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Cell Cycle Activation is Crucial for Nematode 
Feeding Site Generation

Stimulation of the host cell cycle machinery by the action of 
molecular triggers seems to be an important process applied by 
some biotrophic plant pathogens (bacteria, virus, fungus), and 
plant symbionts (bacteria) to promote the formation of infection 
sites.1,2 Also, plant-parasitic nematodes are able to control the 
host cell cycle machinery by promoting the formation of multi-
nucleated giant cells and syncytia induced respectively by root-
knot (Meloidogyne spp) and cyst nematodes (Heterodera spp).3,4 
These specialized feeding cells provide the food source required 
for completion of the nematode life cycle and offspring produc-
tion. During the development and maturation of nematode feed-
ing sites, both giant cells and syncytia undergo a differentiation 
program involving multiple rounds of DNA replication escorted 
by nuclear and cell expansion, ending up in large multinucle-
ated and polyploid feeding cells.4 Nevertheless, while giant cells 
become multinucleated due to acytokinetic mitoses, syncytia 
accumulate multiple nuclei through cell fusion. Based on the 
observed cellular and nuclear changes in giant cells and syncytia, 

Root-knot and cyst nematodes are biotrophic parasites that invade the root apex of host plants and migrate toward the 
vascular cylinder where they cause the differentiation of root cells into galls (or root-knots) containing hypertrophied 
multinucleated giant-feeding cells, or syncytia, respectively. The precise molecular mechanisms that drive the formation 
of such unique nematode feeding sites are still far-off from being completely understood. The diverse gene expression 
changes occurring within the host cells suggest that both types of plant-parasitic nematodes modulate a variety of 
plant processes. Induction and repression of genes belonging to the host cell cycle control machinery have shown to 
be essential to drive the formation of such specialized nematode feeding cells. We demonstrate that nematodes usurp 
key components regulating the endocycle in their favor. This is illustrated by the involvement of anaphase-promoting 
complex (APC) genes (CCS52A and CCS52B), the endocycle repressor DP-E2F-like (E2F/DEL1) gene and the ROOT HAIRLESS 
1 PROTEIN (RHL1), which is part of a multiprotein complex of the toposiomerase VI, in the proper formation of nematode 
feeding sites. Altering the expression of these genes in Arabidopsis plants by down or overexpressing strategies strongly 
influences the extent of endoreduplication in both types of nematode feeding site leading to a disturbance of the 
nematode’s life cycle and reproduction.
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it has long been assumed that the host endocycle machinery plays 
an essential role to generate high-ploidy nuclei associated with 
feeding site expansion and maturation. Until now, the molecular 
basis of this correlation was poorly understood.

Are Key Components of the Plant Endocycle 
Usurped by Nematodes to Induce their Feeding 

Cells?

A first question we addressed was to find out if nuclei amplifica-
tion, as observed in feeding cells, implicated the classical endo-
cycle machinery of plant cells. Therefore, a functional analysis 
of a set of genes currently known to be involved in the plant 
endoreduplication cycle was undertaken in feeding cells.5 We 
focused on four candidate genes: CCS52A, CCS52B, DEL1 and 
RHL1. CELL CYCLE SWITCH 52 (CCS52) proteins (CCS52A 
and CCS52B) are part of the Anaphase-Promoting Complex/
Cyclosome (APC/C) and play a vital role in cell cycle progres-
sion by targeting mitotic cyclins for degradation, stimulating the 
conversion of mitotic cycles to endocycles.6,7 A third candidate 
investigated was a transcription factor of the DP-E2F-like family 
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CCS52 knockdown or DEL1 overexpression lines continu-
ously showed a delay in nematode development with significant 
decrease in reproduction.11 This implies that pre-parasitic juve-
niles penetrated both transgenic lines, developed into parasitic 
second-stage juveniles but often did not mature to subsequent 
stages (J3/J4 and females) to attain the fertile female phase. This 
inhibition of nematode maturation can be linked to the status 
of gall or syncytium development, which was consistently inhib-
ited in these lines.

Feeding cells expressing high levels of DEL1 show increased 
mitotic activity, but the consequent inhibition of the endocycle 
disturbed the formation of a fully functional gall or a syncytium 
(Fig. 2A and C). Giant cells formed in the DEL1-OE line con-
tain multiple nuclei with smaller sized nucleoli and an increased 
amount of cell wall stubs starting from the mother wall illus-
trating attempts to undergo cytokinesis (Fig. 2C). Some giant 
cells accomplish mitotic division.11 Mitotic activity in galls 
(Fig. 2B) and syncytia were confirmed by the high expression 
of CDKB1;1.3 These observations reinforced our past investiga-
tions that highlighted that mitosis alone is not enough to drive 
nematode feeding site development.3 A phase of mitotic activity 
followed by endoreduplication seems to be essential for proper 
feeding site development. Nevertheless, the molecular mecha-
nisms behind the peculiar nuclear enlargement observed during 
the first nuclear division in giant cells remains to be elucidated.3,14

We observed that stimulation of endoreduplication by ectopic 
CCS52 expression resulted in the rapid enlargement of feeding 
cell nuclei and an increased ratio of gall and syncytium induc-
tion in infected roots compared with wild-type. Early stages of 
giant-feeding cell development (7 days after inoculation) are pre-
dominately characterized by a high mitotic activity.3,15 For galls, 
acytokinetic mitoses occur inside giant cells and normal mitoses 
in neighboring cells, whereas in syncytia, mitotic division seems 
only to occur in neighboring cells.4 The premature activation of 
the endocycle observed by ectopic CCS52 expression resulted in 

(E2Fe/DEL1), which preserves the mitotic state of proliferat-
ing cells by suppressing transcription of genes required for cells 
to enter the DNA endoreduplication cycle. One of its targets is 
the CCS52A protein, which levels are controlled up to a certain 
threshold in the cell, consequently preventing endoreduplica-
tion.8,9 Finally, a fourth endocycle regulator RHL1, the plant 
homolog of the archaeal DNA topoisomerase VI (RHL1) plays 
an essential role in the multiprotein complex of the plant topo VI 
binding to DNA, therefore this protein is most likely involved in 
decatenation reaction of topo VI.10

Functional analysis performed in roots infected by root-knot 
and cyst nematodes revealed that CCS52 genes, as well as DEL1 
and RHL1, play an active role during the development of both 
types of feeding sites.11 Both CCS52 genes were shown to be 
highly expressed in galls (Fig. 1A) and syncytia. Comparable 
analysis of DEL1 illustrated low expression levels (Fig. 1B) as 
this gene acts as a specific repressor of the endocycle.8,9

Arabidopsis transgenic plants designed to up- (35Spro:CCS52 
lines) or down- (RNAi knockdown lines) regulate the CCS52 
genes were generated and appropriate lines were selected based 
on flow cytometry data. Root tissues with increased CCS52 levels 
revealed nuclei with DNA content up to 32C and 64C, greatly 
more than normally observed in wild-type roots of Arabidopsis 
(up to 16C). Consistently, feeding sites expressing low levels of 
CCS52 genes showed decreased ploidy levels in plant tissues. 
Previous work has shown the relevance of CCS52 for endoredu-
plication and ploidy-dependent cell enlargement during sym-
biotic cell differentiation (Rhizobiaceae).12,13 By manipulating 
CCS52A homologs in different plant species, a reduction or total 
knockout of this gene decreased the ploidy levels of the nitro-
gen-fixing cells and arrested nodule development.12 Similarly, 
our data support the hypothesis that inhibiting the endocycle 
through CCS52 knockdown or DEL1 overexpression severely 
inhibited feeding cell expansion resulting in a reduced food 
source and thereby affecting nematode development (Fig.  2). 

Figure 1. In situ transcript localization of genes involved in the endocycle control in galls. The different expression levels, high for CCS52A (A and A’) 
and low for DEL1 (B and B’), in nematode-induced galls suggest that root-knot nematodes make use of the cell cycle machinery of the plant host. 
Hybridization signals are visible as white dots under dark-field optics and black dots under bright-field optics. Bars = 50 μm.
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endocycle components always lead to defects in feeding site 
development triggered by both root-knot and cyst nematodes.

Accurate Giant Cell and Syncytium Formation Relies 
on the Precise Balance between Mitosis  

and Endoreduplication

Orchestrating mitotic and endocycle activities in feeding cell ini-
tials seems to be essential for the optimal development of feed-
ing cells. The temporal and regulatory transcription of cell cycle 
genes constitutes a core mechanism underneath the mitotic-to-
endocycle transition in uninfected plant tissues,18 and most likely 
also in nematode feeding sites. Temporal expression of key cell 
cycle regulators such as the cyclin-dependent kinases (CDKA;1 
and CDKB1;1) and cyclins has been reported for both giant cells 
and syncytia.3,19,20,25 These data together with a recently per-
formed broad transcript localization analysis of a large set of core 
cell cycle genes (de Almeida Engler et al., unpublished data) vali-
date that plant-parasitic nematodes are able to benefit of the plant 
cell cycle machinery in root cells.

small giant cells and syncytia containing fewer enlarged nuclei 
compared with wild-type feeding sites. The fewer mitotic cells 
neighboring syncytia visibly interfered with feeding site expan-
sion. The excessive accumulation of CCS52 will promote nuclear 
division arrest in both giant cells and syncytia, most likely 
through degradation of mitotic cyclins as observed in nodules of 
Medicago truncatula.16,17

Examination of an rhl1 knockout line revealed that root-knot 
nematodes could penetrate, induce the typical initial swelling 
of the infected root and succeeded to form minimal giant cells 
(Fig.  3), often binucleated. These galls were associated with 
young second stage juveniles, which were unable to develop fur-
ther. Strangely, although cyst nematodes penetrated they could 
not induce a syncytium. The RHL1 protein has been linked 
to defects in the third round of the endocycle.10 Therefore, 
repeated endocycles occurring in developing giant cells and syn-
cytia will most likely rely on the effect of RHL1 mediated DNA 
decatenation.

Based on the data described above, inaccurate cell cycle 
responses caused by altered expression levels of the different 

Figure 2. Ectopic expression or knock-down of DEL1 and CCS52 respectively affects the mitotic and endocycle progression in galls. (A–C) DEL1 over-
expression leads to increased mitotic activity: illustrated by increased root swelling (A), high CDKB1;1 expression (B) and attempted giant cell division 
(C, black arrow). Knock-down (D) and overexpression (E) of CCS52B interfere with the endocycle, consequently affecting gall development. Image (F) 
shows a wild-type gall with the typical dense cytoplasm and highly multinucleate giant cells. G, gall; n, nematode; asterisk, giant cell. Bars = 50 μm.
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status of feeding cells induces a noteworthy arrest on nematode 
development.

Conclusions

Functional analysis of endoreduplication related genes such as 
CCS52A, CCS52B, DEL1 and RHL1 demonstrated their strong 
implication in endoreduplication processes taking place in galls 
induced by root-knot nematodes and syncytia induced by cyst 
nematodes. A reduction in feeding-cell size, as a consequence 
of decreased DNA ploidy levels, severely impacted nematode 
maturation and reproduction. Repeated endoreduplication cycles 
occurring in giant cells and syncytia might not only facilitate 
cellular expansion, but also allow the induction of essential 
metabolic genes,22 potentially involved in nurturing these plant-
parasitic nematodes. The significant reduction of nematode feed-
ing cells size correlated with lower reproduction suggesting that 
a minimal cell size is mandatory to fulfil the high nutritional 
demands for nematode growth and egg production. Because 
feeding sites are crucial for nematode survival and reproduction, 
modulating the cell cycle activity by interfering with genes of the 
host endocycle machinery might present an alternative way to 
control these plant pathogens. Although a concerted character-
ization of different Arabidopsis mutant lines upon root-knot and 
cyst nematodes infection has taken place in the past years,23,24 few 
studies focused on cell cycle components.3,19,25 Here we illustrated 
that particular endocycle related genes are crucial for feeding site 
development. Further characterization of the plant host cell cycle 
machinery, and a search for other genes potentially involved in 
feeding site development, might ultimately provide clues for tar-
geting this economically important group of plant pathogens. 
Hence, biotechnological approaches that specifically address the 
cell cycle in feeding cells, could be promising to engineer resis-
tance to plant-parasitic nematodes, and why not to a broad range 
of plant-pathogen species.
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In this fashion, the regulatory mechanisms governed by root-
knot and cyst nematodes seem to stick to the highly conserved 
plant host cell cycle machinery. On-going repetitive endoredupli-
cation cycles are preceded by a highly mitotic phase to generate 
a sufficient number of nuclei to sustain an appropriate level of 
physiological activity during the phase when nematode feeding 
sites accumulate nutrients essential for developing nematodes.14 
Presumably, the ability of plant-parasitic nematodes to prop-
erly drive the host cell cycle machinery will depend on other 
yet unidentified components. Although it is generally accepted 
that endoreduplication in plants is an irreversible process occur-
ring in a post-mitotic developmental phase,5 exceptions have 
been reported.21 The artificial modulation of the plant cell cycle 
through gain- or -loss-of-function of key endoreduplication 
related genes, suggests that plant-parasitic nematodes are unable 
to entirely maneuver or counteract the classical cell cycle routes. 
Nematodes mainly usurp the normal cell cycle pathways to end 
up in a fully functional nematode feeding site. At this point we 
illustrate that DNA replication associated with a low metabolic 

Figure 3. Knock-down of RHL1 affects the endocycle in root-knot 
nematode induced galls. Nematodes penetrate the rhl1 mutant, induce 
galls (A) containing minute giant cells (B) with small nuclei (B’). G, gall; 
n, nematode; asterix, giant cell. Bars = 100 μm in (A); 50 μm in (B). 
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