 19683
ectoparasitic feeding on epidermal cells do not produce thets ec This type of feeding site is bene cial for the female as, after
caused by Trichodorids, probably because they do not aggregdeeding in these modi ed cells, they lay many egigsies, 1979b
at speci ¢ zones on the root. Some species blelicotylenchusould feed in a semiendoparasitic
Longidorids are large nematodes (up to 12 mm long) that arsedentary manner for up to 19 daysofies, 197§beven on
equipped with long stylets, which allow them to feed deep withi woody plant roots, for example in the olivé=iures 2G,H
plant roots. These nematodes usually feed on root tips, regchi Inserra et al., 1999 The nematode feeds in one cell, which
the di erentiated vascular cylinder with their long styletsut  could be enlarged and is surrounded by four or ve cells with
they could infect other parts of the rooFigures 2C,00 Cohn, an enlarged cytoplasmic volumédnes, 197§aThe food cell is
1970. Two genera have been studied in more detdijphinema  highly active with numerous mitochondria, plastids, amyxgit
and LongidorusBoth produce galls in the tips by arresting root like organelles, and rough endoplasmic reticuluinries, 1978a
growth, but with di erent internal modi ed cells.Xiphinema Itis also uninucleate and the plasmalema becomes detaatved fr
spp. induce large hypertrophied multinucleated cells (fronthe cell wallin di erent places, the resultant gap containsales
two to eight nuclei;Figures 2E,F, while Longidorusspp. form and dense deposits resembling wall fragments. Lipid droplets
hypertrophied uninucleate cellg\(yss, 201)) In both cases, these and proteinaceous deposits have also been documented in food
cells are highly active metabolically, with typical hypeptrg, cells (Jones, 1978aSimilarly, H. oleaeinduces a single food
amoeboid-shaped nuclei, increased cytoplasmic density, amell in the cortex Figures 2G,H Inserra et al., 197)9However,
abundance of mitochondria, plastids, and rough endoplasmitielicotylenchus microlobirdecting corn produces a single food
reticulum (Wyss et al., 1980; Griths and Robertson, 1984, cell in the cortex that is the same size as adjacent cortical
1989. Xiphinema indexfemales initially feed in the transition cells, but with a denser cytoplasm and an enlarged nucleus
zone between the root apex and cell elongatigre{(scher and with a prominent nucleolus\{ovlas and Inserra, 1935Plant
Wyss, 198)) The odontostyle is inserted through three to four responses in di erent hosts, the position of parasitized cella@n t
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FIGURE 2 | Morphogenesis caused by ectoparasite root nematodesParatrichodorus 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 hypertihied
nucleus (hn) induced by nematode parasitismutiérrez-Gutiérrez et al., 201 1with permission of John Wiley and Sons)Helicotylenchus oleag(G,H): Cross-sections
of olive roots showing the nematode feeding on a parenchymat feeding cell (fc) with hypertrophied nucleus (hn) (SowecN. Vovlas). fc, feeding cell; hn,
hypertrophied nucleus; n, nematode; st, stylet. Scale barsA,D D 1,000 mm; B D 200 mm; E D 10 nm; F,H D 20 nm; G D 100 mm.
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di erent plant tissues, and the nematode species could have gwost-infection (dpi) to 40 dpi on averag€ébrera et al., 201%b
important role in the di erent cell features noted in histolmgl Interestingly, the volume of individual GCs does not always

observations. correlate with the stage of gall development as GCs probably
grow asynchronously. However, the average volume occupied b

Plant Endoparasites all GCs as a pool within a gall, show a strong correlation td tha

Root-knot nematodes (Meloidogyspp) of the infection stage({abrera et al., 201)probably because it

Meloidogynds a genus including more than 90 species. Onlys the meaningful functional feeding volume for the nematod
a few of them are considered as major ped (ncognita GCs also become transfer cells with cell wall ingrowths and
M. javanica M. arenaria, and M. haplg Jones et al., 2013 irregular thickenings that increase the e ective soluterenge
One of their main characteristics is that they are extremelyarea (ones and Gunning, 1976; Berg et al., 30@@monstrating
polyphagous Ifloens et al., 2009 especially those species withthe molecular signatures of this cell typéaprera et al., 2013b
a wide geographical distribution, while others are more speci Hence, they have irregular shapes, with elongated cell protnssi
for example,M. baeticaa ecting only the wild olive Castillo close to the nematode lip region that can be clearly observed
et al., 2003a They often reproduce by mitotic parthenogenesisafter 3D reconstruction Kigure 3D; Cabrera et al., 2015b; de
with the exception oM. haplaor M. chitwoodithat reproduce Almeida-Engler et al., 20).6
by facultative meiotic parthenogenesize(g et al., 2008; Escobar  After the analysis of single isolated GCs inside the gals, th
etal., 201p development of speci ¢ techniques combining transcriptomics
Root-knot nematodes (RKN) initiate a subtle interaction withand cell biology (see cells within the sectiéigure 3) identi ed
their hosts through intercellular migration after sensicfiemical massive changes in gene expressioAiabidopsistomato, and
gradients of root di usatesTeillet et al., 2013 Second-stage MedicagdGCs (et al., 2003; Ramsay et al., 2004; Fosu-Nyarko
juvenile (J2), the infective parasitic form of RKNs, enter thest al., 2009; Barcala et al., 2010; Escobar et al., 2011aBami
elongation zone of the root and, using cell wall hydrolyticet al., 2012; Ji et al., 2013; Portillo et al., 30Thus, huge
enzymes such as endoglucanases, endoxylanases, pestately@anscriptional changes encompass GC formation, for example,
etc., from their subventral glands secreted into the apoplagienes related to secondary metabolism, mostly involved intplan
(Perry and Moens, 20),1they reach the vascular cylinder by defense are repressed, at least at early-medium stagesaifont
entering through the root meristem area. In this way, theyHowever, other stress related genes that are induced, ssich a
considerably reduce mechanical damage to the plant cells #®se encoding heat-shock proteins, may function as molecula
compared to other nematode groups, such as cyst nematodelaperons aiding protein conformation when GC metabolism
(CN). Once established, a group of ve to eight cells in theis actively contributing to nematode feedin@drcala et al.,
vascular cylinder develop into feeding cells, called g@mils 2008, 201) Among the genes with modi ed expression after
(GCs) Figures 3B,D,F,G,H,] Escobar et al., 20).5This occurs nematode infection, a major group are those related to harero
as a result of re ned cross-talk between plant precursor celleegulated developmental pathways, particularly those agsdcia
and still unclari ed nematode e ectors@abrera et al., 2015a; to auxin-cytokinin balance, such &8D16 a transcription factor
Truong et al., 2016 The precursor cells of the GCs are notfrom the lateral organ boundary family crucial for gall/G@da
well de ned, although pericycle cells are de nitely involvedlateral root developmentGabrera et al., 201%bThe irregular
in gall/GC development{abrera et al., 201)%aProfuse, and shape of GCsKigures 1C,B is also accompanied by changes in
mostly asymmetric division of vascular cells, partially nelskng ~ the cytoskeleton and transcriptional changes in di erent gen
the divisions occurring during lateral root formatiorC@brera encoding cytoskeletal proteins, such as microtubule-astexti
et al., 2014x as well as hyperplasia of the surrounding tissue$AtMAP6Y5), actin depolymerizing factorsA(ADF2) (Caillaud
(Escobar et al., 20),Ancrease root girth through the formation et al., 2008; Clément et al., 200@nd those from the actin
of galls; these are pseudo-organs that function as feediag siand tubulin family e Almeida Engler et al., 20f4among
(Figures 3A,E,Q. SomeMVeloidogynespecies produce small galls others. However, a true dynamic picture of the morphological
(M. artiellia; M. paranaensjs(Franklin, 1961; Carneiro et al., and molecular changes occurring during GC developmentlis sti
1996 with fewer nuclei but of a larger size, including the lacking.
nucleoli, for exampleM. artiellia as compared toM. arenaria
M. incognitaandM. javanica(Figures 3E—| Vovlas et al., 2005 Cyst nematodes (Globodesap. and Heteroderapp.)
Gall size is not phylogenetically related when compared witiCyst nematodes belong to the subfamily Heteroderirtaea(is
the latest phylogenetic relationships of the gené$ €t al., and Rowe, 1998The genussloboderaspp. andHeteroderaspp.
2019. Perhaps, an important component of these di erent plantcontain most of the agronomically important species, althoug
responses is the interaction of plant molecular pathways vhiéh t species number is far larger kteterodergdSubbotin et al., 2090
repertoire of e ectors produced by the nematode. than in Globoderg Subbotin et al., 20)0Some of these species
Inside the galls, GCs undergo repeated mitosis with partiatould infect woody plants, as is the case fbrmediterranean
cytokinesis and endoreduplication or equivalent procesgel s the olive Castillo et al., 1999 J2, is the infective stage, in a
as defective mitosis or nuclear fusiomle( Almeida Engler similar manner to root-knot nematodes, they use their stytet
et al., 201} leading to DNA ampli cation, which is thought inject secretions from the gland cells. In contrast, they ntigra
to be necessary for GC expansidastobar et al., 201.5GCs intracellularly destroying cells from the outer layers of toet
expand, increasing their volume more than 60-fold from 3 dayslue to quick stylet thrusts combined with cell wall degrading
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chickpea
M. artiellia-

chickpea
healthy
root

M. artiellia
Female

egg mass

FIGURE 3 | Morphogenesis in root knot nematodes forming gallsMeloidogyne spp. (A—-I): (A) Egg mass (eg) protruding from a gall in £ucumis sativusroot infected
by Meloidogyne javanica (B) Longitudinal section of a gall fromArabidopsis thalianashowing multinucleate giant cells (*) and anterior regiorf the nematode (n).(C)
Vascular tissue of a gall with GUS intense signal from afrabidopsis transgenic marker line(D) 3D reconstruction of giant cells (*) fronArabidopsis thaliana(Source:
C. Escobar).Meloidogyne artielliaE-I). (E) Healthy andM. artiellizinfected chickpea roots, showing the prominent adult femé& covered by the egg mass.(F)
Cross-section of M. artielliainfected root showing the typical feeding site with giant ells Palomares-Rius et al., 2011 with permission of Elsevier)(G-I) Detail of
multinucleate giant cells induced byM. artiellig M. arenaria and M. javanicain chickpea roots, respectively \(ovlas et al., 2005 with permission of The American
Phytopathological Society). *, multinucleate giant celég, egg-mass; hn, hypertrophied nucleus; n, nematode. Scal bars: A-C,E D 100 nm; F-I D 20 nm.

FIGURE 4 | Morphogenesis in cyst nematodes forming syncytiaHeteroderaspp. (A-l): Heterodera cruciferae(A—F) Transverse sections of cabbage roots infected
by H. cruciferaeshowing the semi-endoparasitic adult female (n) inducinghe cortical and stellar syncytium (s) with fused syncytiaketls with dense cytoplasm and
hypertrophic nuclei (hn) &asanelli et al., 2013; with permission of The American Phytopathological Socig). Heterodera daverti(G,H) Cross-sections of white clover
roots showing the semi-endoparasitic adult female (n) inding the cortical and stellar syncytium (s) with fused syn¢ial cells presenting dense cytoplasm and
hypertrophic nuclei (hn)\(ovlas et al., 20153 with permission of Springer)Heterodera lipjevi(l) Detail of syncytial cells in wheat roots showing hypertroph nuclei (hn)
(Source: N. Vovlas). Scale barsA D 1,000 nm; B,G,H D 500 mm; C-F,| D 100 nm.

and modifying proteins. Their feeding cells are called stiacy (Figure 4, Sobczak and Golinowski, 2011In Arabidopsis
derived from one single cell (initial syncytial cell) thatireases females oHeterodera schachtisually develop in syncytia from
its size by fusion of adjacent cells after cell wall dissotuti procambial or pericycle cells, whereas males develop in syncytia
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from pericycle cells Golinowski et al., 1996; Sobczak et al.and nucleoli, and are located within the cortex of the roobtin
1997. The syncytium can eventually be composed of more thaet al., 198}
200 cells when it reaches its maximum sigég(re 4 Hussey Nacobbus aberransduce slight swelling of the root apex
and Grundler, 1998 Interestingly, the volume of a syncytium which is produced by the migratory feeding habits of juvesiile
associated with a female can be 10-times larger than thaechu with a true gall being produced by the adult femalesgrra
by a male, and nuclei enlargement through endoreduplicatiort al., 1988 The roots show a rosary of bead-like galls,
contributes to this procesd={gure 4I; Bohlmann, 201 These variable in size, with accentuated asymmetry, fragmeomatif
morphological changes are accompanied by profound expressithe stele, hyperplasia of vascular parenchyma, and abnormal
and metabolic changes in syncytia. Accumulation of sugargroliferation of lateral roots Figures 5E,F Inserra et al., 1983;
starch, and amino acids are common features shared by the G@svlas et al., 2007 Juveniles move intracellularly, creating
of RKNs and syncytia of cyst nematodé&sddique and Grundler, necrosis and cavities in the root cortex surrounded by cells
2015. containing dense cytoplasm and hypertrophic nuclei; in some
Finally, the juvenile will enlarge and undergo severahosts, they cause damage to the root stélesedira et al.,
molts, encompassing the developmental stages J3 and 1483; Vovlas et al., 20D7Inside the gall, females induce a
before reaching the adult stag€idures 4B,G Barcala et al., large syncytium derived from incomplete successive fusans
2016. Contrary to most RKN species, they reproduceadjacent cellsKigures5G,H Vovlas et al., 2007Cells maintain
sexually, the female is fertilized by a free-moving maléheir individuality in the syncytium, which may involve ov&B5
and deposits the eggs inside its body; this subsequenttells with dense cytoplasm and hypertrophied nuclei and niicleo
hardens to provide extra protection for eggs and serves as(kigures 5G,H Vovlas et al., 2007 Some studies reveal thist
resistant cyst Karcala et al., 20).6 Additionally, molecular aberranss.l. is a complex of species with important di erences in
techniques, such as microaspiration or laser microdissecti host preferencel(@x et al., 2014
of syncytia fAnjam et al., 2016combined with transcriptomic Another genus, related tdHeteroderaand Globodera is
analysis allowed the identi cation of batteries of geneghe cystoid nematodeMeloidodera which exhibits some
di erentially expressed in soybean roots Iy, glycines(e.g., characteristics dfleteroderandMeloidogynén its life cycle. The
Ithal et al., 2007; Klink et al., 2007, 2010n Arabidopsis female of these nematodes does not turn into a cyst and its eggs
expression changes in syncytia indicated a suppression afe deposited in a small gelatinous matrix or sometimesmeti
plant defenses, similar to those that take place in GCs, fdnside the body. These nematodes induce a GC in the pericycle
example, those genes encoding peroxidases or the inductievith a unique irregular hypertrophied nucleus and a variable
of genes encoding amino acid transportefSzékasits et al., number of nucleoli; hyperplasia takes place in cells adjacent to

2009. the GC (Mundo-Ocampo and Baldwin, 198Rarhis GC grows
inside the vascular cylinder and therefore has direct contath
Other plant endoparasites the vascular system; plasmodesmata are also concentratetd in pi

Nematode-induced feeding cells are derived from di erentpla elds, which occur in the thin part of the GC wall adjacent to the
tissues depending on the nematode group. In nematodes othgascular parenchymé&igure 5M; Mundo-Ocampo and Baldwin,
than RKNs and cyst nematodes, they can be induced in th&9833. GCs induced byeloidoderaspp. vary in shape and size
cortex or in the vascular cylinder and these may vary from aepending on the nematode and host species as well as stage
single feeding cell to several cells forming a feeding gita o of root development at the time of infectio{undo-Ocampo
syncytium. and Baldwin, 1983aOther Heteroderidae, such &yphodera
Trophotylenchulus obscurparasitizes co ee roots and feeds and Sarisoderaproduce GCs in a similar way tMeloidodera
on a unique cell in the cortexFgure 5A). This cell has a (Figures5l-L; Mundo-Ocampo and Baldwin, 1983b, 1984
similar size to neighboring cells, but with a denser cytaplas however, Atalodera (Ataloderinae) or the cystoid nematode
and enlarged nucleus with a prominent nucleolus; a large®igcu Meloidoderitanduces a syncytiunHigure 5N; Mundo-Ocampo
is formed in senescent nurse cellSigqure 5B Vovlas, 198y,  and Baldwin, 1983c; Vovlas et al., 20@8hese dierent
However, other members of this genus have other feeding$abi nematode genera produce variable interactions with plants an
for exampl€eT. oridensiscauses the formation of a small number have scarcely been studied because of their minor importance
of discrete nurse cells (three to six) in the stellar parenthy as crop pests; however, they are of importance in phylogenic
with dense cytoplasm and hypertrophied nuclei and nucleoli iranalysis.
Pinus clausgCohn and Kaplan, 1993 However, it can also In reniform Rotylenchuluspecies, only immature females
form a syncytium of one to six layers of cortical cells lodate invade the roots. Two types of plant reaction are induced by
around the circumference of the root section in a non-cultech  these nematodes: (i) a uninucleate GR. (nacrodoratys and
dicot (Inserra et al., 1998 Tylenchulus semipenetrainsluces a (i) a syncytium R. borealisR. macrosomaR. parvus and
similar feeding site structure to that af. oridensis with the R. reniformi¥, both originate from the endodermi&/pvlas et al.,
exception that the cells originate from the cortex and thet rs 1985. The syncytium is con ned to the pericycle layer of the root
feeding cell, into which the lip region of the nematode rensai with most of the cells retaining their individuality and e geely
protruded, appears dead and empty with nurse cells distributedeparated from the surrounding cells by a thick cell wall.
around it (Figures 5C, Wyss, 201)) Syncytia produced by However, this response seems to be mediated by charaaisristi
Verutus volvingentisontain dense cytoplasm, enlarged nucleiof the host or root, because uninucleate GCs originatingnfro
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FIGURE 5 | Morphogenesis in root nematodes: other root endoparasiteA—N). Trophotylenchulus obscurus(A,B): (A) Nematode (n) parasitizing coffee root(B)
Cross section of coffee root showing feeding cells (fc) witho evident increase in size and the nematode (Source: N. Vad). Tylenchulus semipenetrangC,D): (C)
Nematode (n) parasitizing citrus root(D) Cross section showing induced nurse cells (nc) with dense ¢gsols (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) andhe induced syncytium (s)\(ovlas et al.,
2007; with permission of Journal of Nematology)Cryphodera brinkmani(l-L): (I) Root segment of pine with the posterior portion of the body of white female (n)
protruding from the root surface.(J—-L) Cross sections of pine roots showing nematode female body (nembedded in the cortical parenchyma and an uninucleate
giant cell (ugc) with hypertrophied nucleus (hn)y/¢vlas et al., 2013 with permission of Springer)(M) Cross section of corn root infected byMeloidodera charis
showing the single nurse cell (nc) (Source: N. VovlagN) Cross section of Mentha aquaticaroot infected by Meloidoderita kirjanovaeshowing the syncytial formation
(s) Yovlas et al., 2006 with permission of Journal of Nematology). Fc, feeding ckelhn, hypertrophied nucleus; n, nematode; nc, nurse cell; ssyncytium; ugc,
uninucleate giant cell. Scale barsA,l D 500 nm; B,G,H,N D 50 nm; C,D,J-M D 100 mm.
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a cortical cell and extending from the cortex into the steéwd (Haegeman et al., 2012; Nyaku et al., 2J0Many of these
also been observed in thick roots infected®ymacrodoratusr  genes are widely present in PPNs and have been introduced
in di erent host species byR. borealiginserra and Vovlas, 1980; into nematode genomes by horizontal gene transfer from iothe
Vovlas et al., 1995Nevertheless, in wild and cultivated olives,microorganismsiiaegeman et al., 201)la
both types of cell response can be inducedrbymacrodoratus Two di erent ontogenies of nematode-induced structures are
and R. macrosom#gCastillo et al., 2003b; Van Den Berg et al..considered as indicated above: the cell which nourishes the
2016. Rotylenchus reniformisould also parasitize cells in the nematode and the gall. Gall formation in some cases (such as
cortex, through formation of a connection to the stele, $ami in RKN) has similarities with nodules induced by endosymigiot
to R. macrodoratusr R. borealisbut this does not appear to be bacteria. For example, PHANTASTICA and KNOX transcription
associated with root diameter. Instead, there appears to besn factors, the early nodulin gene ENOD40, and the cell cycle
of the root with multiple infections that might respond di ereély  control gene CCS52a are induced in plants during formation
to the rest of the rootRRazak and Evans, 197@he cytoplasm of both nodules and GCs-avery et al., 2002Genes encoded
of the feeding cells is dense and granular and surroundsgeetar by RKN, similar toNodL, could generate active Nod factors
and irregularly shaped nucleus with a large nucleoRisak and in nematodes llaegeman et al., 20lZand be involved in
Evans, 1976; Vovlas et al., 1985 nodulation. However, these genes have not been found in
the transcriptome ofD. africanusand D. destructarin which

di erent mechanisms could be used to generate the feeding cells
MOLECULAR INTERACTION BETWEEN (Haegeman et al., 20p9n this respect, RKN and CN species
NEMATODES AND PLANT EFFECTORS secrete chorismate mutase (CMpyle and Lambert, 2003this

enzyme is proposed to deplete levels of the chorismate precgursor
Hogenhout et al. (20099le ned an e ector as “all pathogen leading to auxin production. There are many nematodes with
proteins and small molecules that alter host-cell structund a di erent feeding sites employing this enzyme (RKN and CN) or
function.” Nematodes secrete e ectors to develop their fiegd even migratory endoparasites that do not produce any specic
cells, to easily up-take the contents of the cytoplasm, andadwem feeding sites Haegeman et al., 201)Lbin this sense, many
through plant tissues. Those with a more intimate relatiapsh di erentially expressed genes or the activation of promoters
with plants (parasitizing them, but not killing them), as iseth related to auxin (e.g.Cabrera et al., 2014b; Olmo et al.,
case for RKN and CN, change plant developmental processgg817j) and ethylene signaling have been observed during the
(mainly by altering the plant phytohormone balance, and theplant-nematode interaction [and in a lesser extent related t
plant cell wall architecture) and also modulate host stres$ angiberelic acid (GA), cytokinins, and abcisic acid (ABAJ{eysen
defense responses [regulation of reactive oxygen specieg](ROSd Mitchum, 2009; Li et al., 2009; Goverse and Bird, 2011
(Linet al., 2015 They normally use nuclear-targeted, apoplasticMoreover, auxins and cytokinins have been foundHinschachtii
and cytoplasmic e ectorsGardner et al., 20)5Haegeman et al. andM. javanicasecretions by using mass spectrometric analysis
(2012)noted that “the di erent lifestyles of PPNs are expectedDe Meutter et al., 2003, 20p5Furthermore, the role of
to be re ected in their secretions, which presumably contaimalterations in the plant hormonal regulation during the féegl
e ectors with di erent functions according to the nematode's site formation became more complex since the discovery in the
speci c needs.” However, with the exception of a small numlfer oRKN and CN secretions of proteins that can mimic plant peptide-
species where the genome or transcriptome has been sequendeatmones. One of them is the CLAVATA-like elements (CLE),
the remaining PPNs are practically unexplored. Another poindescribed initially as plant factors promoting cell di ererti@n
is the important percentage of nematode-derived sequencés root and shoot apical meristems (class Whitford et al.,
without homologies (pioneer genes) in the databases thatl ne€009. Several of these peptides have been found in nematode
to be characterized. E ectors are usually secreted from thsecretions and in their genomes (RKN and GBjo et al., 2001;
pharyngeal glands, the hypodermis, and the amphids. Some ébad et al., 2008; Opperman et al., 2)0@ther plant peptide
the e ectors found in PPNs have been incorporated in genomekormones, such as C-terminally Encoded Peptide (CEP)-like
by horizontal gene transfer from other microorganisms sash sequences, are present . incognitaand M. hapla but are
bacteria and fungillaegeman et al., 201)1dn this review, we absent in cyst nematode&¢verse and Bird, 20).1However,
have concentrated on e ectors involved in cellular and tissugheir specic role in the formation of the feeding site is not
modi cation in plants. Other extensive reviews in this sutije clearly demonstrated. A multigene phylogenetic analysidl.of
can be found elsewheréifegeman et al., 2012; Favery et al.aberranwith respectto PPNs of all groups con rms its proximity
2016; Rehman et al., 201Bome e ectors are involved in the to both CN and RKN Eves-Van Den Akker et al., 2014
invasion, migration, and degradation of host tissues. Thas Interestingly, three CLE-like peptides have been identi edhe
deep implications on the damage provoked to root cells durindN. aberrandranscriptome, two of them contain putative signal
the nematode migration in endoparasites. Cellulases, pectgpeptides and were signi cantly up-regulated during the sedent
lyases, polygalacturonases, xylanases, arabinogalactaiig- biotrophic phase. However, no CEP-like peptides were identi ed
betagalactosidases, and arabinases have been found in mamyhe N. aberranstranscriptome Eves-Van Den Akker et al.,
di erent species of PPNs{aegeman et al., 20).Dther e ectors  2019. In this sense, the unique features of CEP-like peptides in
could help in the action of these enzymes, such as expansimotylenchus reniform{syncytium forming nematodes) expand
and they have also been found in a broad range of nematodése importance of these e ectors in: (i) increasing host ri¢ra
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uptake, whilst (ii) limiting the size of the syncytial feedisite = dense cytoplasm along with nuclear alterations such as @ larg
produced. However, these CEP domains evoldednovoin  nucleolus. These ndings suggest that nuclear changes must
R. reniformis(Eves-Van Den Akker et al., 201l6The presence be crucial to sustain nematode feeding, together with a dense
of CLE genes with greater expression in sedentary phases aftosol, which is a sign of high metabolic activity. Yet, the
R. reniformishave also been studiedMubben et al., 2005 size of feeding cells seems more variable, for example the
Recently, the genome &. reniformishas been sequenced and GCs of RKNs can increase to more than 60-fold their volume,
more important data linking groups of sedentary nematodesvhereasTrophotylenchulus obscurusluces a single cell with
and e ectors could be explored in the futuréNyaku et al., no prominent size increment in comparison to surrounding
2019. Some e ectors have been found in many nematodes;ells.
such as the transthyretin-like proteins (TTZao et al., 2003; In this review, we have described a scenario where a plethora
Furlanetto et al., 2005; Jacob et al.,, 2007; Bellaore et abf some interesting plant-nematode interactions in natueyé
2008; Jones et al., 2009; Haegeman et al.,)2@tich could not yet been clearly or deeply studied, they are mere histcébgi
target the brassinosteroid signaling pathway, a main meishan descriptions with scarce or no molecular studies of the a dcte
for hormonal regulation in plants that greatly impact plant tissues. This makes impossible to compare mechanisms of
development\(Vei and Li, 201} but this remains to be proven feeding cell induction or the processes contributing to thei
(Haegeman et al., 20).2 maintenance within the plant and therefore it is not currsntl

It is established that all PPNs inject e ectors before up-takgossible to establish a general and clear picture of commossliti
of cytoplasm. Even nematodes that undergo a short feedingetween dierent feeding sites formed by dierent
process with the plant, create modi cations of the cytoplasrd an PPNs.
nuclei (i.e., Trichodorids, migratory ectoparasites, ogratory
endoparasitesyVyss, 201)) Their mode of action could be AUTHOR CONTRIBUTIONS
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