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Abstract

Plant-parasitic nematodes are destructive pests causing losses of billions of dollars annu-
ally. An effective plant defence against pathogens relies on the recognition of pathogen-
associated molecular patterns (PAMPs) by surface-localised receptors leading to the activa-
tion of PAMP-triggered immunity (PTI1). Extensive studies have been conducted to charac-
terise the role of PTI in various models of plant-pathogen interactions. However, far less is
known about the role of PTl in roots in general and in plant-nematode interactions in particu-
lar. Here we show that nematode-derived proteinaceous elicitor/s is/are capable of inducing
PTI in Arabidopsis in a manner dependent on the common immune co-receptor BAK1. Con-
sistent with the role played by BAK1, we identified a leucine-rich repeat receptor-like kinase,
termed NILR1 that is specifically regulated upon infection by nematodes. We show that
NILR1 is essential for PTI responses initiated by nematodes and nilr1 loss-of-function
mutants are hypersusceptible to a broad category of nematodes. To our knowledge, NILR1
is the first example of an immune receptor that is involved in induction of basal immunity
(PTI) in plants or in animals in response to nematodes. Manipulation of NILR1 will provide
new options for nematode control in crop plants in future.

Author summary

Host perception of pathogens via receptors leads to the activation of antimicrobial defence
responses in all multicellular organisms, including plants. Plant-parasitic nematodes
cause significant yield losses in agriculture; therefore resistance is an important trait in
crop breeding. However, not much is known about the perception of nematodes in plants.
Here we identified an Arabidopsis leucine-rich repeat receptor-like kinase, NILR1 that is
specifically activated upon nematode infection. We show that NILRI is required for the
induction of immune responses initiated by nematodes and #ilr1 loss-of-function mutants
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are hypersusceptible to a broad category of nematodes. Manipulation of NILR1 will pro-
vide new options for nematode control in crop plants in the future.

Introduction

Plant-parasitic nematodes attack the majority of economically significant crops, as shown by
international surveys indicating an overall yield loss of 12%. In some crops, such as banana, a
loss of up to 30% has been reported. Losses amount to $100 billion annually worldwide [1].
The economically most important nematodes belong to the group of sedentary endoparasitic
nematodes that includes root-knot nematodes (Meloidogyne spp.) and cyst nematodes (Globo-
dera spp. and Heterodera spp.). Most chemical pesticides used for control of plant-parasitic
nematodes are environmentally unfriendly, expensive and ineffective in the long term. There-
fore, an increased demand for novel crop cultivars with durable nematode resistance is inevita-
ble [2, 3]. In this context, it is important to identify and characterize the different natural
means by which plants defend themselves against nematodes.

The infection cycle for root-knot and cyst nematodes begins when second-stage juveniles
(J2) hatch from eggs. ]2, the only infective stage, search for roots guided by root exudates.
They invade the roots by piercing the epidermal root cells using a hollow spear-like stylet.
After entering the roots, they migrate through different cell layers until they reach the vascular
cylinder. There, root-knot nematodes induce the formation of several coenocytic giant cells,
whereas cyst nematodes induce the formation of a syncytium. Because established juveniles
become immobile, the hypermetabolic and hypertrophic feeding sites serve as their sole source
of nutrients for the rest of their lives. In a compatible plant-nematode interaction, plant
defence responses are either down-regulated or overcome by the nematodes [4-6]. A cocktail
of secreted molecules including effectors that are synthesized in the oesophageal glands of the
nematodes is purportedly responsible for modulating the plant defences as well as the induc-
tion and development of the syncytium [7-10]. Whereas most root-knot nematodes reproduce
parthenogenically, cyst nematodes reproduce sexually. Although the mechanism of sex deter-
mination in cyst nematodes is not clear, studies have shown that the majority of juveniles
develop into females under favourable nutritional conditions. When juveniles are exposed to
adverse growth conditions, as it is the case with resistant plants, the number of male nema-
todes increases considerably [11].

Numerous studies have shown that plants sense microbes through the perception of patho-
gen/microbe-associated molecular patterns (PAMPs or MAMPs) via surface-localised pattern
recognition receptors (PRRs), leading to the activation of PAMP-triggered immunity (PTT).
The activation of PTI is accompanied by the induction of an array of downstream immune
responses including bursts of calcium and reactive oxygen species (ROS), cell-wall reinforce-
ment, activation of mitogen-associated and calcium-dependent protein kinases (MAPKs and
CDPKs), and massive reprogramming of the host transcriptome [12-15]. Together, these
downstream responses can fend off the pathogen’s infection. PAMPs are typically evolutionary
conserved across a class of pathogens and perform an important function in the pathogen life
cycle [16].

Plant PRRs are either plasma membrane-localised receptor-like kinases (RLKs) or receptor-
like proteins (RLPs) [14]. Both RLKs and RLPs consist of an extracellular receptor domain
(ECD) for ligand perception, a single membrane-spanning domain, but only RLKS have a
cytoplasmic kinase domain. The major classes of RLKs are leucine-rich repeat (LRR)-RLKs,
lysine-motif (LysM)-RLKs, crinkly4 (CR4)-RLKs, wall-associated kinases (WAKs),

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 2/22


https://doi.org/10.1371/journal.ppat.1006284

@'PLOS | PATHOGENS

Nematode perception in plants

pathogenesis-related protein 5 (PR5)-RLKs and lectin-RLKs (LeCRKs). Nevertheless, it is
becoming increasingly clear that PRRs do not act alone but are part of multiprotein complexes
at the plasma membrane [13]. For example, the LRR-RLK BRASSINOSTEROID INSENSI-
TIVE-1 (BRI1)-ASSOCIATED KINASE 1 (BAK 1) forms receptor complexes with various
LRR-containing PRRs to positively regulate PTI [14-15, 17]. In addition to PAMPs, plant
PRRs can also perceive endogenous molecules, so-called damage-associated molecular pat-
terns (DAMPs) that are released upon cell damage or pathogenic attack [16].

Although extensive studies have been conducted to characterise the role of PTI response in
various models of plant-pathogen interactions, relatively less information is available pertain-
ing to nematode-induced PTI responses in plants. To date, no PRR that recognises a nema-
tode-associated molecular pattern (NAMP) has been identified [18]. However, some recent
work suggests that nematode infection triggers PTI responses in host through surface-localised
receptors. For example, silencing of the orthologues of BAK1 in tomato (Solanum lycopersi-
cum, SI) (SISERK3A or SISERK3B) has been shown to increase the susceptibility of these plants
to nematodes due to defects in activation of basal defence [19]. In a more recent publication, it
was shown that nematode infection triggers PTI responses in Arabidopsis in a BAK1-depen-
dent and BAK1-independent manners. These authors showed that several PTT-compromised
mutants including bakI-5 were significantly more susceptible to root-knot nematodes as com-
pared to control [20]. However, the identity of ligands and/or receptors involved in BAK1-me-
diated response remains unknown. As far as NAMP identification is concerned, ascarosides,
which are conserved nematode-secreted molecules, have been shown to elicit plant defence
responses that lead to reduced susceptibility against various pathogens [21].

In comparison to PTI, Effector-triggered immunity (ETI) during plant-nematode interac-
tion is relatively well studied. A number of host resistance genes (R-genes) against nematodes
have been described and their mode of action is relatively well investigated [22]. Notably, a
host cell-surface immune receptor Cf-2 has been shown to provide dual resistance against a
parasitic nematode Globodera rostochiensis and a fungus Cladosporium fulvum through sensing
perturbations of the host-derived protease RCR3 by the venom allergen-like protein of Globo-
dera rostochiensis [23]. In the present study, we provide evidence that nematodes induce PTI-
like responses in Arabidopsis that rely on the perception of elicitors by membrane-localised
LRR-RLKs.

Results
Nematode infection triggers PTI responses in host plants

To reveal changes in gene expression in response to nematodes at and around the infected
area, GeneChip analysis was performed. Small root segments (approx. 0.5 cm) containing
nematodes that were still in their migratory stage (defined as continuous stylet movement),
were cut and compared with corresponding root segments from plants that were not infected.
Total RNA was extracted, labelled, and amplified to hybridize with the GeneChip Arabidopsis
ATHI1 Genome (Affymetrix UK Ltd). The ATH1 Genome Array contains more than 22,500
probe sets representing approximately 24,000 genes. Subsequent analysis of the data showed
that approximately 2,110 genes were differentially expressed (FDR < 0.05; Fold change > 1.5).
Among them, 1,139 were upregulated, whereas 971 were downregulated (S1 Data). To explore
regulation of the biological processes, molecular functions, and their distribution across differ-
ent cellular components, a gene ontology enrichment analysis was performed on significantly
upregulated genes. Those categories which were particularly over-represented in the differen-
tially upregulated genes included the immune system response, response to stimulus, death,
and the regulation of the biological processes (Fig A in S1 Text). We have previously published
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a subset of 62 genes representing selected jasmonic acid (JA), ethylene (ET) and salicylic acid
marker (SA), signalling and biosynthesis genes from this GeneChip data, which were also vali-
dated by qRT-PCR [24]. In general, transcript levels of genes involved in JA/ET signalling and
biosynthesis were increased. However, in comparison to JA/ET, changes in SA-related genes
were relatively less pronounced. Nevertheless, a slight increase in a SA biosynthesis (PALI)
and few SA signalling genes (NPR1, NPR3) was also observed (S2 Data). A detailed look at the
transcriptomic data indicate that nematode infection triggered the induction of genes previ-
ously shown to be induced during PTT (Fig 1A) [25-27].

NemaWater elicits PTI responses in host plants

Our transcriptome data showed the induction of PTI-like responses upon nematode infection,
however, it was unclear whether this induction was due to the recognition of nematodes by
plant receptors or whether it was the result of wounding due to continuous nematode move-
ment. To clarify this, we established a PTI screening assay involving the measurement of ROS
burst, one of the hallmark responses of PTI. For this purpose, we incubated the pre-infective J2
of H. schachtii in H,O for 24 hours at RT. The water obtained after removing the nematodes
was termed as NemaWater (Heterodera schachtii NemaWater, HsNemaWater; Meloidogyne
incognita NemaWater, MiNemaWater) and was used to treat Arabidopsis roots (see Methods
for details). After treatment, ROS burst was measured using a root-based procedure adapted
from a previous work [27]. Flg22 and H,O treatments were used as positive and negative con-
trols, respectively. Treatment with flg22 as well as with HsNemaWater induced a strong and
consistent ROS burst in roots (Fig 1B). The ROS burst with HsNemaWater was, however,
slightly delayed as compared to flg22; the ROS burst to flg22 occurs within 10 to 40 min, while
that to HsNemaWater occurred after 20 to 120 min. Although HsNemaWater induced a con-
sistent ROS burst in Arabidopsis roots, it was not clear whether this is due to the presence of a
NAMP in HsNemaWater or whether it is due to the production of an eliciting-molecule by
plants (upon NemaWater treatment), which in turn induced production of ROS burst in
roots. Such an eliciting-molecule could be called as DAMP or a NIMP (nematode-induced
molecular pattern). One way to address the question of NAMP, or DAMP/NIMP was to dilute
the HsNemaWater with H,O and analysed the production of ROS burst in roots. We hypothe-
sised that if ROS burst is due to production of a DAMP or NIMP, diluting the NemaWater
would not only reduce the magnitude of the ROS burst but may also slow its kinetics. How-
ever, our data showed that although magnitude of ROS burst was reduced strongly upon dilu-
tion, there was no delay in production of ROS between different dilutions (Fig 1C). Next, we
incubated the HsNemaWater with Arabidopsis roots for 60 min and then used this HsNema-
Water for production of ROS burst on fresh roots. The data showed that prior incubation of
HsNemaWater with roots did not cause any significant change in magnitude as well as kinetics
of ROS Burst (Fig 1D). Regardless of the nature or origin of elicitor, activation of ROS burst
upon HsNemaWater treatment confirmed our observations from transcriptomic studies indi-
cating that PTI-like responses are induced upon nematode detection.

To confirm whether NemaWater from different species of nematodes elicit a similar
response, we produced NemaWater from the root-knot nematode species, Meloidogyne incog-
nita (MiNemaWater) and performed ROS burst assays. We observed a strong and consistent
ROS burst (Fig 1E) similar to that of H. schachtii (Fig 1B). A prolonged treatment of young
Arabidopsis seedlings with flg22 activated defense responses and leads to growth inhibition
[28]. Although the mechanism underlying this growth inhibition is unclear, it is commonly
accepted that activation of defense responses may take the resources away from growth.
Importantly, this assay has frequently been used to analyse the eliciting capacity of PTI
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Fig 1. Nematode infection induced defense responses in plants that are characteristics of PTI. (A) Expression of PTI marker genes
in microarray analysis upon nematode infection in migratory stage. Root segments from uninfected roots were used as control. Values
indicate fold change compared with control. Asterisk indicates significant difference to control (FDR <0.05; Fold change >1.5). (B) Root
segments from Col-0 plants were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0 to 120 min. (C) Root segments from Col-0 plants were treated with water, different dilutions of HsNemaWater or flg22 and ROS burst
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was measured using L-012 based assay from 0 to 120 min. (D) Root segments from Col-0 plants were incubated with HsNemaWater for 1
hour and then this HsNemaWater was used for production of ROS burst on fresh root segments. Water, fresh HsNemaWater or flg22,
were used as controls. (E) Root segments from Col-0 plants were treated with water, MiNemaWater, or flg22 and ROS burst was
measured using L-012 based assay from 0 to 120 min. (B-E) Bars represent mean + SE for three technical replicates. Experiment was
repeated three times with same results. RLU, relative light units. (F) 5-day-old Col-0 seedlings were incubated in water, HsNemaWater or
flg22 for seven days. Fresh weight was measured at 12 days after germination. Data were analysed using t-test. Asterisk represent
significant difference to water-treated control root segments (P<0.05). Hs, Heterodera schachtii. Mi, Meloidogyne incognita.

https://doi.org/10.1371/journal.ppat.1006284.g001

components [28, 29]. We tested whether NemaWater also caused seedling growth inhibition,
and found that both flg22 and HsNemaWater inhibited seedling growth and reduced the root
weight to a similar extent (Fig 1F, Fig B in S1 Text). Our results suggest that NemaWater con-
tains potential elicitor/s that is/are recognized by an immune receptor in plants leading to the
activation of PTI-like responses. To test this hypothesis, we incubated 12-day-old Arabidopsis
seedlings in HsNemaWater for one hour: ddH,O alone was used as a control. RNA was
extracted from the roots of both the non-treated control and NemaWater-treated seedlings.
They were subsequently labelled, amplified, and hybridized with a GeneChip, as described
above. The data analysis showed that 2,520 genes were differentially expressed, of which, 1,422
were upregulated and 1,098 were downregulated (FDR < 0.05; Fold change > 1.5; S3 Data). A
gene ontology enrichment analysis for differentially upregulated genes showed the over-repre-
sentation of categories such as immune system response, response to stimulus, death, signaling
and the regulation of the biological processes (Fig C in S1 Text). A look at the expression of
hormonal response gene upon HsNemaWater treatment showed the same tendency for upre-
gulation of JA/ET-related genes as observed upon nematode infection as described above (S2
Data). Moreover, a significant increase in the expression of genes characteristics for PTI was
detected (Fig 2A). This upregulation in expression of PTI marker genes was very similar to
that observed upon infection with nematodes (Fig 2B). Interestingly, expression of camalexin
biosynthesis genes (PAD3/CYP71B15, CYP71A12) was upregulated only in nematode-infected
plants but was not regulated upon HsNemaWater treatment (Fig 2B). This was further con-
firmed by analyzing a reporter line (pCYP71A12:GUS) [30] on treatment either with nema-
todes or with HsNemaWater. We found a strong GUS expression upon nematode infection,
whereas such an expression was absent in seedlings treated with HsNemaWater (Fig 2C-2E).
We validated the microarray data by measuring the expression of 13 genes via qRT-PCR upon
treatment with HsNemaWater. Our analysis showed a similar trend for expression of selected
genes as shown by microarray data (Table 1). Together, these results suggest that both nema-
tode infection and NemaWater treatment induce PTI responses including a significant activa-
tion of JA pathways. The data analysis also showed that the changes in gene expression
triggered upon treatment of seedlings with HsNemaWater were to an extent similar to those
that were observed upon nematode infection (Fig 2F and S4 Data). Even so, both treatments
induced expression of a distinct set of genes, which may reflect differences in both treatments
such as number and concentration of elicitors, duration of treatments, physical damage, etc.

On the basis of our finding that NemaWater triggers PTI responses, we asked whether pre-
treatment with NemaWater effects plant responses to nematodes and other pathogens. To test
this, plants were pre-treated with HsNemaWater 24 hours prior to inoculation and were then
infected with juveniles of H. schachtii or M. incognita or the virulent bacterial pathogen Pseu-
domonas syringae pv. tomato (see Methods for details). We found a strong decrease in number
of nematodes in HsNemaWater-treated plants compared with Col-0 (Fig 3A and 3B, Fig D in
S1 Text). Similarly, the growth of virulent P. syringae was also reduced strongly upon HsNema-
Water treatment (Fig 3C and 3D).
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NemaWater-induced PTI responses are mediated by BAK1

Induction of PTI by NemaWater indicated the presence of putative elicitor(s) in NemaWater.
To test whether these elicitors is/are of proteinaceous nature, we added Proteinase K to HsNe-
maWater and performed a ROS production assay. Duration and intensity of NemaWater-
induced ROS burst varied in different experimental batches, which may be due to differences
in the concentration of elicitors in different preparations of NemaWater and the possibility
that NemaWater may contain more than one elicitor. Therefore, we used total photon count
as a more reliable parameter for quantification of ROS burst activation in this study. We
observed that the treatment of HsNemaWater with Proteinase K or heat strongly reduced the
induction of ROS burst (Fig 4A). These results were further confirmed by seedling growth
inhibition assays (Fig 4B). BAK1 has been shown to act as a co-receptor for LRR-RLKSs and
LRR-RLPs, which typically detect proteinaceous ligands [14, 15]. Considering the data from
Proteinase K treatment (Fig 4A and 4B) and recently published data on root-knot nematodes
[20], we hypothesized that bak] mutants would be more susceptible to cyst nematodes. A nem-
atode infection assay was performed on bakI-5 and the double mutant bak1-5 bkk1-1 (BKK1
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Table 1. Validation of changes in gene expression upon HsNemaWater treatment via qRT-PCR. The values represent relative fold change in response
to NemaWater treatment as compared with control roots. 18S was used as housekeeping gene to normalize the data. All values are means of three biological
replicates +/- SD.

At4g21390
At2g38470 126 100477
At4g23190 Cysteine-rich-RLK
At548540 RLK-family protein
At1g61590

B120: serine/threonine kinase

At1g69930 38.4 Glutathione-s-transferase 11

WRKY33

Defense response protein kinase

https://doi.org/10.1371/journal.ppat.1006284.t001

being the closest homolog of BAK1) [31]. Both mutants were significantly more susceptible to
nematodes compared with Col-0, as they allowed more females to develop (Fig 4C). We also
investigated whether BAK1 is required for PTI-responses upon HsNemaWater treatment and
found that the nematode-derived ROS burst was strongly reduced in bakI-5 mutants (Fig 4D).
Similar results were obtained in seedling growth inhibition assays (Fig 4E and Fig E in S1

Text).
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Fig 3. Pre-treatment with NemaWater induces resistance to pathogens. (A-B) Roots of Col-0 plants were treated with water or HsNemaWater
prior to infection and number of females were counted at 14 dai for cyst nematodes and number of galls were counted at 19 dai for root-knot
nematodes. Bars represent mean + SE for three independent biological replicates. (C-D) Plants were sprayed with flg22 or HsNemaWater prior to
inoculation and C. F.U/cm? was counted at 4 dai. Bars represent mean + SE. Experiments were repeated three times with similar results. Asterisks
represent significant difference to water-treated control root segments (P<0.05).

https://doi.org/10.1371/journal.ppat.1006284.9003
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burst was measured by using L-012 based assay from 0 to 120 min. PK, Proteinase K. Bars represent mean + SE for two independent biological
replicates. Data were analysed using single-factor ANOVA and Tukey’s post hoc test (P<0.05). Columns sharing same letter are not statistically
different. (B) 5-day-old Col-0 seedlings were incubated in water, HsNemaWater, or flg22 with or without Proteinase K for seven days. Fresh weight
was measured at 12 days after germination. Bars represent mean + SE for two independent biological replicates. Data were analysed using single-
factor ANOVA and Tukey’s post hoc test (P<0.05). Columns sharing same letter are not statistically different. (C) Average number of female
nematodes per plantin Col-0, bak7-5and bak1-5 bkk1. (D) Root segments from Col-0 and bak1-5 plants were treated with water, HsNemaWater or
flg22 and ROS burst was measured using L-012 based assay from 0 to 120 min. (E) 5-days-old Col-0 and bak1-5 seedlings were incubated in water,
HsNemaWater or flg22 for seven days. Fresh weight was measured at 12 days after germination. (C-E) Bars represent mean + SE for three
independent biological replicates. Data were analyzed using single-factor ANOVA and Dunnet post hoc test. Asterisks represent significant
difference to control (P<0.05).

https://doi.org/10.1371/journal.ppat.1006284.9004

Nematode-triggered PTl is mediated by LRR-RLK NILR1

Within the group of 593 commonly upregulated genes between two microarray experiments,
52 genes encoded RLKs (including 11 LRR-RLKs, 7 LeCRKs and 1 LysM-RK) and 2 encoded
RLPs (54 and S5 Data). Out of 52 candidate RLKs, we selected homozygous loss-of-function
T-DNA mutants for ten genes (from five different RLK families), including those coding for
three LRR-RLKs and one LeCRK. Confirmed loss-of-function mutants were then screened for
infection against H. schachtii. Of particular interest, we found one LRR-RLK mutant, termed
NILR1 (NEMATODE-INDUCED LRR-RLK 1; NILR1, At1g74360), which showed a consis-
tent increase in the number of female nematodes as compared with Col-0 (Fig 5A and Fig F
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Fig 5. Knock-out nilr1-1 enhances susceptibility to nematodes. (A) Average number of female
nematodes induced by H. schachtiiper plantin Col-0, nilr1-1and nilr2-1. Bars represent mean + SE for three
biological replicates. (B) Average number of galls induced by M. incognita per plants in Col-0, nilr1-1 and nilr2-
1. Bars represent mean + SE for three biological replicates. (C) Root segments from Col-0, and nilr1-1 plants
were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0to 120 min. Bars represent mean + SE for sixteen biological replicates. (D) 5-day-old Col-0 and nilr1-1
seedlings were incubated in water, HsNemaWater, or flg22 for seven days. Fresh weight was measured at 12
days after germination. Bars represent mean + SE for three independent biological replicates. (E) 5-day-old
Col-0 and nilr2-1 seedlings were incubated in water, HsNemaWater, or flg22 for seven days. Fresh weight
was measured at 12 days after germination. Bars represent mean + SE for three independent biological
replicates. (F) Root segments from Col-0 and nilr2-1 plants were treated with water, HsNemaWater or flg22
and ROS burst was measured using L-012 based assay from 0 to 120 min. Bars represent mean + SE for
sixteen biological replicates (A-E) Data were analysed using single-factor ANOVA and Tukey’s post hoc test
(P<0.05). Columns sharing same letter are not statistically different.

https://doi.org/10.1371/journal.ppat.1006284.g005
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and G in S1 Text). In comparison to nilrI-1, the loss-of-function mutant for NILR2
(AT1G53430) did not show any change in susceptibility to nematodes (Fig 5A). Based on our
data with Proteinase K and BAK1, we hypothesized that NILR1 may be a PRR involved in the
perception of nematodes. Therefore, this study focused on the characterization of NILRI and
NILR2, while other candidate genes will be described elsewhere.

To test NILRI’s involvement in nematode perception other than H. schachtii, we analysed
nilr1-1 mutants for infection with root-knot nematode M. incognita. Our data showed that
nilr1-1 was significantly more susceptible to M. incognita than Col-0. In comparison, there was
no change in susceptibility of nilr2-1 to M. incognita (Fig 5B). To investigate whether enhanced
susceptibility of nilrI-1 to nematodes is due to impairment in PTI responses, we performed
ROS burst assays on root segments from Col-0 and nilrl-1 upon treatment with NemaWater
from two different nematode species (H. schachtii and M. incognita). Notably, the Nema-
Water-induced ROS burst was strongly reduced in nilr1-1 (Fig 5C and Fig H in S1 Text). Simi-
lar results were obtained in seedling growth inhibition assays (Fig 5D and Fig Iin S1 Text). We
also tested nilr2-1 for seedling growth inhibition and ROS burst induction upon treatment
with NemaWater. We found that even though ROS production was reduced in #nilr2-1 upon
HsNemaWater treatment, the growth of these plants was inhibited to the same extent as Col-0
(Fig 5E and 5F and Fig I in S1 Text). Next, we isolated an additional homozygous knock-out
T-DNA line for NILR1 (nilr1-2) and analysed it for infection by H. schachtii and production of
ROS burst upon HsNemaWater treatment (Fig J-L in S1 Text). We observed that nilr1-2 plants
were impaired in ROS production and were also significantly more susceptible to H. schachtii
as compared to Col-0 (Fig K-L in S1 Text). Together our results show that NILR1 is an impor-
tant component of host immune responses that are activated upon nematode infection.

NILR1 is widely conserved in dicotyledonous plants

NILRI1 is closely related to LRR-RLK BRI1, belonging to the subfamily X of LRR-RLKs [32].
NILR1 encodes a serine/threonine kinase with 1,106 amino acid residues (predicted molecular
weight 121.8 kDa) and shows all of the characteristics of an LRR-RLK. NILR1 has been sug-
gested to have an extracellular domain with 22 tandem copies of LRRs, which are interrupted
by a 76-amino acid island located between LRR17 and LRR18. The island domain of NILR1 is
longer than those of BRI1 and contains a cysteine cluster with the pattern of Cx,5Cx;4C, which
is followed by a transmembrane domain and a cytoplasmic kinase domain (Fig M-N in S1
Text) [31]. Moreover, a pair of cysteines at the amino terminal flanks NILR1’s LRR domain
with the characteristic spacing formerly observed in several plant LRR-RLKs [33]. Previous
analysis has shown that NILR1 is presumably localised to the cell membrane, and that homo-
logs are conserved among ten different species of flowering plants [32]. To gain further
insights into molecular functions of NILR1, we determined its subcellular localization by con-
focal microscopy transiently expressing 35S::NILRI-GFP in the epidermis of Nicotianna
benthamiana. We detected a strong GFP signal at the plasma membrane (PM) (Fig 6A). The
PM localization of NILR1 was confirmed by co-localization with PM marker (see Methods for
details). To investigate the conservation of NILR1, we conducted a BLAST search using ECD’s
amino acid sequence of NILR1 against non-redundant protein sequences of all land plants.
We detected homologues of NILR1 among different species of the Brassicaceae family. Addi-
tionally, orthologues of NILR1 were found to be widely conserved in the genome of various
dicotyledonous as well as monocotyledonous plant species. (Fig O in S1 Text). To further
determine whether NILR1 is conserved across the plant kingdom and to test for effects of
NemaWater, we measured the ROS burst upon HsNemaWater treatment in the dicotyledon-
ous tomato, sugar beet (Beta vulgaris) and tobacco (Nicotianna benthamiana), as well as in
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Fig 6. NILR1 is localised in plasma membrane. (A) Confocal microscopy of epidermis of Nicotianna benthamiana transiently expressing
35S:NILR1-GFP and plasma membrane marker 35S:PIP2A-mCherry. Scale, 50 uym. (B-E) Leaf discs from tomato (B), N. benthamiana (C),
sugarbeet (D) and rice plants were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0 to 120 min. Bars represent mean + SE for three technical replicates. Experiment was repeated three times with same results. RLU,

relative light units.
https://doi.org/10.1371/journal.ppat.1006284.9006
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monocotyledonous rice (Oryza sativa). We detected a strong ROS burst in sugar beet and
tomato (Fig 6B and 6C), the magnitude of ROS burst was delayed and reduced in N. benthami-
ana (Fig 6D). In comparison to dicotyledonous, experiments with monocotyledonous rice
showed that NemaWater induce a ROS burst, which was above the water control (Fig 6E).
However, this burst was strongly delayed and was not consistent across several experiments.
A further exploration of publicly available Arabidopsis expression data through the eFP
browser [33] revealed that NILR1 is only moderately expressed in sepals and in senescent
leaves under controlled growth conditions. However, NILRI expression is upregulated in
response to biotic stresses such as Botrytis cinerea, Phytophthora infestans and non-adapted
Pseudomonas syringae strains (Fig P and Q in S1 Text). Also NILR1 shows a low basal expres-
sion in various root tissues but displays a relatively high expression in endodermis, pericycle
and stele [34]. The overall structure of NILR1 and its similarity to BRI1 supports its role as a
surface-localised receptor that is involved in the perception of extracellular signals.

Discussion

In comparison to other pathosystems, not much is known about the importance of PTI in host
defense against nematodes. In fact, no PRR involved in nematode perception has thus far
been characterized. Additionally, so far only ascarosides have been recently shown to act as
NAMPs. On the other hand, a number of nematode resistance genes (R-genes) either at the
cell surface or inside cells have been characterised [22, 23]. In the present study, we provide
insights into the molecular events associated with the basal resistance of plants to nematodes.
We demonstrate that PTI-like responses are activated upon nematode infection and that they
contribute significantly to basal resistance against nematodes.

The observation that cyst nematode infection induces the activation of a number of JA bio-
synthesis and signalling genes during migratory stages is supported with biochemical measure-
ments showing an elevated amount of JA in Arabidopsis roots 24 hours after nematode
infection [24]. In contrast to JA there was no strong activation of SA signalling in our tran-
scriptome data during migratory stages. Nevertheless, a slight increase in some SA biosynthesis
and signalling genes was observed. Intriguingly, plants that are deficient in different aspects of
SA-signalling and biosynthesis have been shown to be more susceptible to cyst nematode
infection [35]. These observations raise the question as to whether JA activation in roots upon
nematode infection is only because of wounding during migration. Remarkably, we observed
the same pattern of JA activation in roots upon treatment with HsNemaWater indicating that
JA activation is an important component of defense responses that are activated upon nema-
tode recognition and is not only correlated to wounding. This hypothesis contradicts the gen-
eral view that SA plays a more prominent role against biotrophs while JA/ET appears to be
more important in resistance against necrotrophic pathogens and herbivorous insects [36-38].
This view, however, is mainly based on observations with leaf pathogens, whereas only limited
information is available on the role of plant hormones in defense against root pathogens [39].
It may be that JA plays a more dominant role in the plant-pathogen interactions in roots. This
hypothesis is supported by experiments on rice plants that indicated a key role for JA during
interaction with root-knot nematodes [40]. Unlike the migratory phase, a number of studies
addressing changes in gene expression during the sedentary phase of cyst and root-knot nema-
todes infection revealed a strong suppression of host defence responses [4-6]. Based on data
from the current study and previous literature, we concluded that nematode invasion activates
PTI responses, which are suppressed during later stages of nutrient acquisition and feeding
site development. Indeed, an increasing number of nematode effectors involved in suppression
of PTT have been characterised during last few years [8, 10, 18, 22, 23].
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We observed that NemaWater treatment triggers responses, including ROS burst, immune
gene expression and seedling growth inhibition that are characteristic of PTI. In addition,
plants treated with NemaWater were more resistant to nematodes compared with water-
treated control plants. On the basis of these data we propose that NemaWater contains elici-
tor/s that is/are perceived by plant surface-localised receptors leading to activation of PTI.

The fact that NemaWater derived from two different nematode species induces similar
responses suggests that the elicitor component/s is/are conserved among different nematode
species. Although the identity of the elicitor in NemaWater remains unknown, it is likely to be
a heat-sensitive protein since treatment with heat as well as with Proteinase K strongly reduced
its activity. Nevertheless, the residual growth inhibition in spite of addition of Proteinase K in
NemaWater hints towards the possibility of an additional non-proteinaceous NAMP in Nema-
Water. However, it is also plausible that the residual growth inhibition is caused by Proteinase
Kitself. This view is supported by our data (Fig 4A) and some previous studies where a slight
ROS burst was observed upon Proteinase K treatment alone [27].

NemaWater-induced responses are dependent on BAK1, which has been shown to actas a
co-receptor for LRR-type PRRs, which typically detect proteinaceous ligands [12, 15, 17].

Even though we hypothesise that the NemaWater-derived elicitor/s is/are perceived by a sur-
face-localized receptor, the possibility remains that such elicitor/s may not come into contact
with host plants during infection. However, the fact that NemaWater was produced by incu-
bating the nematodes without any further treatment strongly supports the idea that the elicitor
is naturally secreted into the environment. It is also possible that the treatment of seedlings
with NemaWater leads to the release of plant endogenous elicitors (DAMPs), which are again
sensed by plants leading to the activation of PTI responses. However, since diluting Nema-
Water reduced only the magnitude but did not slow down the kinetics of ROS burst and thus
makes it unlikely that a NemaWater induced DAMP is responsible for activation of PTI
responses. Regardless of the origin of elicitor, it is clear that induction of PTI responses
involves a component of NemaWater (therefore a NAMP) and is not only due to direct
mechanical wounding by nematodes.

Loss of NILRI expression enhances the susceptibility of plants to nematodes suggesting that
it is involved in the recognition of nematode-associated patterns. We propose that NILR1 is a
PRR (or a component of a PRR complex) that recognises a NAMP leading to the activation of
PTI responses. This hypothesis is supported by experiments showing that nilrl-1 is defective in
the ROS burst as well as in seedling growth inhibition upon NemaWater treatment compared
with Col-0. Notably, nilr1-1 and nilr1-2 did not respond differently to flg22 as compared with
Col-0. On the other hand, bakI-5 was defective in PTI activation in response to both flg22 and
NemaWater indicating a BAK1-mediated role for NILR1 in nematode recognition. In compar-
ison to nilrl (nilrl-1, nilr1-2), nilr2-1 did not show any change in susceptibility to neither cyst
nor to root-knot nematodes compared to Col-0. Similarly, there was no change in seedling
growth inhibition as compared with Col-0. Nevertheless, activation of ROS burst upon Nema-
Water treatment was decreased in nilr2-1 as compared with Col-0. This seemingly contradic-
tory observation raises the question as to whether NILR2 also plays a role in perception of
nematodes. A possible explanation could be that knocking out NILR2 may alter receptor com-
plex formation and function, which selectively influence downstream signalling pathways
without substantially influencing plant susceptibility to nematodes. This hypothesis also pre-
dicts that distinct signalling pathways that are activated during nematode perception may lead
to diverse signalling outputs independently from each other. In fact, a recent study suggests
activation of BAK1-dependent and BAK1-independent PTI pathways in response to RKN
infection [19].
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In conclusion, the identification of NILR1 as an LRR-RLK required for NemaWater-
induced immune responses and basal resistance to nematodes is a major step forward in
understanding of the molecular mechanisms underlying plant-nematode interactions. More-
over, the wide distribution of NILR1 among monocot and dicot plants is different from the
majority of currently known PRRs and provides a unique opportunity for manipulation. How-
ever, sequence similarity does not necessarily indicate similar functions. It is therefore plausi-
ble that some of these homologues represent BRI1 or similar receptors and appeared in our
analysis due to close similarity between NILR1 and BRI1. In fact, absence of a consistent ROS
burst in rice plants upon NemaWater treatment hints that rice plants may not encode a func-
tional NILR1. However, it is also possible that production of ROS burst upon treatment with
NemaWater in some plant species such as rice requires further optimisation. A more detailed
study would be needed to investigate this aspect.

Future work will focus on the purification and identification of elicitor/s present in Nema-
Water that are recognised in an NILR1-dependent manner. Further, conservation and func-
tion of NILR1 in various crop plants will be investigated. This will not only help in increasing
our understanding of induced immune responses, but also provide potential opportunities to
breed or engineer durable resistance against nematodes.

Materials and methods
Plant growth and nematode infection

Arabidopsis thaliana seeds were sterilized with 0.6% sodium hypochlorite and grown in Petri
dishes containing agar medium supplemented with modified Knop’s nutrient medium under
the previously described conditions [41, 42]. The infection assays with cyst nematodes were
performed as previously described [41]. Briefly, 60-70 J2s of H. schachtii were inoculated to
the surface of an agar Knop medium containing 12-days-old plants under sterile conditions.
For each experiment, 15-20 plants were used per genotype and experiments were repeated at
least three times independently. The number of females per plant was counted at 14 days after
inoculation (dai). For each experiment, 15-20 plants were used per genotype, and experiments
were repeated at least three times independently.

For infection assays with root-knot nematodes, approximately 100 J2s of M. incognita were
inoculated to the surface of agar MS-Gelrite medium containing 12-day-old plants and num-
ber of galls was counted at 21 dpi. M. incognita was propagated on greenhouse cultures of
tomato (Solanum lycopersicum cv. Moneymaker) plants. Galls on roots of tomato were cut into
smaller pieces of approximately 1 cm, crushed, and incubated for 3 min in 1.5% NaOCl,. Sub-
sequently, the suspension was passed through a series of sieves to separate nematode eggs from
root pieces. Eggs were collected in a 25 um sieve. For surface sterilisation, eggs were incubated
in a 10% NaOCl, for 3 minutes and washed with abundant sterile water. The clean egg suspen-
sion was further washed with 150 pL Nystatin (10,000 U/ mL) and 2mL gentamycin sulphate
(22.5 mg/mL) in a total volume of 30 mL. The suspension was stored at RT in darkness.
Freshly hatched J2s were rinsed in water, incubated for 20 minutes in 0.5% (w/v) streptomy-
cin-penicillin and 0.1% (w/v) ampicillin-gentamycin solution and for 3 minutes in 0.1% (v/v)
chlorhexidine and washed three times with liberal amounts of sterile autoclaved water. For
each experiment, 15-20 plants were used per genotype, and experiments were repeated at least
three times independently.

Gene expression analysis at the nematode migratory stage

Ten hours after inoculation with H. schachtii, small root segments containing nematodes with
moving stylets were marked under the binocular. Movement of stylet indicates the migration
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phase of nematodes. The infected area around nematode head was then dissected. Corre-
sponding root segments from uninfected plants were used as a control. RNA was extracted
using a Nucleospin RNA extraction kit (Macherey-Nagel, Durren, Germany) according to the
manufacturer’s instructions. The quality and quantity of RNA was analysed using an Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Nanodrop (Thermo Fisher
Scientific, Waltham, MA, USA) respectively. The cDNA synthesis was performed with
NuGEN’s Applause 3’Amp System (NuGEN, San Carlos, CA, USA) according to the manufac-
turers’ instructions. NuGEN’s Encore Biotin Module (NuGEN) was used to fragment cDNA.
Hybridization, washing and scanning were performed according to the Affymetrix 30 Gene-
Chip Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA, USA). Three chips
each were hybridized with control and infected samples, with each microarray representing an
independent biological replicate. The primary data analysis was performed with the Affymetrix
Expression Console v1 software using the MAS5 algorithm.

NemaWater production and gene expression analysis upon NemaWater
treatment

Approximately 300 brown cysts were collected from nematode stock culture, which was main-
tained on mustard roots under sterile conditions. These cysts were incubated in 3 mM ZnCl,
in funnels (hatching chambers) to induce hatching. Before collection of ]2s, the hatching
chamber was checked for microbial contamination. After seven days, J2s were collected in a
falcon tube containing double distilled autoclave water. The mixture of nematode in ZnCl,
was spinned at 800 rpm for 3 min and supernatant was discarded. Afterwards, 1 ml of 0.05%
HgCl, was added and nematodes were incubated in it for 3 min to surface-sterilize them.
HgCl, was then removed and autoclaved double distilled water was added in excess (approxi-
mately 30 ml). The J2s were left in water for three min to wash them and remove HgCl,. After
3 min, nematodes were spinned down at 800 rpm for 3min and the entire washing step was
repeated three times.

Approximately 40,000 sterile ]2s of H. schachtii were incubated in 2 ml dd H,O for 24 hours
at room temperature with continuous shaking. Afterwards, the nematode-water mixture was
briefly centrifuged at 800 rpm for 2 minutes. The supernatant was removed to a new Eppen-
dorf tube and was labelled as NemaWater. All steps of NemaWater production were per-
formed under sterile conditions. Twelve-days-old Arabidopsis plants grown in Knop medium,
as described above, were removed from agar plates and incubated in NemaWater for one hour
each. Whole roots from 10 plants were cut and frozen in liquid nitrogen. Arabidopsis roots
treated only with dd H,O were used as a control. Three biological replicates were performed.
RNA was extracted, amplified and hybridised to perform a microarray analysis, as described
above. Three chips for each were hybridised for a control and for NemaWater treated samples,
with each microarray representing an independent biological replicate.

Statistical analysis of microarray data

Affymetrix.CDF and.CEL files were loaded into the Windows GUI program RMAExpress
(http://rmaexpress.bmbolstad.com/) for background correction, normalisation (quantile) and
summarisation (median polish). After normalisation, the computed robust multichip average
(RMA) expression values were exported as a log scale to a text file. Probe set annotations were
performed by downloading Affymetrix mapping files matching array element identifiers to
AGI loci from ARBC (http://www.arabidopsis.org). All genes that were more than 1.5 fold dif-
ferentially regulated (t-test; P < 0.05) were pre-selected for further analysis using False dis-
cover rate at 5%.
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Validation of microarray chip data upon NemaWater treatment

To validate the microarray expression data, 11 up- and two down-regulated genes were ran-
domly selected. The samples were collected in the same manner as the microarrays analysis for
NemaWater. RNA was extracted using a Nucleospin RNA Xs (Macherey- Nagel, Germany) kit
according to the manufacturer’s instructions. cDNA was synthesized using a High Capacity
c¢DNA Reverse Transcription Kit (Life technologies cat.no. 4368814), according to the manu-
facturer’s instructions. The transcript abundance of targeted genes was analysed using the Ste-
pone Plus Real-Time PCR System (Applied Biosystems, USA). Each sample contained 10 pL of
Fast SYBR Green qPCR Master Mix with uracil-DNA, glycosylase, and 6-carboxy-x-rhoda-
mine (Invitrogen), 2 mM MgCl,, 0.5 pL of forward and 0.5 pL of reverse primers (10 pM),

2 uL of complementary DNA (cDNA) and water in 20 pL of total reaction volume. Samples
were analysed in three technical replicates. To serve as an internal control, 18S genes were
used. Relative expression was calculated as described previously [43], by which the expression
of the target gene was normalized to 18S to calculate fold change. All primer sequences are
listed in S6 Data.

Genotyping and expression analysis of knock-out mutants

Single T-DNA inserted knockout mutants for selected genes (AT1G74360: nilrI-1,
SAIL_859_HO1, nilr1-2, GK-179E06; AT1G53430: nilr2-1, SALK129312C) were ordered from
relevant stock centre. The homozygosity of mutants was confirmed via PCR using primers
given in S6 Data. The homozygous mutants were confirmed to be completely absent from
expression through RT-PCR with primers given in S6 Data.

Oxidative burst assay

The production of an ROS burst was evaluated using a modified protocol adapted from previ-
ous work [27]. Small root segments (approx. 0.5 cm) were cut from 12-days-old plants and
floated in ddH,O for 12 hours. Afterwards, the root segments were transferred to a well in a
96-well plate containing 15 ul of 20 ug/ml horseradish peroxidase and 35 pl of 0.01M
8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d] pyridazine sodium salt (L-012, Wako
Chemicals). Next, 50 pl of either 1 uM flg22 or NemaWater was added to the individual wells.
The experiments were performed in four technical replicates, and ddH,O was used as a nega-
tive control. Light emission was measured as relative light units in a 96-well luminometer
(Mithras LB 940; Berthold Technologies) over 120 minutes and analysed using instrument
software and Microsoft Office Excel. For experiments with Proteinase K, 100 ul of Proteinase
K was added to 1 ml of NemaWater or flg22, and the mixture was incubated at 37°C for 4
hours. For heat treatment, samples were incubated at 90°C for 30 min. ddH,0 was used as a
negative control. The experiments were performed in three technical replicates and indepen-
dently repeated multiple times as indicated in figure legends.

Growth inhibition assay

Arabidopsis plants were grown in Knop medium, as described above. Five-days-old plants
were transferred to a well in a 6-well plate containing a liquid MS medium supplemented with
either 1 ml of 1 uM flg22 or NemaWater. ddH,O was used as a negative control. Fresh weight
and length of the roots were measured 7 days after they were transferred to MS medium. The
experiments were performed in three technical replicates and independently repeated multiple
times as indicated in figure legends.
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In silico structural analysis and localization of NILR1

The amino acid sequence for ECD of NILR1 was used to blast against all land plants sequences
resulting in 318 hits across kingdom. Representative sequences from 44 unique species were
used to generate a multiple alignment file. A Gblock function was used to refine alignment,
and a maximum-likelihood analysis was performed with the PHYML software [44]. A non-
parametric approximate likelihood ratio test was used for branch support as an alternative to
usual bootstrapping procedure [45].

ECD sequence of NILR1 was used to search the SWISS-MODEL template library (SMTL
version 2016-03-23, PDB release 2016-03-18) with Blast and HHBlits for evolutionary related
matching structures matching [46-48]. NILR1 match best with BRASSINOSTEROID INSEN-
SITIVE 1 (BRI1) and the PDB file from SWISS-MODEL was used to view 3-dimensional
structures with NCBI Cn3D [49].

Coding region of NILR1 was amplified without stop codon using gateway forward and
reverse primers as given in S6 Data. The amplified fragment was cloned into pPDONR207
using BP clonase (Invitrogen) according to manufacturer’s instructions. The resultant pEN-
TRY vector (pENTRY/NILR1) was then used to clone NILRI into the destination vector
pMDC83:CGFP [50] using LR clonase (Invitrogen) according to manufacturer’s instructions.
The expression vector (35S:NILR1-GFP) was transformed into Agrobacterium strain GV3101
and co-infiltrated together with a plasma membrane mCherry marker 35S:PIP2A-mCherry
[51] into epidermis of 6-week old Nicotianna benthamiana leaves [52]. The GFP and mCherry
signal was detected using a confocal microscope (Zeiss CLSM 710).

Supporting information

S1 Text. (A) GO categories preferentially upregulated during migratory stages of nematode
infection. (B) Inhibition of root growth upon NemaWater treatment. 5-day-old Col-0 seed-
lings were incubated in water, HsNemaWater or flg22 for seven days. Fresh weight of root was
measured at 12 days after germination. Data were analyszed using t-fest. Asterisk represent sig-
nificant difference to water-treated control root segments (P<0.05). Hs, Heterodera schachtii.
(C) GO categories preferentially upregulated upon NemaWater treatment. (D) An illustration
of our method for cyst nematode counting. Each petridish is screened at 14 dpi under the bin-
ocular microscope and each female nematode is marked (represented by dots) to calculate rate
of infection per plant. (E) NemaWater treatment growth inhibition was reduced strongly in
bak1-5. 5-day-old Col-0 and bakI-5 seedlings were incubated in water, NemaWater, or flg22
for seven days. Fresh weight of the root was measured at 12 days after germination. Data were
analyzed using single-factor ANOVA and Dunnet’s post hoc test (P<0.05). Columns sharing
same letter are not statistically different. (F) Genotyping for NILR1 and NILR2 mutants.
Genomic DNA of Col-0 or knockout lines (nilrl-1, nilr2-1) was PCR amplified using primers
given in S6 Data. The presence or absence of intact wild-type allele is shown. (G) RT-PCR for
presence or absence of gene expression in Col-0 or knockout mutants. RNA from Col-0 or
knockout lines (nilrl-1, nilr2-1) was extracted to synthesize single stranded cDNA. The pres-
ence or absence of expression is shown using primers given in S6 Data. (H) Knock-out nilr1
enhances susceptibility to nematodes. Root segments from Col-0, and nilr1-1 plants were
treated with water, flg22 or NemaWater from M. incognita (MiNemaWater) and ROS burst
was measured using L-012 based assay from 0 to 120 min. Bars represent mean + SE for twelve
biological replicates. (I) NemaWater-induced growth inhibition was reduced strongly in nilr1-
1. 5-day-old Col-0, nilr1-1and nilr2-1 seedlings were incubated in water, NemaWater, or flg22
for seven days. Fresh weight of the root was measured at 12 days after germination. Data were
analyzed using single-factor ANOVA and Dunnet’s post hoc test (P<0.05). Columns sharing
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same letter are not statistically different. (J) Expression analysis of for nil1-2 mutants. RT-PCR
for presence or absence of gene expression in Col-0 or knockout mutants. RNA from Col-0 or
knockout line (nilr1-2) was extracted to synthesize single stranded cDNA. The presence or
absence of expression is shown using primers given in S6 Data. (K) Knock-out nilr1-2
enhances susceptibility to nematodes. Average number of female nematodes per plants in Col-
0 and nilrl-2. Bars represent mean + SE for six biological replicates. (L) Knock-out nilrl-2
enhances susceptibility to nematodes. Root segments from Col-0 and nilr1-2 plants were
treated with water, flg22 or NemaWater from M. incognita (MiNemaWater) and ROS burst
was measured using L-012 based assay from 0 to 120 min. Bars represent mean * SE for three
technical replicates. Experiment was repeated three times with similar results. (M) NILR1
encodes a LRR receptor kinase. Primary structure of the NILR1 divided into signal peptide; N-
terminal containing a pair of cysteine residues (underlined); the LRR domain with LRR con-
sensus residues in grey; the island domain containing a cysteine cluster with the pattern of
Cx2Cx16C; the transmembrane domain; and the Ser/Thr kinase domain. (N) A putative struc-
tural model for ECD of NILR1. The model was built using BRI1 as template. Conserved and
similar residues between BRI1 and NILRI are highlighted as red or blue respectively. Grey
color represents additional residues. (O) Conservation of NILR1 in land plants. A phylogram
tree generated from maximum-likelihood trees construction method based on alignment of
sequence spanning NILR1’s ECD. The number next to each branch (in brown) indicates a
measure of support. The number varies between 0 and 1 where 1 represent maximum. (P)
Expression of NILR1 during development stages of plants. As revealed by eFP browser. (Q)
Expression of NILR1 under different biotic stress conditions as revealed by eFP browser [34].
(PDF)

S1 Data. Arabidopsis genes differentially regulated (FDR <0.05; Fold change >1.5).during
migratory stages of nematode infection. Root segments from uninfected roots were used as

control. Values indictae fold change compared with control.
(XLSX)

$2 Data. Expression data for a selection of Jasmonic Acid- (JA), Ethylene- (ET) and Sali-
cylic Acid genes (SA)-related biosynthesis, signaling and marker genes with fold changes
obtained from microarrays analysis representing migratory stages of nematode infection.
Values indictae fold change compared with control. Values in green are significantly different
(FDR <0.05; Fold change >1.5).

(XLSX)

$3 Data. Arabidopsis genes differentially regulated (FDR <0.05; Fold change >1.5) upon
HsNemaWater treatment. Root segments from uninfected roots were used as control. Values
indictae fold change compared with control.

(XLSX)

$4 Data. A set of commonly upregulated genes between two microarrays (S1 and S3 Data).
(XLSX)

S5 Data. All RLKs and RLPs differentially commonly upregulated between two microar-
rays (S1 and S3 Data).
(XLSX)

S6 Data. Primer sequences used in this study.
(DOCX)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 19/22


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006284.s007
https://doi.org/10.1371/journal.ppat.1006284

@’PLOS | PATHOGENS

Nematode perception in plants

Acknowledgments

We are thankful to Stefan Neumann, Gisela Sichtermann, and Thomas Gerhardt for nematode
maintenance. We are also grateful to Fred Ausubel for providing pCYP71A12:GUS seeds.

Author Contributions

Conceptualization: FMWG CZ SS.

Data curation: SS BM JH ZSR MWW NH.

Formal analysis: SS BM JH ZSR MWW.

Funding acquisition: SS FMWG.

Investigation: BM JH ZSR MWW DC MI NH.

Methodology: FMWG SS BM JH ZSR MWW CZ MI DC NH.
Project administration: SS FMWG.

Supervision: SS FMWG.

Validation: SS BM JH ZSR MWW FEMWG.

Visualization: FMWG SS MWW CZ.

Writing - original draft: SS.

Writing - review & editing: FMWG SS BM JH ZSR MWW CZ.

References

1. Sasser JN, Freckman DW (1986) A World perspective on nematology—the role of the society. Journal
of Nematology, 18, 596—-596.

2. Williamson VM, Kumar A (2006) Nematode resistance in plants: the battle underground. Trends in
Genetics 22:396—403. https://doi.org/10.1016/j.tig.2006.05.003 PMID: 16723170

3. Fuller VL, Lilley CJ, Urwin PE (2008) Nematode resistance. New Phytologist 180:27—44. https://doi.
org/10.1111/j.1469-8137.2008.02508.x PMID: 18564304

4. Szakasits et al. (2009) The transcriptome of syncytia induced by the cyst nematode Heterodera schach-
tiiin Arabidopsis roots. Plant Journal 57:771-784. https://doi.org/10.1111/].1365-313X.2008.03727.x
PMID: 18980640

5. JammesF et al. (2005) Genome-wide expression profiling of the host response to root-knot nematode
infection in Arabidopsis. Plant Journal 44:447—458. https://doi.org/10.1111/j.1365-313X.2005.02532.x
PMID: 16236154

6. JIHLetal. (2013) Transcriptional analysis through RNA sequencing of giant cells induced by Meloido-
gyne graminicola in rice roots. Journal of Experimental Botany 64:3885-3898. https://doi.org/10.1093/
jxb/ert219 PMID: 23881398

7. HeweziT etal. (2015) The Cyst nematode effector protein 10A07 targets and recruits host posttransla-
tional machinery to mediate its nuclear trafficking and to promote parasitism in Arabidopsis. Plant Cell
27:891-907. https://doi.org/10.1105/tpc.114.135327 PMID: 25715285

Baum TJ (2012) Cyst nematode effectors and their targets. Phytopathology 102:165—166.

9. Hewezi T, Baum TJ (2013) Manipulation of plant cells by cyst and root-knot nematode effectors. Molec-
ular Plant-Microbe Interactions 26:9—-16. https://doi.org/10.1094/MPMI-05-12-0106-F| PMID:
22809272

10. Gardner M, Verma A, Mitchum MG (2015) Emerging roles of cyst nematode effectors in exploiting plant
cellular processes. Plant Nematode Interactions—A View on Compatible Interrelationships, eds Esco-
bar C, Fenoll C ( Elsevier, Amsterdam), pp. 259—-291.

11.  Trudgill DL (1967) Effect of environment on sex determination in Heterodera rostochiensis. Nematolo-
gica 13:263-272.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 20/22


https://doi.org/10.1016/j.tig.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16723170
https://doi.org/10.1111/j.1469-8137.2008.02508.x
https://doi.org/10.1111/j.1469-8137.2008.02508.x
http://www.ncbi.nlm.nih.gov/pubmed/18564304
https://doi.org/10.1111/j.1365-313X.2008.03727.x
http://www.ncbi.nlm.nih.gov/pubmed/18980640
https://doi.org/10.1111/j.1365-313X.2005.02532.x
http://www.ncbi.nlm.nih.gov/pubmed/16236154
https://doi.org/10.1093/jxb/ert219
https://doi.org/10.1093/jxb/ert219
http://www.ncbi.nlm.nih.gov/pubmed/23881398
https://doi.org/10.1105/tpc.114.135327
http://www.ncbi.nlm.nih.gov/pubmed/25715285
https://doi.org/10.1094/MPMI-05-12-0106-FI
http://www.ncbi.nlm.nih.gov/pubmed/22809272
https://doi.org/10.1371/journal.ppat.1006284

@’PLOS | PATHOGENS

Nematode perception in plants

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Macho AP, Zipfel C (2014) Plant PRRs and the activation of innate immune signaling. Molecular Cell
54:263-272. https://doi.org/10.1016/j.molcel.2014.03.028 PMID: 24766890

Monaghan J, Zipfel C (2012) Plant pattern recognition receptor complexes at the plasma membrane.
Current Opinion in Plant Biology 15:349-357. https://doi.org/10.1016/j.pbi.2012.05.006 PMID:
22705024

Zipfel C (2014) Plant pattern-recognition receptors. Trends in Immunology, 35:345-351. https://doi.
org/10.1016/).it.2014.05.004 PMID: 24946686

Bdhm H, Albert I, Fan L, Reinhard A, Nirnberger T (2014) Immune receptor complexes at the plant cell
surface. Current Opinion in Plant Biology 20:47-54. https://doi.org/10.1016/j.pbi.2014.04.007 PMID:
24835204

Boller T, Felix G (2009) A Renaissance of elicitors: Perception of microbe-associated molecular pat-
terns and danger signals by pattern-recognition receptors. Annual Review of Plant Biology 60:379—
4086. https://doi.org/10.1146/annurev.arplant.57.032905.105346 PMID: 19400727

Albert |, et al. (2015) An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity. Nature
Plants 1:15140. https://doi.org/10.1038/nplants.2015.140 PMID: 27251392

Holbein J., Grundler F. M., and Siddique S. (2016). Plant basal resistance to nematodes: an update. J.
Exp. Bot. 67,2049-2061. https://doi.org/10.1093/jxb/erw005 PMID: 26842982

Peng HC, Kaloshian | (2014) The tomato leucine-rich repeat receptor-like kinases SISERK3A and
SISERKS3B have overlapping functions in bacterial and nematode innate immunity. Plos One 9:€93302.
https://doi.org/10.1371/journal.pone.0093302 PMID: 24675749

Teixeira MA, Wei L, Kaloshian | (2016) Root-knot nematodes induce pattern- triggered immunity in Ara-
bidopsis thaliana roots. New Phytolosgist 211, 276-87

Manosalva P et al. (2015) Conserved nematode signalling molecules elicit plant defenses and pathogen
resistance. Nature Communication, 6:7795.

Goverse A, Smant G (2014) The activation and suppression of plant innate immunity by parasitic nema-
todes. Annual Review of Phytopathology 52, 243-265. https://doi.org/10.1146/annurev-phyto-102313-
050118 PMID: 24906126

Lozano-Torres JL et al. (2012) Dual disease resistance mediated by the immune receptor Cf-2 in
tomato requires a common virulence target of a fungus and a nematode. PNAS 109: 10119-10124.
https://doi.org/10.1073/pnas.1202867109 PMID: 22675118

Kammerhofer N et al. (2015) Role of stress-related hormones in plant defense during early infection of
the cyst nematode Heterodera schachtiiin Arabidopsis. New Phytologist 207:778—-789. https://doi.org/
10.1111/nph.13395 PMID: 25825039

Gust AA et al. (2007) Bacteria-derived peptidoglycans constitute pathogen-associated molecular pat-
terns triggering innate immunity in Arabidopsis. J Biol Chem 282:32338-32348. https://doi.org/10.
1074/jbc.M704886200 PMID: 17761682

Denoux C et al. (2009) Activation of defense response pathways by OGs and Flg22 elicitors in Arabi-
dopsis seedlings. Mol Plant 2: 423-445.

Prince DC, Drurey C, Zipfel C, Hogenhout SA (2014) The leucine-rich repeat receptor-like kinase Bras-
sinosteroid Insensitive1-associated Kinase1 and the cytochrome P450 Phytoalexin Deficient3 contrib-
ute to innate immunity to Aphids in Arabidopsis. Plant Physiology, 164,2207-2219. https://doi.org/10.
1104/pp.114.235598 PMID: 24586042

Gomez-Gomez L, Bauer Z, Boller T (2001) Both the extracellular leucine-rich repeat domain and the
kinase activity of FSL2 are required for flagellin binding and signaling in Arabidopsis. Plant Cell
13:1155-1163. PMID: 11340188

Kunze G et al. (2004) The N terminus of bacterial elongation factor Tu elicits innate immunity in Arabi-
dopsis plants. Plant Cell 16:3496—-3507. https://doi.org/10.1105/tpc.104.026765 PMID: 15548740

Millet YA et al. (2010) Innate immune responses activated in Arabidopsis roots by microbe-associated
molecular patterns. The Plant Cell 22:973-90. https://doi.org/10.1105/tpc.109.069658 PMID:
20348432

Schwessinger B et al. (2011) Phosphorylation-dependent differential regulation of plant growth, cell
death, and innate immunity by the regulatory receptor-like kinase BAK1. PLoS Genet 7: €1002046.
https://doi.org/10.1371/journal.pgen.1002046 PMID: 21593986

Matsushima N, Miyashita H (2012) Leucine-Rich Repeat (LRR) domains containing intervening motifs
in plants. Biomolecules 2:288-312. https://doi.org/10.3390/biom2020288 PMID: 24970139

Dievart A, Clark SE (2003) Using mutant alleles to determine the structure and function of leucine-rich
repeat receptor-like kinases. Current Opinion in Plant Biology 6: 507-516. PMID: 12972053

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 21/22


https://doi.org/10.1016/j.molcel.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/24766890
https://doi.org/10.1016/j.pbi.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22705024
https://doi.org/10.1016/j.it.2014.05.004
https://doi.org/10.1016/j.it.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24946686
https://doi.org/10.1016/j.pbi.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24835204
https://doi.org/10.1146/annurev.arplant.57.032905.105346
http://www.ncbi.nlm.nih.gov/pubmed/19400727
https://doi.org/10.1038/nplants.2015.140
http://www.ncbi.nlm.nih.gov/pubmed/27251392
https://doi.org/10.1093/jxb/erw005
http://www.ncbi.nlm.nih.gov/pubmed/26842982
https://doi.org/10.1371/journal.pone.0093302
http://www.ncbi.nlm.nih.gov/pubmed/24675749
https://doi.org/10.1146/annurev-phyto-102313-050118
https://doi.org/10.1146/annurev-phyto-102313-050118
http://www.ncbi.nlm.nih.gov/pubmed/24906126
https://doi.org/10.1073/pnas.1202867109
http://www.ncbi.nlm.nih.gov/pubmed/22675118
https://doi.org/10.1111/nph.13395
https://doi.org/10.1111/nph.13395
http://www.ncbi.nlm.nih.gov/pubmed/25825039
https://doi.org/10.1074/jbc.M704886200
https://doi.org/10.1074/jbc.M704886200
http://www.ncbi.nlm.nih.gov/pubmed/17761682
https://doi.org/10.1104/pp.114.235598
https://doi.org/10.1104/pp.114.235598
http://www.ncbi.nlm.nih.gov/pubmed/24586042
http://www.ncbi.nlm.nih.gov/pubmed/11340188
https://doi.org/10.1105/tpc.104.026765
http://www.ncbi.nlm.nih.gov/pubmed/15548740
https://doi.org/10.1105/tpc.109.069658
http://www.ncbi.nlm.nih.gov/pubmed/20348432
https://doi.org/10.1371/journal.pgen.1002046
http://www.ncbi.nlm.nih.gov/pubmed/21593986
https://doi.org/10.3390/biom2020288
http://www.ncbi.nlm.nih.gov/pubmed/24970139
http://www.ncbi.nlm.nih.gov/pubmed/12972053
https://doi.org/10.1371/journal.ppat.1006284

@’PLOS | PATHOGENS

Nematode perception in plants

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Winter et al. (2007) An electronic fluorescent pictograph browser for exploring and analyzing large-
scale biological data sets. Plos One 2:€718. https://doi.org/10.1371/journal.pone.0000718 PMID:
17684564

Wubben MJE, Jin J, Baum T J (2008) Cyst nematode parasitism of Arabidopsis thaliana is inhibited by
salicylic acid (SA) and elicits uncoupled SA-independent pathogenesis-related gene expression in
roots. Molecular Plant-Microbe Interactions 21: 424—432. https://doi.org/10.1094/MPMI-21-4-0424
PMID: 18321188

Glazebrook J, Chen W, Estes B, Chang HS, Nawrath C, Metraux JP, Zhu T, Katagiri F (2003) Topology
of the network integrating salicylate and jasmonate signal transduction derived from global expression
phenotyping. Plant Journal 34:217-228. PMID: 12694596

Kessler A, Baldwin IT (2002) Plant responses to insect herbivory: The emerging molecular analysis.
Annual Review of Plant Biology 53:299-328. https://doi.org/10.1146/annurev.arplant.53.100301.
135207 PMID: 12221978

Howe GA, Jander G (2008) Plant immunity to insect herbivores. Annual Review of Plant Biology 59,
41-66. https://doi.org/10.1146/annurev.arplant.59.032607.092825 PMID: 18031220

Gutjahr C, Paszkowski U (2009) Weights in the balance: Jasmonic acid and salicylic acid signaling in
root-biotroph interactions. Molecular Plant-Microbe Interactions 22:763-772. https://doi.org/10.1094/
MPMI-22-7-0763 PMID: 19522558

Nahar K, Kyndt T, De Vleesschauwer D, Hofte M, Gheysen G (2011) The jasmonate pathway is a key
player in systemically induced defense against root knot nematodes in rice. Plant Physiology, 157,
305-316. https://doi.org/10.1104/pp.111.177576 PMID: 21715672

Siddique et al. (2015) A parasitic nematode releases cytokinin that controls cell division and orches-
trates feeding site formation in host plants. Proceedings of the National Academy of Sciences of the
United States of America 112:12669—-12674. https://doi.org/10.1073/pnas.1503657112 PMID:
26417108

Siddique S et al. (2014) Parasitic worms stimulate host NADPH oxidases to produce reactive oxygen
species that limit plant cell death and promote infection. Science Signaling 7:ra33. https://doi.org/10.
1126/scisignal.2004777 PMID: 24714570

Pfafel MW (2001) A new mathematical model for relative quantification in real-time RT-PCR. Nucleic
Acids Research, 29:e45. PMID: 11328886

Guindon S, Lethiec F, Duroux P, Gascuel O (2005) PHYML Online: a web server for fast maximum like-
lihood-based phylogenetic inference. Nucleic Acids Resarch 33: W557-W559.

Anisimova M, Gascuel O (2006) Approximate likelihood-ratio test for branches: a fast, accurate, and
powerful alternative. Syst Biol 55: 539-552. https://doi.org/10.1080/10635150600755453 PMID:
16785212

Biasini et al. (2014) SWISS-MODEL: modelling protein tertiary and quaternary structure using evolu-
tionary information. Nucleic Acids Research 42:W252-\W258. https://doi.org/10.1093/nar/gku340
PMID: 24782522

Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-MODEL workspace: a web-based environ-
ment for protein structure homology modelling. Bioinformatics 22:195-201. https://doi.org/10.1093/
bioinformatics/bti770 PMID: 16301204

Benkert P., Biasini M. and Schwede T. (2011) Toward the estimation of the absolute quality of individual
protein structure models. Bioinformatics 27: 343-350 https://doi.org/10.1093/bioinformatics/btq662
PMID: 21134891

Wang Y, Geer LY, Chappey C, Kans JA, Bryant SH (2000) Cn3D sequence and structure views for
Entrez. Trends Biochem Sci 25:300-302. PMID: 10838572

Curtis M, Grossniklaus U (2003) A Gateway TM cloning vector set for high-throughput functional analy-
sis of genes in plants. Plant Physiology 133:462—469 https://doi.org/10.1104/pp.103.027979 PMID:
14555774

Nelson BK, Cai X, Nebenfiihr A (2007). A multicolored set of in vivo organelle markers for co-localization
studies in Arabidopsis and other plants. Plant Journal 5:1126—1136.

UedaY, Siddique S, Frei M. (2015). A novel gene, OZONE-RESPONSIVE APOPLASTIC PROTEINT1,
enhances cell death in ozone stress in rice. Plant Physiolog, 169: 873-889.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 22/22


https://doi.org/10.1371/journal.pone.0000718
http://www.ncbi.nlm.nih.gov/pubmed/17684564
https://doi.org/10.1094/MPMI-21-4-0424
http://www.ncbi.nlm.nih.gov/pubmed/18321188
http://www.ncbi.nlm.nih.gov/pubmed/12694596
https://doi.org/10.1146/annurev.arplant.53.100301.135207
https://doi.org/10.1146/annurev.arplant.53.100301.135207
http://www.ncbi.nlm.nih.gov/pubmed/12221978
https://doi.org/10.1146/annurev.arplant.59.032607.092825
http://www.ncbi.nlm.nih.gov/pubmed/18031220
https://doi.org/10.1094/MPMI-22-7-0763
https://doi.org/10.1094/MPMI-22-7-0763
http://www.ncbi.nlm.nih.gov/pubmed/19522558
https://doi.org/10.1104/pp.111.177576
http://www.ncbi.nlm.nih.gov/pubmed/21715672
https://doi.org/10.1073/pnas.1503657112
http://www.ncbi.nlm.nih.gov/pubmed/26417108
https://doi.org/10.1126/scisignal.2004777
https://doi.org/10.1126/scisignal.2004777
http://www.ncbi.nlm.nih.gov/pubmed/24714570
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1080/10635150600755453
http://www.ncbi.nlm.nih.gov/pubmed/16785212
https://doi.org/10.1093/nar/gku340
http://www.ncbi.nlm.nih.gov/pubmed/24782522
https://doi.org/10.1093/bioinformatics/bti770
https://doi.org/10.1093/bioinformatics/bti770
http://www.ncbi.nlm.nih.gov/pubmed/16301204
https://doi.org/10.1093/bioinformatics/btq662
http://www.ncbi.nlm.nih.gov/pubmed/21134891
http://www.ncbi.nlm.nih.gov/pubmed/10838572
https://doi.org/10.1104/pp.103.027979
http://www.ncbi.nlm.nih.gov/pubmed/14555774
https://doi.org/10.1371/journal.ppat.1006284

