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The type III effector NopL interacts with
GmREM1a and GmNFR5 to promote
symbiosis in soybean

Chao Ma 1,2,9, Jinhui Wang 1,2,9, Yongkang Gao3,9, Xulun Dong 2,
Haojie Feng2, Mingliang Yang1,2, Yanyu Yu2, Chunyan Liu 1 , Xiaoxia Wu2,
Zhaoming Qi2, Luis A. J. Mur 4, Kévin Magne 5,6, Jianan Zou1, Zhenbang Hu1,
Zhixi Tian 7,8 , Chao Su3 , Pascal Ratet 5,6 , Qingshan Chen 1,2 &
Dawei Xin 1,2,4,5

The establishment of symbiotic interactions between leguminous plants and
rhizobia requires complex cellular programming activated by Rhizobium Nod
factors (NFs) as well as type III effector (T3E)-mediated symbiotic signaling.
However, themechanisms by which different signals jointly affect symbiosis are
still unclear. Herewedescribe themechanismsmediating the cross-talk between
the broad host range rhizobia Sinorhizobium frediiHH103 T3E Nodulation Outer
Protein L (NopL) effector and NF signaling in soybean. NopL physically interacts
with the Glycine max Remorin 1a (GmREM1a) and the NFs receptor NFR5
(GmNFR5) and promotes GmNFR5 recruitment by GmREM1a. Furthermore,
NopL andNF influence the expression ofGmRINRK1, a receptor-like kinase (LRR-
RLK) ortholog of the Lotus RINRK1, that mediates NF signaling. Taken together,
our work indicates that S. fredii NopL can interact with the NF signaling cascade
components to promote the symbiotic interaction in soybean.

Soybean (Glycine max (L.) Merr.), is an important legume crop and an
important source of protein and cooking oil for humans and animals1.
Chemical fertilizers are used extensively to achieve high soybean
yields, paradoxically overlooking its symbiotic nitrogen-fixing
capability2,3. An environmentally ecofriendly agronomic strategy
should seek to better exploit rhizobial symbiosis with soybean for
sustainable soybean production.

Symbiosis between legumes and rhizobacteria is established via
mutual recognition and molecular interactions. In these processes,

flavonoids secreted by leguminous host plants induce the production
of Nod factors (NFs) by rhizobia4, which play a pivotal role in estab-
lishing the symbiotic interaction with legumes5,6. Host-specificity is
determined by the chemical structure of the lipochito-oligosaccharide
NFs7–9.NodABC genes, present inmostRhizobium species, are required
for the synthesis of the core structure of NFs10,11. Other Nod genes
introduce specificmodifications on theNFs core structure to influence
the relative symbiotic compatibility between legume hosts and dif-
ferent strains of rhizobia4,10.
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Rhizobium NFs are perceived by symbiotic receptors that initiate
a signaling cascade to cause root-hair infection and nodule
organogenesis12–14. In lotus and soybean, the NF receptor complex is
composed of NFR1 and NFR5, orthologs ofMedicago LYK3 (lysinmotif
receptor-like kinase 3) and NFP (Nod Factor Perception)15,16. NFR1 and
NFR5 form heterocomplexes where NFR5 interacts with SYMRK
(SYMBIOSIS RECEPTOR-LIKE KINASE), linking NFs signaling to the
common symbiosis signaling pathway (CSSP) used for root nodule
symbiosis (RNS)17,18. Recognition of the NFs by the co-receptors trig-
gers calcium spiking in the nucleus and phosphorylation of CYCLOPS/
IPD3 by CCaMK/DMI3. This plays an important role in RNS specific
gene expression, such as the key symbiotic geneNIN. The components
of this signaling pathway (CSSP) are also used by arbuscular mycor-
rhiza to establish symbiotic interactions19–21. Remorins are plant-
specific scaffolding proteins found in all land plant, including ferns
and bryophytes, and are important regulators of plant-microbe
interaction22. The Medicago truncatula symbiotic Remorin 1 (MtSYM-
REM1) is root nodule specific23 and required for both rhizobia infection
and bacterial release24. MtSYMREM1 interacts with NFP, LYK3 and
MtSYMRK and required for the stability of entry receptor LYK323,25,26,
but how these complexes contribute to signal transduction and spe-
cificity is not well understood.

Beside NFs, other rhizobial signaling molecules can influence
symbiosis with legumes. The type III effectors (T3Es) secreted via type
III secretion systems (T3SS) were previously described in plant
pathogens27–29 and now characterized in rhizobia30,31. In rhizobia, these
T3Es, designated as Nodulation Outer Proteins (Nops), are delivered
into the host cells to affect both infection and nodule formation. More
than tenT3Eshavebeen identified in rhizobia, includingNopAA,NopC,
NopD,NopI, NopL, NopM,NopP,NopT, InnB, ErnA andSup331–34. These
T3Es can also play positive or negative roles in the establishment of
symbiosis depending on the host species31, especially, in the broad
host range strains, including Sinorhizobium fredii HH10335,36 and
Sinorhizobium sp. strain NGR23437,38. NopL is a rhizobial-specific T3E,
which is a substrate for plant kinases in vitro39. The Sinorhizobium sp.
strain NGR234 NopL effector can be phosphorylated in Nicotiana
tabacum by the Mitogen-activated protein kinase (MAPK) Salicylic
Acid-Induced Protein Kinase (NtSIPK). NopL can also directly interacts
with NtSIPK in onion and tobacco nuclei40,41. The nopL mutant of rhi-
zobia or mutations in phosphorylation sites of NopL negatively affect
the formationof Phaseolus nodules and promote nodule senescence40.
However, it is not clearwhat the targets of NopL are in legumes orwhat
the molecular mechanisms behind its function.

Previous studies have shown that T3Es can activate host nodula-
tion signaling by bypassing NF recognition in some legume species,
triggering similar events as NF-mediated symbiosis32,42. This suggests a
potential overlap in T3Es and NF-mediated symbiotic signaling but the
molecular mechanisms underlying the T3Es actions have yet to be
described. We here show that NopL plays an essential role for the
broad host range rhizobia HH103 in the establishment of NF-mediated
symbiosis by interacting with GmREM1a and GmNFR5 to promote NF
signaling in soybean.

Results
NopL is required for NF signaling in soybean
Previous studies have shown that some T3Es can hijack soybean NF
signaling to promote rhizobium infection34,43 and that NopL interacts
with components of the plant immunity in non-legume plants39,41.
Various NopL effector genes are encoded in a number of Sinorhizo-
bium and Bradyrhizobium strains (Supplementary Fig. 1a, b). To
investigate how the T3E NopL could affect NF-mediated symbiotic
signaling in soybean, we constructed nopL, nodA (unable to synthesize
NFs) mutants and the nodAΩnopL double mutant (Supplementary
Fig. 2) in the S. frediiHH103 strain. Inoculation of the Suinong 14 (SN14)
cultivar with the wild-type (WT) HH103 strain and the mutant strains

showed that fewer nodules were observed compared to the WT con-
trol. Whilst significantly different from controls, there were no sig-
nificant differences in nodule number and dry weights in the nopL,
nodA, and nodAΩnopL mutants at 28 days post-inoculation (dpi)
(Fig. 1a, d and e). The same nodulation phenotype (reduced nodule
number) was observed when SN14 was inoculated with nodB, nodC
mutants and the doublemutants with nopL (Supplementary Fig. 3a–e).
To know if the rhizobiummutant phenotype could be plant genotype
dependent, we tested a panel of soybean cultivars representative of
the soybean pan-genome and significantly contributing to breeding
and production44. The different genotypes developed a different
number of nodules in thepresenceof theHH103WTstrain. In addition,
they showed a similar reduced nodule number phenotype than SN14
when inoculated with nopL, nodA, and nodAΩnopL (Supplementary
Fig. 3f). Hence, the absence of either NFs or NopL effector or both, did
not block nodulation but only reduced its nodule number, suggesting
that nodulation in soybean might be not strictly NF dependent, which
is in agreement with previous work42. Furthermore, as there is no
additive effect of the two mutations, it is likely that they are acting in
the same pathway and that NF signaling requires NopL. Over-
expression of the NopL protein in rhizobia (NopL-GFP fusion under the
control of nptII promoter in HH103; Supplementary Fig. 2c) increased
nodule numbers in SN14 (Supplementary Fig. 4a–c), indicating a
positive effect on nodulation in SN14. A NodApro:NodA construct was
used to restored a WT nodulation phenotype with nodA mutant but
was inefficient in the nodAΩnopL double mutant (Supplementary
Fig. 4d–f). This further suggested that NopL is strictly required for the
NF-dependent symbiosis in soybean.

As NodQ is required to produce sulfated NF45, to further under-
stand NopL function, we generated S. fredii HH103ΩnodQ and
nodQΩnopL mutants (Supplementary Fig. 2e). Interestingly, the nodQ
mutants exhibited increased nodule numbers and weights compared
to the WT strain indicating that the NF modification by NodQ reduces
NF mediated activation of symbiosis (Supplementary Fig. 4g–i). In
contrast there was no significant difference in the nodule number or
dry weight between SN14 inoculated with nopL (reduced number of
nodules) and nodQΩnopLmutants 28 dpi, suggesting again that NopL
acts in the NF signaling cascade (Supplementary Fig. 4g-i). We next
inoculated SN14 with WT HH103, nopL, nodA, and nodAΩnopL GUS-
tagged strains. The number of infection threads (ITs) (1 dpi) and pri-
mordia (7 dpi) were similarly significantly reduced in the different
mutants as compared to the WT strain (Fig. 1b, c, f, g), suggesting a
positive role of NopL in promoting rhizobium infection, by facilitating
the formation of ITs and the development of nodule primordia via the
NF signaling cascade. Taken together, our results show thatNopLplays
an essential role in HH103 soybean symbiosis in mediating the NFs-
dependent symbiotic signaling.

NopL is delivered directly into soybean cells
In order to know if NopL is delivered in soybean plant cells, we studied
its localization in root hair cells 1 dpi using WT or the corresponding
nopLmutant. NopL protein was detected in the protein fraction of the
nucleus and cell membranes (Fig. 2a). To further show that NopL is
translocated to the soybean cells, a T3E-adenylate cyclase (Cya)
reporter translocation assay was used. This showed that cAMP was
detected in soybean roots inoculated with HH103 expressing a NopL-
Cya fusion protein driven from theNopL promoter (HH103 NopL-Cya).
No cAMP was detected in soybean roots inoculated with wild-type
HH103 or with the ttsImutant strain that is unable to translocate NopL-
Cya protein to the plant cell (Fig. 2b).

As NopL in strain NGR234 is involved in later stages of
nodulation41, we also tested its localization in infected cells of func-
tional nodules using immunohistochemistry (IHC) and immuno-
fluorescence (IF) analyses. These studies indicated that NopL was
delivered andwaspredominantly present in the nitrogen-fixing cells of
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WT nodules (Fig. 2c–e, Supplementary Fig. 5a). Immunostaining with
cyanine 3-conjugated IgG (Cy3-IgG) localized NopL to the cell mem-
brane and the nucleus (Fig. 2f–h). This result was further refined using
immuno-gold labeling by transmission electron microscopy and

showed that NopL was associated to the membrane of the symbio-
some as well as the nucleus and cytoplasm (Fig. 2i–k, Supplementary
Fig. 5b). These results all suggest that NopL can be delivered into
soybean root cells.

Fig. 1 | The type III effector NopL promotes the NF signaling pathway in soy-
bean. a Roots of SN14 28 days post inoculation (dpi) with Sinorhizobium fredii
HH103 (WT),nodAmutant,nopLmutant and nodAΩnopL doublemutant. Scale bars
= 5mm. Infection thread andnoduleprimordia phenotypes of SN14 inoculatedwith
GUS-tagged HH103 and its mutants 1 dpi (b) or 7 dpi (c). Scale bars = 100 μm in (b)
and 200μmin (c).dNodule numberperplant for (a) at 28dpi (n = 20).eNoduledry

weight per plant for (a) at 28 dpi (n = 20). f Infection threads number per cmof root
of SN14 for (b) at 1 dpi (Data are represented as mean± SD, n = 15). g Nodule pri-
mordia number per SN14 plant for (c) at 7 dpi (Data are represented as mean± SD,
n = 15). Statistical analysis used Student’s t-test (two-sided). Source data are pro-
vided as a Source Data file.
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NopL physically interacts with GmREM1a
In order to identify the NF signaling cascade components targeted by
NopL, a semi-pull-down assay was performed on protein extracts from
isolated soybean root hairs (1 dpi) using a recombinant His-NopL
protein. NopL-interacting proteins were identified by Liquid
chromatography-tandem mass spectrometry (LC–MS/MS) (Supple-
mentary Fig. 6a, b). A total of 246 candidate proteins was identified
(Supplementary Data 2).

The candidates included a protein homologous to the remorin
MtSymREM124,46, which was designed Glycine max SymREM1a
(GmREM1a, Supplementary Fig. 6c). The interaction of NopL with
GmREM1a was confirmed using Yeast two-hybrid (Y2H) (Supplemen-
tary Fig. 6d) and bimolecular fluorescence complementary (BiFC)
analysis in Nicotiana benthamiana epidermal cells (Fig. 3a). Pull-down

analysis in vitro also indicated that NopL can directly interact with
GmREM1a (Fig. 3b) as did in vivo co-immunoprecipitation (Co-IP)
assays using soybean hairy roots (Fig. 3c). As soybean contains two
SymREM1 protein homologs, GmREM1a and GmREM1b, with a high
degree of similarity46, we investigated whether NopL can also interacts
with GmREM1b. BiFC analysis, in vivo Co-IP analysis and in vitro GST
pull-down assays revealed that NopL can indeed interact with
GmREM1b (Fig. 3a–c). All these results suggest that GmREM1a/b are
targets of theNopL rhizobium effector during early steps of symbiosis.

NopL-GFP with GmREM1a and GmREM1b-RFP constructs were
used to localize the protein complexes to the cell membrane in N.
benthamiana cells (Supplementary Fig. 7a). NopL-GFP and GmREM1a/
1b-RFP were no longer associated with the cell wall, and GmREM1a/1b
did not alter the subcellular localization of NopL by plasmolysis with

Fig. 2 | The type III effector NopL is secreted into the host cell.
a Immunolocalisation of NopL in the nucleus and cell membrane of root hair cells.
Inoculation of nopL mutant as control. T, total protein. N, proteins of the cell
nucleus. CM, proteins of the cell membrane. The ATP synthase protein (ATPB) was
used as a control membrane protein in this experiment. b T3E- adenylate cyclase
(Cya) reporter translocation assays shows that HH103 translocate NopL-Cya into
soybean roots cells. Translocation was assayed based on cAMP production by the
Cya reporter in soybean roots at 1 dpi inoculated with HH103, ttsI NopL-Cya and
HH103NopL-Cya. HH103 and ttsI NopL-Cya are included as a negative control. Data
are represented as mean ± SD, and Statistical analysis used Student’s t-test (two-
sided, n = 3). c–e Immunohistochemistry (IHC) analysis of SN14 soybean root
nodules 28 days post inoculation (dpi) with HH103, HH103(NopL-GFP) or

HH103ΩnopL mutant using Anti-NopL polyclonal antibodies. The nuclei were
stained using hematoxylin. The nopL mutant was used as a control. f–h Immuno-
fluorescence (IF) analysis of nodules 28 days post inoculation (dpi) with HH103,
HH103NopL-GFPorHH103ΩnopLusingAnti-NopLpolyclonal antibodies. IF images
of nodule cells showNopL in the nucleus and cellmembrane (redfluorescence) and
DAPI in the nucleus (blue fluorescence). The nopL mutant was used as a control.
White arrow, Cy3 signal in nodule cells. i–k Immunogold labeling of NopL in soy-
bean nodule cells. N, nucleus. S, symbiosome. C, cytoplasm. Scale bars, 1 μm
(nodule cell) or 500 nm (Organelle). Red arrows point to gold particles in nodule
cell. The experiments in i–k were repeated three times with similar results. Source
data are provided as a Source Data file.
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30% sucrose (Supplementary Fig. 7b, c). Immunofluorescence (IF)
analysis using polyclonal antibodies to NopL and GmREM1a also
showed that NopL (antibodies labeled with Cy3) co-localized with
GmREM1a (antibodies labeled with FITC) on the plasma membrane in
young root nodules (10 dpi) (Supplementary Fig. 7d–f). These data
strongly suggest that NopL physically interacts with GmREM1a/b pro-
teins in vivo.

NopL-mediated NF signaling in soybean depends on GmREM1a
We noted that our GmREM1b was not targeted in our NopL protein
semi-pull-down experiment (Supplementary Data 2), therefore we
focused our analysis on GmREM1a. To investigate the role of
GmREM1a/NopL interaction during NF signaling, we generated
Gmrem1a knockout lines in the DN50 soybean genotype by CRISPR/
Cas9. The three independent Gmrem1a knockout lines (Gmrem1a-1
to Gmrem1a-3; Supplementary Fig. 8a, b) exhibited reduced (50%)
nodule number and dry weights compared to the wild-type DN50
(Fig. 4a, b. Supplementary Fig. 8c) when inoculated with the WT
HH103 rhizobium line. The knock-out phenotype could be

complemented following hairy root transformation with a construct
expressing GmREM1a (pGmREM1a:GmREM1a-GFP; Supplementary
Fig. 9a–c). This confirmed that the nodule phenotype of Gmrem1a
was due to loss of GmREM1a function. Interestingly, contrary towhat
was observed after inoculation of the wild-type DN50, there was no
significant difference in nodule number or dry weight in the
Gmrem1a KO lines inoculated with the HH103WT strain or the nodA,
nopL, and nodAΩnopL mutants (Fig. 4a, b). We observed a similar
phenotype in DN50 after gene silencing by RNAi of GmREM1a
(Supplementary Fig. 8d, e). The analysis of the number of ITs in the
Gmrem1a KO lines showed that there was also no significant differ-
ence in the number of ITs following inoculation with HH103 or the
nodA, nopL or nodAΩnopLmutants (Fig. 4c, d). To further verify the
GmREM1a-NopL interaction, GFP-tagged HH103 and HH103 strain
overexpressing NopL-GFP were used to inoculate DN50 or Gmrem1a
KO lines. Overexpression of NopL increased the nodule number in
WT plants but did not change the number of root nodules in
Gmrem1a KO lines (Fig. 4e, f) suggesting that GmREM1a is required
for the NopL action.

Fig. 3 | NopL physically interacts with REM1a and REM1b. a BiFC analysis of the
interactions between NopL and GmREM1a (REM1a) and GmREM1b (REM1b). In the
top and down panels, the split YFP is inversely fused in C or N position for the two
proteins. Scale bars = 25 μm. b Interaction of NopL with REM1a and REM1b in
in vitro GST pull-down assays. GST-NopL or GST proteins were used as baits. The
antibody used for the pull-down assay are indicated on the left part of the panels.
The size of the proteins in kilo Daltons (kDa) is indicated on the right side of the

panel. IB: GST = Imunoblot using GST AB; IB: His = Imunoblot using His AB. c Co-IP
assays showing NopL interaction with REM1a and REM1b in soybean hairy roots.
The immunoprecipitation (IP) using the Anti-GFP antibody detects the interaction
between NopL and GmREM1a and GmREM1b. The IgG antibody was used as a
negative IP control. IB: Myc = Imunoblot using Myc AB; IB: GFP = Imunoblot using
GFP AB. The experiments were repeated three times with similar results. Source
data are provided as a Source Data file.
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Fig. 4 | GmREM1a is required for NopL action in DN50. a Roots of wild type
(DN50) or Gmrem1a soybean plants 28 days post inoculation (dpi) with HH103,
nodA, nopL and nodAΩnopL mutants. Scale bars = 4mm. b Nodule quantification
per plant for (a). c Infection threads formation in roots of DN50 and Gmrem1a
plants at 1 dpi. Scale bars = 20 μm. d Number of infection threads (per cm of root)
for (c). e Roots of DN50 and Gmrem1a alleles inoculated with HH103 tagged with
GFP (HH103-GFP) or HH103 overexpressingNopL (HH103(NopL-GFP)) 28 days post

inoculation (dpi). f Nodule number per plant for (e). Scale bars = 4mm. g Roots of
DN50 and NopL-GFP transgenic plants inoculated with HH103, nodA, nopL, and
nodAΩnopL mutants 28 days post inoculation (dpi). Scale bars = 4mm. h Nodule
number per plant for (g). Statistical analysis used two-sided Student’s t-test (** for
P <0.01 and ns not significant). nå 15, three biological replicates. Source data are
provided as a Source Data file.
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To further investigate the role of NopL on NF signaling, we con-
structed stable transgenic soybean plants overexpressing NopL
expressed from the GmREM1a promoter in the DN50 background
(named NopL-GFP; Supplementary Fig. 8f). NopL-GFP expressing
plants inoculated with HH103 or nopL mutant strains produced more
nodules than the wild-type (Fig. 4g, h). Interestingly, NopL-GFP plants
inoculated with the nopL mutant strain produced similar nodule
number as the DN50 plants inoculated with HH103, showing that the
nopL mutation in the bacteria can be complemented by NopL expres-
sion in planta (Fig. 4g, h). In contrast, the number of nodules was not
increased when these plants were inoculated with nodA and nodAΩ-
nopLmutants (Fig. 4g, h) implying that NF is required for NopL action.
In addition, we overexpressed NopL under the control of GmREM1a
promoter by hairy root transformation in Gmrem1a mutant plants.
Overexpression of NopL did not increase the number of nodules
inoculated with HH103 or the nodA, nopL and nodAΩnopL mutants in
Gmrem1a (Supplementary Fig. 9d–f). In conclusion, these results
indicate that GmREM1a acts as a positive regulator of nodule forma-
tion, and thatbothNF signaling andNopL actiondependonGmREM1a.

GmREM1a interacts with GmNFR1 and GmNFR5
As MtSymREM1 interacts with the NF receptors NFP and LYK326,40, we
tested GmREM1a interactionwith GmNFR1 and GmNFR5. BiFC analysis
indicated that GmREM1a interacts with GmNFR1 or GmNFR5 in N.
benthamiana epidermal cells (Supplementary Fig. 10a). To further

confirmed GmREM1a interactions with GmNFR1 or GmNFR5 using the
yeast-based DUAL membrane system47 (MbY2H; Supplementary
Fig. 10b). Furthermore, Co-IP experiments using hairy root tissues
expressing GmNFR1-FLAG or GmNFR5-FLAG also showed that
GmREM1a interactswithGmNFR1 andGmNFR5 in vivo (Supplementary
Fig. 10c). These results support that GmREM1a interacts with GmNFR1
and GmNFR5 in soybean root tissue.

NopL physically interacts with GmNFR5
Next, we tested if NopL can interact with GmNFR1 and GmNFR5 using
the yeast two-hybrid DUAL membrane system. NopL interacts with
GmNFR5 but not with GmNFR1a in yeast cells (Fig. 5a). BiFC experi-
ments in N. benthamiana cells also showed that NopL interacts with
GmNFR5 (Fig. 5b). In agreement with the membrane localization seen
previously, NopL-YFP and GmNFR5-RFP protein fusions expressed in
N. benthamiana cells co-localized to the membrane (Fig. 5c, d). Fur-
thermore, Co-IP experiments using hairy root tissues expressing
GmNFR5-FLAG and NopL-GFP also showed that NopL interacts with
GmNFR5 in soybean in vivo (Fig. 5e). These results indicate that NopL
can physically interacts with GmNFR5.

NopL promotes the GmREM1a-GmNFR5 interaction
During early stages of the rhizobium legume interaction, MtSymREM1
is known to act as a scaffold protein to recruit the symbiotic receptors
in membrane nanodomains to perceive NF26. As western blot analysis

Fig. 5 | NopL interacts with the MtNFR5 ortholog GmNFR5. a Membrane Yeast
Two Hybrid (MbY2H) assay showing NopL interaction with GmNFR5 but not with
GmNFR1a. b BiFC analysis of the interactions between NopL and GmNFR5. In the
top and down panels, the split YFP is inversely fused in C or N position for the two
proteins. Scale bars = 50 μm. c BiFC analysis showing the co-localization of NopL
and GmNFR5 in N. benthamiana cells. Scale bars = 50 μm. d BiFC analysis for co-

localization of NopL and GmNFR5 following plasmolysis with 30% sucrose. Scale
bars = 50 μm. e Co-IP assay showing that NopL interact with GmNFR5 in soybean
cells. kDa kiloDaldons, IB: FLAG Imunoblot using FLAGAB, IB: GFP Imunoblot using
GFP AB. The experiments in b-e were repeated three times with similar results.
Source data are provided as a Source Data file.
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showed that GmREM1a, GmNFR5 and NopL were present in soybean
root hair cells (Fig. 6a), we tested whether NopL would help GmREM1a
recruitment of GmNFR5. To do this, a construct with a constitutively
expressing GmREM1a fused to GFP and TurboID (TbID) was generated
(pGmREM1a: GmREM1a-GFP-TbID) in order to biotinylate GmREM1a
associated proteins48,49. Subcellular localization analysis confirmed
that the fusion of GmREM1a to TbID did not affect its subcellular
localization (Supplementary Fig. 11a). We then co-expressed
pGmREM1a: GmREM1a-GFP-TbID and GmNFR5-FLAG with or without

NopL-Myc in soybean hairy roots. GFP-TbID was co-expressed with
GmNFR5-FLAG as a control. After pull down by streptavidin agarose
from the protein extracts, immunoblotting with anti-FLAG antibody
detected GmNFR5-FLAG and anti-GFP antibody detected GmREM1a-
GFP-TbID. Proximity labeling analysis showed that the co-expression
of the NopL protein promoted GmREM1a-GFP-TbID labeling of
GmNFR5 in soybean root cells (Fig. 6b, c) without significantly
increasing the GmREM1a-GFP-TbID and GmNFR5-FLAG protein con-
tent (Fig. 6d). To support this finding, we performed a similar
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experiment using apGmREM1a:NopL-GFP-TbID construct co-expressed
with a GmNFR5-FLAG construct in presence or not of a 35S:GmREM1a-
myc construct. This experiment showed that GmREM1a promotes
NopL-GFP-TbID labeling of GmNFR5 in soybean root cells (Supple-
mentary Fig. 11b–e). In addition, semi-pull-down analyses showed that
interactions between NopL and GmREM1a in vitro, or NopL and
GmNFR5 in vivo promote GmREM1a to pull down more GmNFR5
(Fig. 6e, f). To further validatewhetherNopL facilitates the recruitment
of GmNFR5 to nanodomains byGmREM1a, we performedBiFC assay of
GmREM1a and GmNFR5 in the presence or absence of NopL and
visualized them by confocal microscopy. This analysis shows that
NopL indeed promotes GmREM1a interaction with GmNFR5 and
increases GmREM1a-YC/GmNFR5-YN cluster sizes in N. benthamiana
(Fig. 6g–k). These results suggest that NopL is interaction with
GmREM1a and GmNFR5, that enhances GmREM1a and GmNFR5 inter-
action and promotes GmREM1a to recruit GmNFR5 to the
nanodomain.

GmREM1a and NopL modulate soybean symbiotic gene
expression
To further determine the effect of NopL on NFs signaling, we per-
formed the RNA sequencing (RNA-Seq) analysis of DN50 plants
inoculated with the nodA or nopLmutants. 2658 and 2006 genes were
differentially expressed inDN50 inoculatedwithnodAornopLmutants
compared to HH103 (Supplementary Data 3 and 4). Furthermore, 554
of differentially expressed genes (DEGs) were common to nodA and
nopLmutants (Supplementary Fig. 12a) and their expression showed a
clear positive correlation (R, Pearson correlation coefficient = 0.8;
p < 2.2 × 10−16; Supplementary Fig. 12b). Consistent with their pheno-
type, a number of symbiotic-genes, including NIN, had similar
expression patterns in the plants inoculated with the nodA or nopL
mutants (Supplementary Fig. 12c). These results further support that
NopL participate to NF mediated signaling.

The above results showed that the NopL action depends on
GmREM1a during NF signaling. In order to further show the wider
impact of GmREM1a interaction with the T3E NopL in NF signaling,
RNA-seq experiments were undertaken using DN50 plants and
Gmrem1a mutant nodulated by HH103 or nopL mutant rhizobial
strains. In the absence of rhizobial inoculation the basal level of
expression of many symbiotic genes, including NINa, NSP1s, CYCLOPS,
and NFRs was significantly reduced in the Gmrem1a mutant (Fig. 7a).
Rhizobial inoculation of WT plants activated genes of the common
symbiotic signaling pathway (CSSP) including NINa, NSP1s, CYCLOPS,
and CCaMK but these were all mis-expressed in the Gmrem1a mutant
background compared to the control. This altered expression of genes
from the CSSP in the Gmrem1a mutant was observed irrespective of
the inoculation with either HH103 or the nopLmutant (Fig. 7a). Wider
assessments identified 596 differentially expressed genes (DEGs) in
DN50 and Gmrem1a plants when inoculated with HH103, and these
include down-regulated symbiotic key genes (Supplementary Fig. 13a).

In agreement with the hypothesis that both GmREM1a and NopL
function in the common signaling pathways, there were 83 common
DEGs between the nopL and Gmrem1a mutants (Fig. 7b, Supplemen-
tary Data 3 and 5) and their expression showed a positive correlation
(R =0.68; p < 2.2 × 10−16; Fig. 7c). More importantly, the expression of
commonDEGs in theGmrem1amutant inoculatedwith HH103 (WT) or
nopL (mutant) compared to DN50 inoculated with HH103 showed a
clearer positive correlation (R = 0.98; p < 2.2 × 10−16; Fig. 7d; Supple-
mentary Data 6). This result confirms that the function of NopL
depends on GmREM1a.

Within the 83 DEGs, a homolog of LjRINRK1 (Lotus japonicus Rhi-
zobial Infection Receptor-like Kinase1), a homolog of MtPLT1 (Medi-
cago truncatula PLETHORA 1) and GmmiR172c were identified, and
both GmRINRK1 and GmmiR172c were downregulated in DN50 inocu-
lated with the nodA mutant (Supplementary Fig. 12c, Supplementary
Fig. 13a). LjRINRK1, MtPLT1, and GmmiR172c are key factors that coor-
dinates the output of NF signaling required for rhizobial plant
infections50–52 or nodule development53. Given, their importance, we
examined the expression ofGmRINRK1,GmPLT1 andGmmiR172c inWT
and in the Gmrem1a backgrounds using qRT-PCR. After inoculation
with either the nodA mutant, nopL mutant or nodAΩnopL double
mutant, GmRINRK1, GmPLT1 and GmmiR172c expression in DN50 was
significantly lower than when inoculated with HH103 (Fig. 7d, Sup-
plementary Fig. 13b, c). In theGmrem1amutant,GmRINRK1 expression
was low when inoculated with HH103 and the mutant derivatives
(Fig. 7e). The GmPLT1 and GmmiR172c genes also showed altered
expression, but this could not be associated with the nodule pheno-
type of Gmrem1a inoculated with HH103 and its mutant (Supplemen-
tary Fig. 13b, c). This shows thatGmRINRK1 expression strictly depends
on a functional GmREM1a and on the NF signaling, whereas GmPLT1
and GmmiR172c expressions are not. The expression of important
other symbiosis-related genes was also explored. Expression of
GmNIN1awas reduced in the rhizobialmutant backgrounds compared
to WT but these patterns were not significantly changed in the
Gmrem1a mutant (Fig. 7f). This suggested that GmNINa expression is
independent of GmREM1a but requires NopL, as well as the NF sig-
naling. The relative expression of GmNFR5 was significantly increased
in the Gmrem1a mutant (Fig. 7g) suggesting an inhibitory action of
GmREM1a on GmNFR5 expression.

Discussion
In the legume rhizobia symbiosis, a conserved NF signaling pathway
allows the recognition of the NF produced by rhizobia in order to
establish symbiosis54,55. In addition, T3SS play multiple roles in reg-
ulating host specificity, immunity, nodule senescence or even
allowing NF recognition to be by-passed31,42,56. Our study reveals that
NF-mediated symbiosis in soybean requires GmREM1a and NopL. It
suggests a mechanistic model (Supplementary Fig. 14) in which NF-
mediated symbiosis and T3E-mediated secretion can affect NF sig-
naling in soybean, with NopL playing an essential role in which the

Fig. 6 | NopL promotes the interaction of GmREM1a to GmNFR5. a Detection of
GmREM1a,NopLandGmNFR5 in soybeanhairy roots extracts. Actinwasused as the
loading control. DN50 inoculated with HH103 was the positive control, while the
nopL mutant was the negative control. b Proximity Labeling (PL) assay for bioti-
nylation of NFR5 in soybean hairy roots. GFP-TbID or REM1a-GFP-TbID fusion
proteins were co-expressed with GmNFR5-FLAG in the presence or absence of
NopL-Myc. Immunoblotting (IB) antibodies are indicated on the left, and detected
proteins (kDa) on the right. c Relative amount of biotinylated GmNFR5 detected in
(b). Gray analysis of the protein content of biotinylated GmNFR5 after Streptavidin
Pull down. The ratio of the gray value of GmNFR5 versus GmREM1a detected in the
experiment shown in (b) was used to calculate the relative density of biotinylated
GmNFR5. Data are represented asmean ± SD, and statistical analysis used Student’s
t-test (two-sided). Three biological replicates were performed. d Detection of
REM1a-GFP-TbID, NopL-Myc and NFR5-FLAG in soybean hairy roots from (b). Actin

was the loading control. e Semi-pull-down assay showing that the interaction of
NopL with GmREM1a in vitro promotes GmREM1a-His to pull down more GmNFR5
from protein extracts of 35S: GmNFR5-FLAG hairy roots. fInteraction of NopL with
GmNFR5 in vivo promotes GmREM1-His to pull down more GmNFR5 from protein
extracts of 35S: GmNFR5-FLAG and pREM1a: NopL-GFP hairy roots. Confocal
microscopy images maximal projection (g) and of surface (h) view of N. ben-
thamiana expressing GmREM1a-YC and GmNFR5-YN (-NopL); Confocal microscopy
imagesmaximal projection (i) and of surface (j) view of N. benthamiana expressing
GmREM1a-YC and GmNFR5-YN plus NopL (+NopL). Scale bar = 10 μm.
k Quantification of the size of the GmREM1a-YC /GmNFR5-YN clusters with and
without NopL. Statistical analysis used Student’s t-test (two-sided). IB: FLAG imu-
noblot using FLAG AB, IB: GFP imunoblot using GFP AB, IB:His imunoblot using His
AB, IB:GST imunoblot using GST AB. The experiments were repeated three times
with similar results. Source data are provided as a Source Data file.
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NopL effector affects NF-mediated symbiosis signaling. NopL pro-
motes the interaction between GmNFR5 and GmREM1a showing that
rhizobial T3E not only hijack the immune system of their symbiotic
hosts32,42, but can also play a direct role in NF signaling. T3E NopL is
broadly conserved in rhizobia that nodulate soybean, and a NF plus
T3E dependent nodulation pathway also exists42. In agreement with
the role of NopL in NF signaling, nopL mutants did not exhibit a
change in nodule number of the NF-independent strain Bradyrhi-
zobium sp. ORS3257 nodulating Aeschynomene indica32,57. However,
in the NF-dependent symbiosis of Vigna mungo, the nopLmutant or
nodC mutant of Bradyrhizobium elkanii USDA61 exhibited a similar
nodulation minus phenotype58. These results are consistent with the
model (Supplementary Fig. 14). Sinorhizobiummeliloti does not have
a type III secretion system, so NopL does not exist in the S. meliloti
1021 or Ensifer medicaeWSM419 strains, the symbiotic partners ofM.
truncatula which59,60, this regulation by T3E might be absent in this
symbiotic system or other factors might play similar roles in this
plant. Since NopL is very conserved in soybean and some other
legume rhizobia, this model may exist in many legume-rhizobia
interactions.

An intriguing observation of our work is that soybean-rhizobia
symbiosis is partly NF independent, but this agreeswith someprevious
studies42. nodA, nopL, nodAΩnopL mutants induced fewer nodules
than thewild-typeHH103 strain, indicating that NF andNopL both play
positive but also non-essential roles during nodule formation of SN14
and DN50, suggesting a NF independent nodulation in some soybean
varieties43.

NopL is a T3E specific to rhizobia31 secreted into the host cell by
the rhizobial T3SS to physically interact with GmREM1a and GmNFR5.
Although the Gmrem1a mutants blocks the interaction between NF
signaling and NopL, nodules are still formed on the mutant plants, in
agreement with previous studies24,26,61. The similar phenotype seen in
theGmrem1amutant and the bacterial nodA and nopLmutants further
supports the hypothesis that they participate in the same signaling
pathway. Following GmREM1a / GmNFR5/ NopL interaction our results
indicate thatGmNINa and GmRINRK1 expression are activated. Normal
LjRINRK1 expression is regulated by NIN in L. japonicus50. However, the
low expression of GmRINRK1 in the Gmrem1a mutant indicates that
there might exist other GmNINa-independent regulation mechanism
forGmRINRK1 expression. This might also explain the NF-independent

Fig. 7 | RNA-seq analysis of roots of WT and rem1a inoculated with HH103 or
nopLmutant at 24 dpi. aHeatmaps of symbiosis-associated genes inWTor rem1a
mutants inoculated with MgSO4 (Mock), HH103 or nopL mutants. The scale bar at
the bottom of the panel indicates the log2FPKM (Fragments Per Kilobase Million).
b Venn diagrams showing unique and common genes amongst differentially
expressed genes (DEGs) for different pairwise comparisons. The data of Gmrem1a
(HH103) vs. DN50 (HH103) set is shown in blue, and the data of DN50 (nopL) vs.
DN50 (HH103) set is shown in yellow. c Scatterplot showing the expression cor-
relation of DEGs in DN50 inoculated with nopL mutants and in Gmrem1a plants

inoculated with HH103 compared with DN50 inoculated with HH103. d Scatterplot
showing the expression correlation of DEGs in Gmrem1a plants inoculated with
HH103 or nopL mutants compared with DN50 inoculated with HH103. The black
line is the linear regression. R, Pearson correlation coefficient. FC, Fold change in
c, d. e–g, Relative expression level of GmRINRK, GmNINa and GmNFR5 in roots of
WTor rem1amutants inoculatedwith HH103, nodAmutants,nopLmutants ornodA
and nopL double mutant in 24 dpi. Values are means ± SD (n = 3 biological repeats)
and P <0.05 by ANOVA with Tukey’s multiple comparison tests. Source data are
provided as a Source Data file.
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symbiosis observed in the Gmrem1a mutant. As the nopL mutant
induces fewer ITs andprimordia compared to thewild-type rhizobium,
this suggests that GmRINRK1 participate to rhizobial infection but not
to nodule development50.

GmREM1a is a pivotal protein in the recruitment of GmNFR5 and
GmNFR1 for NF recognition. It also stabilizes the NF receptors at the
membrane during symbiotic establishment24,26. This functionmight be
explained by remorin induced alterations in membrane fluidity24,62,63,
higher order protein oligomerization64–66, maintenance of membrane-
associated and phase-separated condensates67 or influencing mem-
brane bending and stabilization24. The role of NopL in these functions
should be addressed in future research.

In parallel with Nod factor-dependent partner selection, the plant
immune system also plays an important role in influencing the estab-
lishment of symbiosis68,69. In tobacco, NopLof the Sinorhizobium strain
NGR234 was phosphorylated by the mitogen-activated protein kinase
NtSIPK, which is often linked to plant defense40,41. We previously
showed that NopL plays a negative role on the nodule formation of the
soybean landrace Qingdou70, suggesting that in addition to its pro-
motion of the NF signaling, NopL might trigger effector-triggered
immunity in different soybean genotypes, and/or the interactions with
the NF signaling cascade may differ in certain genotypes. NopL can
also interfere with nodule functioning by controlling senescence as
observed in Phaseolus vulgaris41, but this aspect was not studied yet in
soybean. It would be interesting to know if this action is also NF
dependent by testing the nodA and nodAΩnopL in this system. NopL
could also play a role in the subtle balance between immunity and
senescence during symbiosis depending on the legume genotypes71.
More studies will be required to know if GmREM1a, GmNFR5, and
GmNFR1 alleles are related to the NopL type (positive/negative) of
action in these different landraces.

In summary, our study shed light on a long-standing question in
the soybean symbiotic interaction and contributes to our under-
standing of how NF signaling pathways and the T3E interact to affect
early stages of soybean symbiosis. Our results also explain why sym-
biotic interactions in some soybean varieties depend on com-
plementary NF signaling or T3E events42. These resultsmay have broad
practical implications, as they suggest that controlling NopL expres-
sion could affect NF signaling and consequently the effectiveness of
the symbiotic nitrogen fixation in soybean.

Methods
Plant materials, rhizobia, and growth conditions
The Suinong 14 (SN14) and Donong 50 (DN50) cultivar were used
throughout the study. The DN50 was used in the generation of all
stable transgenic and gene-edited soybean genotypes, Gmrem1a-
knock out lines, Gmrem1a-knockdown lines.

For the nodulation tests, soybean seeds were sterilized overnight
with chlorine gas and then planted in plastic jars. The soybean seed-
lings were grown in a greenhouse under a 16 h light/8 h dark cycle at a
temperature of 25 °C. They were inoculated with S. fredii HH103 or
mutants in this background. The soybean seedlings were inoculated
with rhizobia suspended in sterile water containing 10mM MgSO4 at
OD600 = 0.2. The nodulation phenotype of soybean was recorded
28 days post-inoculation (dpi) with rhizobia. The soybean seedlings
were provided with a 1mMN solution.

S. fredii HH103 and its mutants (nodA mutant, nopLmutant70, ttsI
mutant72, nodQ mutant, nodAΩnopL mutant, nodQΩnopL mutant,
nodB mutant73, nodC mutant, nodBΩNopL mutant and nodCΩnopL
mutant), as well as GFP or GUS-tagged HH103 were grown at 28 °C in
TY medium.

For nodA and nodQ mutant construction, a kanamycin Ω inter-
poson was ligated into nodA or nodQ downstream of the ATG codon,
then cloned into the suicide vector pJQ200SK74. The triparentalmating
was used to transfer the suicide vector from Escherichia coliDH5α cells

into S. fredii HH103 in the presence of pRK2013 helper plasmid75. The
same approach was used to construct nodAΩnopL mutant and
nodQΩnopL mutant on nodA mutant or nodQ mutant. Mutant strains
were verified using western blots or expression studies (Supplemen-
tary Fig. 2).

Agrobacterium strains, including Agrobacterium tumefaciens
EHA105 and GV3101 (pSoup-p19) and Agrobacterium rhizogenes strain
K599, were grown at 28 °C in YEPmedium. E. coliwas cultured at 37 °C
in LB medium.

GUS staining
To observe the early infection events after inoculationwithHH103 and
its mutants, soybean roots were collected at 1 dpi and 7 dpi, respec-
tively. The collected soybean roots were placed in a GUS staining
solution (50mMsodiumphosphate buffer, pH 7.2, 0.5mMK3Fe (CN)6,
0.5mM K4Fe (CN)6, 2mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronic
acid, and 0.3% Triton X-100), then kept under vacuum for 10min, and
subsequently incubated for 24h at 37 °C in the dark. This was followed
by five washes of 30min each using de-staining Buffer 1 (75% [v/v]
ethanol and 25% [v/v] acetic acid) and de-staining Buffer 2 (75% [v/v]
ethanol and 25% [v/v] distilled water).

Analysis of rhizobial infection events
The infection events were observed using a fluorescent microscope
(Leica, DM2500). Infected segments of 1 cm lateral roots were taken at
1 dpi and the number of infection threads in the root segments was
counted, and three independent lateral root segments of each plant
were used for each biological replicate. Five biological replicates of
infestation events were performed for each GUS-tagged HH103.

For the analysis of the number of nodule primordium soybean
roots after GUS staining at 7 dpi. Fifteen biological replicates were
performed for each condition.

Antibody production and verification
The NopL peptide (amino acid residues from 1 to 300), GmREM1a
peptide (amino acid residues from 1 to 194) and GmNFR5 peptide
(amino acid residues from 211 to 242) were used as the antigen to
develop specific antibody by Abmart. To verify the specificity of the
NopL antibody, cell pellet of HH103, HH103ΩnopL, HH103ΩttsI and
HH103 NptII:NopL:GFP were collected, added to 2 × SDS-PAGE loading
buffer and heated at 100 °C for 10min, separated on 12% PAGE gels for
immunoblot analysis. To verify the specificity of GmREM1a antibodies.
Soybean roots of DN50, Gmrem1amutants at 1 dpi, respectively, were
collected and ground to a fine powder in liquid nitrogen. Extraction
buffer (50mM Tris-HCl, pH 7.4,150mMNaCl, 1% Triton X-100, 0.5mM
EDTA, 1mM DTT and 1 × protease inhibitor mixture [Roche]) was
added to the samples. After homogenization on ice for 30min, the
mixture was centrifuged at 15,000 × g for 20min at 4 °C. The extracts
were heated at 100 °C for 10minwith 2 × SDS-PAGE loading buffer and
separated on 12% PAGE gels for immunoblot analysis. To verify the
specificity of GmNFR5 antibodies, protein extracts of DN50 roots were
assayed by immunoblotting and nod13976 (a mutant of NFR5 in soy-
bean cultivar Bragg) was used as a negative control.

Immunohistochemistry and immunolocalization
Immunohistochemistry and immunofluorescence were performed
following previously described methods77,78. Soybean root nodules,
collected at 10 dpi, were fixed in Formaldehyde-ethanol-acetic acid
fixative solution (FAA fixative Solution), dehydrated with ethanol, and
embeddedwith wax. Thematerial was sectioned to 8 μmand dewaxed
on slides for antigen repair as well as BSA blocking and incubated
overnight at 4 °C with the corresponding antibody (anti-NopL, 1:150
dilution. anti-REM1, 1:200 dilution). After the incubation, the slides
were washed five times with PBS and then incubated with HRP-
conjugated goat anti-Rabbit IgG (Cy3-conjugated goat anti-Rabbit IgG
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(Abbkine, A22220, 1:500 dilution) or FITC-conjugated goat anti-Rabbit
IgG (Abbkine, A22120, 1:500 dilution) for immunofluorescence, for 1 h
at 4 °C. After washing the slides with PBS, the root nodule sections
were incubated with hematoxylin or DAPI solution for 20min. Immu-
nofluorescence was preserved using antifade medium to maintain
fluorescence before imaging with a confocal microscope.

Electron microscopy
For immunoelectron microscopy, nodule tissue was collected 10 days
after inoculation. The collected nodule tissues were fixed in 2.5% glu-
taraldehyde fixative (Servicebio, G1124) and then subjected to cryo-
dehydrated permeabilized LRWhite resin (Sigma-Aldrich, L9774) cryo-
polymerized. Subsequently, sections were incubated with anti-NopL
IgG (1:5 dilution) and immunolabeled using goat antibody against
rabbit IgG conjugated with 10 nm (Sigma-Aldrich, G7402) diameter
gold particles79.

Cya reporter translocation assays
NopL was fused to the calmodulin-dependent adenylate-cyclase (Cya)
domain and expressed from the NopL promoter in HH103 or ttsI
mutant. To analyze that NopL can translocate in soybean root cells,
detect cAMP content in soybean roots inoculated with HH103 NopL-
Cya (Cyclic AMP ELISA Kit, Cayman, 481002) at 1 dpi. The soybean
roots inoculated with HH103 and ttsI NopL-Cya as negative controls.

Interacting protein identification of NopL by LC–MS/MS
The coding sequence of theNopLwas cloned into pET28a vector using
BamH I and Sal I restriction enzymes. The resulting vector was trans-
formed into E. coli BL21 (DE3) for the expression of recombinant
protein. His-NopL protein was purified by Ni NTA Beads 6FF (Smart-
lifesciences, SA005005). DN50 roots inoculated with HH103 were
collected at 1 dpi and frozen in liquid nitrogen. Soybean root hair cells
were collected by scraping the soybean roots using the cell scraper
(Corning Incorporated, 3010). Soybean root hair proteins were
extracted using protein extraction buffer (50mM Tris-HCl pH 7.5,
150mMNaCl, 10%Glycerol, 0.2% Trixton X-100, 1mMDTT, 1×protease
inhibitor cocktail, 1mM NaF, 1mM Na3VO4 and 1mM PMSF). The
obtained His-NopL protein was added to the soybean root protein
extract, while no His-NopL protein was added to the control sample.
After mixing, the NopL interacting proteins were pull-down using Ni
NTA Magarose Beads (Smart-lifesciences, SM008001) semi-in vivo.
Finally, the eluted proteins were subjected to analysis using LC-MS/MS
to identify and characterize the proteins that interact with NopL.

For LC-MS/MS analysis, trypsin-digested peptides were analyzed
by an EASY-nLC 1200 system (Thermo, USA) coupledwith a Q Exactive
HF-X quadrupole orbitrap mass spectrometer (Thermo, USA). The
peptide identification was performed by PEAKS Studio 8.5 software
(https://www.bioinfor.com/peaks-85-release/). The parameters were
set as follows: precursor mass tolorance is 10 ppm; fragment mass
tolorance is 0.05Da. False discovery rate (FDR) of peptide identifica-
tion was set as FDR ≤0.01. A minimum of one unique peptide identi-
fication was used to support protein identification.

BiFC (bimolecular fluorescence complementation) assays
The BiFC assays were conducted following previously established
protocols80. A. tumefaciens GV3101 (pSoup-p19) carrying different
combinations of cYFP (C-terminal yellow fluorescent protein) or can-
didate genes fused to cYFP or nYFP (N-terminal yellow fluorescent
protein) constructs were resuspended in permeabilization buffer
(10mM MES adjust pH to 5.7 used KOH, 10mM MgCl2, 150μM acet-
osyringone) at an optical density of OD600 = 0.2, gently mixed and
permeabilized into young leaves of expanded N. benthamiana. Fluor-
escence signals were observed after 48 h using laser confocal micro-
scopy (Leica, TCS SP8).

For the BiFC analysis of the interactions between GmREM1a and
GmNFR5 with or without NopL, A. tumefaciens (GV3101) carrying the
plasmid of interest was grown in YEP liquid culture overnight at 28 °C
with the corresponding antibiotics. The liquid culture was centrifuged
(3200 × g, 10min) and washed twice with 10mM MgCl2. Finally, the
bacteria were re-suspended in 10mM MgCl2 solution (OD600 = 0.4)
and mixed with p19 (OD600 = 0.1) in the presence of 200μM acet-
osyringone, and then incubated in the dark for 2 h at room tempera-
ture before infiltration into N. benthamiana leaves. After 2 days of
infiltration, images were taken using confocal laser-scanning Micro-
scopy (Leica TCS SP8 confocal microscope equipped with 63x water
immersion lenses, YFP was excited at 514 nm using an argon laser and
detected at 525–560 nm).

Co-immunoprecipitation
For the Co-immunoprecipitation analysis of the interaction between
NopL and REM1a/1b, A. rhizogenes K599 carrying a construct allowing
the co-expression of 35S:NopL-GFP and 35 S:REMa/b-Myc was used to
produce hairy roots expressing NopL-GFP and REM1a/1b-Myc in soy-
bean. After agrobacterial transformation, roots of soybean were col-
lected, crushed in liquid nitrogen, and total protein was extracted
using protein extraction buffer (50mM HEPES pH 7.5, 150mM NaCl,
10% Glycerol, 0.2% Trixton X-100, 1mM DTT, 1×protease inhibitor
cocktail and 50μM MG132). The total protein extract was then trans-
ferred to two new microtube (left 1% as input) and 20μL of ChIP
magnetic A beads (Sigma-Aldrich, 16-661) were added. after mixing,
anti-GFP antibody (MBL, 598, used at 1:500 dilution) or Rabbit IgG
(Sigma-Aldrich, NI01, used at 1:500 dilution) were added separately
and incubated for 3-4 h at 4 °C on a roller shaker. For immunoblotting
assays, anti-GFP antibody (Abmart, M20004, used at 1:2000 dilution)
or anti-Myc antibody (Abmart, M20002, used at 1:2500 dilution) was
used to detect NopL-GFP or REMa/b-Myc, respectively.

For the in vivo interaction detection of GmREM1awith GmNFR1 or
GmNFR5, 35S: GmNFR1-FLAG or 35S: GmNFR5-FLAG were introduced
into A. tumefaciens K599 and used for soybean hairy root transfor-
mation. Root proteins were extracted and incubated with FLAG beads
(Sigma-Aldrich, M8823) for 4 h at 4 °C. Beads were washed 6 times
with PBS. For immunoblotting assays, anti-FLAG antibody (Invitrogen,
MA1-91878, used at 1:10,000 dilution) or anti-REM1a antibody (used
at 1:2500 dilution) was used to detect NFR1/5-FLAG or REMa,
respectively.

GST pull-down
His-GmREM1awas incubatedwith glutathioneGSTorGST-NopL for 2 h
in an interaction buffer (20mMTris-HCl, 100mMNaCl, 0.1mM EDTA,
and 0.2% Triton X-100, pH 7.4). After incubation, Glutathione Magar-
ose Beads (Smart-lifesciences, SM002001) were added to the reaction
mixture, and the reactionmixture (left 10% as input) was incubated for
3-4 h at 4 °C. Following this incubation, the beads were washed with
PBS to remove non-specific binding. The proteins bound to the beads
were eluted by added 100μL of 2×protein loading buffer and heating
at 100 °C for 10min. The target proteins were detected used anti-GST
antibody (Invitrogen, MA4-004, used at 1:2500 dilution) or anti-His
antibody (Abmart, M30111, used at 1:2500 dilution).

Semi-pull-down analysis
For semi-pull-down analysis, NopL-GST or GST proteins were co-
incubatedwith GmREM1a-His proteins andNi NTAMagarose Beads for
4 h. Soybean hairy root protein extracts containing GmNFR5-FLAG
protein were co-incubated for 4 h with preincubated GmREM1a-His
Magarose Beads as described above. Pre-incubated Ni NTA Magarose
Beads were used as a negative control. After the incubation, the beads
werewashed6 timeswith PBS. The target proteinswere detected using
anti-GST antibody (Invitrogen,MA4-004, used at 1:2500dilution), anti-
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FLAG antibody (Invitrogen, MA1-91878, used at 1:10,000 dilution) or
anti-His antibody (Abmart, M30111, used at 1:2500 dilution).

In additions, GmNFR5-FLAG was overexpressed by hairy roots
transformation in transgenic soybean plants expressing NopL-GFP.
DN50 containing GmNFR5-FLAG protein was used as a control by hairy
roots transformation. Total proteins from transgenic roots inoculated
with HH103 at 7 dpi containing NopL-GFP and GmNFR5-FLAG were
extracted for semi-pull-down analysis.

Yeast two-hybrid assays
Yeast two-hybrid assays followed previous methods81. Appropriate
constructs containing paired genes were co-transformed into strain
AH109 using the lithium acetate/carrier DNA/PEG transformation
method. pGBKT7-lam/pGADT7-largeT was used as a negative control
pair and pGBKT7-p53/pGADT7-largeT was used as a negative control
pair. pGBKT7-Lam encodes the Gal4p BD fused with Lamin. pGBKT7-
p53 encodes the Gal4p BD fused with murine p53. pGADT7-largeT
encodes the Gal4 AD fused with the SV40 large T-antigen.

The yeast split-ubiquitin system followedestablishedprotocols47,82.
Appropriate constructs containing paired genes were co-transformed
into strain NMY51 using the lithium acetate/ carrier DNA/PEG transfor-
mationmethod. Tenmicroliters of yeast suspensionwas grownonDDO
medium plates (SD/-Leu/-Trp), TDO/X medium plates (SD/-Leu/-Trp/-
His/X-a-gal) and QDO/X media plates (SD/-Leu/-Trp/-His/-Ade/X-a-gal)
(Clontech). The positive control was obtained by co-transfecting
pTSU2-APP (positive bait plasmid. APP, amyloid A4 precursor protein)
and pNubG-Fe65 (positive prey plasmid. Fe65, amyloid beta A4 pre-
cursor protein-binding family B member 1) into strain NMY51. Co-
transfection of PBT3-N bait (bait plasmid) and pOst1-NubI (prey plas-
mid) into NMY51 yeast host strain for functional validation. Ost1 is a
resident endoplasmic reticulum protein, ensuring that the Ost1-NubI
fusion protein is located in the cytoplasmic region near the cell mem-
brane; NubI is the domain of the wild-type ubiquitin protein, which can
actively attract the Cub structure expressed by bait plasmids.

Soybean hairy root transformation
The soybean hairy root transformation has been previously
described83. Briefly, pGmREM1a:GFP and pGmREM1a: GmREM1a-GFP
were introduced into A. tumefaciens K599, respectively. K599 was
incubated in YEP medium containing kanamycin resistance until
OD600 = 0.6. The bacterium was suspended in LCCM (1/10 × Gamborg
B5 basal medium, 30 g L−1 sucrose, 3.9 g·L-1 MES, pH=5.4 and 40mgL−1

acetobutanone). The hypocotyl of germinating soybean seeds was
excised and incubated in LCCM containing K599 for 30min and the
surface bacterial solution was aspirated. Seedlings were transferred to
CCM medium (1/10 × Gamborg B5 basal medium, 30 g L−1 sucrose,
3.9 g L−1 MES, pH = 5.4, 40mgL−1 acetobutanone, 400mgL−1 Cysteine
and 154.2mg L−1 Dithiothrietol) and incubated for 2 days in dark before
being transferred again to rooting medium (1/10 × Gamborg B5 basal
medium, 30 g L−1 sucrose, 3.9 g L−1 MES, pH= 5.4 and 7.5 g L−1 agar).
Transgenic hairy roots were identified by detecting the RFP marker
DsRED, which is encoded by DsRED2 and is expressed under the con-
trol of the CaMV35S promoter, adjacent to the target gene inserted in
the vector backbone (approximately 1 kb between the DsRED and the
inserted target gene). RFP was observed used the fluorescent micro-
scope (Leica, MZ10F) and non-positive roots were cut off.

Affinity purification of biotinylated proteins
A. rhizogenes K599 strains carrying pGmREM1a: GmREM1a-GFP-TbID,
35 S: GmNFR5-FLAG or pGmREM1a: NopL-Myc were used to co-express
GmREM1a-GFP-TbID and GmNFR5-FLAG or GmREM1a-GFP-TbID,
GmNFR5-FLAG, and NopL-Myc by soybean hairy root transformation.
Soybean hairy roots were infiltrated with 100μMbiotin and incubated
for 2 h in a growth chamber, using pGmREM1a: GFP-TbID as a control.
Tissue samples were ground in liquid nitrogen and total protein was

extracted using protein extraction buffer (50mM Tris-HCl pH 7.5,
150mMNaCl, 10%Glycerol, 0.2% Trixton X-100, 1mMDTT, 1×protease
inhibitor cocktail and 50μMMG132). The supernatants were collected
after centrifugation at 15,000 × g for 20min. To remove free biotin
from the total protein, the protein samples were desalted using Zeba™
Spin Desalting Columns (Thermo Fisher Scientific, 89889) according
to the manufacturer’s instructions, and further concentrated and
secondarily desalted using Vivaspin® 500 Centrifugal Concentrator
Polyethersulfone (Sartorius, VS0112). Protein samples (500μg) were
incubated with 50μL of Dynabead C1 Streptavidin beads (Thermo
Fisher Scientific, 65001) at 4 °C overnight. The beads were then
washed 6 times with protein extraction buffer. Biotinylated proteins
were elutedbyboiling thebeads in SDS samplebuffer containing 2mM
of biotin and separated by 10% SDS-PAGE gels.

RNA-seq and data analysis
For the RNA-seq experiment, two types of soybean plants were used:
the DN50 (wild type) and derived Gmrem1 mutant. These plants were
inoculated with different strains of rhizobia, including the wild-type
HH103, derived mutants HH103ΩnopL and HH103ΩnodA and a mock
control using 10mM MgSO4. The plants were inoculated with these
rhizobia strains, and the roots were sampled, and total RNA was iso-
lated at 1 dpi. TheRNA-seq analysis wasperformedon the isolated total
RNA from the roots of the different soybean plants under the various
treatments. Rhizobia inoculation and sample collection were per-
formed as described above. Three roots from different plants were
collected as one replicate, and three biological replicates were col-
lected for each treatment. Three individual samples were sequenced
using Illumina NovaSeq 6000. To identify differential expression
genes (DEGs) between two different samples, the expression level of
each transcript was calculated according to the transcripts per million
reads (TPM) method. RSEM was used to quantify gene abundances.
Essentially, differential expression analysis was performed using the
DESeq2. DEGs with |log2FC|≧ 1 and FDR ≤0.05 were considered to be
significantly different expressed genes.

Vectors and primers
All vectors and primers used in this study are shown in Supplemen-
tary Data 1.

Accession numbers
Accession numbers are as follows: NodA (AAY89042.1), NopL
(CEO91525.1), GmREM1a (Glyma.08G012800), GmREM1b (Gly-
ma.05G205900), GmNFR1 (Glyma.02G270800), GmNFR5 (Gly-
ma.11G063100) and GmUNK1 (Glyma.12G020500).

Statistics and reproducibility
In this study, statistical analysis for this study was done using GraphPad
Prism8.0.1 (GraphPad softwarehttp://www.graphpad.com).Pvalues less
than 0.05 were considered significant and less than 0.01 were con-
sidered highly significant. In addition, in all experiments at least three
biological replicates were performed in this study. No data were exclu-
ded from the analyses and no statistical methods were used to pre-
determine sample size. For microscopic, confirmation of protein
interactions and physiological observations, as least three completely
independent experiments were performed to minimize plant-to-plant
variations.

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

Data availability
The RNA-Seq data generated in this study have been deposited in the
NCBI Sequence Read Archive database under accession code
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PRJNA1000775. Processed data have been deposited in the NCBI GEO
database under the accession number GSE269425. The protein mass
spectrometry of NopL interaction protein raw data used in this study
are available in the ProteomeXchange partner repository under
accession code PXD052987. Source data are provided with this paper.

References
1. Liang, Q. et al. Natural variation of Dt2 determines branching in

soybean. Nat. Commun. 13, 6429 (2022).
2. Zhang, H. et al. Modeling the impact of climatological factors and

technological revolution on soybean yield: evidence from 13-major
provinces of China. Int. J. Environ. Res. Public Health 19, 5708
(2022).

3. Hou, S. et al. Targeting high nutrient efficiency to reduce fertilizer
input in wheat production of China. Field Crops Res. 292, 108809
(2023).

4. Cooper, J.E. Multiple Responses of Rhizobia to Flavonoids During
Legume Root Infection. In Advances in Botanical Research, Vol. 41
1–62 (Academic Press, 2004).

5. Oldroyd, G. E. D. Speak, friend, and enter: signalling systems that
promote beneficial symbiotic associations in plants. Nat. Rev.
Microbiol. 11, 252–263 (2013).

6. Giraud, E. et al. Legumes symbioses: Absence of Nod genes in
photosynthetic bradyrhizobia. Science 316, 1307–1312 (2007).

7. Broghammer, A. et al. Legume receptors perceive the rhizobial
lipochitin oligosaccharide signal molecules by direct binding. Proc.
Natl Acad. Sci. USA 109, 13859–13864 (2012).

8. Limpens, E. et al. LysMdomain receptor kinases regulating rhizobial
Nod factor-induced infection. Science 302, 630–633 (2003).

9. Liang, Y. et al. Nonlegumes respond to rhizobial nod factors by
suppressing the innate immune response. Science 341, 1384–1387
(2013).

10. Roche, P. et al. The common nodABC genes of Rhizobium meliloti
are host-range determinants. Proc. Natl Acad. Sci. USA 93,
15305–15310 (1996).

11. Mergaert, P., Van Montagu, M. & Holsters, M. Molecular mechan-
isms of Nod factor diversity. Mol. Microbiol. 25, 811–817 (1997).

12. Rubsam, H. et al. Nanobody-driven signaling reveals the core
receptor complex in root nodule symbiosis. Science 379, 272–277
(2023).

13. Smit, P. et al. NSP1 of theGRASprotein family is essential for rhizobial
Nod factor-induced transcription. Science 308, 1789–1791 (2005).

14. Crespi, M. & Frugier, F. De novo organ formation fromdifferentiated
cells: root nodule organogenesis. Sci. Signal. 1, re11 (2008).

15. Radutoiu, S. et al. Plant recognition of symbiotic bacteria requires
two LysM receptor-like kinases. Nature 425, 585–592 (2003).

16. Gourion, B., Berrabah, F., Ratet, P. & Stacey, G. Rhizobium-legume
symbioses: the crucial role of plant immunity. Trends Plant Sci. 20,
186–194 (2015).

17. Antolin-Llovera, M., Ried, M. K. & Parniske, M. Cleavage of the SYM-
BIOSIS RECEPTOR-LIKE KINASE ectodomain promotes complex for-
mation with nod factor receptor 5. Curr. Biol. 24, 422–427 (2014).

18. Madsen, E. B. et al. Autophosphorylation is essential for the in vivo
function of the Lotus japonicu Nod factor receptor 1 and receptor-
mediated signalling in cooperationwithNod factor receptor 5.Plant
J. 65, 404–417 (2011).

19. He, J. et al. A LysM receptor heteromer mediates perception of
arbuscular mycorrhizal symbiotic signal in rice. Mol. Plant 12,
1561–1576 (2019).

20. Gutjahr, C. et al. Arbuscular mycorrhiza-specific signaling in rice
transcends the common symbiosis signaling pathway. Plant Cell
20, 2989–3005 (2008).

21. Parniske, M. Arbuscular mycorrhiza: the mother of plant root
endosymbioses. Nat. Rev. Microbiol. 6, 763–775 (2008).

22. Yu, Y. Remorins: essential regulators in plant-microbe interaction
and cell death induction. Plant Physiol. 183, 435–436 (2020).

23. Lefebvre, B. et al. A remorin protein interacts with symbiotic
receptors and regulates bacterial infection. Proc. Natl Acad. Sci.
USA 107, 2343–2348 (2010).

24. Su, C. et al. Stabilization ofmembrane topologies by proteinaceous
remorin scaffolds. Nat. Commun. 14, 323 (2023).

25. Chiu, C. H. & Paszkowski, U. Receptor-like kinases sustain symbiotic
scrutiny. Plant Physiol. 182, 1597–1612 (2020).

26. Liang, P. et al. Symbiotic root infections in Medicago truncatula
require remorin-mediated receptor stabilization in membrane
nanodomains. Proc. Natl Acad. Sci. USA 115, 5289–5294 (2018).

27. Yuan, M. et al. Pattern-recognition receptors are required for NLR-
mediated plant immunity. Nature 592, 105 (2021).

28. Feng, F. & Zhou, J.-M. Plant-bacterial pathogen interactions medi-
ated by type III effectors. Curr. Opin. Plant Biol. 15, 469–476 (2012).

29. Raffeiner, M. et al. The Xanthomonas type-III effector XopS stabi-
lizes CaWRKY40a to regulate defense responses and stomatal
immunity in pepper (Capsicum annuum). Plant Cell 34, 1684–1708
(2022).

30. Desaki, Y., Miyata, K., Suzuki, M., Shibuya, N. & Kaku, H. Plant
immunity and symbiosis signaling mediated by LysM receptors.
Innate Immun. 24, 92–100 (2018).

31. Teulet, A., Camuel, A., Perret, X. & Giraud, E. The versatile roles of
type III secretion systems in rhizobium-legume symbioses. Annu.
Rev. Microbiol. 76, 45–65 (2022).

32. Teulet, A. et al. The rhizobial type III effector ErnA confers the ability
to form nodules in legumes. Proc. Natl Acad. Sci. USA 116,
21758–21768 (2019).

33. Xin, D.-W. et al. Functional analysis of NopM, a Novel E3 ubiquitin
ligase (NEL) domain effector of Rhizobium sp strain NGR234. Plos
Pathog. 8, e1002707 (2012).

34. Camuel, A. et al.Widespread Bradyrhizobiumdistribution of diverse
Type III effectors that trigger legume nodulation in the absence of
Nod factor. Isme J. 17, 1416–1429 (2023).

35. Acosta-Jurado, S. et al. Sinorhizobium fredii HH103 syrM inactiva-
tion affects the expression of a large number of genes, impairs
nodulation with soybean and extends the host-range to Lotus
japonicus. Environ. Microbiol. 22, 1104–1124 (2020).

36. Margaret, I. et al. Symbiotic properties and first analyses of the
genomic sequence of the fast growing model strain Sinorhizobium
fredii HH103 nodulating soybean. J. Biotechnol. 155, 11–19 (2011).

37. Pueppke, S. G. & Broughton,W. J. Rhizobium sp. strain NGR234 and
R. fredii USDA257 share exceptionally broad, nested host ranges.
Mol. Plant Microbe Interact. 12, 293–318 (1999).

38. Krysciak, D. et al. RNA sequencing analysis of the broad-host-range
strain Sinorhizobium fredii NGR234 Identifies a Large Set of Genes
Linked to Quorum Sensing-Dependent Regulation in the Back-
ground of a traI and ngrI deletion mutant. Appl. Environ. Microbiol.
80, 5655–5671 (2014).

39. Bartsev, A. V. et al. NopL, an effector protein of Rhizobium sp
NGR234, thwarts activation of plant defense reactions. Plant Phy-
siol. 134, 871–879 (2004).

40. Zhang, L., Chen, X.-J., Lu, H.-B., Xie, Z.-P. & Staehelin, C. Functional
analysis of the type 3 effector nodulation outer protein L (NopL)
from Rhizobium sp NGR234 symbiotic effects, phosphorylation,
and interferencewithmitogen-activated protein kinase signaling. J.
Biol. Chem. 286, 32178–32187 (2011).

41. Ge, Y.-Y. et al. The type 3 effector NopL of Sinorhizobium sp strain
NGR234 is amitogen-activated protein kinase substrate. J. Exp. Bot.
67, 2483–2494 (2016).

42. Okazaki, S., Kaneko, T., Sato, S. & Saeki, K. Hijacking of leguminous
nodulation signaling by the rhizobial type III secretion system. Proc.
Natl Acad. Sci. USA 110, 17131–17136 (2013).

Article https://doi.org/10.1038/s41467-024-50228-w

Nature Communications |         (2024) 15:5852 14

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1000775/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269425
https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD052987


43. Ratu, S. T. N. et al. Rhizobia use a pathogenic-like effector to hijack
leguminous nodulation signalling. Sci. Rep. 11, 2034 (2021).

44. Liu, Y. et al. Pan-genome of wild and cultivated soybeans. Cell 182,
162 (2020).

45. Schwedock, J. & Long, S. R. ATP sulphurylase activity of the nodP
and nodQ gene products of Rhizobium meliloti. Nature 348,
644–647 (1990).

46. Fan, W. et al. Rhizobial infection of 4C cells triggers their endor-
eduplication during symbiotic nodule development in soybean. N.
Phytologist 234, 1018–1030 (2022).

47. Stagljar, I., Korostensky, C., Johnsson, N. & te Heesen, S. A genetic
system based on split-ubiquitin for the analysis of interactions
between membrane proteins in vivo. Proc. Natl Acad. Sci. USA 95,
5187–5192 (1998).

48. Branon, T. C. et al. Efficient proximity labeling in living cells and
organisms with TurboID. Nat. Biotechnol. 36, 880 (2018).

49. Zhang, Y. et al. TurboID-based proximity labeling reveals that UBR7
is a regulator of N NLR immune receptor-mediated immunity. Nat.
Commun. 10, 3252 (2019).

50. Li, X. et al. Atypical Receptor Kinase RINRK1 Required for Rhizobial
Infection But Not Nodule Development in Lotus japonicus. Plant
Physiol. 181, 804–816 (2019).

51. Wang, L. et al. A GmNINa-miR172c-NNC1 regulatory network coor-
dinates the nodulation and autoregulation of nodulation pathways
in soybean. Mol. Plant 12, 1211–1226 (2019).

52. Wang, Y. et al. Soybean miR172c targets the repressive AP2 tran-
scription factor NNC1 to activate ENOD40 expression and regulate
nodule initiation. Plant Cell 26, 4782–4801 (2014).

53. Franssen, H. J. et al. Root developmental programs shape the
Medicago truncatula nodulemeristem.Development 142, 2941–294
(2015).

54. Ghantasala, S. & Choudhury, S. R. Nod factor perception: an inte-
grative view of molecular communication during legume symbio-
sis. Plant Mol. Biol. 110, 485–509 (2022).

55. Libourel, C. et al. Comparative phylotranscriptomics reveals
ancestral and derived root nodule symbiosis programmes. Nat.
Plants 9, 1067 (2023).

56. Deakin, W. J. & Broughton, W. J. Symbiotic use of pathogenic stra-
tegies: rhizobial protein secretion systems. Nat. Rev. Microbiol. 7,
312–320 (2009).

57. Okazaki, S. et al. Rhizobium–legume symbiosis in the absence of
Nod factors: two possible scenarios with or without the T3SS. ISME
J. 10, 64–74 (2016).

58. Nguyen, H. P., Ratu, S. T. N., Yasuda, M., Teaumroong, N. &Okazaki,
S. Identification of Bradyrhizobium elkanii USDA61 Type III effectors
determining symbiosis with Vigna mungo. Genes 11, 474 (2020).

59. Reeve, W. et al. Complete genome sequence of the Medicago
microsymbiont Ensifer (Sinorhizobium) medicae strain WSM419.
Stand. Genom. Sci. 2, 77–86 (2010).

60. Martinez-Abarca, F., Martinez-Rodriguez, L., Lopez-Contreras, J. A.,
Jimenez-Zurdo, J. I. & Toro, N. Complete genome sequence of the
alfalfa symbiont Sinorhizobium/Ensifer meliloti strain GR4.Genome
Announc. 1, e00174–12 (2013).

61. Toth, K. et al. Functional domain analysis of the remorin protein
LjSYMREM1 in Lotus japonicus. PLoS ONE 7, e30817 (2012).

62. Gronnier, J. et al. Structural basis for plant plasma membrane
protein dynamics and organization into functional nanodomains.
Elife 6, e26404 (2017).

63. Huang, D. et al. Salicylic acid-mediated plasmodesmal closure via
Remorin-dependent lipid organization. Proc. Natl Acad. Sci. USA
116, 21274–21284 (2019).

64. Raffaele, S. et al. Remorin, a solanaceae protein resident in mem-
brane rafts and plasmodesmata, impairs Potato virus X movement.
Plant Cell 21, 1541–1555 (2009).

65. Marin, M., Thallmair, V. & Ott, T. The intrinsically disordered
N-terminal region of AtREM1.3 remorin protein mediates protein-
protein interactions. J. Biol. Chem. 287, 39982–39991 (2012).

66. Martinez, D. et al. Coiled-coil oligomerization controls localization of
the plasma membrane REMORINs. J. Struct. Biol. 206, 12–19 (2019).

67. Jaillais, Y. & Ott, T. The nanoscale organization of the plasma
membrane and its importance in signaling: a proteolipid perspec-
tive. Plant Physiol. 182, 1682–1696 (2020).

68. Yu, H., Bao, H., Zhang, Z. & Cao, Y. Immune signaling pathway
during terminal bacteroid differentiation in nodules. Trends Plant
Sci. 24, 299–302 (2019).

69. Roy, S. et al. Celebrating 20 years of genetic discoveries in legume
nodulation and symbiotic nitrogen fixation. Plant Cell 32, 15–41
(2020).

70. Zhang, Y. et al. Mining for genes encoding proteins associated with
NopL of Sinorhizobium fredii HH103 using quantitative trait loci in
soybean (Glycine max Merr.) recombinant inbred lines. Plant Soil
431, 245–255 (2018).

71. Berrabah, F. et al. Insight into the control of nodule immunity and
senescence during Medicago truncatula symbiosis. Plant Physiol.
191, 729–746 (2022).

72. Ma, C. et al. GmTNRP1, associated with rhizobial type-III effector
NopT, regulates nitrogenase activity in the nodules of soybean
(Glycine max). Food Energy Secur. 12, e466 (2023).

73. Ma, C. et al. QTL mapping of genes related to Nod factor signalling
using recombinant inbred lines of soybean (Glycine max). Plant
Breed. 140, 1070–1080 (2021).

74. Quandt, J. & Hynes, M. F. Versatile suicide vectors which allow
direct selection for gene replacement in gram-negative bacteria.
Gene 127, 15–21 (1993).

75. Figurski, D. H., Meyer, R. J. & Helinski, D. R. Suppression of Co1E1
replication properties by the Inc P-1 plasmid RK2 in hybrid plasmids
constructed in vitro. J. Mol. Biol. 133, 295–318 (1979).

76. Indrasumunar, A. et al. Inactivation of duplicated nod factor
receptor 5 (NFR5) genes in recessive loss-of-function non-
nodulationmutants of allotetraploid soybean (Glycinemax L.Merr.).
Plant Cell Physiol. 51, 201–214 (2010).

77. Paciorek, T., Sauer, M., Balla, J., Wisniewska, J. & Friml, J. Immuno-
cytochemical technique for protein localization in sections of plant
tissues. Nat. Protoc. 1, 104–107 (2006).

78. Dong, W. et al. An SHR-SCR module specifies legume cortical cell
fate to enable nodulation. Nature 589, 586 (2021).

79. Jia, D. et al. A nonstructural protein encoded by a rice reovirus
induces an incomplete autophagy to promote viral spread in insect
vectors. PLoS Pathog. 18, e1010506 (2022).

80. Cheng, Z. et al. Nup96 and HOS1 are mutually stabilized and gate
CONSTANS protein level, conferring long-day photoperiodic
flowering regulation in Arabidopsis. Plant Cell 32, 374–391 (2020).

81. Brueckner, A., Polge, C., Lentze, N., Auerbach, D. & Schlattner, U.
Yeast two-hybrid, a powerful tool for systems biology. Int. J. Mol.
Sci. 10, 2763–2788 (2009).

82. Thaminy, S., Miller, J. & Stagljar, I. The split-ubiquitin membrane-
based yeast two-hybrid system. Methods Mol. Biol. 261, 297–312
(2004).

83. Toth, K., Batek, J. & Stacey, G. Generation of soybean (Glycine max)
transient transgenic roots. Curr. Protoc. Plant Biol. 1, 1–13 (2016).

Acknowledgements
This work was supported by the National Key Research & Development
Program of China (2021YFF1001206, 2023YFD1200600), the National
Natural Science Foundation of China (32070274, 32201809, 31771882,
32072014, 590224002 and U20A2027), China Scholar Council fellow-
ships (201906615001). P.R. and K.M. are supported by the CNRS and by a
grant (ANR-14-CE19-0003-01) from the French National Research Agency

Article https://doi.org/10.1038/s41467-024-50228-w

Nature Communications |         (2024) 15:5852 15



to P.R. This work has benefited from the support of the LabEx Saclay Plant
Sciences (ANR-10-LABX-0040-SPS, LabEx SPS and ANR−17-EUR- 0007,
EURSPS-GSR)which ismanagedby the FrenchNational ResearchAgency
under the program ‘Investissements d’avenir’ (ANR−11-IDEX-0003-02).

Author contributions
D.X., P.R., Q.C., Z.T., and C.S. conceived the project. C.M. performed
most of the experiments, including the discovery of NopL interaction
with GmNFR5 and GmREM1. Y.Y. analyzed the nodulation test. J.W. and
Y.G. performed the experiments related to protein–protein interaction.
C.M. and H.F. constructed the required vectors. Western blot and gen-
otyping were performed by C.M., J.W., Z.H., C. L., and Y.Y. RNA-Seq
analysis was performed by X.D and J.Z. Figures were created by C.M.,
D.X., and P.R. The manuscript was written by C.M., D.X., L.M., K. M., and
P.R.with input from J.W., Y.Y., H.F.,M.Y., X.W., Z.Q. andC.L. Fundingwas
acquired by D.X., Q.C., C.L., and J.W. All authors read and approved the
final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50228-w.

Correspondence and requests for materials should be addressed to
Chunyan Liu, Zhixi Tian, Chao Su, Pascal Ratet, Qingshan Chen or
Dawei Xin.

Peer review information Nature Communications thanks the anon-
ymous, reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-50228-w

Nature Communications |         (2024) 15:5852 16

https://doi.org/10.1038/s41467-024-50228-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The type III effector NopL interacts with GmREM1a and GmNFR5 to promote symbiosis in soybean
	Results
	NopL is required for NF signaling in soybean
	NopL is delivered directly into soybean cells
	NopL physically interacts with GmREM1a
	NopL-mediated NF signaling in soybean depends on GmREM1a
	GmREM1a interacts with GmNFR1 and GmNFR5
	NopL physically interacts with GmNFR5
	NopL promotes the GmREM1a-GmNFR5 interaction
	GmREM1a and NopL modulate soybean symbiotic gene expression

	Discussion
	Methods
	Plant materials, rhizobia, and growth conditions
	GUS staining
	Analysis of rhizobial infection events
	Antibody production and verification
	Immunohistochemistry and immunolocalization
	Electron microscopy
	Cya reporter translocation assays
	Interacting protein identification of NopL by LC–MS/MS
	BiFC (bimolecular fluorescence complementation) assays
	Co-immunoprecipitation
	GST pull-down
	Semi-pull-down analysis
	Yeast two-hybrid assays
	Soybean hairy root transformation
	Affinity purification of biotinylated proteins
	RNA-seq and data analysis
	Vectors and primers
	Accession numbers
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




