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Root-knot nematodes establish long-term parasitic relationships with

diverse hosts by inducing specialized feeding cells. However, the molecular
mechanisms by which nematodes manipulate this developmental
reprogramming process remain largely unknown. Here we identify a class of
ROOT MERISTEM GROWTH FACTOR (RGF)-like peptide effectors conserved
inroot-knot nematodes. MgRGF from Meloidogyne graminicola and MiRGF1

from M. incognita are expressed in subventral gland cells during early
infection and secreted into the host apoplast. Functional analysis reveals
that nematode RGFs are critical for feeding site development. Intriguingly,
these peptides elicit host-specific outcomesin Arabidopsis andrice,
involving both cell proliferation and expansion—two processes essential

for establishing feeding cell identity. Further genetic and biochemical
evidence demonstrates that nematode RGF peptides functionally mimic
plant endogenous RGFs by hijacking the host RGI-receptor-mediated
signalling pathway to regulate root growth and promote parasitism.

Beyond PLT transcription factors, PSY peptide genes were identified as key
downstream components of this RGF signalling cascade inrice. Functional
characterization of OsPSY5 suggests its positive role in promoting cell
elongation and facilitating nematode parasitism. Our findings unveil a
cross-kingdom mimicry strategy whereby root-knot nematode-secreted RGF
peptides co-opt host RGF signalling to orchestrate feeding cell formation,
highlighting potential targets for engineering nematode resistance in crops.

Plant-parasitic nematodes are microscopic yet economically devastat-
ing pests, causing annual global crop losses exceeding US$157 billion'.
Among them, root-knot nematodes (RKNs; Meloidogyne spp.) and
cyst nematodes (Heterodera spp. and Globodera spp.) are obligate
sedentary endoparasites and represent the most damaging and
important groups’. These nematodes have comparable life cycles,
wherein infective second-stage juveniles (J2s) penetrate into host
roots and migrate towards the vasculature to induce the establish-
ment of specialized feeding cells’. The hypermetabolic multinucleated

feeding structures—syncytia induced by cyst nematodes and giant
cells induced by RKNs—function similarly as nutrient sinks sustain-
ing nematode growth and development; however, the mechanisms
of their ontogeny differ substantially*®. Unlike syncytia, which
form through cell wall dissolution and the incorporation of adja-
cent cells, giant cells develop via cell expansion accompanied by
sequential mitosis without cytokinesis’®. For RKNs, extensive cell
division surrounding giant cells culminates in the characteristic
root galls.

A full list of affiliations appears at the end of the paper.
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Nematodes manipulate host developmental programs to orches-
trate intricate root cell modifications, facilitating the initiation and
development of feeding cells’ 2. Accumulating lines of evidence have
pointed to the pivotal roles of phytohormones, particularly auxin and
cytokinin, which are central to feeding cell establishment during RKN
infection™ ", Genesinvolved in auxin biosynthesis, transport and sig-
nalling are activated in feeding cells, as illustrated by transcriptome
and promoter-reporter analysis, while the corresponding mutants
exhibit impaired giant cell formation and reduced susceptibility to
nematodes'®"”, Likewise, cytokinin biosynthesis, catabolism and
signalling arerequired for cell cycle activation and giant cell develop-
ment at infection sites'***.

Recent studies have revealed that multiple developmental path-
ways are recruited during the formation of RKN-induced galls, there-
fore conferring meristematic cell identities with transient pluripotency
essential for gall organogenesis®*. Key genes associated with lateral
root formation and callus induction, encompassing LATERAL ORGAN
BOUNDARIES-DOMAIN 16 (LBD16), ABERRANT LATERAL ROOT FORMA-
TION 4 (ALF4), AUXIN RESPONSE FACTOR 5 (ARF5), ARABIDOPSIS HIS-
TIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), GATA TRANSCRIPTION
FACTOR 23 (GATA23) and INDOLE-3-ACETIC ACID genes, are activated
and functionally implicated in gall development, suggesting molecu-
lar resemblance between gall formation and these developmental
processes? . Furthermore, representative markers of root apical mer-
istem,suchas SHORTROOT (SHR), SCARECROW (SCR),SCHIZORIZA (SC2)
and WUSCHEL-RELATED HOMEOBOXS (WOXS), as well as vascular stem
cell markers such as TDIF RECEPTOR (TDR), WOX4 and ARABIDOPSIS
THALIANA HOMEOBOX 8 (ATHBS), exhibit induced expression in pro-
liferating cells of the gall and are required for gall development®**. A
recentstudy further identified the ETHYLENE RESPONSE FACTOR 115
(ERF115) and PHYTOCHROME A TRANSDUCTION 1 (PAT1) transcrip-
tion factor complex, known for wound-induced tissue regeneration,
asanimportant contributor to gallinitiation during RKN infection®.

Phytonematodes secrete an arsenal of effector proteins originat-
ing from their oesophageal glands to ensure successful parasitism**%,
Remarkably, these nematodes have evolved effector proteins that
mimic plant peptide hormones, enabling them to manipulate feeding
cell formation or suppress plant defence responses®. Among them,
CLAVATA3/EMBRYO SURROUNDING REGION-RELATED (CLE)-like
peptide effectors represent one of the best-characterized classes
in various cyst nematodes, serving as functional mimics of endog-
enous plant CLE peptides®*~*% The nematode CLE preproproteins,
expressed in dorsal oesophageal gland cells of cyst nematodes, are
deliveredinto the host cytoplasm as propeptides and processed into
mature peptides that function as bioactive ligands in the apoplast™.
The plant CLE-receptor-mediated signalling pathways, which play
recognized rolesin maintaining stem cell poolsin the shoot apical mer-
istem, root apical meristem and vascular meristem, are subsequently
activated®***. Both A-type and B-type nematode CLE effectors act
synergistically to co-opt these endogenous developmental pathways,
ensuring proper syncytium formation®****¢_ Intriguingly, CLE-like
motifs have also been identified in Meloidogyne genomes through
sequence mining”. For example, RKN effectors such as Meloidogyne
Avirulence Protein and 16D10 harbour CLE-like motifs, although their
functions as peptide mimics remain elusive®®*. Beyond CLEs, a diverse
array of plant peptide mimics, including C-TERMINALLY ENCODED
PEPTIDE (CEP), INFLORESCENCE DEFICIENT IN ABSCISSION (IDA),
RAPID ALKALINIZATION FACTOR (RALF) and PLANT PEPTIDES CON-
TAINING SULFATED TYROSINE (PSY), have been discovered in RKNs,
suggesting their remarkable capability to reprogram host signalling
during adaptation'*** Forinstance, RKN RALF-like peptides target
the host malectin-like receptor kinase FERONIA (FER) to suppress
immune responses*’. More recently, MigPSYs, functional mimics
of plant PSY peptides secreted by RKNs, were shown to promote
root growth and enhance nematode infection**. Nevertheless, the

biological functions of most nematode-derived peptides during para-
sitism remain to be elucidated.

Inadditionto CLE peptides, another group of secreted peptides,
ROOT MERISTEM GROWTH FACTORS (RGFs), also known as GOLVEN
(GLVs) or CLE-LIKE (CLELs) (referred to as RGFs for simplicity hereafter),
play crucial roles in maintaining the root stem cell niche**. These
peptides have been implicated in regulating diverse biological pro-
cesses, includinglateral root development, root gravitropic responses
and innate immunity*’°°. The Arabidopsis RGF family comprises 11
functionally redundant members, with more than half expressed in
the stem cell area and the innermost layer of central columella cells’".
Mature RGF peptides are derived from the carboxy-terminal 13-16
conserved amino acids (aa) of their precursor proteins, following
post-translational tyrosine sulfation catalysed by tyrosylprotein
sulfotransferase (TPST) and subsequent proteolytic processing®>*.
Root growth defects and reduced meristematic activity in the ¢pst-1
mutant, owing to a deficiency in tyrosine-sulfated peptides, can be
fully rescued by the exogenous application of sulfated RGF1, along
with two other sulfated peptides, PHYTOSULFOKINE (PSK) and PSY.
Conversely, overexpression of AtRGF1 or exogenous treatment with
synthetic peptide results in an enlarged root apical meristem, while
the rgfl,2,3 triple mutant (with mutations in RGF1, RGF2 and RGF3)
exhibits reduced meristem size and a short root phenotype, both of
which can be restored by exogenous RGF application®. A clade of five
leucine-rich repeat receptor-like kinases (LRR-RLKs), designated as
RGF1INSENSITIVEs (RGIs) or RGF RECEPTORs (RGFRs), were indepen-
dently identified as the receptors of RGF1 by three research groups,
and SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) fam-
ily co-receptors were shown to be recruited to initiate downstream
signalling® ¢, The RGF1-RGI complex activates the Mitogen-Activated
Protein Kinase (MAPK) cascade, leading to the upregulation of two
AP2-domaintranscription factors, PLETHORA1(PLTI) and PLT2, which
modulate proximal meristem activity and root growth” %, Additionally,
the transcription factor RGFI-INDUCIBLE TRANSCRIPTION FACTOR 1
(RITFI) has been demonstrated to mediate RGF1signalling by regulat-
ing reactive oxygen species distribution along root developmental
zones, thereby influencing PLT2 protein stability and meristem size*.

Here we identify a class of effectors encoding RGF-like peptides
across multiple RKN species. Specifically, we characterized two RGF
precursor genes, designated as MgRGF (Meloidogyne graminicola)
and MiRGFI1 (M. incognita), and elucidated their critical rolesin feeding
site establishment in different host plants. Our findings demonstrate
that these RGF-like effectors are expressed in the subventral gland cells
during early parasitic stages of nematode infection and are secreted
into host tissues, where they function as peptide mimics of plant RGF
peptides. Intriguingly, we observed distinct effects of these peptides
onrootgrowthin different hosts, highlighting host-specific outcomes.
These nematode-derived peptides reprogram host developmental
pathways via RGF receptorsinboth Arabidopsis andrice, thereby pro-
moting feeding cell development and RKN infection. Furthermore, we
revealed that the expression of PLT transcription factors, the key down-
stream regulators of plant RGF signalling, as well as PSY sulfated pep-
tide genes, suchas OsPSYS, isactivated by the nematode-RGF-mediated
signalling pathway in favour of nematode parasitism. Collectively,
our results unveil a pivotal role of nematode-secreted RGF mimics in
hijacking host developmental pathways to facilitate successful infec-
tions. These findings reveal important insights into the molecular
mechanisms driving RKN feeding site formation and provide potential
targets for engineering nematode-resistant crops.

Results

Identification of RGF-like genes in RKNs

Given the established roles of RGF peptides in root development, we
wondered whether nematodes might secrete RGF-like peptide mimics.
Using the conserved RGF motif (DYXxxPxxxPPxHN) of Arabidopsis as a
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query, we searched the annotated protein database of M. graminicola
available through Wormbase Parasite (http://parasite.wormbase.org/
index.html)*>®', We identified a single RGF-like sequence (GenBankID:
KAF7636859.1),named MgRGF. It consists of 71aa containing a predicted
21-aa amino-terminal signal peptide followed by two conserved RGF
motifs in tandem repeats, with the potential to produce 13-aa (DYFN-
PKHHPPRHN) and 14-aa (DYNHFPKGHPPLHN) peptides simultane-
ously. The sequences of the motifs are not identical, but both contain
the canonical residues of the plant RGF family. Notably, the 13-aa RGF
motif of MgRGF differs from Arabidopsis RGF1by only two residues.
We further searched other available sequence databases of nematodes
andidentified RGF-like orthologuesinadiverse range of RKN species,
including M. incognita (MiRGFI and MiRGF2), M. arenaria (MaRGF1,
MaRGF2and MaRGF3), M. chitwoodi (McRGF), M. enterolobii (MeRGFI
and MeRGF2), M. floridensis (MfRGFI and MfRGF2) and M. javanica
(MjRGFI1, MjRGF2 and MjRGF3) (Fig. 1a and Supplementary Table 1).
However, no RGF-like sequences were found in existing sequence data-
bases of cyst nematodes and other parasitic nematodes, indicating
thatthese genes may play important roles specific to RKN parasitism.
Similar to the RGF genesin plants, allnematode RGF genes are encoded
by a single exon, except the one in M. chitwoodi, which harbours five
introns. Theidentified precursor proteins of nematode RGFs are small
(66-72aa), comprising predicted N-terminal signal peptides and at least
one characteristic RGF motif near the C terminus. We observed high
sequence similarity shared within Clade I Meloidogyne species, but not
with distantly related Meloidogyne species.In addition, no transmem-
brane domain was found by TMHMM analysis, suggesting the potential
of these proteins as secreted effectors (Supplementary Table 1). We
subsequently obtained the coding sequences of MgRGF and MiRGF1
(a 68-aa protein) via reverse transcription (RT)-PCR using RNA
extracted from parasitic stages of M. graminicola and M. incognita,
respectively, for further functional analysis.

Secretion of nematode RGF effectors from subventral
oesophageal glands during early parasitic stages

We examined the temporal expression patterns of MgRGF and
MiRGF1 across different developmental stages of M. graminicola and
M. incognita through RT-qPCR. We found that MgRGF is mainly
expressed in parasitic J2s (Par-J2s) at 3 days post infection (dpi) and
exhibits considerably lower expressionin other life stages, including
eggs, pre-parasitic)J2s and later parasitic stages (third- and fourth-stage
juveniles) (Fig. 1b). A similar expression pattern was observed for
MiRGF1, with peak transcript levels in Par-J2s (Fig. 1c). To determine
their spatial expression in nematodes, in situ hybridization was per-
formedtolocalize the transcripts. Strong signals were detected in the
subventralgland cells of Par-J2s inboth M. graminicola and M. incognita
when hybridized with the digoxigenin (DIG)-labelled antisense probes
specific to MgRGF and MiRGFI, respectively, whereas no hybridiza-
tion signals were observed when the corresponding sense probes
were used (Fig. 1d,e). Furthermore, a polyclonal antibody was raised
using MgRGF-derived synthetic peptides for immunolocalization
analysis. Consistently,immunofluorescence signals were detected in
the subventral glands of Par-)2s (Fig. 1f). Since subventral gland cells
are known to be active during early stages of nematode parasitism,
our results suggest that RGF effectors may function primarily during
early hostinfection.

To investigate effector secretion, we evaluated the function of
MgRGF and MiRGF1 signal peptides using assays previously devel-
oped inyeast and Nicotiana benthamiana®®. Using a yeast invertase
secretion system, we successfully detected the activity of secreted
invertase, as shown by the presence of red products and successful
growth on raffinose-containing YPRAA medium, when we expressed
SUC2invertasein fusion with the signal peptides of MgRGF and MiRGF1
inthe yeast strain YTK12 (Supplementary Fig. 1a). Alternatively, tran-
sient expression assays in N. benthamiana leaves demonstrated that

both signal peptides can effectively guide XEG1 out of the plant cell,
thus leading to characteristic cell death, confirming that both signal
peptides of MgRGF and MiRGF1 act as functional secretion signals
(SupplementaryFig. 1b,c). Furthermore, immunohistochemical anal-
ysis was conducted on rice gall sections with M. graminicola infec-
tion. Fluorescence signals were detected in the nematode anterior
part and the apoplastic space between the nematode and giant cells
after hybridization with anti-MgRGF antibodies, whereas no signal
was detected when using the secondary antibody alone (Fig. 1g and
Supplementary Fig. 2). These results suggest that nematode RGFs
secreted from the subventral glands may be delivered directly into the
host apoplast via the stylet.

Invitro silencing of nematode RGF effectors impairs

nematode parasitism

To investigate the role of nematode RGFs in RKN parasitism, we
employed RNA interference experimentsto silence the expression of
MgRGF or MiRGFIin M. graminicolaand M. incognita, respectively, and
evaluate theresulting effect on nematode infection. Nematodes were
in vitro soaked with target-specific double-stranded RNA (dsRNA).
Silencing efficiency was confirmed in feeding nematodes by RT-qPCR
at 3 dpi with dsRNA-treated nematodes (Fig. 2a). The average num-
bers of galls and female nematodes were significantly reduced by
approximately 31% and 37% inrice roots, respectively, at 7and 15 dpi
with MgRGF dsRNA-treated nematodes relative to GFP dsRNA or M9
buffer controls (Fig. 2b-d). Additionally, MgRGF silencing resulted ina
significant reduction (-54%) in the number of feeding sites established
by M. graminicola, as demonstrated by tissue sectioning and benzyl
alcohol/benzyl benzoate (BABB) clearing (Fig. 2e,f), whereas feed-
ing cell size was not significantly altered (Fig. 2g). We also observed
enhanced root growth in plants inoculated with MgRGF-silenced
nematodes compared with those inoculated with control nematodes,
most likely due to reduced nematode infection and damage to root
tips (Fig. 2d and Supplementary Fig. 3). Similarly, reduced nema-
tode susceptibility was observed in Arabidopsis upon silencing of
MiRGF1, evidenced by the decreased numbers of galls and egg masses
per plant (-50% and 48%, respectively), along with the reduced size
of single giant cells (-42%) (Fig. 2h-m). For MiRGFI silencing, the
reduction in feeding cell size was more pronounced, which can be
explained by the compromised feeding site establishment. These
results demonstrate that both MgRGF and MiRGFI play crucial roles
in the process of feeding site establishment in host roots and are
essential for nematode infection.

Exogenous application of nematode RGF peptides regulates
root growth, mimicking plant endogenous peptides

To investigate the functional similarity between plant and nematode
RGF peptides, we first examined their effects on Arabidopsis root
growth using synthetic peptides (Supplementary Table 2). Both the
13-aaand 14-aatyrosine-sulfated peptides derived from MgRGF, named
MgRGF1-Y and MgRGF2-Y, along with the 13-aa unmodified peptide
(MgRGF1), were used for the treatments. In addition, the 13-aa sulfated
RGF1 peptide from Arabidopsis (AtRGF1-Y) was included for compari-
son. Similar to the AtRGF1 peptide, nematode peptides can stimulate
root growth and meristematic activity, asindicated by increased root
length and higher numbers of meristem cortex cells, although the effect
of unmodified peptides was less prominent than that of the sulfated
forms (Extended Data Fig.1a-d and Supplementary Fig. 4a,b). Consist-
ent with previous reports, we observed awavy-root phenotype, espe-
ciallyunder treatments with sulfated peptides (Extended Data Fig. 1a).
RGF-peptide-treated seedlings exhibited more exaggerated root wav-
ing than mock controls when grown on firm agar (1.5%) plates angled
at45° (Extended Data Fig. 1e). Treatment with MgRGF peptides also
enhanced root growth and restored root meristematic activity of Arabi-
dopsistpst-1 (Extended DataFig. 1f-h) and rgf1,2,3mutants to a similar
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and phylogenetic analysis of the predicted mature RGF peptides encoded in the
genomes of RKNs (Mf, Meloidogynefloridensis; Mj, M. javanica; Ma, M. arenaria;
Mi, M. incognita; Me, M. enterolobii; Mg, M. graminicola; Mc, M. chitwoodi). AtRGF1
from Arabidopsis thaliana was included for comparison. The phylogenetic tree
was generated using the maximum-likelihood method in MEGA11. The numbers
atthebranches represent bootstrap percentages from1,000 replicates. Coloured
branches represent RGF peptide sequences from M. graminicola, M. incognita
and Arabidopsis thaliana (orange, MiRGF1; blue, MgRGF1; red, AtRGF1; green,
MgRGF2). Conserved RGF domains were aligned with MAFFT v.7. A sequence

logo plot was generated using Web-Logo v.2.8.2 (ref. 97). Conserved residues

are highlighted. b, Developmental expression pattern of nematode RGF in

M. graminicola. Total RNA was extracted from different parasitic stages of the
nematode. RT-qPCR was conducted using MgACTIN2 and Mg Tub as internal
controls. Relative expression levels were calculated using the 2*“" method
relative to the egg stage. Pre-J2s, pre-parasitic J2s; Par-J3s/)4s, parasitic third-/
fourth-stage juveniles. ¢, Developmental expression pattern of the RGF gene in
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M. graminicola. Fixed nematodes were hybridized with DIG-labelled antisense
(right panel) and sense (left panel) cDNA probes. Observations were conducted
with atleast 50 parasiticJ2s. Scale bars, 20 pm. St, stylet; M, metacorpus; SvG,
subventral gland. e, MiRGF1 is expressed in the subventral glands of parasitic-
stage M. incognita. The same analysis was performed asind. Scale bars, 10 pm.

f, Immunolocalization of MgRGF in parasitic-stage M. graminicola using anti-
MgRGF antibody. The left panel shows a bright-field (BF) image, the middle panel
shows Alexa-488 fluorescence and the right panel shows the merged image.
Observations were conducted with at least 50 parasitic)2s. Scale bars, 20 um.

g, In plantaimmunolocalization of MgRGF protein in nematode-infected rice
root sections. Fluorescence signals were detected in the nematode anterior

part (red arrowheads) at1dpi, and at the base of the stylet and in the apoplast
space between the nematode and the giant cell at 3and 5 dpi (red arrowheads).
Observations were conducted with at least 20 independent galls. The results are
shown as overlays of bright-field and Alexa-488 immunofluorescence images. N,
nematode. The asterisks indicate giant cells. Scale bars, 10 um. Three independent
experiments were performed with similar results (d-g). Thedatainband care
presented as mean + s.e.m. of three independent biological replicates (n = 3).
Pvalues were determined using unpaired two-sided Student’s ¢-test (b,c).

Nature Plants | Volume 12 | June 2026 | 1280-1301

1283


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-026-02301-z

extent as AtRGF1 peptide treatment (Extended Data Fig. 1i,j). These
results indicate that MgRGF peptides act as ligand mimics of A¢tRGF1
inArabidopsisroot growth, and sulfation modificationis required for
full function of the peptides.

Furthermore, we examined the effects of MgRGF peptides on
rice root growth. Among 13 RGF members in rice, two sulfated RGF
peptides, corresponding to the RGF motifs of LOC_0s02g55580 and
LOC_0s06g42754, were synthesized for further comparison, owing
to their high expression in roots (Supplementary Fig. 5a-e). Interest-
ingly, the effects of peptides onrice root growth, whether nematode- or
plant-derived, were unexpected and distinct from what we observed
inArabidopsis.Rather than the stimulated root growth in Arabidopsis,
RGF peptide treatment resulted in dose-dependent root shortening
and root tip curling in rice (Fig. 3a,b and Supplementary Figs. 5f-i
and 6a,b). Root inhibition was observed at 1 nM peptide concentra-
tionand became more severe with increasing peptide concentrations
(Supplementary Fig. 6¢,d). Consistent with prior observations, sul-
fated MgRGF peptides caused stronger suppression than unmodified
peptides. To elucidate the cellular basis underlying these phenotypic
differences, we used 5-ethynyl-20-deoxyuridine (EdU), which labels
newly replicated DNA, for root tip analysis. The signals of EdU-labelled
cells were significantly increased upon peptide treatment, indicating
the elevated cell divisioninrice root meristem (Fig. 3c,d). Additionally,
both pCYCBI.1::GUS reporter lines and nitroblue tetrazolium chloride
(NBT) staining, commonly used to mark dividing cells and the root
meristem zone, corroborated this result (Fig. 3e-h). Longitudinal
root sections showed that cell length in the elongation and matura-
tionzones, especially ontheinner (concave) side of curled roots, were
significantly shorter following peptide treatment, across all radial cell
layers, than the untreated controls (Fig. 3i-1). Remarkably, we noticed
that the peptide-treated roots were much thicker than the controls.
Root cross-sections showed that the root diameters along different
developmental zones were significantly increased upon peptide treat-
ment (Fig. 3m,n). Measurements of average cell area revealed that
this increased diameter was mainly due to radial cell expansion in
different root cell layers (Fig. 30,p). These findings suggest that the
effects of RGF peptides on rice root development are multifaceted,
involvingalterationsinbothcell proliferation and expansion. A similar
phenotype was observed in tomato, where MgRGF1-Y treatment led
to shorter and thicker roots accompanied by enhanced meristematic
activity (Extended DataFig. 2a-d). Nematode infection was also com-
promised in tomato upon the silencing of the nematode RGF effector
(Extended Data Fig. 2e-h). Taken together, all these results support
the notionthat nematode-derived RGF peptides regulate root growth
inamanner resembling that of plant RGFs, albeit with species-specific
outcomes. This highlights the functional conservation of these pep-
tides across kingdoms.

Overexpression of nematode RGF genes promotes nematode
parasitism

To further elucidate the biological functions of nematode RGFs, we
generated transgenic lines of rice and Arabidopsis expressing either
full-length RGF genes or their signal-peptide-deleted variants. The
expression levels of the transgenes were confirmed by RT-qPCR
(Extended Data Fig. 3b and Supplementary Fig. 7a,b). Two resulting
independent homozygous T, lines were used for further analysis. In
Arabidopsis, expression of both MgRGF and MiRGF1, regardless of
signal peptide presence, produced similar root growth phenotypes
to those induced by the exogenous application of RGF peptides. The
transgenic plants exhibited longer and wavy roots, reduced lateral
root formation and increased meristematic cell numbers relative to
the controls, mimicking reported hallmark phenotypes triggered by
endogenous Arabidopsis RGF peptides (Extended Data Fig. 3a-f and
Supplementary Fig. 7c-f). Through nano-liquid chromatography cou-
pled to tandem mass spectrometry (nano-LC-MS/MS) analysis, we
successfully detected the 13-aa and 14-aa tyrosine-sulfated mature
peptides, corresponding to MgRGF1-Y and MgRGF2-Y, inapoplastic pep-
tide extractions from the transgeniclines expressing either full-length
MgRGF or its signal-peptide-deleted variant (Extended Data Fig. 3g-j).
According to SecretomeP-1.0, the signal-peptide-removed vari-
ants were predicted to be secreted through non-classical secretion
pathways, thus providing a plausible explanation for the identical
phenotypes observed between full-length and truncated proteins
(Supplementary Table 3). In contrast, MgRGF expressioninriceresulted
inshorter and thicker roots, with larger root diameters than the con-
trols, although the changes were less pronounced than thoseinduced
by peptide treatment (Fig. 4a-f). The differencesin response between
the two plant species may reflect the intricate and species-specific
nature of RGF-mediated signalling pathways.

Tofurther evaluate the involvement of MgRGF in nematode para-
sitism, we conducted infection assays with the respective transgenic
lines of rice. We observed significantly enhanced susceptibility to
nematode infection for all the transgenic lines expressing MgRGF.
The average numbers of galls and females increased significantly com-
pared with wild-type controls (Fig. 4g-i). This elevated susceptibility
was not due to differences in nematode penetration, as similar num-
bers of juveniles entered the roots of transgenic and control plants
(Supplementary Fig. 8a,b). Histological examination demonstrated
that more feeding sites were established by M. graminicola in indi-
vidual galls of the transgenic roots, whereas the feeding cell size was
notsignificantly altered (Fig.4j-1and Supplementary Fig.8c,d).Inline
with this, expression of MgRGF in Arabidopsis also resulted in elevated
susceptibility, with significantly increased numbers of galls and egg
masses, as well as feeding sites per gall (Extended Data Fig. 4a-e).
All these findings provide compelling evidence that nematode RGF

Fig. 2| Silencing of nematode RGF effectors affects nematode parasitism.

a, Evaluation of MgRGF silencing efficiency in feeding nematodes by RT-qPCR.
Following in vitro soaking with the indicated dsRNA, 100 J2s per plant were used
forinoculation. RT-qPCR analysis was conducted at 3 dpi using MgACTIN2 and
MgTub as internal controls. Relative expression levels were calculated relative
to the M9 buffer control. b-d, Effect of MgRGF silencing on nematode infection.
Root galls (b) and female nematodes (c) were counted at 7 dpi and 15 dpi with
dsRNA-treated M. graminicola (n=15). The experiments were performed three
times with similar results. Representative root phenotypes were photographed
at7 dpi(d).Scalebarind, 2 cm. e-g, Effect of MgRGF silencing on feeding site
establishment. Feeding sites were observed using tissue sectioning (left panels
ine)and BABB clearing (middle and right panels ine) at 7 dpi. Representative
images of asingle gall and an individual feeding site are shown. The number of
feeding sites per gall (f) (n =12) and feeding cell size were quantified (g) (n =10).
Scalebars, 200 pm (left panelsin e), 100 um (middle panelsin e) and 50 um (right
panelsine). The asterisks indicate giant cells. h, Silencing efficiency of MiRGFI
detected by RT-qPCR. The experiments were performed as in a, using MiGADPH

and MiI8S as internal controls. i-k, Silencing of MiRGFI compromised nematode
infection in Arabidopsis. Root galls (i) were counted at 15 dpi with M. incognita
(n=15). At 30 dpi, roots were stained with acid fuchsin, and egg masses (j) were
counted (n =15). The green arrowheads indicate root knots on Arabidopsis roots.
Representative root phenotypes were photographed at 30 dpi (k). Scale bars,
1mm.1,m, Giant cell observation after BABB clearing. Representative images
of anematode feeding site were photographed using confocal microscopy at

30 dpi (). The areas of individual giant cells (m) were quantified using Image
(n=15).Scale bars, 200 pm. The asterisks indicate giant cells. The experiments
were performed three times with similar results. The datainaand hare presented
asmean +s.e.m. of three independent biological replicates (n =3). The datain

b, ¢, f, g, i,jand mare presented as box-and-whisker plots with individual data
points. The central line indicates the median, the box limits represent the first
and third quartiles and the whiskers extend to the minima and maxima. P values
were determined by Tukey’s multiple comparisons test (a-c,h-j) and unpaired
two-tailed Student’s t-test (f,g,m).
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Fig. 3| Exogenous treatment with nematode RGF peptides regulates root
growth and developmentinrice. a,b, Root growth phenotypes under synthetic
peptide treatment. Kitaake seedlings were grown vertically on half-strength
Murashige and Skoog (2MS) plates either alone or supplemented with
theindicated peptides (100 nM). Seedlings were photographed (a) at12 h

after treatment, and root length (b) was measured (n = 21). Scale bar, 1 cm.

c,d, Longitudinal observation of EdU-labelled cells in the root meristem.

After 12 h of MgRGF1-Y treatment, roots were imaged with confocal microscopy
(c¢), and the sizes of EdU-labelled root meristems (d) were measured (n =15).
Scale bars, 100 um. e,f, Expression pattern of pOsCYCBI.1::GUS in primary

root tips following 12 h of MgRGF1-Y treatment. Roots were photographed

using a stereomicroscope (e), and the lengths of the stained regions (f) were
measured (n =12).Scale bars, 200 um. g,h, Root staining with NBT after 12 h

of peptide treatment. Representative root images were photographed using a
stereomicroscope (g). The stained regions in the meristematic zone (h) were
measured (n =20). Scale bars, 200 pm. The red arrowheads mark the boundary
region of labelled or stained cells, and the asterisks indicate the quiescent centre
(QC) region (c,e,g). i,j, Median longitudinal sections of the elongation zone
after 24 hof 100 nM MgRGF1-Y treatment. Representative root sections were
photographed (i), and cell length (j) across all radial cell layers was measured

(n=15).Scale bars, 50 um. k.1, Observation of longitudinal sections of the
maturation zone. The experiments were performed as iniandj. Scale bars,

50 pm. m,n, Cross-sections of the elongation (m) and maturation (n) zones

after 24 h of 100 nM MgRGF1-Y treatment. Representative root sections were
photographed. Scale bars, 50 um. o,p, Cell area quantification across all radial
celllayersin the elongation (o) (n = 15) and maturation (p) (n = 15) zones under
peptide treatment. LS and RS indicate the left and right sides of the root sections
without peptide treatment, respectively; OS and IS indicate the outer and inner
sides of the peptide-treated root sections, respectively. VB, vascular bundle;
rEP, root epidermis cell; rEX, root exodermis cell; rSC, root sclerenchyma cell;
CPC, cortex parenchyma cell; rEN, root endodermis cell. The experiments were
performed three times with similar results. ‘Ctrl’ indicates that no peptide was
added. Thedatainj, 1,0 and p are shown as mean + s.e.m. with individual data
points. Thedatainb, d, fand hare presented as box-and-whisker plots with
individual data points. The central line indicates the median, the box limits
represent the first and third quartiles and the whiskers extend to the minima and
maxima. Pvalues were determined by one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparisons test, comparing the mean of each column
with the mean of the control column (b j,I), and unpaired two-tailed Student’s
t-test (d,f h,0,p).
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effectors play pivotal roles in promoting feeding site establishment
during nematode parasitism.

Arabidopsis RGl receptors mediate the perception of
nematode RGF peptides
The functional similarities between nematode RGF peptides and plant
RGFs promoted us to investigate whether these nematode effectors
may exploit the host’s RGF signalling pathway. In Arabidopsis, five
LRR-RLKs, RGI1 to RGI5, have been demonstrated as essential recep-
tors for perceiving endogenous RGF peptides during root meristem
development. The corresponding quintuple rgil,2,3,4,5mutant displays
ashort-root phenotype with adecrease in meristem size*. To determine
whether these RGl receptors are involved in nematode signalling, we
first analysed their expression pattern during M. incognita infection
using promoter-GUS transgenic Arabidopsis lines. GUS expression
varied along the root, and strong GUS activity was observed predomi-
nantly at nematode feeding sites at 3and 5 dpi with M. incognitafor all
five genes, while the expression was weak or undetectable by 12 dpi,
suggesting that RGI receptors primarily function during the early
stages of nematode infection (Extended Data Fig. 5a). Cross-sections
of galls revealed GUS expression in giant cells and surrounding cells
(Extended DataFig. 5b). We then examined the root growth responses
ofthe rgimutant to the exogenous application of nematode RGF pep-
tide. Relative to the wild-type plants, the quintuple mutant showed
complete insensitivity to nematode RGF peptide treatment, demon-
strating that these receptors are required for perceiving both plant-and
nematode-derived RGF signals (Extended Data Fig. 6a-e).
Furthermore, we performed a nematode infection assay on the
rgil,2,34,5 mutant with M. incognita inoculation. Although the roots
of the rgil,2,34,5 mutant are shorter, the number of nematodes pen-
etrating into the roots at 1 dpi was comparable to that in wild-type
controls (Extended Data Fig. 6f,g). To minimize potential bias in the
interpretation of nematode infection phenotypes arising from sig-
nificant root growth defects, the root weight was taken into account
to standardize infection phenotypes. No significant difference was
foundinthe gallnumbers after normalization (Extended Data Fig. 6f).
Nevertheless, the quintuple mutant produced fewer egg masses
(Extended Data Fig. 6g,h). In line with this, nematode development
was delayed in the roots of the rgi1,2,3,4,5 mutant at 7 and 15 dpi
(Extended DataFig. 6i-n), and giant cell size was significantly smaller
than in the controls (Extended Data Fig. 60,p). These results indicate
that the perception of nematode RGFs by Arabidopsis RGl receptorsis
potentially required for successful nematode infection.

Rice RGF peptide receptors are essential for M. graminicola
parasitism

Therole of RGF signalling inrice has not been studied before. Through
phylogenetic analysis, we identified six rice RGl homologues (desig-
nated as OsRGI1 to OsRGl6), which separately clustered with the five

Arabidopsis RGl receptors (Fig. 5a). All these OsRGlI proteins contain
characteristic domains of LRR receptor kinases and are expressed in
root tissues, implicating their potential involvement in root develop-
ment (Supplementary Fig. 9a-c). Sequence analysis revealed the pres-
ence of aconserved Arg-x-Gly-Gly motif in OsRGls, which was identified
asthe motifresponsible for recognizing the sulfate group of RGF pep-
tides (Supplementary Fig.10)**. Further molecular homology modelling
and docking simulation analysis demonstrated interactions between
the Arg-x-Gly-Gly motif of OsRGI2 or AtRGI3 and the sulfate group of
the MgRGF1-Y and MiRGF1-Y peptides (Supplementary Fig. 11a-d).
Subcellular localization confirmed the plasma membrane localization
of GFP-tagged OsRGI2 and OsRGI3 inrice protoplasts, inboth the pres-
ence and absence of RGF peptide (Supplementary Fig.12a,b). We fur-
ther expressed the ectodomain of OsSRGI2 using aninsect-baculovirus
expression system and tested the association with biotinylated MgRGF1
peptide through anin vitro pull-down assay. Following immunoprecipi-
tation with an anti-streptavidin antibody, biotinylated MgRGF peptide
could effectively pull down OsRGI2, whereas an excess of unlabelled
RGF peptides could compete for the binding (Fig. 5b). Additionally,
high-affinity bindings between the OsRGI2 ectodomain and both
nematode and plant RGF peptides were further confirmed through a
microscale thermophoresis (MST) assay (Fig. 5¢).

Toinvestigate the biological function of OsRGI/s, we subsequently
generated a series of OsRG/ knockout mutants in the Kitaake back-
ground using CRISPR-Cas9-mediated gene editing. Considering the
highsequence similarity of OsRGIs and the reported functional redun-
dancy among Arabidopsis RGl receptors, we performed multiplex
genome editing via the polycistronic tRNA-gRNA (PTG)/Cas9 tool®*.
Sequence-specific gRNAs for OsRG/1-5Swere tandemly arrayed to target
multiple members simultaneously. Homozygous edited lines were
confirmed by sequencing (Supplementary Fig. 13a-e). We eventually
obtained two independent sets of double (rgi1,2 and rgi3,4), triple
(rgi1,34), quadruple (rgil,2,3,4) and quintuple (rgi1,2,3,4,5) mutants.
Thergil,2 and rgi3,4 double mutants exhibited root growth compara-
ble to wild-type controls (Supplementary Fig. 14a-d), while the triple
mutants displayed ashort-root phenotype characterized by fewer mer-
istematic cortex cells and reduced cell division in the meristem zone
(Fig.5d-i). The defectsinroot growth and development became even
more pronounced in quadruple mutants and most severe in the quintu-
ple mutants (Fig. 5d-i), indicating functional redundancy among these
receptors. We next examined whether these mutants are defective in
RGF responses. While double mutants retained the same sensitivity to
MgRGF peptide treatment as wild-type seedlings, the triple and quadru-
ple mutants exhibited reduced sensitivity (Supplementary Fig.15a,b).
The quintuple mutants showed complete insensitivity to peptide treat-
ment, with no detectable changes in root length or meristematic cell
division, further supporting the redundant roles of these receptors
in peptide perception and meristem growth (Fig. 5j-m). Under field
conditions, these mutants displayed dwarfism and reduced yield, with

Fig. 4| Expression of MgRGF promotes nematode parasitism. a, Root growth
phenotypes of transgenic rice lines expressing MgRGF with full-length (FL)
and signal-peptide-deleted (Asp) versions. Seedlings from two independent
transgenic lines in the Kitaake background were photographed at 5 days

after germination. Scale bar, 1.5 cm. b, Relative expression levels of MgRGF
inthe transgenic lines. OsUBQI0 and OsActin were used as internal controls.
RT-qPCRwas conducted as described previously. ¢, Primary root lengths

of overexpression lines. Five-day-old transgenic seedlings were used for the
measurements (n =15).d, Cross-sections of transgenic lines. The upper panels
show sections of the meristem zone, and the lower panels show sections of the
elongation zone. Representative images are shown from three independent
experiments. Scale bars, 100 pm. e,f, Root diameter measurements in transgenic
lines. Cross-sections of the root meristem zone (e) and the elongation zone (f)
were used for quantification (n =10). g-i, Nematode infection phenotypes of
transgenic lines. Roots were stained with acid fuchsin (g) at 15 dpi with

M. graminicola. The numbers of root galls (h) and adult females (i) were counted
at7and 15 dpi, respectively (n =15). Scale bars, 1 cm. j-1, Feeding site observation
intransgenic lines. At 7 dpi, root galls were processed using tissue sectioning

(j) and BABB clearing (k). Observations were conducted with at least 10
independent galls. Representative images of a single gall are shown. The number
of feeding sites per gall (1) was quantified (n =10). Scale bars, 200 pm (j) and

100 pm (k). The asterisks indicate giant cells. The experiments were performed
three times with similar results. The datain b are presented as mean + s.e.m. with
individual data points from three independent biological replicates (n =3). The
datainc,e,f h,iandlare presented as box-and-whisker plots with individual data
points. The central line indicates the median, the box limits represent the first
and third quartiles and the whiskers extend to the minima and maxima. Pvalues
were determined by unpaired two-tailed Student’s ¢-test (b) and one-way ANOVA
with Dunnett’s multiple comparisons test, comparing the mean of each column
with the mean of the control column (c,e,f h,i,l).
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these effects being more prominent for higher-order mutants, though
the seed size remained unaffected (Supplementary Fig. 16a-k).

Moreover, we evaluated the function of OsRGI receptors during
nematode parasitism. At 1dpi, the numbers of nematodes that suc-
cessfully entered the roots were unaffected across all OsRG/ mutants
compared to wild-type plants (Supplementary Figs. 17a,b and 18a,b).
Given the severe root growth phenotype in some mutants, infection
phenotypes were normalized to the root weight. At 7 dpi or 15 dpi,
double mutants showed no significant difference in nematode infec-
tion compared to the wild-type controls (Supplementary Fig. 18c-e).
But the higher-order mutants exhibited varying levels of reduction
in nematode infection, particularly the quintuple mutants, as shown
by lower numbers of galls (Fig. 6a—f). We also observed a substantial
decrease in the numbers of females and feeding sites in the root sys-
tems of quadruple and quintuple mutants, whereas feeding cell size
remained unchanged (Fig. 6a-fand Extended Data Fig. 7a-d). All these
findings demonstrate that host RGl-receptor-mediated signalling plays
acriticalroleinfacilitating feeding site establishment during nematode
parasitism, although we note that root growth defects in rgi mutants
may complicate nematode infection assessment.

Nematode RGF peptide modulates the expression of OsPLT2
and OsPSY5inrice

Previous studies in Arabidopsis have established the MAPK cascade
as a key downstream component of RGF signalling that regulates the
expression of PLT1and PLT2 transcription factors, which are essential
for maintaining the root stem cell niche®**%, Consistent with this,
treatment with MgRGF1-Y peptide activated MPK3 and MPK6 in both
Arabidopsis and rice seedlings similar to the effect of At(RGF1-Y pep-
tide, and the activation was abolished in the rgil,2,3,4,5 quintuple
mutant (Extended Data Fig. 8a,b). In addition, we observed induced
promoter activities and protein levels of PLTI and PLT2 upon MgRGF1-Y
or AtRGF1-Y peptide treatment in transgenic Arabidopsislines express-
ing pPLT1::CFP, pPLT2::CFP, pPLTI1::PLT1-YFPor pPLT2::PLT2-YFP, respec-
tively, whereas the signals were barely detectable in the rgi1,2,34,5
quintuple mutant (Extended Data Fig. 8c).

On the basis of our transcriptome data generated from
nematode-infected rice root tips, we found that the expression of
OsPLT2, but not OsPLTI, was significantly upregulated following
M. graminicola infection®. To investigate the expression pattern
at nematode infection sites, we generated pOsPLT2::GUS stable
transgenic lines in the Kitaake background. Unlike PLT1 and PLT2 in
Arabidopsis, which display gradient distributions with maximain the
stem cell area, OsPLT2 showed low expression in the meristem zone,

with agradualincrease towards the elongation and maturation zones
at3days post germination. Exogenous application of nematode MgRGF
peptide strongly induced the promoter activity of OsPLT2 (Fig. 7a
and Supplementary Fig.19). Remarkably, its activity was significantly
upregulated following nematode inoculation (Fig. 7b). Histological
sections of galls revealed strong GUS expressionin giant cellsand sur-
rounding cells at 3 and 5 dpi (Fig. 7c). RT-qPCR analysis revealed that
the geneinductionby nematode or peptide treatment was significantly
compromised in the quintuple OsRGI receptor mutant (Fig. 7d,e).
These observations suggest that nematode RGF peptides activate the
expression of OsPLT2 dependent on OsRGl receptors.

To explore additional components potentially involved in nema-
tode RGF signalling, we analysed the expression of root-growth-related
genes using our previously published transcriptome data®*. We noticed
that five out of eight PSY family members in rice, encoding another
class of tyrosine-sulfated peptides, were significantly upregulated
in response to nematode infection (Extended Data Fig. 9a,b). RT-
qPCR confirmed the induced expression of OsPSY2, OsPSY4, OsPSY5
and OsPSY6 by both nematode and MgRGF peptide treatments
(Extended DataFig.9c,d). We chose to focus on OsPSY5, which showed
the highest level of induction, for further study. pOsPSY5::GUS trans-
geniclines were generated, and the promoter activity was detected in
the elongation zone and more evident in the maturation zone (Fig. 7f
and Supplementary Fig. 20). Similar to OsPLT2, MgRGF peptide treat-
mentled to the upregulation of OsPSY5inrice roots. We also observed a
substantialincrease in the promoter activity of OsPSYS5following nema-
todeinfestation, particularly withingiant cells and neighbouring cells
(Fig. 7g,h). Importantly, the gene induction patterns of OsPSY5 were
significantly diminished by the removal of OsRGI receptors (Fig. 7i,j).
We further compared the expression of PSY family genes in Arabidopsis
following MgRGF peptide treatment. In contrast torice, nosignificant
changes were detected in Arabidopsis under the same treatment condi-
tion, although the expression of RGF1-responsive gene RGFI-INDUCIBLE
TRANSCRIPTION FACTOR 1 (RITFI) was induced as expected. These
results point to the regulatory divergence downstream of RGF signal-
ling pathways between Arabidopsis and rice (Extended Data Fig. 9e,f).
Collectively, these findings indicate that OsPSYs, along with OsPLT2,
could be targeted via RGI-receptor-mediated RGF signalling during
nematode parasitisminrice.

OsPSYS5is animportant regulator of root growth and
nematode parasitism

To explore the involvement of OsPSY5 in root development, we first
treated rice seedlings with a synthetic tyrosine-sulfated peptide

Fig. 5| OsRGls function as nematode RGF receptors. a, Phylogenetic analysis
of RGIs from rice and Arabidopsis. The phylogenetic tree was generated using
the maximum-likelihood method. Rice RGIs are highlighted in red, while
Arabidopsis RGls are denoted in black. b, Binding of MgRGF1 to the ectodomain
of OsRGI2 (OsRGI2E) in a pull-down assay. Purified protein was incubated with
100 nM biotinylated MgRGF peptide forimmunoprecipitation. Unlabelled RGF
peptide was added as acompetitor. Bound and input proteins were detected

by immunoblotting with an anti-His antibody. The experiments were repeated
twice with similar results. ¢, MST analysis of binding affinity between the
ectodomain of OsRGI2 and peptide ligands. The data points represent the bound
fraction (Anormal/amplitude) measured at different ligand concentrations,
and the binding curves indicate the calculated fits. The error bars represent the
s.e.m. derived from three independent biological replicates. K, indicates the
dissociation constant. N/A stands for not available. d,e, Root growth phenotypes
of rice high-order rgi mutants. Four-day-old seedlings of triple (rgi1,3,4),
quadruple (rgil,2,3,4) and quintuple (rgil,2,3,4,5) mutants in the Kitaake
background were photographed (d), and primary root length (e) was measured
(n=15).Scale bar,1cm.f,g, Longitudinal sections of root tips from 4-day-old
mutant seedlings. The black arrowheads in the representative root sections (f)
indicate the proximal end of the root meristem. The insets provide magnified
views of the selected region. The asterisks denote QC cells. Scale bars, 200 pm.

Quantification analysis of meristematic cortex cell number (g) was done at the
fourth cortical layer in the entire meristem region (n =10). h,i, Longitudinal
observation of EdU-labelled cells in root tips of the corresponding mutants.
Thered arrowheads in h mark the boundary regions of EdU-labelled cells, and
the white asterisks indicate the QC regions. EdU-labelled root apical meristem
size (i) was measured (n =15). Scale bars, 100 pum. j k, Root growth of the wild
type and the quintuple mutant in response to MgRGF1-Y peptide. Four-day-old
seedings were grown on medium supplemented without or with100 nM
MgRGF1-Y. Representative images (j) and primary root length measurements
(k) are shown (n =20). Scale bar, 1 cm.l,m, EdU-labelled cells in the wild type
and the quintuple mutant treated with MgRGF1 peptide. Measurements of the
EdU-labelled root apical meristem size are shown inl (n =10). The arrowheads
inmindicate the boundary regions of EdU-labelled cells, and the white asterisks
indicate the QC regions. Scale bars, 100 pm. The experiments were performed
three times with similar results (d-m). The dataine, g, i, kandlare presented as
box-and-whisker plots with individual data points. The central line indicates the
median, the box limits represent the first and third quartiles and the whiskers
extend to the minima and maxima. Pvalues were determined by one-way ANOVA
with Dunnett’s multiple comparisons test, comparing the mean of each column
with the mean of the control column (e,g,i), and unpaired two-tailed Student’s
t-test (k,I).
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(OsPSY5-Y). Our results demonstrated that OsPSY5-Y treatment sig-
nificantly promoted rice root growth, primarily through enhanced
cell elongation inthe maturation zones (Fig. 7k-n and Supplementary
Fig. 21a,b), while meristematic cell proliferation remained unaf-
fected (Supplementary Fig. 21a-d). A consistent effect was found
in Arabidopsis, where the exogenous application of OsPSY5-Y mark-
edly increased cell length (Supplementary Fig. 22a-f). We further
generated overexpression lines of OsPSY5in Kitaake and evaluated
the expression levels using RT-qPCR (Supplementary Fig. 23a).

Two independent homozygous T, transgenic lines displayed longer
roots than the wild-type controls, due to an increase in cell length
(Fig. 8a—-d). Meristematic cell proliferation in these overexpression
lines remained unchanged (Supplementary Fig. 23¢,d). Additionally,
OsPSY5-knockout lines were constructed using CRISPR-Cas9-mediated
geneediting and verified by sequencing (Supplementary Fig.23b). The
OspsySmutants exhibited asignificant reductioninrootlength, reduced
cellelongationin the maturation zone and decreased cell proliferation
activity inthe meristem zone (Fig. 8e-h and Supplementary Fig. 23e,f).
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Fig. 6 | OsRGlIs are essential for nematode parasitism. a-c, Nematode infection
phenotype inrice rgi mutants. Roots were photographed at 7 dpi with

M. graminicola (a), and the numbers of root galls per root (b) and per gram of
root (c) were counted and quantified (n =15). Scale bar, 1 cm. d-f, Acid fuchsin
staining of the wild type and rgi mutants. Infected roots were stained at 15 dpi

(d), and the numbers of females per root (e) and per gram of root (f) were
counted and quantified (n =15). Scale bars, 500 pm. g,h, Feeding site observation
inrgi mutants. The experiments were performed as described previously.
Representative images of a single gall per line are shown (g). The number of
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feeding sites per gall (h) was quantified. n =16,14,18,13 from left to right.

Scale bars, 200 pm (upper panelsing) and 100 pm (lower panelsing). The
asterisks indicate giant cells. Representative data from one of three biological
replicates areshown. The datainb, c, e, fand hare presented as box-and-whisker
plots with individual data points. The central line indicates the median, the

box limits represent the first and third quartiles and the whiskers extend to

the minima and maxima. Pvalues were determined by one-way ANOVA with
Dunnett’s multiple comparisons test, comparing the mean of each column with
the mean of the control column.

Allthese findings indicate that OsPSY5promotes root growth primarily
through cell elongation, though it may also influence cell proliferation
to some extent.

To understand the role of OsPSY5 in nematode parasitism, we
conducted nematode infection assays on OsPSY5 transgenic lines.
Compared with the wild type, OsPSY5 overexpression lines showed
increased numbers of galls and females. More feeding sites were
formed withinthe overexpression roots (Fig. 8i-m).In contrast, knock-
out lines showed decreased susceptibility with reduced numbers of

females and fewer feeding sites (Fig. 8i,n—p). The size of nematode
feeding cells was not significantly altered inany of the transgenic lines
(Supplementary Fig. 23g,h). These results suggest that OsPSY5-derived
peptide facilitates nematode parasitism and feeding site establishment.

Discussion

Plant parasitic RKNs have a broad host range and pose a major threat
toglobal agriculture®. These obligate parasites establish intimate and
long-termrelationships with their hosts by inducing the formation of
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highly specialized feeding sites known as giant cells, a developmental
reprogramming process essential for nematode growth and survival'®,
The establishment of giant cells, favoured by secretions released from
nematodes, represents a remarkable example of post-embryogenic
organogenesis; however, the underlying molecular mechanisms remain
poorly defined. RGFs, a class of tyrosine-sulfated peptides, have been
implicated in the maintenance of the root stem cell niche in Arabi-
dopsis®. In the present study, we demonstrated that RKNs secrete a
class of RGF effector proteins that hijack host RGI-receptor-mediated
signalling to promote feeding site establishment during the early stage
of nematode infection. We highlight the pivotal roles of nematode
RGF peptides in coordinating both cell proliferation and expansion
during feeding site development. Furthermore, PLT transcription fac-
tors and PSY peptide genes were identified as key downstream com-
ponents of the RGF signalling cascade (Extended Data Fig. 10). These
findings unveil that RKNs secrete RGF peptide mimics to co-opt plant
developmental signalling pathways, priming host cells for their own
parasitic advantage.

RGF genes were identified exclusively in all species of RKNs with
available high-quality genomes, pointing to a conventional strategy
employed by RKNs to parasitize their hosts effectively. The identifica-
tion of RGF genes outside the plant kingdomis also notable. The corre-
sponding RGF motifs contain the consensus residues of canonical plant
RGF peptides; however, sequences outside their conserved domain
show low similarity. Although it is conceivable that plant-parasitic
nematodes may have acquired RGF genes from their host plants during
intimate association, other possibilities such asindependent evolution
andpositive selection cannot be excluded. We also noted high sequence
similarity within Clade | Meloidogyne species, with identical peptide
sequences shared across different species, such as one set shared by
M. arenaria, M. javanica and M. floridensis, and another by M. arenaria,
M. javanica and M. incognita, suggesting a potential common origin.
Inline with this, previous comparative genomics of RKNs has revealed
that polyploid RKNs, such as M. arenaria, M. javanica and M. incognita,
probably shared a common ancestral hybridization origin®°. Since
RGF-like sequences could not be retrieved in the Pratylenchidae fam-
ily, which was proposed as a close ancestor of RKNs, these genes may
have originated from another distant common ancestor. As additional
high-quality nematode genomes become available, the underlying
evolutionary basis for nematode acquisition of RGF genes will warrant
furtherinvestigation.

Different nematode groups utilize their unique repertoires
of effectors to adapt different hosts and drive distinct feeding cell
ontogenies” %, For cyst nematodes, dorsal-gland-secreted CLE-like
peptide effectors have been well characterized as plant peptide mim-
ics to modulate syncytium formation®. Here we provide evidence
that nematode RGF-like effectors are involved in successful giant

cell establishment during early infection by RKNs. First, RT-qPCR
and in situ hybridization analysis demonstrated that nematode RGF
effectors are expressed in the subventral gland cells of early parasitic
nematodes. Consistently, subventral glands were known to be active
during early stages of nematode parasitism, allowing the effectors to
fulfil their functionin early feeding cellinitiation. Immunolocalization
confirmed that MgRGF is delivered into host tissues during nematode
infectionanddirectly targeted into the apoplast, aninterfaceimportant
for ligand perception by plant receptors on adjacent cells. Second,
silencing and transgenic expression analysis of nematode RGF effec-
torsillustrated theirimportance in feeding site formation. Inaddition,
plant RGlreceptors, capable of binding and perceiving nematode RGF
ligands, were found to be expressed at nematode feeding sites. Knock-
ing out these receptors resulted in reduced nematode infection and
fewer feeding sites, suggesting that multiple receptors maybe required
for proper feeding site establishment. However, the possibility that root
growth defectsin rgi mutants complicate infection assessment should
not be ruled out. Collectively, these findings reveal that nematodes
secrete RGF-like peptides to tap into plant RGI-receptor-mediated
signalling pathways in favour of giant cell establishment.

Our resultsillustrate that nematode-derived peptides functionally
mimic plant peptide ligands to trigger endogenous developmental
cascades essential for root growth via the corresponding receptors.
Treatment withnematode RGF peptides compensated root meristem
activity in Arabidopsis tpst-1 and rgfl,2,3 mutants, resembling the
effects conferred by AtRGF1. Ectopic expression of nematode RGFs or
exogenous application of these peptides promoted root growth and
meristem activity in Arabidopsis. In contrast, peptide application to
rice or tomato roots produced distinct effects on root growth, resulting
inshortandthick root phenotypes. Cellular characterization revealed
elevated meristem activity despite reduced root length, accompanied
by enhanced cell expansion induced by the peptide. To support this,
the MAPK cascade and downstream components, such as PLTs, were
activated by RGF peptide treatmentinboth Arabidopsis andrice. Nota-
bly, the gradient distribution of PLT2 in the stem cell region differs
between Arabidopsis andrice. In addition, PSY genes, which stimulate
root growth via cell elongation, were strongly induced inrice, whereas
their expressionin Arabidopsisremained stable under the same dura-
tion of RGF peptide treatment, suggesting that downstream responses
to RGF signalling are notidentical across species. Considering that the
anatomy of rice roots differs from that of Arabidopsis (for example, by
the presence of additional cortex cell layers), this seemingly contradic-
toryroot phenotype of rice may reflect aloss of coordination between
cellelongation and expansionin the elongation-maturation zone. Two
endogenousrice RGF peptideselicited similar phenotypes, but at con-
centrations differing by an order of magnitude, indicating variations
inroot sensitivity even to endogenous peptides. These observations

Fig.7| OsPLT2 and OsPSYS5 are activated by nematode RGF signalling.

a, Expression pattern of pOsPLT2::GUS in response to exogenous MgRGF1-Y
peptide treatment. Twenty roots were treated with MgRGF1-Y peptide for the
indicated time (right). ‘Ctrl’ indicates that no peptide was added. Scale bars,

500 pm. b, pOsPLT2::GUS activity in rice roots following M. graminicola infection.
Uninfected control as well as infected root tips at 1 dpi and 3 dpi are shown.
Twenty roots were used for each treatment. Scale bars, 500 pm. ¢, Representative
histological sections of nematode feeding sites at 3 dpi and 5 dpi. Ten galls were
sectioned for observation. The asterisks indicate giant cells. Scale bars, 50 um.
d,e, Induced expression of OsPLT2is compromised in the rgi quintuple mutant.
The wild type and rgil,2,3,4,5 were subjected to MgRGF1-Y peptide treatment (d)
ornematode inoculation (e). RT-qPCR was quantified relative to controls using
OsUBQI0 and OsActin as internal controls. f, Expression pattern of pOsPSY5::GUS
inresponse to peptide treatment. Twenty roots were observed for each
treatment. Scale bars,1 mm. g, pOsPSY5::GUS expression pattern at the indicated
time points after M. graminicola infection. Twenty roots were stained, and
representative images are shown. Scale bars, 1 mm. h, Representative histological
sections of nematode feeding sites at 3 dpi and 5 dpi. Ten galls were sectioned for

observation. The asterisks indicate giant cells. Scale bars, 100 pm. i,j, Induced
expression of OsPSY5is compromised in the rgi quintuple mutant. Seedlings
were treated with MgRGF1-Y peptide (i) or nematodes (j). OsUBQI0 and OsActin
were used as internal controls. k I, Exogenous treatment with OsPSY5-derived
peptide promotes root growth inrice. Kitaake seedlings grown vertically on
medium without or with sulfated peptide (100 nM) were photographed (k) at
24 hafter treatment, and root length (I) was measured (n = 20). Scale bar, 1 cm.
m,n, Median longitudinal sections of the root maturation zone under OsPSY5-Y
peptide treatment. The black arrowheads in m mark the representative layer

of CPCs. Scale bars, 200 pm. The corresponding cell length (n) was measured
(n=10). Representative images (a—c,f-h,k,m) and data (I,n) from one of three
biological replicates are shown. Thedataind, e,iandjare shownas mean +s.e.m.
withindividual data points from three independent biological replicates (n = 3).
Thedatainland nare presented as box-and-whisker plots with individual data
points. The central line indicates the median, the box limits represent the first
and third quartiles and the whiskers extend to the minima and maxima. P values
were determined by unpaired two-tailed Student’s ¢-test.
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led us to propose that the RGF signalling pathway is subject to delicate
regulation, whereas peptide treatment of whole rice roots probably
disturbs the homeostasis of cell division and elongation, resulting
in growth chaos. The distinct peptide-induced responses between
Arabidopsisandrice furtherimply asophisticated and species-specific
nature of peptide signalling networks.
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We also observed that sulfated peptides exhibit higher biologi-
cal activity and binding affinity to receptors than their unsulfated
forms. Currently, itis technically challenging to directly determine the
mature formand modification status of nematode-secreted peptides
inplanta. Given that the TPSThomologues (the genes responsible for
tyrosine sulfation) are presentin the genomes of RKNs, itis tempting to
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Fig. 8| OsPSY5 plays animportant role in nematode parasitism. a,b, Effect

of OsPSY5 overexpression (OE) on root growth. Four-day-old seedlings were
photographed (a), and primary root length (b) was measured (n =15). Scale bar,
1cm. ¢, d, Longitudinal sections of wild-type and OsPSY5 overexpression lines.
Four-day-old seedlings were sectioned across the differentiation zone (c). The
black arrowheads mark the representative layer of CPCs. The corresponding
celllength (d) was measured (n =10). Scale bars, 200 um. e,f, Effect of OsPSY5
knockout (KO) onroot growth. Four-day-old seedlings were photographed

(e), and primary root length measurements are shownin f (n =15). Scale bar,
1cm. g h, Longitudinal sections of wild-type and OsPSY5 knockout lines as
described previously. Representative images (g) and cell length measurements
(n=10) (h) are shown. Scale bars, 200 pm. i-p, Nematode infection phenotypes
intransgenic lines. Two independent homozygous lines were generated for

OsPSYS5 overexpression and knockout. Representative images of root galls are
shown by acid fuchsin staining (i). Root galls (j,n) and female nematodes (k,0)
were counted at 7 dpiand 15 dpi with M. graminicola, respectively (n =15).Scale
bars,1mm. Feeding site observation (I) was performed by BABB clearing. The
experiments were performed as described previously. Representative images
ofasingle gall per line are shown. The number of feeding sites per gall (m,p)

was quantified (n =15). The white asterisks represent feeding sites. Scale bars,
200 pm. The experiments were performed three times with similar results.

The data are presented as box-and-whisker plots with individual data points
(b,d,fh,j k,m-p). The centralline indicates the median, the box limits represent
the first and third quartiles and the whiskers extend to the minima and maxima.
Pvalues were determined by one-way ANOVA with Dunnett’s multiple comparisons
test, comparing the mean of each column with the mean of the control column.
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speculate that nematode peptides may be sulfated within the nematode
prior tosecretion**”". Withrespect to peptide processing, subtilisin-like
proteinases (such as SBT6.1and SBT3.8) have been reported to cleave
endogenous plant RGF precursors®>*>, We successfully detected mature
tyrosine-sulfated peptidesin apoplastic peptide extractions of MgRGF
transgenic lines, indicating that nematode RGF precursors can be
properly processed once secreted into the plant. We proposed that
nematode RGF preproproteins may be processed into proproteins via
the endoplasmic reticulum-Golgisecretory pathway in the subventral
glands, secreted into the host apoplast and subsequently cleaved into
bioactive peptides by apoplastic proteinases. Itis unclear whether the
short sequence between the signal peptide and the conserved RGF
domain contributes to this process. The mechanistic details regarding
nematode peptide modification and processing remain to be eluci-
datedinfuture.

Feeding cell formation is a complex process, accompanied by
dramatic cellular changes and massive transcriptional reprogram-
ming*. RKNs target vascular parenchyma cells and transform them
into hypertrophied multinucleate giant cells through repeated acy-
tokinetic mitosis and endoreduplication, increasing cell volume by up
to 100 times>*. Concurrently, the extensive division of neighbouring
pericycle and cortical cells leads to localized root swelling, ultimately
givingrise to characteristic gall symptoms’>. Limited hyperplasiaand
hypertrophy are often associated with suboptimal giant cell develop-
ment. Emerging evidence has illustrated that giant cells appear to
share developmental characteristics with meristematic cells. Within
galls, different developmental programs are recruited to drive the
induction of pluripotent cells that subsequently differentiate for gall
regeneration**”?, Our studies show that sulfated peptides, including
RGFsand PSYs derived from both RKNs and host cells, act cooperatively
as essential signals to trigger cell reprogramming, potentially dedif-
ferentiatingthe selected plant cells to generate anovel cell type. Inter-
estingly, PSY peptides have recently been reported to repress stress
signalling activated by PSY RECEPTORs to enable root growth”. This
PSY-peptide-mediated trade-off between growth and stress responses
raises the possibility that the induction of PSYs in nematode feeding
sites may facilitate nematode invasion, not only by promoting cell
growth but also by suppressing PSY-RECEPTOR-mediated defence
responses (Extended Data Fig. 10).

A recent study identified sulfated PSY peptides only in Clade |
Meloidogyne species, but not in other nematode species, such as M.
graminicola**. Although M. graminicola lacks nematode-derived
PSYs, it instead activates rice endogenous PSY genes. The interplay
of multiple sulfated peptides from both nematode and host may act
synergistically to magnify plant responses during the parasitic pro-
cess. As previously hypothesized, an advantage of nematode-secreted
mimicsisthelocalincrease of the peptide concentrations, presumably
bypassing plant endogenous feedback regulation and constitutively
activating downstream pathways required for feeding cell formation®.
Considering the established roles of phytohormones in regulating
nematode-induced feeding cells, an incredibly complex network is
probably active, involving interactions or crosstalk between peptide
and hormone signalling pathways during feeding site formation. How
OsPLT2 and OsPSYs are transcriptionally activated remains to be elu-
cidated. How multiple pathways are coordinated in time and space
during nematode parasitism presents a challenging yet exciting topic
for future exploration.

Deciphering the developmental reprogramming pathways manip-
ulated by plant-parasitic nematodes is imperative, given that nematode
survivalis entirely dependent on successful feeding site establishment.
Our study highlights the critical role of nematode RGF signallingin RKN
feeding cell formation. These findings not only enrich our understand-
ing of RGF peptide signalling in fundamental plant development but
also provide potential targets for engineering nematode resistance in
crops through the disruption of nematode RGF signalling.

Methods

Nematode culture, plant materials and growth conditions
Meloidogyne graminicola and M. incognita cultures, initially propa-
gated from a single egg mass, were maintained on rice (Oryza sativa
L. Nipponbare) and tomato (Solanum lycopersicum), respectively®®’,
Theinfested plants were grown inasand-and-potting-soil mixture (3:1)
under controlled conditions at 28 °C with a16-h light/8-h dark photo-
period, 250 pmol m~2 s light intensity and 70-75% relative humidity.
Eggs were purified from infected roots and hatched in sterile water
as described previously™. J2s were used for inoculation experiments.
Different parasitic life stages of the nematodes were collected from
roots as previously described’.

Rice cultivars Kitaake and Nipponbare were used in this study. For
agronomictrait measurements, rice plants were planted inastandard
paddy fieldin Wuhan, China. Arabidopsis mutant and transgenic lines
areintheA. thaliana ecotype Columbia (Col-0) background. The tpst-1,
rgf1,2,3,rgil,2,34,5, pRGII::GUS, pRGI2::GUS, pRGI3::GUS, pRGI4::GUS,
PRGIS::GUS, pPLT1::CFP, pPLT2::CFP, pPLT1::PLT1-YFP,pPLT2::PLT2-YFP
and pOsCYCBI.1::GUS lines have been reported in previous studies®””.

Both rice and Arabidopsis seeds were surface-sterilized in 75%
(v/v) ethanol for 2 min, followed by treatment with 1% (w/v) sodium
hypochlorite for 10 min (Arabidopsis) or 15 min (rice), and thenrinsed
thoroughly at least five times with sterile deionized water. The seed-
lings were then grown on2MS medium containing 1% (w/v) sucrose and
0.7% (w/v) agar at pH 5.8. Arabidopsis and rice seedings were cultured
underal6-hlight/8-h dark photoperiod at 22 °C and 28 °C, respectively.
For peptide treatment, synthetic peptides were added to the medium
attheindicated concentrations.

Sequence analysis

Amino acid sequences of nematode RGFs were retrieved from different
Meloidogynespecies using the annotated genome databases in Worm-
base Parasite (http://parasite.wormbase.org/index.html). Sequences
of the rice RG/ and PSY gene families were obtained from Phytozome
v.13 (https://phytozome-next.jgi.doe.gov/). Conserved domains were
predicted using the online tools SignalP v.6.0 (https://services.health-
tech.dtu.dk/services/SignalP-6.0/), SMART v.10 (http://smart.embl-
heidelberg.de/)and TMHMMv.2.0 (https://services.healthtech.dtu.dk/
services/TMHMM-2.0/). Multiple sequences were aligned viaMAFFT v.7
(https://mafft.cbrc.jp/alignment/software/). Phylogenetic analysis was
performed using the MAFFT algorithm of MEGA1I1(ref. 78). Abootstrap
consensus tree was constructed inferred from 1,000 replicates using
the maximum-likelihood method. Non-classical protein secretion was
predicted using SecretomeP-1.0 (https://services.healthtech.dtu.dk/
services/SecretomeP-1.0/).

Vector construction
For overexpression analysis, the full-length coding sequences and the
signal-peptide-deleted versions of MgRGF and MiRGFI were amplified
from parasitic)J2s of M. graminicola and M. incognita using gene-specific
primers. The PCR products were digested with Sall and Xbal and ligated
intothe pCAMBIA1300 binary vector under the control of the CaMV35S
promoter. The constructs were introduced into rice variety Kitaake
and Arabidopsis Col-0 via Agrobacterium tumefaciens-mediated trans-
formation to generate independent lines for subsequent functional
analysis. RT-qPCR was performed to evaluate gene expression levels.
Foryeast secretion assays, the signal peptide sequences of MgRGF
and MiRGFI were cloned into the pSUC2 vector to generate in-frame
fusions withinvertase. The resulting vectors and control vectors were
transformed into the yeast strain YTK12 for further analysis (courtesy
of W.Yinat Huazhong Agricultural University). For secretion analysis
in N. benthamiana, the signal peptide fragments were fused to the C
terminus of XEG1in the vector pGR107 (courtesy of W. Yin at HZAU).
Targeted mutagenesis of candidate genes was performed using
PTG CRISPR-Cas9 technology®. Briefly, gene-specific gRNAs were
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designed for each target, and the assembled PTG fragments were
inserted into the pRGEB32 binary vector (courtesy of K. Xie at HZAU).
Theresulting constructs were transformed into Kitaake. The independ-
ent transgenic plants were genotyped by PCR using primers flanking
the target sites, and mutations were confirmed by sequencing. T, or
T,homozygous transgenic lines were used for phenotypic analysis.

For subcellular localization, the coding sequences of OsRGI2
(LOC_0s05g07740) and OsRGI3 (LOC_0s08g38560) were subcloned
into the pRTV-cGFP binary vector via BamHI and Hindlll digestion to
generate GFP fusion constructs.

To generate promoter-GUS reporter constructs, the 2-kb genome
fragments upstream of the ATG start codon of OsPLT2 and OsPSY5were
amplified and subcloned into the pCAMBIA2391Z vector with Salland
EcoRI. T,homozygous transgenic lines in the Kitaake background were
used for subsequent analysis.

For recombinant protein expression, the gene sequence encod-
ing the extracellular LRR domain of OsRGI2 was subcloned into the
pFastbac I plasmid in-frame with an N-terminal signal peptide and a
C-terminal His-tag via BamHI and Xhol digestion.

All primers used to construct vectors are listed in Supplementary
Table 4. All constructs were verified by sequencing.

Nematode infection assay

Four-day-old rice seedlings (approximately 2 cmin root length) were
inoculated with 100 M. graminicola)2s per plant or with 0.1% (w/v)
agarose as controls. The infection levels were evaluated at 7 dpi by
counting the number of galls per plant and at 15 dpi by counting the
number of female nematodes per plant. For rice RKNs, hook-shaped
galls are primarily established inrice root tips, with numerous feeding
sites withinasingle gall. The females and eggs remain embedded in the
roottissue. Thus, the egg sacs are difficult to quantify, and females were
counted after gall dissection. Acid fuchsin staining was performed to
visualize galls and nematode development under a stereomicroscope
(Olympus SZX16). Gallswereboiledin 0.8% (v/v) acetic acid and 0.013%
(w/v) acid fuchsin for 3 min and then destained in acidified glycerol.
Feeding sites were observed by tissue sectioning and BABB clearing.
To facilitate the measurement of feeding cell size in rice, 35 J2s were
used for inoculation.

Nematodeinfection assays on Arabidopsis or tomato plants were
performed as described previously’. Fourteen-day-old seedlings
were inoculated with 300 M. incognita)2s per plantin a sand:soil (3:1)
mixture. Roots were collected at 35 dpi and stained with acid fuchsin.
Egg masses are visible on the root surface. Galls and egg masses were
quantified under a stereomicroscope (Olympus SZX16). Giant cell size
was measured using Fiji Image) v.1.52.

RNA extraction and RT-qPCR analysis

Total RNA was extracted from various developmental stages of
M. graminicola and M. incognita, as well as from rice and Arabidopsis
roots, using the TransZol Up Plus RNA Kit (TransGen Biotech). Par-
asitic stages of nematodes were collected from infected roots as
previously described®’. RNA concentration was determined using
aNanoDrop-1000 spectrophotometer (Thermo Scientific). Subse-
quently, first-strand cDNA was synthesized with the ABScript Il cDNA
First-Strand Synthesis Kit (ABclonal), and RT-qPCR was conducted
with 2X Universal SYBR Green Fast qPCR Mix (ABclonal) on a Bio-Rad
iCycler iQ5 real-time PCR system. Data were analysed using the
2784CT or 27T method®. As previously reported™****¥, the follow-
ing genes were used as internal controls: MgACTIN2 (KAF7632952)
and MgTub (NXFT01002159.1.5702_g) for M. graminicola, MiGAPDH
(Minc3s07075g40689) and Mi18S (U81578) for M. incognita, OsUBQ10
(LOC_0s02g06640) and OsActin (LOC_Os03g50885) for rice, and
AtActin2 (AT3G18780) and AtTUB2 (At5g62690) for Arabidopsis. The
experiments were repeated three times, with three technical replicates
performed for eachreaction.

In situ hybridization and immunolocalization analysis

In situ hybridization was performed with approximately 5,000 para-
sitic J2s of M. graminicola and M. incognita. A 153-bp fragment of
MgRGF and a126-bp fragment of MiRGF1 were amplified to synthesize
DIG-labelled sense and antisense cDNA probes using a DIG DNA label-
ling kit (Roche). Nematodes were fixed in 2% paraformaldehyde in M9
buffer at4 °Cfor 18 h followed by 4 h of incubation at room tempera-
ture. Fixed nematodes were cut with a razor blade to facilitate probe
penetration, then permeabilized with proteinase K (0.5 mg ml™) for
30 min at room temperature and subsequently incubated sequen-
tially in cold methanol and acetone. Hybridization was carried out
overnight at 42 °C in hybridization buffer (50% formamide, 4x SSC,
1% blocking reagent, 2% SDS, 1x Denhardt’s solution, 0.2 mg ml™
fish sperm DNA and 0.166 mg ml™ yeast tRNA) containing 50 ng of
DIG-labelled probe®. After hybridization, the signals were detected
using an anti-DIG Fab antibody conjugated to alkaline phosphatase
(Roche, 1:1,000). The stained nematodes were observed with a light
microscope (Nikon Eclipse 80i) and photographed using a digital
camera (Nikon DS-Ril).

A polyclonal antibody against MgRGF was produced by ABclonal
using two synthetic peptides (DYNHFPKGHPPLHNK and KDSDY-
FNPKHHPPRHNIHK) for rabbit immunization. Immunolocaliza-
tion was performed with parasitic J2s of M. graminicola using the
anti-MgRGF primary antibody at a 1:100 dilution, followed by an
AlexaFluor-488-conjugated goat anti-rabbit secondary antibody at a
1:200 dilution®. For in plantaimmunolocalization, sampled rice galls
were fixed in 8% paraformaldehyde in PIPES buffer (50 mM, pH 6.9)
overnight at 4 °C, dehydrated through an ethanol series, embedded
inbutyl-methylmethacrylate and then processed into 5-pm-thick sec-
tions’. The sections were rehydrated and blocked in1% bovine serum
albumin in PIPES buffer for 30 min. The anti-MgRGF antibody (1:100
dilution) and an AlexaFluor-488-conjugated goat anti-rabbit secondary
antibody (1:500 dilution) were used forimmunolocalization. Negative
controls were hybridized by using only the secondary antibody. Images
were captured using a Nikon ALHD25 confocal microscope with 488 nm
excitation and 505-530 nm emission for GFP (Nikon).

Invitro silencing of RGF genes in nematodes

The 216-bp and 207-bp cDNA fragments of MgRGF and MiRGFI were
amplified, and the corresponding dsRNAs were synthesized using the
T7 RNAI Transcription Kit (Vazyme) according to the manufacturer’s
instructions. dsRNA of GFPwas prepared and used as a control. Approx-
imately 10,000 freshly hatched J2s were soaked in M9 buffer containing
2-5mg ml™ dsRNA and 1% resorcinol for 6 h at room temperature on
arotator”. Following incubation, nematodes were washed five times
with RNase-free water, and 100 J2s per plant were used to inoculate
rice and Arabidopsis seedings. After 3 dpi, total RNA was extracted
frominfected roots,and RT-qPCR was conducted to evaluate the gene
silencing efficiency.

Signal peptide secretion analysis

The signal peptide secretion analysis in yeast was performed as
described previously®. The yeast transformants were streaked onto
CMD-W (0.67% yeast nitrogen base without amino acids, tryptophan
dropout supplement, 2% sucrose, 0.1% glucose and 2% agar) and YPRAA
(1% yeast extract, 2% peptone, 2% raffinose, 2 pg I antimycin A and 2%
agar) mediaplates for invertase secretion assays. Invertase enzymatic
activity was detected by the reduction of 2,3,5-triphenyltetrazolium
chloride to ared-coloured insoluble triphenylformazan.

To verify the function of signal peptide in N. benthamiana, Agro-
bacterium tumefaciens-mediated transient expression was carried out
toevaluate cell death symptoms triggered by XEG1 secretion®. Agrobac-
terium strain EHA105 carrying the indicated vectors was resuspended
to a final concentration of OD,g, = 0.4 in infiltration buffer (10 mM
MES, pH 5.6,10 mM MgCl, and 0.2 mM acetosyringone). After syringe
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infiltration, plants were cultured at 22 °C for 48 h under a 16-h light/
8-hdark photoperiod with a light intensity around 100 pmol m2s™.

Root growth analysis

The peptides, with or without tyrosine sulfation, were chemically syn-
thesized with >95% purity (SciLight Biotechnology). Synthetic peptides
were dissolved in double-distilled water to a final stock concentration
of 1 mM and diluted to the indicated concentrations for subsequent
treatments. Seedling growth and root length were monitored at the
specified time points. The corresponding peptide sequencesare listed
inSupplementary Table 2.

Histological observation of rice roots

Rice roots or root galls were embedded in Technovit 7100 resin (Her-
aeus Kulzer) according to the manufacturer’s protocol. Longitudinal
or transverse sections of 5-um thickness were cut using aLeicaRM2265
microtome (Leica). The sections were stained with 0.05% toluidine
blue for 3-5 min, rinsed three times with double-distilled water and
examined under a light microscope (Nikon Eclipse 80i). Cell number
in the root meristem region was counted with all cells in the fourth
cortical layer of the root. The average cell length and cell area in the
root elongation and maturation zones were quantified across all radial
cell layers using Image].

EdU staining

Rice EdU staining was conducted using a BeyoClick EAU-488 kit (Bey-
otime) according to the manufacturer’s protocol. Briefly, roots of
4-day-old rice seedlings were treated in 20 pM EdU solution for 4 h.
Following 30 min of fixationin 4% paraformaldehyde, the samples were
incubated with Azide 488 for an additional 30 min. Thenimages were
takenusinga confocal microscope with an excitation laser wavelength
at488 nmand an emission filter of 505-530 nm (Nikon A1HD25).

NBT staining

Rice roots were vacuum-infiltrated with 0.1% NBT solution for 15 min
inthe dark at room temperature, followed by two rinses with distilled
water. The stained roots were photographed using a stereomicroscope
(Olympus SZX16). The stained region within the meristematic zone was
measured using Image].

Propidium iodide staining

Roots of Arabidopsis seedlings were stained with 0.02 mg ml™ pro-
pidium iodide for 1-2 min and then imaged using a Nikon A1 HD25
confocal microscope with an excitation laser wavelength at 561 nm
and an emission filter of 587-610 nm (Nikon).

Histochemical GUS assay

At the indicated time points, root fragments of rice and Arabidopsis
with or without nematode infection were vacuum-infiltrated twice
for 10 min each with GUS staining solution (100 mM Tris-HCI, pH 7.0,
50 mMNacl,1 mM 5-bromo-4-chloro-3-indolyl-B-glucuronicacid,1mM
potassium ferricyanide, pH7.0 and 0.06% (v/v) Triton X-100) and then
incubated overnightat 37 °C. Thereaction was stopped with 70% (v/v)
ethanol. Stained roots were visualized with a stereomicroscope (Olym-
pusSZX16) orembedded in Technovit 7100 resin for cross-sectioning.

Gallimaging

Fixation and clearing of gall samples were conducted following the
protocol described previously®. Briefly, galls were vacuum-fixed with
2.5% (v/v) glutaraldehyde in 50 mM sodium phosphate buffer for 15 min
at room temperature and then left overnight at 4 °C. Fixed galls were
subsequently rinsed twice for 5 min with sodium phosphate buffer and
dehydrated stepwise in 30%, 50%, 70% and 90% (v/v) ethanol under
vacuum twice for 20 min each step. The dehydrated galls were rinsed
twice for20 minwith pure ethanoland stored overnightin pure ethanol

at 4 °C for the subsequent clearing process. The samples were trans-
ferred to100% BABB (benzyl alcohol and benzyl benzoate inal:2 ratio,
v/v)for2daysat4 °C. Glutaraldehyde autofluorescence was observed
under a Nikon A1 HD25 confocal microscope with an excitation laser
wavelength at 488 nm and an emission filter of 505-530 nm (Nikon).

Protein structure prediction and molecular docking

The protein crystal structure of AtRGFR1 (PDB: 5z33) was downloaded
from the PDB database (https://wwwl.rcsb.org/). The protein struc-
tures of OsRGI2 were predicted with AlphaFold2 (ref. 93). The structures
of nematode RGF peptides were generated on the basis of the crystal
structure of the AfRGF1-AtRGFRI*® complex by altering the corre-
spondingresidues of AtRGF1(ref. 56). Molecular docking between RGF
peptides and receptors was performed with Autoduck Vina®, and the
conformation with the highest affinity was selected as the final docking
conformation. Structuralimages were displayed using PyMOL v.3.1.6.1
(Schrodinger, LLC).

Subcellular localization inrice protoplasts

Rice protoplasts wereisolated from 14-day-old rgil,2 and rgi3,4 mutant
seedlings using enzymatic digestion in solution containing 1.5% cel-
lulase R10 and 0.75% Macerozyme R10 (ref. 95). The protoplasts were
then transfected with 10 pl of plasmids (5-10 pg), incubated in W5
solution for 16 h and visualized under a confocal microscope excited
at 488 nm with an emission filter of 500-550 nm. The protoplasts
were treated with 100 nM RGF peptide for 3 h to evaluate the impact
onsubcellular localization.

Invitro peptide binding assay

The extracellular domain of OsRGI2 was expressed using the Bac-to-Bac
Baculovirus Expression System (Thermo Fisher Scientific). Two hun-
dred millilitres of High Five cells (2 x 10 cells per ml) were infected with
30 ml of recombinant baculovirus and cultured at 22 °C for 60 h with
gentle shaking. The secreted protein was affinity-purified with Ni-NTA
resin (GenScript) for subsequent pull-down experiments and binding
affinity assays. For immunoprecipitation, 500 ng of purified protein
was incubated with 100 nM biotinylated MgRGF1 peptide in reaction
buffer (50 mM Tris-HCI, pH7.5,1% Nonidet P40) at 4 °C for 2 hwith gen-
tleagitation. Unlabelled RGF peptides were added as competitors. The
mixture wasimmunoprecipitated with BeyoMag Streptavidin Magnetic
Beads (Beyotime) for 4 hat 4 °C, followed by five washes with reaction
buffer. Theeluted and input proteins were detected byimmunoblotting
with an anti-His antibody at a1:5,000 dilution.

To evaluate the binding affinities, MST assays were performed
using a Monolith NT.115 instrument (NanoTemper). The purified pro-
teinwas labelled with fluorescence using a RED-tris-NTA His-Tag Label-
ling Kit (MO-LO18; NanoTemper) according to the manufacturer’s
instructions. The RGF peptides were diluted in a serial concentration
gradient ranging from 0.0061 to 200 pM. After incubation at room
temperature for 5-10 min, approximately 5 pl of the labelled protein
and peptide mixture was loaded into capillaries (MO-K022; NanoTem-
per). Measurements were conducted insodium phosphate buffer sup-
plemented with 0.05% Tween 20, using constant instrument settings
(20% LED power, medium MST power). Signal-to-noise ratios above
10 were considered significant. The assays were repeated three times
for each affinity measurement. Data analyses were performed using
MO.Affinity Analysis v.2.3 (NanoTemper).

MAPK activation assay

Five-day-old rice and Arabidopsis seedlings grown on solid 12MS
medium were carefully transferred to liquid medium, acclimated for
atleast 3 hand then treated with 10 uM of sulfated MgRGF1 or AtRGF1
peptides for the indicated times. Following treatment, seedling roots
were ground, and total proteins were extracted in lysis buffer (50 mM
Tris-HCI, pH7.5,150 mMNaCl,2 mMEDTA, 1% Triton X-100,10% glycerol
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(v/v),1mM PMSF and 1x complete protease inhibitor cocktail). Equal
amounts of protein samples were separated by 10% SDS-PAGE, and
phosphorylated MPK3 and MPK6 were detected by immunoblotting
using ananti-phospho-p44/p42 MAPK monoclonal antibody (a-pERK,
Cell Signaling Technology) at a 1:3,000 dilution. Equal loading was
assessed using an anti-actinimmunoblot.

Apoplastic peptide analysis

Extraction of apoplastic peptides and nano-LC-MS/MS analysis were
conducted as previously described”. Seven-day-old transgenic Arabi-
dopsis plants expressing full-length MgRGF or its signal-peptide-deleted
variant were cultured in liquid ¥2MS medium for 12 days. The sub-
merged culture medium containing secreted peptides was subjected
to o-chlorophenol extraction®. Precipitated peptides were dissolved
in500 plof 0.1% TFA. Separation was carried outon an EASY-nLC1200
system (Thermo Scientific) with a PepMap C18 trap column (3 pm,
75 um x 2 cm, Thermo Scientific) and an analytical column (2 um,
75 um x 25 mm, Thermo Scientific) ataflow rate of 500 nl min™, using
agradientof 2-90% acetonitrile containing 0.1% formic acid. A30-min
blank gradient was run between samples to minimize carryover. Mass
spectra analysis was performed on an Orbitrap Fusion Lumos mass
spectrometer in data-dependent acquisition mode, using full MS scans
(m/z350-1,250) at 60,000 resolution with HCD fragmentation at 35%
collision energy. Dynamic exclusion was set to 25s. The data were
analysed with PEAKS Studio v.13 (Bioinformatics Solutions Inc.) by
searching against the MgRGF peptide sequences.

Statistical analysis

Significant differences were determined by unpaired two-tailed Stu-
dent’s t-test or one-way ANOVA using GraphPad Prism v.8.01 (GraphPad
Software, Inc.).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All other data sup-
porting the findings of the study are available in the article and
Supplementary Information.
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Extended DataFig.1| MgRGF peptldes promotes root developmentin
Arabidopsis. a, b, Root growth phenotype of Col-0 seedlings on vertical plates
supplemented with or without 100 nM of the indicated peptides. Seedlings
were photographed (a) and measured (b) at 7 days after germination (n =15).
Ctrlindicate no peptide added. Scale bars, 1 cm. ¢, d, Confocal images of Col-0
root tips stained with PI. Four-day-old seedlings were used for the staining

(c). Number of meristematic cortex cells (d) was measured.n=12,11,10,11,11
ind from left to right. Scale bars, 100 um. e, Seven-day-old seedlings of Col-0
grown on 1.5% agar plates angled at 45°. Seedlings were grown vertically for 2 d
on medium supplemented with the indicated peptides, theninclined for an

additional 5 d. Representative images are shown, with at least 20 plants observed
per treatment in each replicate. Scale bars, 1 cm. f-h, Root meristem phenotypes

of tpst-1grownin the absence or presence of the indicated peptides. Four-day-
old seedlings were used for the Pl staining and confocal imaging (f). Scale bars,

100 pm. Number of meristematic cortex cells (g) was measured (n =10). Root
length (h) of tpst-1 seedlings was measured at 7 days after germination (n =15).
i,j, Root meristem phenotypes of rgf1,2,3grown in the absence or presence of
indicated peptides. Confocal images showed root meristem of rgf1,2,3 stained
with PI(i). Scale bars, 100 pm. Number of meristematic cortex cells (j) was
measured (n =15). Experiments were performed three times with similar results.
White arrowheads mark the boundary between meristem and elongation zones
and white asterisks indicate the QCs (c,f,i). Datainb, d, g, handjare presented
as box-whisker plots with individual data points. The central line indicates the
median; box limits represent the first and third quartiles; whiskers extend to
the minima and maxima. Pvalues were determined by one-way ANOVA with
Dunnett’s multiple comparisons test, comparing the mean of each column with
the mean of the control column.
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Extended Data Fig. 2| Nematode RGF effector regulates root growthand
promotes nematode parasitism in tomato. a, b, Root growth phenotypes under
100 nM synthetic peptide treatment. Tomato seedlings were photographed (a)
at12 hafter treatment, and root length (b) was measured (n =15). Ctrlindicate no
peptide added. Scale bars,1cm. ¢, d, Longitudinal observation of EdU-labelled
cellsinthe root meristem. After 12 h of MgRGF1-Y treatment, roots were imaged
with confocal microscopy (c), and the size of EdU-labelled root meristems

(d) was measured (n =15). Scale bars, 100 pum. Red arrowheads in c mark the
boundary region of EdU-labelled cells and white asterisks indicate the QC
region. e, Silencing efficiency of MiRGF1 detected by RT-qPCR. The experiments
were performed using MiGAPDH and Mi18S as internal controls. f, Effect of
MiRGF1 silencing on nematode infection. Root galls were counted at 30 dpi with

dsRNA-treated M. incognita (n =10). g, h, Effect of MiRGF1 silencing on feeding
site establishment. Feeding sites (g) were observed using BABB clearing at 10 dpi
(n=10). Representative images of a single gall are shown. The number of feeding
sites per gall (h) was counted. Ten galls were analyzed per treatment. Scale bar
ing, 100 pm; N: nematode; Asterisks: feeding site. Experiments were performed
three times with similar results. Datain e are presented as mean + s.e.m. with
individual data point of three independent biological replicates (n = 3). Data
inb, f,dand hare presented as box-whisker plots with individual data points.
The central lineindicates the median; box limits represent the first and third
quartiles; whiskers extend to the minima and maxima. P values were determined
by unpaired two-tailed Student’s ¢-test.
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Extended Data Fig. 3| Overexpression of MgRGF promotes root development
inArabidopsis. a, Root phenotypes of Col-0 and two independent transgenic
lines overexpressing full-length or signal peptide-deleted version of MgRGF.
Seedlings grown on 0.7% agar or 1.5% agar were photographed at 7 days after
germination. Representative images are shown from threeindependent
experiments, with at least 15 plants examined per treatment in each replicate.
Scale bar,1cm. b, Relative expression levels of MgRGF by RT-qPCR using AtActin2
and AtTUB2as internal controls. ¢, Measurements of primary root length (n =16).
d, Confocalimages of root meristem of Col-0 and transgenic lines. Seven-day-old
seedlings were stained with Pl for imaging. White arrows indicate the boundary
between root meristem and elongation zones. White asterisks indicate the

QCs. Representative images are shown from threeindependent experiments,
with at least 10 roots examined per treatment in each replicate. Scale bars,

100 um. e, Measurements of the number of meristematic cortex cellsin Col-0 and

transgenic lines.n=16,13,13,13,14 from left to right. f, Measurements of lateral
root number. n=16,10,10, 11,12 from left to right. g-j, Nano-LC-MS/MS spectra
of tyrosine-sulfated mature peptides. MgRGF1-Y (g,i) and MgRGF2-Y (h,j) were
identified in apoplastic extraction of the transgenic lines expressing full-length
MgRGF (g,h) or its signal peptide-deleted variant (i,j). Red and blue lines indicate
matched y-ions and b-ions, respectively. Experiments were performed three
times with similar results. Data in b are presented as mean +s.e.m.with individual
data point of three independent biological replicates (n=3). Datainc,eand f
are presented as box-whisker plots with individual data points. The central line
indicates the median; box limits represent the first and third quartiles; whiskers
extend to the minima and maxima. Pvalues were determined by one-way ANOVA
with Dunnett’s multiple comparisons test, comparing the mean of each column
with the mean of the control column.
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Extended Data Fig. 4| Overexpression of MgRGF promotes nematode
parasitismin Arabidopsis. a, Nematode penetration analysis by acid fuchsin
staining at 1dpi with M. incognita. Representative images are shown from three
independent experiments (n =15 roots per replicate). Scale bars, 100 pm.

b, Number of second-stage juveniles penetrated into the roots at1dpi (n =15).

¢, Representative images of root galls and feeding sites visualized by acid fuchsin
staining (upper panel) and BABB clearing (lower panel) at 15 dpi with

M. incognita. Three independent experiments were performed with similar
results (n=15roots per replicate). Scale bars, 200 um (upper panel) and 100 pm
(lower panel). N: nematode; Asterisks: giant cells. d, e, Nematode infection
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phenotypes in Arabidopsis lines overexpressing MgRGF. Root galls and egg
masses (d) were stained with acid fuchsin and counted at 15 dpi and 30 dpi with
M. incognita (n =15). Feeding site number (e) was quantified at 15 dpi by BABB
clearing (n =10). Representative data from one of three biological replicates
areshown. Datainb, d and e are presented as box-whisker plots with individual
data points. The central line indicates the median; box limits represent the first
and third quartiles; whiskers extend to the minima and maxima. Pvalues were
determined by one-way ANOVA with Dunnett’s multiple comparisons test,
comparing the mean of each column with the mean of the control column.
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Extended Data Fig. 5| Expression of AtRG/1-5is activated in gallsinduced at3and 5dpi, which diminished by 12 dpi. The experiments were performed
by M. incognitain Arabidopsis. a, GUS staining of pRGI1::GUS, pRGI2::GUS, three times with similar results. Scale bars, 500 pm. b, Histological sections of
PRGI3::GUS, pRGI4::GUS, and pRGI5::GUS lines infected with M. incognita. galls at 5 dpi. Ten galls were observed with similar results. Scale bars, 50 pm.
Twelve-day-old seedings were used for inoculation. Twenty roots were stained N: nematode; Asterisks: giant cells.

and representative images are shown. Strong GUS activity was observed in galls
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Extended Data Fig. 6 | Arabidopsis rgil,2,3,4,5 mutant shows insensitivity to
nematode RGF and delayed development of M. incognita. a, Phenotypes of
Col-0 and thergil,2,3,4,5 mutant grown on medium for 7 days without or with
100 nMindicated peptides. Scale bars, 1 cm. b, Measurements of primary root
length under 100 nM MgRGF1-Y treatment (n = 10). ¢, Confocal images of root
tips from Col-0 and rgil,2,34,5. Seven-day-old seedlings grown with100 nM
MgRGF1-Y were stained and imaged (n =10). White arrows indicate the boundary
between root meristem and transition zones. White asterisks indicate the QC.
Scale bars, 100 um. d, Measurements of the number of meristematic cortex cells
in Col-0 and mutant plants (n = 16). e, Measurements of lateral root number.
n=13,23,13,23 fromleft to right. f, Nematode infection phenotypes in Col-0
andthergil,2,34,5 mutant. The numbers of root galls per root and per gram of
root were counted and quantified (n =15). g, h, The numbers of egg masses per
root (g) and per gram of root (h) were counted and quantified (n =15).

i, Nematode penetration phenotype of wild-type (Col-0) and rgil1,2,3,4,5 mutant
by acid fuchsin staining at 1dpi with M. incognita. Scale bars, 200 um. j, Average

number of M. incognitajuveniles per plant at 1dpi (n = 20). k, Nematode infection
phenotypes of wild-type (Col-0) and rgil,2,3,4,5 mutant by acid fuchsin staining
at 7 dpi. Scale bars, 200 pum. 1, Proportion of different nematode developmental
stages at 7 dpi.n =10, 9 for Col-0 and rgil,2,3,4,5 mutant. m, Nematode infection
phenotypes of wild-type (Col-0) and rgil,2,3,4,5 plants by acid fuchsin staining at
15dpi. Scale bars, 200 pm. n, Proportion of different nematode developmental
stages at 15 dpi (n = 8). 0, Gallimaging by BABB clearing in wild-type (Col-0)
andrgil,2,34,5 plants at 15 dpi. Scale bars, 200 pm. p, Single giant cell size
quantification. n =20,19 for Col-0 and rgi1,2,34,5 mutant. Scale bar, 200 pm,
N:nematode; Asterisks: giant cells. Representative images (a,c,i,k,m,0) and data
(b,d-h,j,I,n,p) from one of three biological replicates are shown. Datainb, d, e,
f,g, h,jand p are presented as box-whisker plots with individual data points.

The central line indicates the median; box limits represent the first and third
quartiles; whiskers extend to the minima and maxima. P values were determined
by unpaired two-tailed Student’s ¢-test.
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Extended Data Fig. 7| The size of feeding sites is not significantly affected in mutant (n =10). Experiments were performed three times with similar results.
rice rgi mutants. a, Feeding site observation in rice rgi mutants at 7 dpi with 35 Datainb, canddis presented as box-whisker plots with individual data points.
ppJ2s. Representative images of a single gall are shown after BABB clearing. Scale The central lineindicates the median; box limits represent the first and third
bars, 100 um (upper panel) and 50 um (lower panel). N: nematode; Asterisks: quartiles; whiskers extend to the minima and maxima. P values were determined
giant cells. b, Quantification of feeding cell size (n=10). ¢, d, The number of by one-way ANOVA with Dunnett’s multiple comparisons test, comparing the
females per root (c) and per gram of root (d) was counted and quantified in rgi mean of each column with the mean of the control column.
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Extended Data Fig. 8| Treatment with MgRGF1 or AtRGF1 peptide activates were performed three times with similar results. ¢, Peptide-induced promoter
MAPK cascade and PLT1/2 expression through RGlI receptors. a, b, MPK3 activities and protein levels of PLT1/2 were blocked in the Arabidopsis rgi mutant.
and MPK6 activation upon MgRGF1 or AtRGF1 peptide treatment. Wild-type Representative confocal images show root meristems of the transgenic seedlings
seedings and the corresponding rgi mutants were tested in Arabidopsis (a) and expressing pPLT1::CFP, pPLT2::CFP, pPLT1::PLTI-YFP, or pPLT2::PLT2-YFPin
rice (b). Five-day-old seedlings were treated with 10 pM sulfated peptides for wild-type and rgi mutant backgrounds. The experiments were performed three
theindicated times. Phosphorylated MPK3/6 was detected using an anti-pERK times with similar results. Scale bars, 100 pm.

antibody. Equal loading was shown by anti-actinimmunoblot. The experiments
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Extended Data Fig. 9| Sequence and expression analysis of PSY family genes
inrice.a, Multiple sequence alignment and Web-Logo analysis of rice PSYs.
Conserved residues are highlighted in blue box. b, Gene expression levels

of OsPSY genes at1dpi with M. graminicola. TPM values were retrieved from
previously published RNA-seq data®. ¢, d, Relative expression analysis of OsPSY
genes by RT-qPCRin Kitaake root tips after 3 days post M. graminicola inoculation
(c) and 12 h MgRGF1-Y treatment (d). e, f, Relative expression levels of PSY family
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genesinroot tips of Arabidopsis (e) and rice (f) after 24 h MgRGF1-Y treatment.
Expression levels were quantified using the 27 method. AtActin2 and AtTUB2
served as internal controls for Arabidopsis, while OsUBQ10 and OsActin were
used forrice. Datainc, d, eand fwere presented as mean +s.e.m.with individual
data point of three independent biological replicates (n = 3). Pvalues were
determined by unpaired two-tailed Student’s ¢-test.

Nature Plants


http://www.nature.com/natureplants

Article https://doi.org/10.1038/s41477-026-02301-z
Gall Vascular
cylinder
RKNs RGF OsPSYs
@ )
Q@
®'® O% —
~ =
Extracellular E
888888888888848 5 s
Intracellular "' E g
] 2 ©
i % = p <=—NCs
- - = :
] : (b}
i . o
defense V¥ g
growth £
rePSYs =
MPK3/6 () 2 i~ 3
- -
o
/ —> \ \ E
/. \OQA OsPSYs }m Cell proliferation =1
\ and expansion
J
\\m OsPLT2 MK /
L / Pre-J2
.

Extended DataFig.10 | A proposed model for nematode RGF signaling during
feeding site formation. RKNs secrete RGF-like peptide mimics that specifically
bind to the host RGl receptors and activate RGI receptor-mediated signaling
pathway to regulate cell proliferation and expansion-two processes critical

for establishing feeding cell identity. Downstream components, including PSY
peptide genes and PLT transcription factors, are activated to coordinate giant
cell development and promote parasitism. Solid lines indicate regulation tested
inthis study, whereas dashed lines represent proposed regulation. Based on

recent findings regarding the PSY peptide-mediated trade-off between growth
and stress responses, the induction of PSYs at nematode feeding sites may
further facilitate nematode infection by suppressing PSYR-mediated defense
responses’’. RKNs: root-knot nematodes; RGFs: ROOT MERISTEM GROWTH
FACTORs; MPK3/6: Mitogen-Activated Protein Kinase 3/6; PSY: PLANT PEPTIDES
CONTAINING SULFATED TYROSINE; PLT2: PLETHORA 2; NCs: neighboring cells;
GCs: giant cells. Figure created in BioRender; Li, W. https://biorender.com/
tsfuzix (2026).
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection For RT-qPCR: Bio-Rad iCycler iQ5 real-time PCR system.
For images and analysis: Nikon D3400 Camera, Nikon Eclipse 80i with Nikon DS-Ril camera, Nikon A1 HD25 confocal microscope, Olympus
SZX16 stereomicroscope, Fiji ImageJ v.1.52.
For sections: Leica RM2265 Fully Motorized Rotary Microtome, Leica VT1200 S Fully automated vibrating blade microtome.
For microscale thermophoresis: Monolith NT.115 instrument.

Data analysis For sequences aligned and phylogenetic analysis: MAFFT version 7 and MEGA 11.
For plotting and statistical analysis of biological data: Microsoft Excel 2019 and GraphPad Prism 8.0.1.
For protein prediction and presentation: AlphaFold2, Autoduck Vina, PyMOLv2.5.2
For microscale thermophoresis: MO.Affinity Analysis v2.3

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Amino acid sequences of nematode RGFs were retrieved from different Meloidogyne species using the annotated genome databases in Wormbase Parasite (http://
parasite.wormbase.org/index.html). Sequences of the rice RGl and PSY gene families were obtained from Phytozome v13 (https://phytozome-next.jgi.doe.gov/)
The protein crystal structure of plant peptide hormone receptor RGFR1 in complex with RGF1 (PDB: 5HYX ) was downloaded from the PDB database (https://
www1.rcsb.org/). Source data are provided with this paper. All data supporting the findings of the study are available in the article and Supplementary Information.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample sizes were mainly determined based on the prior experiences or established protocol in the field.
Data exclusions | No data was excluded from the analyses.

Replication All experiments were performed three times independently, and the data are reproducible. For images and photographs, representative
results are shown. The information is provided in the figure legends.

Randomization All samples were arranged or collected randomly.

Blinding The authors performed the experiments without prior knowledge of the final outcome, and therefore blinding was not applicable.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
guantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.
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Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions

Location

Access & import/export

Disturbance

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Describe any disturbance caused by the study and how it was minimized.

=
Q)
S
(@
™D
D)
@
=
S
-
3
@)
O
=
=
(@]
wv
<
=
=
Q)
S




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines IZ |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

OXXXXOO S
XOOOOXKX

Plants

Antibodies

Antibodies used anti-DIG-AP: Fab antibody conjugated to alkaline phosphatase, Roche, Cat. No0.11093274910, 1:500 dilution.
anti--MgRGF: Rabbit polyclonal antibody, Custom-produced by ABclonal, 1:100 dilution.
AlexaFluor 488-conjugated goat anti-rabbit IgG: Goat polyclonal antibody, Invitrogen, Cat. No.A-11008, 1:200 dilution for nematode
and 1:500 dilution for gall sections.
anti-His: Mouse monoclonal antibody, GenScript, Cat. No. A00186, 1:5000 dilution.
HRP-conjugated goat anti-mouse IgG: Goat polyclonal antibody, Bio-Rad, Cat. No. 1706516, 1:10000 dilution.
a-phospho-p44/p42 MAPK monoclonal antibody, a-pERK, Cell Signaling Technology, Cat. 9101S, 1:2000 dilution.
a-Actin (plant specific) Mouse mAb, Abclonal, AC009, 1:5000 dilution.
HRP-conjugated Goat anti-Rabbit IgG (H+L) , Abclonal, AS014, 1:10000 dilution.

Validation The validation statements of commercial antibodies are available from manufacturers:
https://www.sigmaaldrich.cn/CN/zh/product/roche/11093274910
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11008
https://www.genscript.com/antibody/A00186-THE_His_Tag_Antibody_mAb_Mouse.html
https://www.bio-rad.com/SearchResults?search_api_fulltext=1706516
https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101
https://abclonal.com.cn/catalog/AC009
https://abclonal.com.cn/catalog/AS014

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) High Five cell lines from Thermo Fisher Scientific. https://www.thermofisher.cn/order/catalog/product/B85502

Authentication High Five cell lines were verified by manufacturer's website and identity of these cell lines were frequently checked by their
morphological features. https://www.thermofisher.cn/order/catalog/product/B85502

Mycoplasma contamination High Five cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines are used in this study.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.
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Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

XXXX X &

|:| Any other significant area




Experiments of concern

Does the work involve any of these experiments of concern:
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Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Wild type cultivar: Kitaake and Nipponbare(rice), Columbia-0 (Arabidopsis thaliana). Transgenic lines and mutants:pOsCYCB1.1::GUS
(rice). rgil/2/3/4/5 (quintuple mutant,Arabidopsis thaliana), pRGI1::GUS, pRGI2::GUS, pRGI3::GUS, pRGI4::GUS, pRGI5::GUS
(promoter-reporter lines, Arabidopsis thaliana), pPLT1::CFP, pPLT2::CFP, pPLT1::PLT1-YFP, pPLT2::PLT2-YFP (promoter-reporter lines,
R}(&mgﬁqyzgmﬂﬁﬁ@wnj_(,:rgpf’gl§ﬁ+§&%{§§§6@rﬁqag&§§dp@ﬁgﬁémutants: double mutants: rgil,2 and rgi3,4; Higher-order mutants:
rgil,3,4 (triple mutant), rgi1,2,3,4 (quadruple mutant),rgil,2,3,4,5 (quintuple mutant). CRISPR/Cas9-Generated OsPSY5 Mutants:
ospsyb. Overexpression Lines:355::IVIgRGF (full-length),355::MgRGFASP (signal peptide-deleted), 355::0sPSYS; Iransgenic reporter
lines: pOsPLT2::GUS (PLETHORA2 promoter-driven GUS), pOsPSY5::GUS (PSY5 promoter-driven GUS).Arabidopsis transgenic lines:
rgil/2/3/4/5, pRGI1::GUS, pRGI2::GUS, pRGI3::GUS, pRGI4::GUS, pRGI5::GUS, pPLT1::CFP, pPLT2::CFP, pPLT1::PLT1-YFP, pPLT2::PLT2-
YFP were previously reported (Ou et al., 2016, Cell Res).

tpst-1, rgfl,2,3 were previously reported (Matsuzaki et al., 2010, Science).

Novel plant genotypes were assessed by PCR-based gene amplification and Sanger sequencing.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlIP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI |:| Used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based  [_| Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| I:' Graph analysis

|:| I:' Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis | Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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