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SUMMARY
Bradyrhizobium vignaeORS3257 is an efficient symbiotic strain for Vigna unguiculata and V. mungo but fails
with V. radiata due to an effector-triggered immunity response mediated by the nodulation outer protein P2
(NopP2). To understand this incompatibility, we identified NopP2 interacting proteins in V. radiata cv. KPS1,
including enolase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), monodehydroascorbate reduc-
tase (MDHAR), and serine hydroxymethyltransferase (SHMT) as targets. Protein-protein interaction assays
confirmed that NopP2 binds to these enzymes, and further analysis revealed their co-localization on the
plasma membrane. Comparative transcriptomic analysis revealed NopP2 stimulates genes related to plant
defense response (PR1, PR5, MYB13, and TAO1), hydrogen peroxide (SOD, POX10, and POX16), and cell
wall lignification (LAC). NopP2 did not alter the expression of genes encoding the target enzymes but inter-
fered with MDHAR activity, leading to high H2O2 accumulation in roots. These findings suggest that NopP2
contributes to symbiotic incompatibility in V. radiata by inducing a multifaceted defense response and initi-
ating cell wall lignification early in infection.
INTRODUCTION

Legume-rhizobium symbiosis is a key process in returning atmo-

spheric nitrogen (N2) to the environment via a nitrogen fixation re-

action. This symbiotic relationship allows legumes to form root

nodules for rhizobia, which convert N2 into ammonia (NH3) for

use in the plant. In return, the plant offers a conducive environ-

ment for nitrogen fixation and provides carbon sources for bac-

terial growth. Nodule formation depends on complex regulations

andmutual signal exchanges between hosts and symbionts. The

plant secretes flavonoid compounds that are recognized by the

rhizobia, inducing the production of Nod factors (NFs). These

NFs are then perceived by the plant, triggering cortical cell divi-

sion to form nodule primordia and initiating the infection

process.1

In some cases, successful symbiosis requires the coopera-

tion of NFs signaling and the Type III Secretion System
iScience 28, 112351, M
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(T3SS). Some rhizobia use T3SS to deliver effector proteins

(T3Es) directly into host cells, overcoming plant immunity and

promoting infection.2–4 In some cases, rhizobial T3Es act simi-

larly to pathogenic T3Es, where specific recognition by plant

resistance proteins (R) can trigger an effector-triggered immu-

nity (ETI) response, often resulting in plant cell death and sym-

biosis abortion.5,6 However, the specific protein-protein inter-

actions between rhizobial T3Es and plant proteins remain

largely unknown.

Mutation analysis of T3Es provides important information

about their roles in host-specific interaction. For example, the

mutation of nopT and nopAB in B. vignae ORS3257 has drasti-

cally affected the ability of ORS3257 to develop an efficient

symbiosis with V. unguiculata and V. mungo.7 Similarly, the

mutation of nopM (encoding E3 ubiquitin ligase) inSinorhizobium

sp. NGR234 revealed a positive role in the symbiotic initia-

tion with Lablab purpureus.8 Conversely, nopE mutation in
ay 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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B. diazoefficiens USDDA110 enhances the nodulation efficiency

with V. radiata cv. KPS2, but it reduced nodulation efficiency with

V. radiata cv. CN72 and KPS1.9 Therefore, T3Es secreted by the

T3SS of rhizobia can either promote or inhibit nodulation, de-

pending on the host plant species.10

B. vignae ORS3257 is recognized for its efficiency in forming

symbiotic relationships with V. unguiculata and V. mungo. How-

ever, this strain is unable to form nodules on V. radiata (mung

bean).7 A total of 27 putative effector proteins were identified

in the ORS3257 genome, including two nopP homologs,

nopP1 and nopP2, located in different regions of the symbiotic

island. It has been shown that the specific mutation in

nopP2 restores functional symbiosis between ORS3257 and

V. radiata, indicating that NopP2 is responsible for this

incompatibility.7

NopP protein has been reported as a key regulator for rhizobial

infection and nodule organogenesis in other legumes. NopP in

Sinorhizobium sp. strain NGR234 was shown to be a major

determinant of nodulation in Flemingia congesta and Tephrosia

vogelii.11,12 NopP in B. elkanii USDA122 negatively regulates

nodulation with Rj2-soybeans via ETI.13 Conversely, the muta-

tion of nopP inMesorhizobiumhuakuii leads to decreased nodule

formation in Astragalus sinicus.14 This is similar to the NopI

effector of S. fredii HH103, which is currently annotated as

nopP (GenBank: CCE98653.1). Inactivation of this nopP gene re-

duces both the number of nodules and the dry mass of nodules

formed byGlycine max cv. Williams 82, V. unguiculata (cowpea),

and Lotus burttii, indicating the positive role of NopP in symbio-

sis in these cases.15,16

Although NopP has recently been identified in various rhizobial

strains to be key T3Es modulating their symbiotic properties, its

biological functions and targets remain poorly understood,

which, in addition, could also be different from one symbiotic

model to another. It has recently been reported that NopP from

B. diazoefficiens USDA110 directly interacts with GmNNL1

(G.max Nodule Number Locus 1) and inhibits G. max nodulation

by triggering the plant ETI.17 NopP from M. amorphae specif-

ically interacts with TRAPPC13 (Trafficking protein particle com-

plex subunit 13-like), which plays a role during the early infection

process.18 Moreover, a G-type receptor-like kinase (AsNIP43)

has recently been identified as the target of NopP from

M. huakuii, which negatively regulates the symbiosis nodulation

on Chinese milk vetch (A. sinicus).14 However, the molecular

mechanism through which host legume plants sense NopP re-

mains largely unknown. In addition, the target(s) of NopP from

the B. vignae strain ORS3257 during V. radiata interaction have

not been identified.

In this study, we characterized multiple NopP2-interacting

proteins using an in vitro pull-down assay. The protein-protein

interaction analysis, confirmed by additional in vivo and

subcellular localization in planta, identified enolase, glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH), monodehydroas-

corbate reductase (MDHAR), and serine hydroxymethyltransfer-

ase (SHMT) as NopP2-interacting partners. Moreover, plant

response mechanisms via NopP2 function revealed that

NopP2 induces a multifaceted plant defense response, espe-

cially H2O2 accumulation, leading to incompatible V. radiata

symbiosis.
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RESULTS

Nodulation outer protein P2 mediates symbiotic
incompatibility in Vigna radiata cultivars through
B. vignae ORS3257 and complemented strain SUTN9-2
To confirm the negative effect of NopP2 of ORS3257 during

interaction with various V. radiata cultivars, 12 mung bean (or

various) cultivars from different countries (listed in Table S1)

were inoculated with ORS3257 and its derivative mutants

(DT3SS and UnopP2). Mutation of structural T3SS (DT3SS) and

NopP2 (UnopP2) leads to enhanced plant growth and nodule for-

mation in V. radiata cv. KPS1 and KPS2 (Figures 1A–1J). Interest-

ingly, nodulation phenotypes in all mung bean tests showed

consistent results: nodulation by the WT strain ORS3257 was

completely abolished, while the DT3SS and UnopP2 mutants

induced high numbers of effective nodules (Table S1). These re-

sults indicate that NopP2 plays a general negative role during the

interaction of ORS3257 and all the V. radiata (mung bean) culti-

vars tested.

To confirm that the phenotype observed for DT3SS and

UnopP2mutants was indeed related to the absence of the secre-

tion of NopP2. Therefore, we compared the secretomes of the

WT strain and its derivative mutants (DT3SS and UnopP2) under

genistein induction. The result confirmed that NopP2 was

secreted in a T3SS-dependent manner. The NopP2 protein

band was not detected in the secretome of the DT3SS and Un-

opP2 mutants, while it was present in the secretome of the

ORS3257 (WT) strain (Figure 2A). These findings indicated that

the symbiotic incompatibility phenotypes observed in the

DT3SS and UnopP2 mutants were attributable to the absence

of NopP2 in ORS3257.

The next question is: Does the function of NopP2 confer

symbiotic incompatibility with other Bradyrhizobium strains?

To investigate this, Bradyrhizobium sp. SUTN9-2, an effective

mung bean symbiont possessing a T3SS, was transformed with

replicative plasmidpMG103-nptII-cefor containing 63His-tagged

NopP2 from ORS3257. This complemented strain, designated

9-2+nopP2, carries the T3SS and expresses the heterologous

NopP2 protein. Analysis of the proteins secreted in the

supernatant showed that the NopP2-63His protein was success-

fully secreted by the complemented strain 9-2+nopP2 under gen-

istein induction (+Gen) (Figure 2B), albeit at a low level. Further-

more, the symbiotic properties of the complemented strain

9-2+nopP2 were strongly negatively impacted it as observed a

reduced nodule size and number, lower nitrogenase activity,

and reduced overall plant growth of V. radiata cv. KPS1 in com-

parison with the wild-type SUTN9-2 (Figures 2C–2E). These find-

ings suggest that NopP2 from ORS3257 consistently exerts a

negative effect on mung bean symbiosis, but it exerts a minor ef-

fect on nodulation efficiency when SUTN9-2 secretes NopP2.

To test the hypothesis that NopP2 of ORS3257 disrupts sym-

biosis when produced within plant roots, we generated trans-

genic mung bean roots expressing nopP2-GFP fusion under

the control of the strong CaMV35S promoter. Agrobacterium rhi-

zogenes strain K599 was used to transform V. radiata and

generate hairy roots. Root expression of NopP2-GFP and control

constructs expressing only GFP (35S:GFP) was confirmed using

green fluorescence microscopy. Transgenic and non-transgenic



Figure 1. Nodulation phenotypes of Bradyrhizobium vignae ORS3257 and its derivative T3SS (DT3SS) and nopP2 (UnopP2) mutants were

evaluated in different cultivars of Vigna radiata

In V. radiata cv. KPS1 (A–E) and KPS2 (F–J), plant phenotypes (A and F), dry weights (B and G), and nodule number (C and H) were compared between plants

inoculated with ORS3257, DT3SS,UnopP2, and non-inoculated (NI) controls. Data are means ± SD (n = 5). Asterisks indicate significant differences compared to

WT (***p < 0.001). The nodule morphologies (D, E, I, and J) were compared between plants inoculated with DT3SS and UnopP2. Scale bars = 2 mm.

iScience
Article

ll
OPEN ACCESS
roots were obtained from the same plant (transgenic roots indi-

cated by white arrows in Figures 2G–2N). The transgenic roots

were confirmed by PCR using specific primers for the 35S

promoter and Nos-terminator. The target sizes of 35S:GFP

(1,614-bp) and 35S:NopP2-GFP (2,454-bp) were detected at

their corresponding sizes, whereas non-transgenic roots were

not detected (Figure 2F). The transgenic roots (35S:GFP and

35S:nopP2-GFP) were subsequently inoculated with ORS3257

wild-type and UnopP2 mutant strains to evaluate the nodulation

phenotypes. It is noted that the UnopP2 mutant was previously

constructed by single homologous recombination with the

pVO155-npt2-cefo-npt2-GFP plasmid, allowing the nodules

derived from this strain to exhibit green fluorescence due to a

constitutive expression of the GFP.7

As expected, transgenic roots expressing NopP2-GFP, such

as 35S:GFP control and non-transgenic roots, failed to form nod-

ules when inoculated with ORS3257 (Figures 2G, 2H, 2K, and

2L). Conversely, while 35S:GFP and non-transgenic roots

successfully formed symbiotic nodules with UnopP2. Remark-

ably, NopP2-GFP transgenic mung bean roots were able to

block nodulation induced by the nodulating strain UnopP2

(Figures 2I–2N). These findings suggest that NopP2 overexpres-

sion significantly inhibits symbiotic nodulation, even in the

absence of the native nopP2 gene in the bacterial strain.

Multiple interacting proteins identified as targets of
nodulation outer protein P2
To identify the target proteins of NopP2, an in vitro pull-down

assay was conducted to detect physical interactions between
NopP2 and proteins from mung bean roots. Recombinant

NopP2 tagged with 63His was overproduced by the E. coli

pET system. The purified NopP2-His was used as bait to capture

its targets from total root proteins of plants with and without

ORS3257 inoculation (Figures 3A and 3B). The incubation of

NopP2-His with total root proteins revealed five significant

bands that were not observed in a single incubation (only root

proteins or NopP2-His) (Figure 3C). These five bands were

selected for MS/MS analysis. Five proteins with the top matches

in the database were identified as candidate interacting proteins

for NopP2: enolase, glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH), monodehydroascorbate reductase (MDHAR),

Aspartate aminotransferase (AST), and serine hydroxymethyl-

transferase (SHMT) (Figure 3D). All proteins were identified

from the incubation of NopP2-His and protein extracts from

non-inoculated roots, while enolase and GAPDH were also de-

tected in NopP2-His incubated with ORS3257-inoculated roots.

To confirm their interaction, an in vitro pull-down assay and

ELISA were performed using individually purified proteins. The

full-length proteins of each candidate were overexpressed in

the pET system to obtain purified 63His-tagged proteins,

whereas NopP2 was tagged with GST. The purified proteins

were detected using SDS-PAGE and confirmed by Western

blot analysis (Figures S1A–S1G). The purified GST protein was

used as a control for the ELISA (Figure S1B). The results of the

pull-down assay demonstrated that NopP2-GST immobilized

in the column directly bound to Enolase-His, GAPDH-

His, MDHAR-His, and SHMT-His. Western blot analysis suc-

cessfully detected both the interacting proteins and NopP2
iScience 28, 112351, May 16, 2025 3



Figure 2. Functional analysis of NopP2: Protein secretion, complementation in Bradyrhizobium sp. SUTN9-2, and overexpression effects in

mung bean roots

(A) Protein secretion profiles of B. vignae ORS3257, T3SS (DT3SS) and nopP2mutants (UnopP2) cultured in AG medium with (+Gen) induction. Purified NopP2-

His (pNopP2) was used as a positive control for the NopP2-His band target (indicated by an arrow).

(B) Secretion proteins fromBradyrhizobium sp. SUTN9-2 complementedwith nopP2 (annotated as 9-2+nopP2) were determined by SDS-PAGE andWestern blot

with anti-His antibodies, with protein secretions extracted from cell-free cultures with (+Gen) and without genistein (-Gen) induction.

(C–E) Nodulation phenotypes in V. radiata cv. KPS1 nodulated by SUTN9-2 wild type and 9-2+nopP2 compared with non-inoculated (NI) plants at 21 dpi: plant

phenotypes (C), nodule phenotypes (D), and nodulation efficiency presented by nodule numbers, plant dry weight, and ARA activity (E). Data are means ± SD

(n = 5). Asterisks indicate significant differences compared to WT (**p < 0.01).

(F) PCR verification of total gDNA extracted from non-transgenic roots (NT), transgenic roots expressing GFP (35S:GFP), and transgenic roots expressing NopP2-

GFP (35S:NopP2-GFP). Target bands were amplified using specific primers on the CaMV35S promotor and Nos-terminator, showing the corresponding sizes for

35S:GFP (1,614-bp) and 35S:NopP2-GFP (2,454-bp).

(G–N) Root and nodule phenotypes of 35S:GFP and 35S:NopP2-GFP after inoculation with ORS3257 and UnopP2. Roots images under brightfield and fluo-

rescence microscopy were compared. Transgenic roots with green fluorescence are indicated by yellow head arrows.
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(Figures 4A–4D). In contrast to AST-His, only NopP2-GST was

retained in the column during the incubation with AST-His

(Figure S1G).
4 iScience 28, 112351, May 16, 2025
These results indicate that Enolase, GAPDH, MDHAR, and

SHMT are the interacting partners of NopP2, while AST does

not interact. Moreover, the specific protein-protein interactions



Figure 3. SDS-PAGE and MS/MS analysis results from in vitro pull-down assay

(A) SDS-PAGE of NopP2-63His purification performed by using a Ni-column. Proteins from soluble (Sol) and inclusion bodies (Inc), and purified NopP2-His were

determined.

(B) SDS-PAGE of total root proteins from V. radiata cv. KPS1 roots with and without inoculation with ORS3257.

(C) SDS-PAGE from in vitro pull-down assay.

(D) MS-fit search results of protein bands display top matches in the database (NCBI RefSeq: GCF_000741045.1).
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of these four proteins with NopP2 were further confirmed by

ELISA, suggesting relatively strong associations (Figures 4E–

4H). Therefore, the results from both assays indicate that

Enolase, GAPDH, SHMT, and MDHAR can directly bind to

NopP2 from ORS3257.

Subcellular localization of nodulation outer protein P2
and its interacting proteins in planta

To determine the subcellular localization of NopP2 and the four in-

teracting proteins in planta, Transgenic roots of V. radiata cv.

KPS1 expressing NopP2-GFP and each interacting protein

(enolase-mCherry, GAPDH-mCherry, MDHAR-mCherry, and

SHMT-mCherry) was generated using hairy root transformation.

The co-expressed NopP2-GFP and each interacting protein

were initially observed under a fluorescence microscope. Roots
expressing NopP2-GFP exhibited green fluorescence similar to

the 35S:GFP control. In contrast, roots expressingmCherry fused

with interacting proteins exhibited red fluorescence similar to the

35S:mCherry control (Figures S2A–S2C). In co-expressing roots

containing NopP2-GFP and individual interacting partner pro-

teins, we observed the co-localization of these complexes within

root cells. To specifically detect NopP2-GFP and avoid back-

ground autofluorescence in plant cells, immunoblotting with

anti-GFP antibodies was used. The results indicated that roots

overexpressing NopP2-GFP exhibited subcellular localization

throughout the cytoplasm, with accumulation observed around

the cytoplasmic membrane and in the nucleus (Figure 5). While

co-expressingmCherry fusedwith each of the interacting proteins

alongside nopP2-GFP, we observed their localization at the

plasma membrane. This indicates the co-localization of NopP2
iScience 28, 112351, May 16, 2025 5



Figure 4. Confirmation of NopP2-plant pro-

tein interactions by pull-down assay and

ELISA binding analysis

(A–D) In vitro pull-down assay of protein-protein

interaction between NopP2 proteins and each in-

teracting partner. The purified 6xHis tagging of

enolase (A), glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) (B), monodehydroascorbate

reductase (MDHAR) (C), and serine hydrox-

ymethyltransferase (SHMT) (D) were assayed for

their binding to the NopP2-GST, which binds to

glutathione beads. The protein-protein complexes

were separated by 12% SDS-PAGE and analyzed

by Western blotting using anti-GST antibody for

NopP2-GST and anti-His antibody for detecting

His-tagging of each interacting partner.

(E–H) Specific-binding analysis between NopP2

and interacting partners by ELISA. The purified

NopP2-GST at a concentration of 0–10 mM. The

apparent dissociation constant (Kd) of NopP2-

GST with interacting proteins was determined in

the graph.
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with the four interacting proteins in the same region in the mung

bean root, as shown in the overlay capture panels (Figure 5).

Moreover, subcellular localization was confirmed in tobacco

leaves using an agroinfiltration approach. Consistent with the

previous results observed in mung bean root, co-expression of

NopP2-GFP and its interacting proteins showed co-localization

at the plasma membrane (Figure 6). Interestingly, the subcellular

localization of single expressed proteins was significantly altered

when co-expressed with NopP2-GFP and its interacting part-

ners. NopP2-GFP alone localized to filamentous actin, the
6 iScience 28, 112351, May 16, 2025
plasma membrane, and nuclear mem-

brane, but not within the nucleus. In

contrast, all interacting proteins localized

to both the membrane and the nucleus

(Figure S3). However, the co-expression

of NopP2 with its interacting proteins re-

sulted in co-localization exclusively at

the plasma membrane (Figure 6). These

results suggest that the co-localization

of NopP2 and its interacting proteins

(including enolase, GAPDH, SHMT, and

MDHAR) at the plasma membrane may

facilitate their physical interaction within

plant cells, where this interaction likely

occurs and triggers plant symbiosis

incompatibility.

Nodulation outer protein P2 induces
a multifaceted plant defense
response, leading to incompatible
symbiosis in V. radiata

A comparative transcriptome analysis was

conducted to investigate howNopP2 influ-

encesgeneexpression inmungbean roots

during the early stages of infection. RNA-

seqanalysiswasperformedonnon-inocu-
lated roots and roots inoculatedwithORS3257orUnopP2at 2 and

3 dpi (Accession no. PRJNA117951; see in Table S2). The Venn di-

agram of comparing the DEGs under different conditions revealed

that ORS3257 downregulated 109 unique genes compared with

the UnopP2 mutant, whereas 121 unique genes were up-regu-

lated. Only 15 genes were differentially expressed in both the

non-inoculated (NI)/WT and NopP2/WT comparisons, while no

downregulated genes and only one up-regulated genewere differ-

entially expressed across all three comparisons (Figure 7A). The

volcanoplot shows123up-regulated (red) and125downregulated



Figure 5. Subcellular localization of NopP2-GFP co-expressed with each interacting protein (Enolase-mCherry, GAPDH-mCherry, SHMT-

mCherry, and MDHAR-mCherry) in transgenic V. radiata cv. KPS1 root

The images include bright field, green fluorescence for GFP, red fluorescence for mCherry, and blue fluorescence for detecting nuclei via DAPI staining. The

overlay images are presented in the last panel. Scale bar: 20 mm.
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(blue)geneswhencomparing theUnopP2mutantstrain to thewild-

type (ORS3257) strain. Several genes involved in the plant defense

response, jasmonic acid/ethylene (JA/ET) responsepathways, cell

wallmodification,photosynthesis, and fattyacidbiosynthesiswere

observed to be up- and downregulated (Figure 7D; Tables S3 and

S4). Interestingly, the upregulation of several genes involved in the

salicylic acid (SA) response pathway, hypersensitive response,

and carbohydrate metabolic process was detected in ORS3257-

inoculated roots (Figures 7C and 7D; Tables S3 and S4).

According toRNAseq analysis, genes thatwere highly up-regu-

lated by ORS3257 and significantly expressed in relation to plant

defenseandhypersensitive responsewerealso analyzedbyusing

qRT-PCR. The expression of genes encoding pathogenesis-

related protein 1 (PR1), thaumatin-like proteins (PR5), transcrip-

tion factor MYB13, and disease resistance protein TAO1-like

was investigated in roots inoculated with ORS3257 and UnopP2
at 2 and 3 dpi compared with NI roots. All observed genes were

up-regulated in ORS3257 at 2 and 3 dpi, except for MYB13 and

TAO1, which were up-regulated only at 2 dpi (Figures 8A–8D).

The expression patterns of all genes correspondedwith the RNA-

seq results (NGS) (Figures 8A–8D). In contrast, the upregulation of

symbiotic nodulation genes, including LysMdomain receptor-like

kinase and early nodulin-75-like (ENOD75), was observed in

plants inoculated with UnopP2 at 2 and 3 dpi. In comparison,

these genes were downregulated in plants inoculated with the

ORS3257 strain (Figure S4). These results indicate that NopP2 in-

duces plant defense-related genes, which may inhibit the symbi-

otic nodulation of ORS3257.

Moreover, the expression of genes corresponding to hyper-

sensitive response, including superoxide dismutase (SOD) and

peroxidase (POX10 and POX16), were also investigated at 1, 3,

and 5 dpi. The results found that SOD and POX10 genes were
iScience 28, 112351, May 16, 2025 7



Figure 6. Subcellular localization of NopP2-GFP co-expressed with each interacting protein (Enolase-mCherry, GAPDH-mCherry, SHMT-

mCherry, and MDHAR-mCherry) in tobacco leaf epidermal cells was observed 4 days after infiltration

The images include bright field, green fluorescence for GFP, and red fluorescence for mCherry. The overlay images are presented in the last panel. Scale bar:

50 mm.
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significantly up-regulated in ORS3257 roots at 1 dpi, while

POX10 and POX16 showed high expression in UnopP2 roots

at 5 dpi (Figures 8F and 8G). However, POX10 and POX16

expression levels observed from RNAseq (NGS) showed signifi-

cantly up-regulated in ORS3257 roots when compared with Un-

opP2 roots (Figures 8F and 8G). Interestingly, the gene encoding

laccase (LAC), which is a key enzyme important for cell wall ligni-

fication, showed significant upregulation at both 1 and 5 dpi. This

upregulation pattern aligns with the RNAseq result (NGS) (Fig-

ure 8H). These results implied that NopP2 from ORS3257 in-

duces the production of oxygen species, peroxidase, and lac-

case enzymes in the early stage, while later suppressing

peroxidase function, leading to H2O2 accumulation.

Nodulation outer protein P2 binding may disrupt the
activity of interacting proteins without affecting their
expression
To elucidate the expression level of the four proteins (enolase,

GAPDH, MDHAR, and SHMT) that interact with NopP2, the rela-

tive expression of the corresponding genes was observed at 3

and 5 dpi. No significant difference was detected in the expres-
8 iScience 28, 112351, May 16, 2025
sion of all genes at 3 and 5 dpi, except for enolase and GAPDH,

which significantly downregulated expression in ORS3257 roots

at 5 dpi. However, RNAseq results (NGS) did not reveal differen-

tial expression for any of the interacting partners (Figures 9A–

9D). These results suggest that the interaction between NopP2

and its interacting proteins did not affect the expression rates

of the four interacting proteins during the early stage of infection.

However, protein-protein interaction can potentially disrupt

the function of interacting partners. To investigate this hypothe-

sis, MDHAR activity was measured in roots under different con-

ditions at 5 dpi. The results showed that MDHAR activity was

significantly lower in roots inoculated with ORS3257 than in roots

inoculated with UnopP2 and NI roots (Figure 9E). This finding

confirms that the interaction between NopP2 and MDHAR inter-

feres with MDHAR function, reducing its enzymatic activity

without affecting the expression of MDHAR.

Nodulation outer protein P2 triggers hydrogen peroxide
accumulation in roots, thereby inhibiting infection
Based on the RNAseq and relative expression results, we spec-

ulated that roots inoculated with ORS3257 accumulate H2O2,



Figure 7. RNA sequencing and GO analysis of V. radiata cv. KPS1 roots after inoculated with ORS3257 (WT) andUnopP2 (NopP2) compared

with non-inoculated roots (NI)

(A) Venn diagrams of differentially expressed genes (DEGs) which showed upregulated and downregulated by comparing DEGs fromNI,WT andUnopP2 (NopP2)

roots.

(B) Volcano plots analyzed from DEGs results from WT/NopP2. Red points represent up-regulated genes, and blue points represent down-regulated genes

(Log2FC of p-value > 1 and < �1) (C) GO functional enrichment analysis of DEGs comparing between ORS3257 (WT) and UnopP2 (NopP2).

(D) Log2FC of each gene presented from (C) grouped in each function.
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thereby inhibiting symbiotic nodulation. To test this hypothesis,

we examined H2O2 accumulation in roots inoculated with

ORS3257 and UnopP2 at 5 dpi, compared with NI roots. As ex-

pected, H2O2 accumulation was detected in roots inoculated

with ORS3257, whereas roots infected with UnopP2 showed

no accumulation, similar to NI roots (Figures 9F–9H). In addition,

transgenic roots overexpressing nopP2 (35S:nopP2-GFP)

exhibit a high level of H2O2 accumulation (Figure 9I). These re-
sults suggest that the presence of NopP2 leads to H2O2 accumu-

lation in roots, thereby inhibiting infection.

DISCUSSION

Nodule formation and accommodation of symbiotic rhizobia are

strictly controlled by the specific recognition and fine-tuned ex-

change of molecular signals between the host plant and its
iScience 28, 112351, May 16, 2025 9



Figure 8. Relative expression of genes

involved in the plant defense response

(A–D) and hypersensitive response (E–H) in

roots inoculated with ORS3257 andUnopP2

was analyzed using qRT-PCR

Gene expression levels were normalized to the

Actin gene expression and compared to non-

inoculated roots as the control. Data represent the

mean ± SD of biological triplicates from two in-

dependent experiments, n = 6. Statistical analysis

was performed using a two-way ANOVA to eval-

uate the significance of differences (*p < 0.05;

**p < 0.01; ***p < 0.001). Additionally, NGS results

for ORS3257 and UnopP2 were presented in the

same graph, with p-values indicated.
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bacterial symbiont during the initiation stage.1 In addition to NFs,

most Bradyrhizobium strains, particularly strain ORS3257, use

T3SS to deliver a cocktail of effectors that control symbiotic ef-

ficiency in Vigna species.7 NopP2 is the most significant factor

restricting symbiosis in V. radiata (mung bean), as it completely

inhibits nodulation in several mung bean cultivars (Figure 1;

Table S1). This finding indicates that mung beanmay share com-

mon interacting proteins specific to NopP2 of ORS3257, thereby

rendering the symbiotic incompatibility.

The NopP protein has been identified in several rhizobial

strains, but only a subset of these proteins plays a role in symbi-

otic nodulation. Phylogenetic analysis of the NopP amino acid

sequences among rhizobial strains indicates that NopP2 from

ORS3257 shares a higher identity with NopP from B. vignae
10 iScience 28, 112351, May 16, 2025
and groups closely with NopP from

B. elkanii (NopP2 of USDA61) and

B. diazoefficiens (such as USDA122 and

USDA110) (Figure S5A). However, only

NopP from USDA122 has been reported

to cause symbiotic incompatibility with

Rj2-soybeans and V. radiata cv. KPS1.

The protein alignment between the

NopP2 sequences of ORS3257 and

NopP from USDA122 shows only 72%

identity, with many conserved regions

in the sequence. Notably, two of the

three amino acids in USDA122 NopP

that are required for Rj2-soybean incom-

patibility are not conserved in NopP2 of

ORS3257 (Figure S5B). Thus, the mecha-

nism underlying the symbiotic incompat-

ibility of NopP2-ORS3257may differ from

that of NopP-USDA122.

In this study, the introduction of NopP2

from ORS3257 into the effective strain

Bradyrhizobium sp. SUTN9-2 resulted in

lower nodulation efficiency in V. radiata

KPS2 nodulation compared to the WT

strain, indicating that NopP2 negatively

interferes with the interaction but

does not completely block the symbiosis,

contrary to what was observed with
ORS3257. Interestingly, SUTN9-2 contains two NopP homologs

in its genome. However, their sequences diverge from NopP2

but are more closely related to NopP1 of ORS3257 and other

NopP homologs in other bradyrhizobial strains, which have no

reported role in mung bean symbiosis (Figure S5A). Therefore,

the presence of two endogenous NopP homologs in SUTN9-2

suggests they likely do not play a significant role in mung bean

symbiosis. These phenotypic responses mirrored those previ-

ously observed during co-inoculation with ORS3257 and

SUTN9-2. Although effective nodule formation was observed in

co-inoculated plants, many necrotic nodules were intensively

found on the roots, resulting in reduced plant growth compared

with SUTN9-2-inoculated plants.19 SUTN9-2 may possess pos-

itive T3Es or other detoxification systems that counteract the



Figure 9. Relative expression of genes of 4 interacting partners of NopP2 (A–D)

The activity of Monodehydroascorbate reductase (MAHAR) of roots with ORS3257 and UnopP2 inoculation at 5 dpi compared with non-inoculated roots (NI) (E).

Data represent the mean ± SD of biological triplicates from two independent experiments, n = 6. Statistical analysis was performed using a two-way ANOVA to

evaluate the significance of differences (*p < 0.05; **p < 0.01; ***p < 0.001). The NGS results for ORS3257 and UnopP2 were presented in the same graph, with

p-values indicated. The accumulation of H2O2 was detected by DAB staining in roots at 5 dpi under different conditions: non-inoculated (F), ORS3257 inoculated

(G),UnopP2 inoculated (H), and transgenic roots expressing NopP2-GFP (I). The presence of H2O2 is indicated by brown staining from the DAB reaction, marked

with red arrow heads.
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negative effects of NopP2, thereby preventing the plant defense

reactions mediated by NopP2 of ORS3257 and maintaining the

ability for symbiotic nodulation. However, these findings do not

completely exclude the possibility that NopP2 was expressed

at a lower level in SUTN9-2, resulting in its reduced secretion

in the host cell, or that the added His-tag diminished the func-

tional activity of the NopP2 protein. To investigate this hypothe-
sis, we compared the relative of nopP2 copy number in the com-

plemented SUTN9-2 strain (9-2+nopP2) with that of ORS3257.

The results revealed a high quantity of nopP2 copies in

ORS3257 under non-inducing conditions, which was further up-

regulated in the presence of genistein. In contrast, the comple-

mented SUTN9-2 (9-2+nopP2) also showed an increase in

nopP2 quantity when induced with genistein, while non-induced
iScience 28, 112351, May 16, 2025 11
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9-2+nopP2 remained lower than that observed in ORS3257 (Fig-

ure S6A). These findings suggest that the low level of nopP2

expression in SUTN9-2 prior to induction may enable this strain

to evade the detrimental effects of NopP2, thereby facilitating

symbiotic nodulation.

These expression results are consistent with the protein secre-

tion patterns observed inORS3257 and 9-2+nopP2 (Figure S6B).

The secretome derived from ORS3257 exhibited an NopP2 pro-

tein band in both cultures with and without genistein induction.

These findings suggest that ORS3257 likely maintains an active

T3SS function, which may effectively inhibit symbiotic nodula-

tion during the early stages of infection.

While flavonoids are commonly recognized as inducers of

T3SS gene expression through the transcriptional regulator

NodD and the specific activator TtsI, other rhizobia, such as Cu-

priavidus taiwanensis, have shown that T3SS expression can be

induced by glutamate instead of flavonoids.20 This suggests that

various environmental signals can trigger T3SS activity in certain

rhizobial species. Furthermore, the regulation of T3SS in some

plant-beneficial or pathogenic bacteria is primarily influenced

by environmental signals and specific transcription factors.21

Therefore, it is possible that the T3SS in ORS3257 may be regu-

lated by multiple factors beyond mere flavonoid presence,

potentially involving other environmental signals or internal

cellular states that have yet to be elucidated.

Interestingly, the ectopic expression of nopP2 in transformed

V. radiata cv. KPS1 roots also contribute to nodulation incompat-

ibility by UnopP2 strain, which typically forms active nodules on

mung bean roots (Figures 2M and 2N). These results confirm that

NopP2mediates symbiotic incompatibility within the plant. How-

ever, transgenic roots with overexpressed nopP2 displayed

stunted growth and extensive browning, suggesting cellular

damage (Figures 2K–2M and S2B). This phenotype likely reflects

a plant defense response triggered by NopP2 interactions within

plant cells. In contrast, the overexpression of the positive

effector Sup3 from Bradyrhizobium sp. NAS96.2 in the roots of

Aeschynomene indica and A. evenia induces spontaneous

nodule formation.22 Thus, the simultaneous expression of bacte-

rial effectors in legume roots is a valuable strategy for identifying

the specific roles of these effectors in mediating the symbiotic

phenotype.

The establishment of symbiotic nodules in legumes is not only

controlled by bacterial effectors but also depends on plant pro-

teins that specifically recognize signaling molecules secreted by

bacteria. This symbiotic interaction, known as protein-protein

interaction, controls the symbiotic compatibility.23,24 To gain a

deeper understanding of the molecular mechanisms underlying

this protein-protein interaction, we investigated the interacting

proteins of NopP2. We identified four proteins that interact with

NopP2: enolase, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), serine hydroxymethyltransferase (SHMT), and mono-

dehydroascorbate reductase (MDHAR). The protein-protein

interaction between NopP2 and each protein partner was

confirmed by an in vitro pull-down assay and ELISA, suggesting

that all partners were in physical interaction and directly bound to

the NopP2 protein. Moreover, the results of subcellular localiza-

tion studies of NopP2 and its interacting proteins, observed in

both transgenic mung bean roots and tobacco leaf epidermal
12 iScience 28, 112351, May 16, 2025
cells, confirmed their co-localization at the plasma membrane

(Figures 5 and 6). This finding suggests that the co-localization

of NopP2 and its interacting proteins at the membrane may facil-

itate their interactions within the cells, potentially triggering sym-

biotic incompatibility during their interaction.

Enolase is a glycolytic enzyme that catalyzes the interconver-

sion of 2-phosphoglycerate (2-PG) to phosphoenolpyruvate

(PEP), playing a crucial role in glycolysis and various cellular pro-

cesses25 GAPDH, a glycolytic enzyme, plays a vital role in energy

production by converting glyceraldehyde-3-phosphate to 1,3-

bisphosphoglycerate.26 SHMT is a key enzyme in one-carbon

metabolism, crucial for nucleotide synthesis and cell prolifera-

tion, as it catalyzes the conversion of serine to glycine and tetra-

hydrofolate to 5,10-methylene tetrahydrofolate.27 MDHAR func-

tions within the antioxidant defense system, maintaining cellular

redox balance by regenerating ascorbate, an important antioxi-

dant, from its oxidized form.28,29 Interestingly, all NopP2-

interacting proteins are crucial enzymes involved in cellular

metabolism and the antioxidant defense system, which are

essential for plant cell survival. Thus, the interaction of these pro-

teins with NopP2 likely disrupts their function rather than acti-

vating them. Several studies have shown that the enzymatic in-

hibition of these proteins can trigger plant immune responses.

For example, disrupting enolase activity in A. thaliana enhances

pathogen resistance by inducing the expression of the plant de-

fense gene PR1 and increasing the accumulation of hydrogen

peroxide (H2O2).
30

Similarly, knocking out the GADPH gene leads to increased

basal reactive oxygen species (ROS) accumulation under stress

conditions, particularly under biotic and abiotic stress.26 SHMT

mutations in Arabidopsis similarly lead to H2O2 accumulation in

leaves, affecting their ability to manage oxidative stress and re-

sulting in chlorotic and necrotic symptoms.27,31,32 The results

of transcriptome analysis and qRT-PCR in this study were

consistent with those of previous reports. Roots inoculated

with ORS3257 induced the expression of several plant defense

genes, including PR1 and PR5 (Figures 8A and 8B). Additionally,

genes involved in hypersensitive responses, including superox-

ide dismutase (SOD) and peroxidase (POX10), were significantly

up-regulated at 1 dpi (Figures 8E–8G). These findings supported

the observed accumulation of H2O2 in roots inoculated with

ORS3257 and transgenic roots expressing NopP2 (Figures 9G

and 9I). Our findings also revealed that ORS3257 inoculation

induced the expression of LAC genes (encodes laccase enzyme)

at 1 and 5 dpi (Figure 8H). Laccase and peroxidase enzymes are

essential for lignin polymerization, a process that strengthens

plant cell walls by oxidizing phenolic compounds such as

lignin monomers.33 These results suggest that NopP2 from

ORS3257 triggers the early lignification of the cell wall during

infection, potentially hindering the establishment of symbiotic

nodulation.

Moreover, this study found that MDHAR is an interacting part-

ner of NopP2. MDHAR is a crucial enzyme that scavenges ROS

and protects plant cells against oxidative stress.34 Thus, the

interaction between NopP2 andMDHARmay inhibit MDHAR ac-

tivity and disrupt its protective role, leading to the accumulation

of its substrate (MDHA) and a depletion of the ascorbate pool,

which results in elevated ROS levels.29 Consistent with this



Figure 10. Schematic mechanisms of symbiotic incompatibility by NopP2 of B. vignae ORS3257

In addition to initiating nodulation via the Nod-factor pathway, ORS3257 secretes NopP2 through the Type III Secretion System (T3SS). NopP2 directly interacts

with enolase, GAPDH, SHMT, andMDHAR, leading to the enhanced expression of several plant defense genes, such as PR1, PR5,POX, and LAC, and increased

accumulation of H2O2 in roots. These combined reactions ultimately inhibit nodule formation by ORS3257.
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evidence, our results showed a decrease in MDHAR activity in

roots inoculated with ORS3257, whereas non-inoculated roots

and roots with UnopP2 maintained similar activity levels to NI

roots (Figure 9E). Interestingly, a study on rice demonstrated

that disrupting the OsMDHAR4 gene abolished the MDHAR ac-

tivity. However, this surprisingly enhanced stress tolerance is

achieved by altering the cellular redox state and ROS levels.35

Altogether, aside from initiating symbiotic nodulation through

Nod-factor processing, ORS3257 secreted the NopP2 effector

directly into plant cells during the early stage of infection. NopP2

interactedwith the three key enzymes essential for carbonmetab-

olisms: enolase, GAPDH, and SHMT. These interactions could

disrupt their functions, leading to the enhanced expression of

several plant defense genes (PR1, PR5, POX, and LAC) and the

accumulation of H2O2. Additionally, NopP2 interferes with the ac-

tivityofMDHAR,akeyenzyme involved in theantioxidantpathway.

Consequently, the high levels of H2O2, combined with reduced

antioxidant effectiveness and early cell wall lignification, may

contribute to symbiotic incompatibility in V. radiata (Figure 10).

Our findings regarding NopP2 incompatibility in mung bean, a

crucial Asian crop valued for its nutrition, economic benefits,

and nitrogen-fixing symbiosis with rhizobia. Therefore, the identi-

fication of NopP2 interacting proteins and the molecular mecha-

nisms of nodulation host restriction in this study could help over-
come the limitations of biofertilizers caused by NopP2. This

knowledge has the potential to significantly improve the efficiency

of legume-rhizobium symbiosis in agricultural practices, poten-

tially leading to increased crop yields and improved sustainability.
Limitations of the study
This study provides significant insights into the molecular mech-

anisms underlying the symbiotic incompatibility between

B. vignae ORS3257 and V. radiata mediated by the effector pro-

tein NopP2. However, the research was conducted using a sin-

gle cultivar of V. radiata (cv. KPS1). Different cultivarsmay exhibit

varying responses to NopP2, and the findingsmay not be univer-

sally applicable to all V. radiata cultivars. Expanding the research

to includemultiple cultivars and species would provide a broader

perspective on the symbiotic incompatibility mechanisms. Addi-

tionally, the validation of the molecular interactions between

NopP2 and its target enzymes through in vivo studies is required

to strengthen the evidence for the proposed mechanisms.
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Antibodies

Mouse anti-GST Abbkine, USA Cat# ABT2030; RRID:AB_141944

Goat anti-mouse conjugated HRP Abbkine, USA Cat# A21010; RRID:AB_11211441

Mouse anti-HIS Abbkine, USA Cat# ABT2050; RRID:AB_2801388

Goat anti-mouse conjugated with Alexa Fluor 488 Thermo ScientificTM,USA Cat# A-11001; RRID:AB_1500907

Mouse anti-GFP Abbkine, USA Cat# ABT2020; RRID:AB_10750326

Bacterial and virus strains

Agrobacterium rhizogenes strain K599 Lifeasible Cat# ACC-121

Agrobacterium tumefaciens strain AGL1 GOLDBIO Cat# CC-208-A

Escherichia coli DH5a Takara Cat# 9057

E. coli BL21 (DE3) Takara Cat# 9126

Chemicals, peptides, and recombinant proteins

Cefotaxime Sodium Salt Sigma-Aldrich, USA Cat#501786399

Kanamycin Thermo ScientificTM,USA Cat#BP906-5

Ampicillin Sigma-Aldrich, USA Cat#A9518

DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride) Thermo ScientificTM,USA Cat#PI62247

Driselase Sigma-Aldrich, USA Cat#D8037

NADH Sigma-Aldrich, USA Cat#481972

ascorbate Supelco, Merck, USA Cat#47863

ascorbate oxidase Sigma-Aldrich, USA Cat#A0157

DAB (3,3’-diaminobenzidine tetrachloride) Sigma-Aldrich, USA Cat#D5637

Genistein Sigma-Aldrich, USA Cat# G6776

Critical commercial assays

DC protein assay kits Bio-Rad, USA Cat#5000111

Amersham ECL Western Blotting Detection Reagent Cytiva, USA Cat# RPN3004

FavorPrep Plant Total RNA Purification Mini Kit Favorgen, Taiwan Cat#FAPRK 001-2

iScriptTM cDNA Synthesis Kit Bio-Rad, USA Cat#1708890

Luna� Universal qPCR Master Mix NEB, USA Cat#M3003E

Ni-NTA agarose beads Qiagen, Germany Cat#30210

Glutathione beads 4FF Bio Basic Asia Pacific, Singapore Cat#SA010025

5–20% gradient gel, e-PAGEL ATTO, Japan Cat#2331730

Coomassie Brilliant Blue R-250 staining solution Bio-Rad, USA Cat# #1610435

Deposited data

RNA-seq (also see in Table S2) NCBI BioProject ID: PRJNA1179513

Experimental models: Organisms/strains

Wild-type strain Bradyrhizobium vignae ORS3257 Songwattana et al.7 ORS3257

ORS3257 derivative mutant of main genes encoding

components of the T3SS apparatus deleted via double

crossing-over, Cefor

Songwattana et al.7 DT3SS

A genetically modified ORS3257 strain contains a

segment of plasmid pVO155-npt2-GFP-npt2-Cefo

inserted within its nopP2 gene, Cefor, Kmr

Songwattana et al.7 UnopP2

Wild-type strain Bradyrhizobium sp. SUTN9-2,

effective strain for mung bean nodulation

Piromyou et al.19 SUTN9-2

(Continued on next page)
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SUTN9-2 derivative complemented with the nopP2

from ORS3257 with carried on pMG103-npt2-Cefo,

Cefor

This paper 9-2+nopP2

Oligonucleotides

For all construction and qRT-PCR, see Table S6 IDT, Coralville, IA, USA N/A

Recombinant DNA

Replicative plasmid containing nopP2 gene with its

promoter and 63His tagged at C-terminal, used for

NopP2 complementation in strain SUTN9-2, Cefor

This study pm:nopP2-6xHis-pMG103-nptII-cefor

Recombinant plasmid for overproducing NopP2-His in

E. coli BL21 (DE3), Ampr

This study NopP2-6xHis-PET19b

Recombinant plasmid for overproducing NopP2-GST

in E. coli BL21 (DE3), Ampr

This study NopP2-GST-pGEX-4T

Recombinant plasmid for overproducing Enolase-His

in E. coli BL21 (DE3), Ampr

This study Enolase-6xHis-pET22b

Recombinant plasmid for overproducing GAPDH-His

in E. coli BL21 (DE3), Ampr

This study GAPDH-6xHis-pET22b

Recombinant plasmid for overproducing MDHAR-His

in E. coli BL21 (DE3), Ampr

This study MDHER-6xHis-pET22b

Recombinant plasmid for overproducing SHMT-His in

E. coli BL21 (DE3), Ampr

This study SHMT-6xHis-pET22b

Agrobacterium binary vector for root transformation,

hygromycin and kanamycin resistance (Kmr), contains

GFP-Tnos under the control of CaMV35S promoter

Abcam, Cat. #ab275760 pCAMBIA1302

DerivativeAgrobacterium binary vector pCAMBIA1302

for root transformation, modified by replacing the

CaMV35S:mCherry-Tnos fragment to GFP, Kmr

This study CaMV35S:mCherry:Tnos-pCAMBIA

Derivative pCAMBIA1302 binary vector for

overexpressing NopP2 fused with GFP under the

control of CaMV35S promoter, Kmr

This study 35S:NopP2-GFP

Derivative pCAMBIA1302 binary vector for

overexpressing Enolase fused with mCherry under the

control of CaMV35S promoter, Kmr

This study 35S:Enolase:mCherry

Derivative pCAMBIA1302 binary vector for

overexpressing GAPDH fused with mCherry under the

control of CaMV35S promoter, Kmr

This study 35S:GAPDH:mCherry

Derivative pCAMBIA1302 binary vector for

overexpressing SHMT fused with mCherry under the

control of CaMV35S promoter, Kmr

This study 35S:SHMT:mCherry

Derivative pCAMBIA1302 binary vector for

overexpressing MDHAR fused with mCherry under the

control of CaMV35S promoter, Kmr

This study 35S:MDHAR:mCherry

Software and algorithms

MS-Fit ProteinProspector software Sxekerci et al., 2024 http://prospector.ucsf.edu/

SCIEX TOF/TOFTM 5800 System SCIEX, USA https://sciex.com/products/mass-

spectrometers/tof-tof-systems

ProteinPilot Software SCIEX, USA https://sciex.com/products/software/

proteinpilot-software

SPSS Statistics for Windows (version 26) SPSS Inc., Chicago, IL https://www.ibm.com/support/pages/

spss-statistics-v26-now-available

Multalin program Corpet, 1988 http://multalin.toulouse.inra.fr/multalin/

cgi-bin/multalin.pl
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Bacterial strains and culture conditions
The bacterial strains used in this study are listed in Table S5. Bradyrhizobium vignaeORS3257 and Bradyrhizobium sp. SUTN9-2, the

derivative mutants of ORS3257, and the complementation of SUTN9-2 were grown in yeast mannitol (YM) medium36 at 30�C on a

rotary shaker at 180 rpm for 5 days. The culture media for the derivative mutant or complemented strains were supplemented

with 20 mg/mL cefotaxime (Cefo). Agrobacterium rhizogenes strain K599 was used to transform hairy V. radiata roots. Escherichia

coli strain DH5a was used for cloning, whereas strain BL21 (DE3) was used for protein expression. When required, A. rhizogenes

and E. coli were cultured in Luria-Bertani (LB)37 supplemented with the appropriate antibiotics at the following concentrations:

50 mg/mL kanamycin (Km), and 100 mg/mL ampicillin (Amp).

Complementation of nopP2 in Bradyrhizobium sp. SUTN9-2
To determine the effect of NopP2 derived from ORS3257 on nodulation efficiency in the symbiotic effective strain SUTN9-2. The full

length of the nopP2 gene with its 500-pb upstream promoter (pm) and 63His tagging at the C-terminal region (pm:nopP2-63His;

1,365 bp in total length) were amplified from the ORS3257 genome using specific primers (Table S6). The fragment was directly

cloned into pMG103-nptII-cefor at the EcoRI/xbaI site (namely pm:nopP2-63His-pMG103-nptII-cefor). The constructed plasmid

was transformed into SUTN9-2 by electroporation using the BTX GeminiX2 system (Havard Bioscience, Inc.), following the protocol

described by Sarapat et al.38 The transformant was selected in YMmedium supplemented with 20 mg/mL cefotaxime and annotated

as 9-2+nopP2.

Overexpression of NopP2 in mung bean roots
The NopP2-overexpressing roots were performed with V. radiata cv. KPS1. Three-day-olds of germinated seeds were injected with

A. rhizogenes K599 harboring binary plasmid pCAMBIA1302 and 35S:NopP2-green fluorescent protein (GFP) via needle punching.

When the transgenic hairy roots were formed, the plants with transgenic hairy roots were transplanted into new Leonard’s jars con-

taining sterilized vermiculite. After 5 days of planting, roots were inoculated with ORS3257 and UnopP2 cultures and grown under

controlled environmental conditions (28 ± 2�C with a 16 h:8 h of light: dark cycle, light intensities of 300 mE/m2S, and 70% humidity).

The transgenic roots were confirmed by PCR verification using specific primers on the CaMV35S promotor and Nos-terminator

region.

METHOD DETAILS

Plant nodulation and symbiosis analyses
Themung bean (V. radiata) cultivars used in this study are listed in Table S1. The seeds were surface sterilized with 70% (v/v) ethanol

for 3min and then soaked in 3% (v/v) sodium hypochlorite solution for an additional 5min. The seedswere thenwashedwith sterilized

water five times and germinated on 0.8% water agar plates at 30�C overnight. The germinated seeds were transplanted into Leo-

nard’s jars containing sterilized vermiculite39 and watered with minimal buffered nodulation medium (BNM) medium.40 Plantlets

were grown in a controlled environment at 28�C with a 16-h light/8-h dark cycle at 300 mmol/m2/s light intensity and 70% humidity.

Five days after planting, seedlings were inoculated with 1 mL of a 5-day-olds culture adjusted to an OD600 of 1 (approximately 109

cells/mL) after cells were washedwith sterilized water. Plant phenotypes after 21 days after inoculation (dpi) and nodule number were

observed. The dry weights of plants were determined after drying at 65�C for 3 days. The nitrogenase activities were measured using

an acetylene reduction assay (ARA) by using Gas chromatography (GC).41 The experiment was conducted in duplicate using five

plants per condition.

Extraction and analysis of secreted proteins
Protein secretion from strain ORS3257 and its derivative mutants (DT3SS andUnopP2) were extracted following the description from

Kusakabe et al.42 Briefly, the bacterial strains were cultured in an Arabinose-gluconate (AG) medium at 28�C to obtain cells at OD600

to 0.5. The cultures were induced with 10 mM genistein (Sigma-Aldrich) (+Gen) and continued for 48 h. The cells were harvested and

extracted using Tris-saturated phenol and DTT. The secreted proteins of strain ORS3257 were analyzed by comparison with those in

culture without induction (-Gen), whereas all mutant strains were induced with genistein. Five micrograms of secreted proteins from

all strains were observed using SDS-PAGE (5–20% gradient gel, e-PAGEL, ATTO) and stained with Coomassie Brilliant Blue R-250

staining solution (Bio-Rad).

Relative nopP2 copy number in B. vignae ORS3257 and complemented SUTN9-2 strains
B. vignae ORS3257 and complemented SUTN9-2 (9-2+nopP2) were cultured in AG medium at 28�C until the optical density (OD600)

reached 0.5. The cultures were then induced with 10 mM genistein (Sigma-Aldrich) (+Gen) and incubated for an additional 48 hours.

Following this, the cells were harvested, and total RNA was extracted using the FavorPrepTM Tissue Total RNA Kit (Favorgen,

Taiwan). A total of 500 ng of RNAwas utilized for cDNA synthesis with the iScriptTM cDNA Synthesis Kit (Bio-Rad), following the man-

ufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was conducted using Luna�Universal qPCRMasterMix (NEB, USA),
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with 5 ng of cDNA per reaction and specific primers for nopP2 as detailed in Table S6. Dilutions of plasmidic DNA containing cloned

nopP2 gene sequence was used to generate standard curves in quantities ranging from 1 3 102 to 1 3 107. Expression data were

analyzed from three biological replicates across two independent experiments.

Identification of NopP2 interacting target proteins
The interacting partners or target proteins of NopP2 were identified using an in vitro pull-down assay. This assay used purified

NopP2-His as bait and total root proteins from V. radiata cv. KPS1 as a prey.

Purified NopP2 tagged with 63His were overproduced in E. coli BL21 (DE3) carrying NopP2-63His-pET-19b. For the construction

of NopP2-63His-pET-19b, the full length of NopP2 (SPP98457.1) with the 63His tagging at the C-terminus was amplified from the

ORS3257 genome using specific primers listed in Table S6. The fragment was inserted into the pET-19b vector atNcoI/XbaI sites. For

NopP2 expression and purification, E. coli BL21 (DE3) harboring NopP2-63His-pET-19b was grown in LB supplemented with

100 mg/mL ampicillin on shaker (250 rpm) at 37�C for 18 h. The expression was induced by adding 1 mM IPTG at 30�C for 3 h.

The purification was performed by Ni-NTA agarose beads (Qiagen), which were then exchanged with Tris-NaCl buffer using an Ami-

con Ultra centrifugal filter (Merck Millipore) before performing an in vitro pull-down assay. Finally, purified NopP2-63His protein was

observed in 12% SDS-PAGE and its concentration was measured using DC protein assay kits (Bio-Rad, USA) before use.

For the total plant proteins used in this experiment, we included proteins from Vigna radiata cv. KPS1 roots, both with and without

bacterial infection, to ensure that we did not exclude any targets from either inducible or non-inducible proteins. Roots from5-day-old

plants inoculated with 1 mL of ORS3257 culture (OD600 = 1) were collected at 1 and 2 days post-inoculation (dpi) for protein extrac-

tion. The combined proteins extracted from these time points were designated as Root (+3257). In contrast, roots from non-inocu-

lated plants were collected on the same days for protein extraction, and the proteins from these non-inoculated roots were desig-

nated as Root (NI). Total proteins from each condition were isolated from five replicate plants.

For protein extraction, three grams of fresh roots were ground in liquid nitrogen and suspended in an extraction buffer: 50mMTris-

HCl (pH 8.0), 3 mMPMSF, 1% (v/v) 2-mercaptoethanol, 0.2% (v/v) Triton X-100, 10% (v/v) sucrose, and 10mM ascorbic acid at a 1:5

tissue/buffer ratio. After centrifugation at 10,0003g for 30min at 4�C, the supernatant without plant debris was transferred into a new

tube and mixed with 30 mM DTT and one volume of Tris-HCl saturated phenol (pH 7.4). Then, the phenol phase was collected after

centrifugation at 10,0003g for 30 min at 4�C andmixed with 400 mL 1MDTT, 600 mL 4M ammonium acetate, and 20mL of methanol

to precipitate proteins at 20�C overnight. The precipitated protein was collected by centrifugation (10,0003g at 4�C for 1 h), and the

pellet was washed with 70% (v/v) ethanol (cold). The pellet was well-dried and suspended with Tris-NaCl buffer. Finally, total root

protein was observed in 12% SDS-PAGE, and its concentration was measured using the Bradford protein assay before use.

For the in vitro pull-down assay, 100 ml Ni-NTA agarose beads were used to purify NopP2-63His (10 mg). After washing, total pro-

teins from Root (NI) or Root (+3257) (400 mg in total) were loaded into columns and incubated at 4�C overnight. The column was

washed with 500 mL washed buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 20 mM imidazole) 10 times. The trapped proteins in

the column were eluted using elution buffer (20 mMTris-HCl (pH 7.4), 150mMNaCl, 500mM imidazole). The pull-down assay control

was performed using a single incubation of total root proteins and NopP2-63His. The eluted proteins from all treatments were

observed using 12% SDS-PAGE after staining.

MALDI-TOF MS/MS analysis
The selected bandswere excised from the gel and subsequently subjected to trypsin digestion, whichwas performed using aMALDI-

TOF MS/MS spectrometer (AB SCIEX 5800, SCIEX) and the MS-Fit ProteinProspector software (http://prospector.ucsf.edu/). MS/

MS analysis was also performed using AB SCIEX 5800 and ProteinPilot Software (SCIEX). The protein database of V. radiata var.

radiata (mung bean) was extracted from NCBI (Ref Seq assembly accession: GCF_000741045.1).

Confirmation of protein-protein interaction
In vitro pull-down assay

Protein-protein interaction between NopP2 and 4 interacting partners was confirmed using an in vitro pull-down assay. This assay

used purified NopP2-GST as the bait, whereas purified enolase (XP_014496230.1), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH; XP_014494377.1), monodehydroascorbate reductase (MDHAR; XP_014514196.1), serine hydroxymethyltransferase

(SHMT; XP_014521732.1) and aspartate aminotransferase (AST; XP_014499632.1) tagged with 63His were used as prey.

The purified NopP2-GST was overexpressed in E. coli BL21 (DE3) carrying NopP2-GST-pGEX-4T3. Construction was conducted

as described in Table S6. NopP2-GST overexpression was performed at 25�C for 4 h with 1 mM IPTG induction. The soluble proteins

were purified using glutathione beads 4FF (Bio Basic Asia Pacific, Singapore).

To produce purified four interacting proteins, all the recombinant plasmids of enolase, GAPDH, MDHAR, SHMT and AST with the

tagging with 63His were constructed into a pET-22b vector at the appropriate sites after amplifying the target fragments from the

cDNA of V. radiata cv. KPS1 (described in Table S6). The overexpression of all proteins was performed under the same conditions

as in NopP2-GST. The purification was performed using a Ni-NTA purification system, as previously mentioned. The purified NopP2-

GST and all purified interacting proteins were observed using 12% SDS-PAGE and the target using Western blot analysis.

For the in vitro pull-down assay, 10 mg purified NopP2-GST was bound with glutathione beads before loading the purified proteins

(30 mg of enolase-His, GAPDH-His, MDHAR-His, SHMT-His or AST-His). After the washing step, the total proteins in the columnwere
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eluted with GST elution buffer (50 mM Tris-HCl, 50 mM glutathione (GSH), pH 8.0). A single incubation of each protein served as the

control. The eluted proteins from all treatments were observed using 12% SDS-PAGE and detected using Western blot analysis.

ELISA assay

According to Eble43 with some modifications, the Immuno 96 microWellTM plate (Nunc, Denmark) was immobilized with 10 mg of re-

combinant His-tagged proteins at 4�C overnight and stabilized each well with 100 ml stabilizer (5% sucrose, 0.3% BSA, and 50 mM

NaHCO3) for 45min. The plate was washed twice with PBS and blocked with PBS containing bovine serum albumin (0.5%BSA in 13

PBS) for 1 h at room temperature. The wells were washed twice with PBS after the removal of the blocking reagent. Then, 5 mM of

purified NopP2-GST and GST (control protein) were added to each well. After incubation for 1 h, remove unbound proteins and wash

each well with four times PBST and two times PBS. After that, the protein with 100 mL of 4% paraformaldehyde was incubated at

room temperature for 45 min. The fixing solution was inactivated by adding an equal volume (100 mL) of 20 mM Tris (pH 7.4) and

150 mMNaCl three times. Recombinant proteins conjugated with GST were detected using mouse anti-GST (1:5000) as the primary

antibody, followed by Goat Anti-mouse Mouse (1:5000) as the secondary antibody. The color of the reaction was determined using

ABTS reagent (Wako, Japan). The reaction was quantified bymeasuring the absorbance at 405 nm. The absorbance versus the con-

centration of the interacting protein was used to generate a binding curve. The apparent dissociation constant (Kd) was determined

by nonlinear regression analysis.

Western blot analysis

For Western blot analysis, the recombinant proteins were blotted onto nitrocellulose membranes (Bio-Rad, USA) from the SDS poly-

acrylamide gel using a membrane transfer machine. The membrane was blocked with PBS containing skim milk (5%MPBS) for 1 h,

followed by washing with PBS twice. Then, mouse anti-GST (Abbkine, USA) or/and mouse anti-HIS (Abbkine, USA) were used to

detect the GST/HIS tag. The membrane was incubated with primary antibody at a dilution of 1:5000 in PBS for 1 h, followed by three

wash steps with PBST and two times PBS. Subsequently, goat anti-mouse conjugated HRP (Abbkine, USA) diluted 1:5000 in PBS

was added, and the membrane was incubated for 1 h before development. The Amersham ECLWestern Blotting Detection Reagent

(Cytiva, USA) was applied to the membrane according to the manufacturer’s protocol for chemiluminescent signal detection.

Subcellular localization in planta

NopP2 and all interacting proteins (enolase, GAPDH, MDHAR and SHMT) were overexpressed in mung bean root using the Agro-

bacterium transformation method. NopP2 was fused with GFP in the pCAMBAI1302 vector, while interacting proteins, including

enolase, GAPDH, MDHAR, and SHMT, were fused with mCherry in the modified pCAMBIA1302 vector. All of the recombinant pro-

teins were controlled under the CaMV35S promotor. The construction of all recombinant plasmids was performed by PCR amplifi-

cation using specific primers, as described in Table S6. All recombinant plasmids were transferred into A. rhizogenes strain K599 via

electroporation (20 kV, 50 mF capacitance, 200 Ohm resistance, and 0.2-cm cuvette). The transferred strains were selected from LB

containing kanamycin (50 mg/mL).

To generate transgenic roots, V. radiata cv. KPS1 was germinated in sterilized vermiculite for 3 days. Two-day-old colonies of

A. rhizogenes strain K599 harboring each of recombinant plasmid (NopP2-GFP, enolase-mCherry, GAPDH-mCherry, MDHAR-

mCherry and SHMT-mCherry) was directly used to inject into the stem under the hypocotyl of healthy and uniform plants via needle

punching. To determine the co-localization between NopP2 and each interacting protein, mixed cultures of Agrobacterium strains

(NopP2:enolase, NopP2:GAPDH, NopP2:MDHAR and NopP2:SHMT) were injected into plants by needle punching as previously

described. Plants were grown under controlled environmental conditions, as mentioned above. The transgenic roots at the injection

site were selected under a fluorescent stereomicroscope before performing 40 mm thick sections using a VT1000S vibratome (Leica

Nanterre, France). To enhance the GFP signal from NopP2-GFP in root tissue, sectioned roots were immunolocalized using an anti-

body for GFP detection. Briefly, tissues were fixed in 4% formaldehyde in MTSB buffer (50 mM PIPES, 5 mM EGTA, 5 mM

MgSO4$7H2O, pH 7.0) supplemented with 0.1 % Triton X-100 at room temperature for 1 h. The tissues were washed with MTSB

buffer four times before cell wall digestion with digestion solution (2% (v/v) Driselase in MTSB buffer) at room temperature for 1 h.

After washing (4 times), it was blocked with 3% BSA (in MTSB buffer) for 2 h at room temperature. Mouse anti-GFP (Abbkine,

USA) (1:2000 diluted in 3% BSA) was used to detect NopP2-GFP. After overnight incubation at 4�C, tissues were washed six times

and then incubated with a secondary antibody (goat anti-mouse conjugated with Alexa Fluor 488, Thermo ScientificTM, USA) at 37�C
for 2h. After washing, tissues were stained with 2 mg 40,6-diamidino-2-phenylindole (DAPI, Thermo ScientificTM, USA) for 15 min to

visualize nuclei. The tissues were observed using an Olympus Fluoview FV1000 confocal laser scanning microscope.

To confirm the subcellular localization of NopP2 and its four interacting proteins, Agroinfiltration was performed on Nicotiana ben-

thamiana leaves. All recombinant plasmids were introduced into A. tumefaciens strain AGL1 via electroporation. The cell pellets from

two-day-old cultures were collected by centrifugation (6,000 rpm, 5 min) and resuspended in MMA (10 mMMgCl2, 10 mMMES [pH

5.6], 150 mM acetosyringone) to a final optical density at 600 nm (OD600) of 0.04. Using the syringe, 100 mL of cell suspension was

infiltrated per spot on the underside of a fully expanded leaf. Infected plants were maintained on shelves under controlled environ-

mental conditions at 22�C with a 16 h/8 h. light/dark photoperiod. For co-localization studies between NopP2 and each interacting

protein, themixed cultures (1:1) of Agrobacterium strains (NopP2:enolase, NopP2:GAPDH, NopP2:MDHAR and NopP2:SHMT) were

infiltrated as described above. To visualize nuclei, the epidermis was stained with DAPI (2 mg/mL) for 15 min and the stained leaves

were washed twice. Subcellular localization and co-localization were observed using Nikon AX/AXR confocal microscope (Nikon In-

struments Inc.) at 4 days after infiltration.
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Transcriptome analysis and qRT-PCR
Transcriptome analysis of V. radiata cv. KPS1 roots in response to nodulation by B. vignaeORS3257 was conducted using total root

RNA collected at 2 and 3 days post-inoculation (dpi). Briefly, sterilized seeds were germinated overnight before being transplanted

into sterilized vermiculite in Leonard’s jars, as previously described. Five-day-old plants were then inoculated with ORS3257 and

UnopP2 strains at an OD600 of 1 (approximately 109 cells/mL). At harvest (2 and 3 dpi), roots were collected for total RNA extraction

using the FavorPrep Plant Total RNA Purification Mini Kit (Favorgen) following the manufacturer’s instructions. RNA quality was as-

sessed using an Agilent 2100/2200 Bioanalyzer (Agilent Technologies), NanoDrop (Thermo Scientific), and 1% agarose gel electro-

phoresis. Next-generation sequencing (NGS) library preparation was then performed. Transcriptome analysis included non-inocu-

lated controls, ORS3257-inoculated roots, and UnopP2-inoculated roots, combining RNA samples from 2 and 3 dpi after each

treatment. Each library was sequenced using an Illumina HiSeq platform (paired-end 150 bp reads) by Azenta Life Sciences.

For relative gene expression analysis using qRT-PCR, total RNA was isolated from KPS1 roots inoculated with ORS3257 and

UnopP2 strains at 1, 2, 3, and 5 days post-inoculation (dpi), following the previously described STAR Methods. Additionally, total

RNA from non-inoculated roots at the same time points was also analyzed. Onemicrogram of total RNAwas used for cDNA synthesis

with the iScriptTM cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR)

was performed using Luna�Universal qPCRMaster Mix (NEB, USA) with 5 ng of cDNA per reaction and the specific primers listed in

Table S6. Relative gene expression was determined using the comparative Ct (2–DDCT) method, with Actin as the reference gene

(Table S6).44 Expression data were analyzed in triplicate biological experiments in two independent experiments.

MDHAR activity and hydrogen peroxide (H2O2) accumulation in roots
MDHAR activity was measured in non-inoculated controls, ORS3257-inoculated roots, and UnopP2-inoculated roots at 5 dpi using

spectrophotometry by monitoring the decrease in absorbance at 340 nm due to NADH oxidation. A hundredmilligrams of roots were

homogenized in liquid nitrogen, and added 1 ml of extraction buffer (50 mM potassium phosphate buffer, pH 7.0, 10% PVP, 0.25%

Triton X-100, 1mM PMSF and 1mM ascorbate). The reaction mixture contained 50 mM HEPES buffer (pH 7.6), 0.25 mM NADH,

2.5 mM ascorbate, 0.5 units of ascorbate oxidase, and 10 mL of the extracted samples. The reaction was initiated by adding the

enzyme extract to the mixture, and the rate of NADH oxidation was recorded after 20 min at 25�C. One unit of MDHAR activity

was defined as the amount of enzyme that oxidizes 1 nmol of NADH per minute. The activity was calculated using an extinction co-

efficient of 6.22 mM-1 cm-1 for NADH and demonstrated in nmol min-1 mg-1 protein.

The accumulation of H2O2 in roots was detected by staining with DAB (3,3’-diaminobenzidine tetrachloride) following the protocol

described by Libik-Konieczny et al.45

Phylogenetic tree construction and protein alignment
The phylogenetic trees of NopP proteins from various rhizobial strains were constructed using the Neighbor-Joining method in the

Molecular Evolutionary Genetics Analysis (MEGA11) software. Bootstrap values, derived frommaximum-likelihood analysis, are indi-

cated at the nodes and branches of the trees. Amino acid alignment was performed using the Multalin program (http://multalin.

toulouse.inra.fr/multalin/cgi-bin/multalin.pl).46

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification for RNA-seq
The reference genome was V. radiata var. radiata (mung bean) (NCBI ID: GCF_000741045.1). Differentially expressed genes (DEGs)

were identified using a p-value threshold of 0.05 and a fold-change cutoff of log2FC > 1. GeneOntology (GO) enrichment analysis was

then performed to categorize up-regulated (p-value < 0.05, log2FC > 1) and downregulated (p-value < 0.05, log2FC < -1) genes,

comparing their functions with those observed ORS3257-inoculated roots, and UnopP2-inoculated roots.

Statistical analysis
Mean values and standard division (SD) were analyzed using SPSS software (SPSS version 26.0 Windows; SPSS Inc., Chicago, IL).

Mean comparisons were conducted using two-way analysis of variance (ANOVA) and multiple comparisons, with significance levels

set at p-value < 0.05 (*), p-value < 0.001 (**) and p-value < 0.0001 (***), while p-value > 0.05 indicated as not significantly different (NS).
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