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Abstract Phytohormones play an essential role in dif-
ferent stages of plant-nematode interactions.
Strigolactones (SLs) are a novel class of plant hormones
which play an important role in plant development.
Furthermore, certain soil-inhabiting organisms exploit
this plant molecule as allelochemical. However, whether
SLs play a role in plant parasitism by nematodes is as yet
unknown. This prompted us to investigate the potential
role of SLs in different stages of the nematode life
cycle using the beet cyst nematode Heterodera
schachtii and Arabidopsis as a model system. We

analyzed the effect of SLs on cyst nematode hatching,
host attraction and invasion, and the establishment of a
feeding relation upon infection of the SL deficient mu-
tant max4-1 and the SL signaling mutant max2-1. In
addition, infection assays were performed under phos-
phate shortage to enhance SL production and in the
presence of the synthetic SL analog GR24. From this
study, we can conclude that SLs do not contribute to cyst
nematode hatching at the levels tested but that they do
play a role in host attraction and subsequent invasion in
a MAX2 dependent manner. Furthermore, we observed
that increased levels of exogenous and endogenous SLs
change the root invasion zone. Upon root infection, cyst
nematode development was enhanced in both themax2-
1 and max4-1 mutants due to the formation of enlarged
feeding cells. These data provide evidence for distinct
roles of SLs during cyst nematode parasitism of plant
roots.

Keywords Strigolactones . Allelochemical . Heterodera
schachtii . Syncytium . Nematode feeding site .

Arabidopsis

Introduction

Cyst nematodes (CN) of the genera Heterodera and
Globodera belong to the most harmful plant-parasitic
nematodes for a number of major food crops (Jones
et al. 2013). Worldwide annual crop losses caused by
plant-parasitic nematodes have been estimated to exceed
$157 billion U.S. dollars (Abad et al. 2008). In high
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densities, these nematodes disrupt the physiology of
their host plant, decreasing their fitness and therefore
causing reductions in crop yield and quality. General
symptoms associated with these nematodes are stunted
plants, arrested growth and nutrient deficiencies
(Akintayo et al. 2018). Additionally, specific symptoms
are the cutinized cysts found either along the root sur-
face or in the soil. They remain in the soil for decades
and make the control of cyst nematodes difficult and
complex (Jones et al. 2013).

To improve existing control measures or to develop
novel strategies it is necessary to have a better under-
standing of the mechanisms involved in the cyst nema-
tode’s life cycle, since every step is a potential target to
disrupt nematode parasitism on plants. The first step is
the hatching of infective juveniles from the eggs, which
are protected by the cyst against adverse environmental
conditions (Turner and Rowe 2006). This process de-
pends on or is enhanced by hatching factors released by
plant roots, which allows the cyst nematode to synchro-
nize with their host (Riga et al. 2001; Turner and Rowe
2006; Ito et al. 2015). Upon hatching, the pre-parasitic
second stage juveniles (J2) are attracted to the host roots
by unknown factors (Grundler et al. 1991). Once they
have reached the roots, they enter the root preferably in
the elongation zone (von Mende 1997) and migrate
intracellularly by mechanical stylet thrusting and enzy-
matic break down of plant cell walls by secretions from
the subventral glands (Tytgat et al. 2002). Subsequently,
they induce a specialized feeding cell known as syncy-
tium on which they fully depend for their development
and reproduction. Once these amphimictic nematodes
have moulted into J3 and J4, the vermiform adult males
leave the roots to mate with the females. Upon fertiliza-
tion, the J1/J2 develop inside the eggs which are
contained by the swollen female body. When the female
dies, the cuticle of the dead body forms a resistant dark-
brown cyst that protects the eggs in the soil (Grundler
and Wyss 1992).

Cyst nematodes are obligatory sedentary endopara-
sites that establish a permanent feeding site in the vas-
cular bundle of the host roots that functions as a highly
active metabolic sink to provide nutrients to the devel-
oping nematode. In the initiation and development of
the syncytium plant hormones play an essential role
(Cabrera et al. 2015). The first feature of the initial
syncytial cell is a progressive enlargement of the nucle-
us due to DNA endoreduplication (de Almeida Engler
et al. 2015). Subsequently, callose depositions can be

seen in the cell wall of this and neighbouring cells
(Hofmann et al. 2010). Other unique characteristics of
a syncytium are the observed decrease in volume of the
central vacuole which coincides with an increase in
organelle number and cytoplasmic density. Further-
more, partial cell wall dissolution allows the fusion of
neighbouring cells and feeding cell expansion. Typical-
ly, cell wall ingrowths are formed along the xylem to
increase the surface for nutrient uptake (Holtmann et al.
2000; Rodiuc et al. 2014). The mature syncytium com-
prises about 200 cells via incorporation of surroundings
procambial cells (Sobczak and Golinowski 2011).
Several studies have shown that phytohormones
like auxin and ethylene play a crucial role in the forma-
tion of syncytia and that cyst nematodes are able to
manipulate the hormone balance in host roots as well
as their response pathways (Goverse and Bird 2011;
Cabrera et al. 2015).

Strigolactones (SLs) are carotenoid-derived terpe-
noid lactones and are a relatively new group of plant
hormones (Umehara et al. 2008; Gomez-Roldan et al.
2008). Orthologous genes implicated in the SL biosyn-
thesis pathway have been identified in monocot and
dicot plant species such as rice, petunia, tomato, pea
and Arabidopsis (Al-Babili and Bouwmeester 2015).
SLs are involved in the inhibition of shoot branching
(Gomez-Roldan et al. 2008), secondary stem growth
and leaf senescence (Al-Babili and Bouwmeester
2015) and seem to play a role in reproductive develop-
ment (Kohlen et al. 2011b). In addition, SLs are impor-
tant regulators of root development with effects on the
formation of primary roots (Ruyter-Spira et al. 2011),
lateral roots (Kapulnik et al. 2011; Ruyter-Spira et al.
2011) and root hairs (Kapulnik et al. 2011). Further-
more, SLs are involved in the chemical communication
of plants with several groups of organisms in the rhizo-
sphere to establish either symbiotic or parasitic relation-
ships with their host. For example, SLs are germination
stimulants for parasitic plants of the genera Orobanche
and Striga spp. (Cook et al. 1972). They also act as host-
recognition signals and branching stimulants for
arbuscular mycorrhizal fungi (AMF) (Akiyama et al.
2005). Moreover, SLs have been related to interactions
betweenRhizobium and legumes, since nodulated plants
trigger less germination of Orobanche spp. parasite
weeds, suggesting reduced levels of SLs in those
nodulated plants (Mabrouk et al. 2007).

Despite their role in root development and impor-
tance for several soil organisms, the role of SLs in the
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relation between plant-parasitic nematodes and their
hosts is still unknown. A phytopathological study
should be based on knowledge of both the physiology
of the host plant and its parasite (after Prof. dr. Johanna
Westerdijk 1917). With this in mind, we decided to
investigate the possible role of SLs in different stages
of cyst nematode parasitism like hatching, host attrac-
tion, host invasion and feeding site development, as well
as nematode maturation. For this, the interaction be-
tween the beet cyst nematode Heterodera schachtii and
the plant species Arabidopsis was used as model. In
Arabidopsis, several mutants are available for genes
involved in SL biosynthesis and signal transduction
pathways. For this study, the SL deficient mutant
max4-1 (Sorefan et al. 2003) was selected to test the
role of SL biosynthesis in cyst nematode parasitism. The
SL signal transduction mutant max2-1 (Stirnberg et al.
2002) was selected to investigate the role of SL mediat-
ed signalling in cyst nematode parasitism in the Col-0
background. Moreover, the synthetic SL analogue
GR24 was used to test the role of SLs in cyst nematode
hatching, as well as a control for SL deficient and
insensitive Arabidopsis mutants in the nematode infec-
tion assays.

Materials and methods

Hatching experiment

Cysts from Heterodera schachtii were collected from
4 months to 6 months old cabbage plants (Brassica
oleracea var. gemmifera cv. Cyrus) from a nematode
culture in the greenhouse and exposed to different treat-
ments of the synthetic SL GR24, using decreasing con-
centrations to construct a dose-response curve to test the
effect on juvenile hatching. These treatments consisted
of a series of log dilutions of GR24 from 10−6 to 10−10

(0,3 μM, 0,03 μM, 0,003 μM, 0,0003 μM) based on the
concentrations that stimulate germination in parasitic
plants (10−7–10−15 M) (Wigchert and Zwanenburg
1999). The cysts were collected by Cobb’s method and
a batch of ten cysts was selected per treatment,
discarding immature females or partially empty cyst,
and transferred to different hatching chambers (Steele
1972). The controls for this experiment were
demineralised water, 0,3 [v/v] acetone in demineralised
water (as GR24 is diluted in acetone) and root exudates
from six weeks old kale plants (Brassica oleracea var.

sabellica), which is a host for H. schachtii. Three repli-
cates were performed for each treatment and control,
and the number of hatched J2was counted weekly under
stereo microscope (Leica Microssytems) for a total of
8 weeks. At the end of the experiment the cysts were
crushed in order to count the remaining eggs and to
determine the percentage of hatching for each batch.
The experiment was carried out twice at a temperature
of 20 ± 2 °C.

Arabidopsis plant material

Seed from the Arabidopsis mutant, max2–1 (Stirnberg
et al. 2002), max4–1 (Sorefan et al. 2003), Columbia-0
wild-type lines were vapour sterilized and the seeds
were placed on agar plates containing Murashige and
Skoog culture mediumwithout sucrose (0,5MS, pH 6,4)
for germination. Seedlings were grown at 24 °C with
16 h of light and transferred to different media for
nematode infection studies.

Infective nematode juveniles

Cyst nematodes of the species H. schachtii were col-
lected from 4 months to 6 months old cabbage plants
(Brassica oleracea var. gemmifera cv. Cyrus) from the
nematode culture in the greenhouse. Cysts were extract-
ed by Cobb’s sieving method and placed in a hatching
solution of ZnCl2 (3 mM) for 3–7 days in the dark to
obtain pre-parasitic J2. Upon hatching, they were su-
crose purified and surface sterilized by incubating the
pre-parasitic juveniles for 20 min in streptomycin-
penicillin (0,5% w/v) and 20 min in ampicilin-
gentamicyn (0,1% w/v). Finally, they were immerged
in a chlorhexidine (0,1% v/v) solution for 3 min follow-
ed by extensive washing in sterile tap water (after
Postma et al. 2012). Antibiotics and chlorhexidine were
obtained fromDuchefa Biochemie B.V. and sucrose was
purchased from the grocery store.

In vitro nematode infection assays

One-week old seedlings (24 per genotype Col-0, max4-
1 or max2-1) were transferred to 12 well-plates filled
whit KNOP medium (Sijmons et al. 1991) without
sucrose and maintained at 24 °C with 12 h of light. In
addition, the same conditions were used to perform
infection assays in medium without phosphate (KNO(-
P)) to enhance SL production (López-Ráez et al. 2008;
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Kohlen et al. 2011a) and KNOP medium supplied with
the synthetic strigolactone GR24 in a concentration of
1 μM (after Ruyter-Spira et al. 2011). After one week,
approximately 150 surface sterilized pre-parasitic J2
were inoculated per plant at the agar surface next to
the root tips in each well. The infected plants were
monitored 1, 7, 14 and 28 days post inoculation (dpi)
under a stereo microscope (Leica Microsystems,
Wetzlar, Germany) to observe host attraction, host pen-
etration and feeding site development. To obtain quan-
titative data nematodes were counted by visual scoring
of the roots using the stereo microscope.

Statistical analysis

The statistical analyses for the comparison of one vari-
able between two groups was performed by a t-test with
equal variance in Microsoft Excel (2007). Conversely,
for the comparison of more than two groups for one
variable the analysis was done in SPSS; this was attrac-
tion, penetration and susceptibility. Normality of the
data was checked by applying the Kolmogorov-
Smirnov non parametric test (p = 0.05). Homoscedastic-
ity of the data was checked by applying the Levene test
(p = 0.05). The assumptions of normality and homosce-
dasticity were fulfilled before accomplishing one way
ANOVA. This test compares the variance of the control
and treatments, the post-hoc test was Duncan’s multiple
mean comparison test and multiple comparisons by
Games-Howell.

Results

No effect of the SL analogue GR24 on the hatching
of H. schachtii from cysts

Several soil-inhabiting organisms like parasitic plants
and mycorrhizal fungi use strigolactones (SLs) pro-
duced by roots of their host plant as germination stim-
ulants (Cook et al. 1966; Akiyama et al. 2005).
Therefore, we tested if SLs could also potentially
act as hatching factor for H. schachtii by evaluat-
ing the hatching activity of the synthetic SL ana-
logue GR24. However, exposure of cysts to differ-
ent dilutions of GR24 resulted in hatching percent-
ages that were not significantly different from the
negative water controls (Fig. 1). Stimulation of
nematode hatching was only significantly induced

upon application of kale root diffusate as a positive
control (Fig. 1).

Host attraction and penetration of infective juveniles
involves MAX2-dependent SL signalling

To test whether SLs play a role in the next stage
of cyst nematode parasitism, the effect on host
attraction and root invasion was investigated.
Therefore, an infection assay was performed on
the Arabidopsis SL biosynthesis mutant max4-1
and the SL signal transduction mutant max2-1
using wild type Arabidopsis Col-0 as a control.
The max2-1 and max4-1 mutants both showed
increased number of lateral roots compared to the
wild type plants, consistently with what was pre-
viously described (Ruyter-Spira et al. 2011;
Kapulnik et al. 2011). At 1 day post inoculation
(dpi), no difference in host attraction was observed
for the max4-1 mutant compared to the wild type.
However, a significant decrease in number of pre-
parasitic J2 was observed near the roots of the
max2-1 plants compared with the wild type control
and max4-1 mutant (Table 1). This suggests that host
attraction of infective juveniles of the cyst nematode
H. schachtii involves - MAX2mediated - SL signalling,
but not - MAX4 dependent - SL biosynthesis. This was
further supported by the observation that no sig-
nificant differences were observed in infective ju-
venile attraction to the roots when wild type plants
were grown on medium complemented with syn-
thetic SL (+GR24) or under phosphate shortage (-
P) to enhance the endogenous SL production and
exudation (Table 1) (López-Ráez et al. 2008). Also
for the max4-1 mutant, no significant change in
host attraction was observed under these condi-
tions. For the max2-1 mutant, however, attraction
to the roots was slightly enhanced under –P al-
though not statistically significant.

Next, we investigated whether SLs play a role in host
invasion of the roots by the infective juveniles. No
significant change in root penetration was observed for
the max4-1 biosynthesis mutant compared to the wild
type control at 1 dpi when grown on standard KNOP
medium, nor under phosphate shortage and GR24 com-
plementation (Table 1). This shows that host invasion by
cyst nematodes does not depend onMAX4mediated SL
biosynthesis. However, for the max2-1 signalling mu-
tant a significantly smaller number of nematodes was
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detected inside the roots at 1 dpi (Table 1). This seems to
correlate with the observed reduction in attraction by
this mutant at 1 dpi, which most likely explains the
observed reduction in root penetration of the max2-1
plants. So, these data indicate that both host attraction
and subsequent host invasion by cyst nematode
juveniles involves MAX2 mediated signalling. In-
terestingly, host invasion of the max2-1 mutant by
infective juveniles was restored to wild type levels

when grown under phosphate starvation (-P),
which suggests a role for endogenous SLs in root
invasion independent of MAX2. This effect was not
observed when the synthetic SL analogue GR24 was
exogenously applied to the max2-1 plants, consistent
with the SL insensitive phenotype of this mutant.

Increased SL levels change the root invasion zone
in a MAX2 dependent manner

Inoculation of wild type Arabidopsis plants with a high
density of pre-parasitic juveniles revealed that after 1 h
the nematodes were attracted towards a specific area of
the root close to the tip of the primary and lateral roots
(Fig. 2). For the max2-1 and max4-1 mutant, a similar
aggregation around the root tip was observed. Interest-
ingly, when wild type Arabidopsis plants were grown
under phosphate starvation or in the presence of the
synthetic SL analogue GR24 the nematodes did not
accumulate in these defined regions, but seem to spread
along the roots instead. This phenomenon was also
observed in the max4-1 mutant, but not for the max2-1
mutant in the presence of GR24 or phosphate starvation
consistent with the SL insensitive phenotype of this
mutant. Host attraction to these regions was followed
by subsequent penetration of the roots, from which
we conclude that an increase in both exogenous
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Fig. 1 Effect of the synthetic SLs analogueGR24 on nematode
hatching: a Cumulative percentage of pre-parasitic J2 from
H. schachtii which were hatched in a series of logarithmic GR24
dilutions (from 0,3–0,0003 μM) during 7 weeks of exposure. The
controls were kale root diffusates (RD, positive control),
demineralised water (Demi W) and demineralised water with

acetone (Demi W +Ac, negative controls). Error bars are not
shown for visualization reasons. b Emergence of pre-parasitic J2
in tenfold dilutions of GR24 (from 0,3–0,0003 μM). The horizon-
tal dotted line indicates the percentage of hatching in root
diffusates and the horizontal dashed line indicates the maximum
percentage of hatching in water

Table 1 Host attraction and host invasion of H. schachtii J2 on
the SLs insensitive mutant max2-1 and SLs biosynthesis mutant
max4-1 compared to Col-0 wild type plants on standard KNOP
medium or under phosphate shortage (-P) or GR24 complemen-
tation: (A) Total nematode numbers were counted and the mean
values of nematode attraction (left) and penetration (right) one day
post inoculation (dpi) are shown

1 dpi Attraction Penetration

Col-0 max4 max2 Col-0 max4 max2

KNOP 52,18a 53,89a 35,83a* 17,94a 23,67a 11,17a*

-P 44,22a 52,35a 49,17a 23,44a 23,94a 24,17b

GR24 46,73a 43,50a 40,19a 14,40a 17,13a 12,13a

Letters symbolize significant differences of the same plant geno-
type performing under different media (p < 0,05). Asterisks repre-
sent significant differences between the WT, max4-1 and max2-1
(p < 0,05)
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Fig. 2 Effect of phosphate shortage (-P) and GR24 (1 μM)
complementation on the nematode root invasion zone of the
max2-1 and max4-1 Arabidopsis mutants compared to Col-0
wild type roots when grown in vitro on KNOP medium in 12-
well plates. For this, a high density of infective juveniles from the

beet cyst nematode H. schachtii was applied on the agar surface
and host attraction to the roots was monitored 1 h post inoculation.
Aggregation of nematodes along the root invasion zone is marked
for each treatment. In total, 24 plants per treatment were observed
and representative pictures are shown
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and endogenous SL levels result in the expansion
of the root invasion zone in a MAX2 signalling
dependent manner.

Syncytium and female development is enhanced
in a MAX2 and MAX4 dependent manner

Next, we tested whether SLs play a role in the establish-
ment of a successful feeding relationship by cyst nem-
atodes upon host invasion. Therefore, the total number
of adult females was counted at 28 dpi for all combina-
tions and used for statistical analysis. Only for themax2-
1 mutant a significant reduction in the number of fe-
males was observed compared to the max4-1 and wild
type plants on standardKNOPmedium (Fig. 3a). Again,
this is most likely due to the observed reduction in host
attraction and subsequent invasion. In that case, the data
suggest that there are no major obstacles in the success-
ful initiation of a permanent feeding site and their further
development once the infective juveniles have invaded

the roots of either wild type or mutant plants. However,
we could observe enlarged females with a gelatinous
egg matrix attached to the posterior part of their body on
both the max2-1 and max4-1 mutant compared to the
wild type control plants. Moreover, these females were
attached to larger and more pronounced syncytia com-
pared to the control plants (Fig. 3b). These data suggest
that in both the max2-1 and max4-1 mutants the devel-
opment of feeding sites is promoted resulting in the
enhanced development of adult females most likely
due to a better food supply. This suggests that cyst
nematode feeding cell development involves SLs bio-
synthesis and signalling in a MAX4 and MAX2 depen-
dent manner, respectively.

Discussion

Plant allelochemicals are important components for
hatching stimulation of cyst nematodes as they enhance

WT max4 max2

KNOP

N

N

N

S

S

S

a

b c d

Fig. 3 Nematode and feeding
cell development on the max2-1
and max4-1 mutant as
compared to Col-0 wild type: a
Average number of females
developing per plant genotype at
28 dpi on KNOP medium. b
Representative image of a normal
developed female on Col-0
plants. c Representative image of
a female developed on max4-1
plants and d max2- plants. Error
bars represent standard error.
Scale bars = 100 μm
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the hatching of most of these endoparasites including
H. schachtii (Turner and Rowe 2006). The beet cyst
nematode H. schachtii has a wide host range, which
comprises species of the plant families Chenopodiaceae
and Brassicaceae. Hatching of pre-parasitic stage juve-
niles (J2) from eggs is enhanced by the release of root-
diffusates of these host plants, but not exclusively, as
some juveniles spontaneously hatch in water (Clarke
and Shepherd 1964). Strigolactones (SL) are function-
ing as plant allelochemicals for a number of soil-born
organisms by for example stimulating germination of
parasitic plants (Cook et al. 1972) and hyphal branching
of arbuscular mycorrhizal fungi (Akiyama et al. 2005).
This prompted us to investigate whether SLs also
act as a hatching stimulant for the beet cyst nem-
atode H. schachtii. However, the results show that
there are no significant differences between hatch-
ing in the presence of the synthetic SL analogue
GR24 and the negative control, indicating that SLs
do not contribute to cyst nematode hatching. The
influence of SLs on soil organisms occurs at very
low concentrations (10−7–10−15 M; Wigchert and
Zwanenburg 1999). Similarly, nematode hatching
factors are also active at very low concentrations
in the range of 10−14 M (Masamune 1976; Masamune
et al. 1982). We used higher GR24 concentrations in the
range of 10−6 to 10−9 M. GR24 increased swarming of
S. melioti (Rhizobium) when applied at 0.1 and 1 μM
(Peláez-Vico et al. 2016) and at 10−8 the increased
germination of Phelipanche ramosa (Kohlen et al.
2011a) indicating the potential physiological activity
of GR24 in the concentration range used in our study.

Upon hatching, the infective cyst nematode juveniles
(J2) are attracted towards the plant roots. This process
presumably involves host allelochemicals, which are
perceived by the chemosensory organs of the nematode
(amphids) and allow them to locate and migrate in the
soil towards the roots (Curtis 2008). This process is
indispensable for the invasion of the host and the estab-
lishment of a feeding site within a limited time period
after hatching, which is determined by the infective
juvenile nematode energy reserves. Therefore, host cues
are essential to expedite these processes (Robinson and
Perry 2006). Also for parasitic plants, host cues seem to
play a role in orientation of radicle growth towards the
host root, and the germination stimulants (likely the
SLs) have been suggested as a possible candidate for
this cue (Dube and Olivier 2001). Interestingly, the
phytohormone auxin has been shown to attract

nematodes and change their parasitic behaviour
(Duncan et al. 1996; Akhkha et al. 2002; Kyndt et al.
2016). Moreover, a putative auxin binding protein was
detected in amphidial sections of the potato cyst nema-
tode (Duncan et al. 1996). From these data it was
concluded that auxin may act as a cue in the chemical
communication between host and parasite (Duncan et al.
1996; Akhkha et al. 2002). Interestingly, there is exten-
sive cross-talk between auxin and SLs in plants roots
(review by Koltai 2015). For example, auxin is a posi-
tive regulator of SL biosynthesis and SLs on the other
hand regulate the plasma-membrane localisation of
the auxin-efflux protein PIN2. We observed that
the SL signal transduction mutant, max2-1,
displayed significantly less attraction than the bio-
synthetic mutant. Apparently, host attraction de-
pends on MAX2, which suggests that changes in
auxin homeostasis can be detected by the infective
juveniles. Therefore, it will be interesting to fur-
ther investigate the interplay between auxin and
SLs as possible host cues in cyst nematode root
attraction.

Upon host attraction, cyst nematodes do not randomly
invade the roots but they prefer the elongation zone to enter
the plant (von Mende 1997). However, the cues involved
in the selection and delineation of this specific region by
the infective juveniles are virtually unknown. Interestingly,
we observed that the exogenous application of the synthet-
ic SL analogue GR24 changed the distribution pattern of
the infective juveniles along the root surface upon host
attraction. Instead of aggregating at a specific region in the
elongation zone the nematodes were now more randomly
distributed around the roots in a larger region. A similar
effect was observed under phosphate starvation consistent
with a role for increased SL levels in shaping the root
invasion zone. Moreover, this effect was not observed for
the SL insensitive max2-1 mutant, which shows that the
observed modulation of the root invasion zone by in-
creased SL levels depends onMAX2 mediated signalling,
either induced by exogenous SLs or endogenous SLs.
Increased SL levels apparently deregulate the spatiation
of the cyst nematode host invasion zone in a MAX2
dependent manner. This may be the result of changes in
the auxin flux in the root upon the modulation of local
auxin levels by the application of GR24 or phosphate
starvation (Ruyter-Spira et al. 2011). This could suggest
that auxin does not only control cyst nematode host attrac-
tion through MAX2 mediated signalling but also defines
the region where the larvae can enter the plant root.
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Once the infective cyst nematode juveniles locate the
root, they will penetrate the root and search for a suitable
cell type to settle and induce a permanent feeding struc-
ture (Golinowski et al. 1996). The number of fully
developed adult female nematodes was reduced on the
SL signal transduction mutant, max2-1 but not on the
max4-1 SL biosynthesis mutant. This suggests that the
number of parasitic cyst nematodes on Arabidopsis
roots is not dependent on MAX4 mediated SL biosyn-
thesis, but may involveMAX2 dependent SL signalling.
However, it is more likely that this reduction in the
number of parasitic nematodes on the max2-1 mutant
is the result of reduced host attraction as observed in this
study instead of an arrest in penetration or the establish-
ment of a feeding site. This is further supported by the
observation that the nematodes which were able to
develop on the max2-1 mutant showed normal
progression through the different parasitic life
stages, as did the nematodes growing on the wild
type and on max4-1 mutant. Surprisingly, the de-
velopment of females on the max2-1 and the
max4-1 mutant was even enhanced compared to
the control based on their body size and the pro-
duction of a gelatinous egg matrix. This points at
favorable nutrient conditions, which is consistent
with the observation that these females were at-
tached to feeding sites that were better developed
than in the wild type control. It thus seems that
SLs also play a role in the regulation of the
sedentary stage of cyst nematode parasitism, by
modulating the development of the syncytium. A
similar multifunctional role of SLs was postulated
for the interaction between parasitic plants and
their host. SLs induce the germination of parasitic
plants, but also seem to play a role in the regula-
tion of the attachment, possibly through an effect
on the establishment of a xylem bridge inside the
root vasculature for the uptake of nutrients (Heide-
Jørgensen and Kuijt 1995; Jamil et al. 2011). Indeed, a
tomato strigolactone mutant that was infected with pre-
germinated Phelipanche ramosa seeds displayed a low-
er resistance towards infection showing that
strigolactones positively affect resistance (Cheng et al.
2017). This is consistent with the better development of
females in the max2-1 and max4-1 mutants of
Arabidopsis as found in the present study. Inter-
estingly, sedentary endoparasitic nematodes and
plant-parasitic plants share remarkable characteris-
tics in their mode of action during parasitism of

plant roots (Mitsumasu et al. 2015), including as it
seems now, the effect of SLs in different pre- and
parasitic life stages.

Together, our data show that SLs play distinct roles in
cyst nematode parasitism. Disruption of SL signalling
compromises cyst nematode host attraction and subse-
quent invasion, but, for those nematodes that success-
fully invade the roots, it enhances growth and develop-
ment of the feeding structure. Interestingly, opposite
roles for SLs was also reported for lateral root (LR)
formation in an auxin-dependent manner. SLs – through
their effect on polar auxin efflux transporters of the PIN
protein family - reduce auxin import to the roots when
auxin levels are low, thereby inhibiting LR formation,
but when auxin levels are high SLs downregulate this
towards a more optimum level for LR production
(Ruyter-Spira et al. 2011). Like LR formation, the in-
duction and expansion of cyst nematode syncytia is
mediated by the accumulation of the hormone auxin
(Goverse et al. 2000). This accumulation occurs in an
early stage of the feeding cell development (Karczmarek
et al. 2004) and is the result of nematode-induced ma-
nipulation of the PIN protein family (Grunewald et al.
2009). SL induced changes in auxin homeostasis at the
nematode feeding site are possibly responsible for the
observed enhanced development of the syncytia in the
max2-1 and max4-1 mutants. Additional molecular re-
search is required to further study the cross talk between
SLs and auxin during cyst nematode feeding cell for-
mation. This will not only provide novel insights in the
mechanisms underlying cyst nematode feeding cell for-
mation, but also in the chemical communication be-
tween cyst nematodes and their host plants in the
rhizosphere.
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