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Goodluck Benjamin 1*†, Marie Pacoud 1, Stéphanie Boutet 2†, Gilles Clement 2†, Renaud Brouquisse 1†, Jean-Luc Gatti 1†, Marylène Poirié 1† and Pierre Frendo 1*†


1Université Côte d’Azur, Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement (INRAE), Centre National de la Recherche Scientifique (CNRS), Institut Sophia Agrobiotech, Sophia Antipolis, France, 2Université Paris-Saclay, INRAE, AgroParisTech, Institut Jean-Pierre Bourgin for Plant Sciences (IJPB), Versailles, France



Edited by: 
Franziska Krajinski, Leipzig University, Germany

Reviewed by: 
Anis M. Limami, Université d’Angers, France
Michael J. Stout, Louisiana State University, United States

*Correspondence: 
Goodluck Benjamin
 benjamingoodluckc@gmail.com
 Pierre Frendo
 pierre.frendo@univ-cotedazur.fr

†ORCID: 
Goodluck Benjamin
 orcid.org/0000-0003-4849-804X
 Stéphanie Boutet
 orcid.org/0009-0002-5482-8308
 Gilles Clement
 orcid.org/0000-0001-9899-2738
 Renaud Brouquisse
 orcid.org/0000-0002-7818-9662
 Jean-Luc Gatti
 orcid.org/0000-0001-7683-718X
 Marylène Poirié
 orcid.org/0000-0002-3349-6925
 Pierre Frendo
 orcid.org/0000-0002-4578-3366


Received: 21 July 2025

Revised: 28 October 2025

Accepted: 03 November 2025


Published: 20 November 2025

Citation:
Benjamin G, Pacoud M, Boutet S, Clement G, Brouquisse R, Gatti J-L, Poirié M and Frendo P (2025) Nitrogen-fixing symbiosis induces differential accumulation of Medicago truncatula leaf defence metabolites in response to pea aphid infestation. Front. Plant Sci. 16:1670344. doi: 10.3389/fpls.2025.1670344



Legume symbiosis with rhizobial nitrogen-fixing bacteria enables legumes to grow in nitrate-depleted soils. Rhizobial symbioses also induce systemic plant defence against bioaggressors. We investigated how nitrogen-fixing symbiosis (NFS) in the legume Medicago truncatula can prime plant defence against the pea aphid Acyrthosiphon pisum. We analysed metabolite modification using both gas chromatography/mass spectrometry (GC-MS) and liquid chromatography/mass spectrometry (LC-MS) and defence pathway gene expression using qPCR in the leaves of both NFS and nitrate-fed [non-inoculated (NI)] plants after aphid infestation (Amp). The accumulation of primary and secondary metabolites was modulated by both NFS and aphid infestation. Sixty-two defence-related metabolites, such as salicylate, pipecolate, gentisic acid, and several soluble sugars, were differentially regulated by aphid infestation under both NFS and NI conditions. Nineteen metabolites, including triterpenoid saponins, accumulated specifically under NFS_Amp conditions. Gene expression analysis showed that aphid-infested plants exhibited significantly higher expression of chalcone isomerase, flavonol synthase, hydroxyisoflavone-O-methyl transferase, and pterocarpan synthase, while D-pinitol dehydrogenase was only significantly induced in NI-infested leaves. Our data suggest that NFS, in addition to being a plant nitrogen provider, stimulates specific legume defences upon pest attack and should also be considered a potential tool in Integrated Pest Management strategies.
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Introduction

Plants are under constant threat from pathogens and insect pests such as sap-feeding aphids. Aphids are deleterious agronomic pests, not only because they feed on phloem sap and therefore weaken the plant, but also because they are vectors for various plant viruses (Ng and Perry, 2004). More than 5,000 species of aphids are known today, a diversity that is partly due to sympatric speciation initiated by individuals adapting to new host plants (Diehl and Bush, 1984; Drès and Mallet, 2002). During feeding, the aphid stylet injures plant cells, injects saliva, and sucks up tiny amounts of the cell content to determine plant suitability (Martin et al., 1997; Lu et al., 2016). Previous studies have revealed that the secreted proteins present in saliva trigger plant responses (Pitino and Hogenhout, 2013; Rodriguez and Bos, 2013). These salivary proteins act as herbivore-associated molecular patterns (HAMPs) that bind to host plant pattern recognition receptors (PRRs) and trigger an immune response associated with the production of reactive oxygen species (ROS) and defence hormone salicylic acid (SA) and jasmonic acid (JA) pathways (Kaloshian and Walling, 2016; Wu and Baldwin, 2010; Herrera-Vásquez et al., 2015). The increase in SA and JA regulates the accumulation of various primary and secondary metabolites that play a role in plant defence (Isah, 2019) as feeding deterrents or toxins that decrease food intake or food use efficiency, decrease the survival and reproduction of the pest, or indirectly act as attractants for its natural enemies (War et al., 2012). The secondary metabolites involved in this process include terpenoids, phenolics, cyanogenic glycosides, glucosinolates, and alkaloids (Maag et al., 2015; Züst and Agrawal, 2016). For example, high levels of saponins and phenolic compounds increase aphid mortality and result in reduced pest populations. Flavonoid glycosides also reduce aphid fecundity, while nitrogen-containing compounds cause host plant rejection (Züst and Agrawal, 2016; Kordan et al., 2012).

One property of legume plants is their ability to associate with rhizobia to perform nitrogen-fixing symbiosis (NFS), i.e., the conversion of atmospheric N2 into plant-assimilable ammonium. The microbial partner supplies assimilable nitrogen to the plant in exchange for carbon resources and a protective environment in the root nodules (Lee and Hirsch, 2006). NFS has also been reported to potentially provide defence priming to plants against bioaggressors (Benjamin et al., 2022). For example, in pea (Pisum sativum), rhizobium inoculation decreased Didymella pinodes disease severity and significantly reduced seed infection level (Desalegn et al., 2016; Ranjbar Sistani et al., 2017). NFS has also been reported to modulate resistance to biotrophic pathogens in both Medicago truncatula and pea by reducing the penetration and sporulation of the powdery mildew fungus Erysiphe pisi (Smigielski et al., 2019). In contrast, studies have shown in soybean that inoculation with rhizobium significantly impacted aphid populations, with pest densities negatively related to the number of root nodules per plant (Brunner et al., 2015). In another case, inoculation with rhizobium increased the reproductive rate of aphids (Dabré et al., 2022), suggesting an effect dependent upon the experimental conditions.

We previously demonstrated that NFS also influences the M. truncatula–pea aphid interaction and general plant defence response (Pandharikar et al., 2020). Indeed, a detrimental effect of rhizobia-inoculated plants on aphid development was observed, with lower adult weights compared to aphids from nitrate-fed plants. Pathogenesis Related 1 (PR1) gene expression was upregulated in aphid-infested shoots, indicating the activation of SA-dependent defence. Moreover, a significantly higher expression of the Proteinase Inhibitor (PI) gene, a marker for the JA transduction pathway, was observed in NFS plants compared to nitrate-fed plants (Pandharikar et al., 2020).

Due to the observations from our preliminary studies, we analysed the impact of nitrogen sources (KNO3 vs. NFS) on the metabolism of M. truncatula plants infested with pea aphids. To this end, we analysed the leaf metabolite profiles of NFS plants with and without aphid infestation and compared them to those of KNO3-fed plants [non-inoculated (NI)], and to obtain a maximum coverage of the leaf metabolites, we conducted untargeted metabolomics using both gas chromatography/mass spectrometry (GC-MS) and liquid chromatography/mass spectrometry (LC-MS). Our results showed that both primary and secondary metabolism are significantly modulated by nitrogen source and aphid infestation. The gene expression analysis of enzymes involved in the secondary metabolite synthesis pathways showed that the regulation of secondary metabolism is partially mediated by the modulation of gene expression. We identified specific metabolites that are differentially regulated in NFS plants compared to NI plants under aphid infestation.


Materials and methods


Biological materials and experimental design

The pea aphid Acyrthosiphon pisum clone, YR2-amp, hereinafter referred to as Amp, is derived from a clover biotype line collected in England that was freed from the secondary symbiont Regiella insecticola by ampicillin treatment (Simon et al., 2011). This aphid line is stable (more than 15 years old) and was maintained on fava bean, 20 °C, 16:8-h light/dark cycle. To synchronise aphids, 20–40 apterous female adults were placed in a Petri dish containing a fava bean leaf and allowed to reproduce for 24 h. Then, 10 nymphs (L1) were collected and used for infestation.

For each biological replicate, four groups of five pots, each containing six M. truncatula A17 plants, were grown as previously described (Pandharikar et al., 2020) (Supplementary Figure S1). After 12 days, two groups were inoculated with the nitrogen-fixing bacteria Sinorhizobium meliloti 2011 (NFS condition), and two were supplemented once with 10 mL of 5 mM KNO3 solution (NI condition). Seven days after (the time to NFS plants to develop nodules), under both NFS and NI conditions, one group of NI plants and one group of NFS plants were infested with aphids (10 L1/pot). The aphid nymphs were then allowed to develop into adults for 12 days. All pots were individually isolated in a ventilated plastic box and maintained at 20°C under a 16:8-h light/dark photoperiod. For each condition, control pots (one group per condition) were treated and maintained under the same conditions except that no aphids were introduced into the plastic box. At the end of the 12 days, harvested leaves were used immediately or frozen in liquid nitrogen and stored at −80°C.

Rhizobium inoculation was conducted using a streptomycin-resistant strain of S. meliloti 2011. It was cultured on Luria–Bertani medium supplemented with 2.5 mM CaCl2 and MgSO4 (LBMC) and streptomycin at 200 μg mL−1 for 3 days at 30°C, then transferred and grown in LBMC liquid medium for 24 h, pelleted at 5,000 g, washed twice with sterile distilled water, and resuspended in sterile distilled water to a final optical density of 0.05 (OD600). Each NFS plant was inoculated with 10 mL of this S. meliloti suspension.

A total of four independent biological replicates (i.e., four times) of four groups (NFS_Control, NFS_Amp, NI_Control, and NI_Amp), with five pots per group containing six plants per pot, produced as described above, were used for metabolomic analysis carried out in this study.


Analysis of metabolites using gas chromatography/mass spectrometry

Leaves were ground in liquid nitrogen to obtain a fine powder, and 50 mg was resuspended in 1 mL of cold (−20°C) water:acetonitrile:isopropanol (2:3:3 in volume) containing 4 μg mL−1 ribitol as internal standard. After extraction under shaking (10 min, 4°C), insoluble material was removed by centrifugation at 20,000 g for 5 min, and 50 μL was collected and dried overnight (SpeedVac™) and used immediately or stored at −80°C. Three blank tubes underwent the same treatments to estimate possible contamination. A quality control was made by pooling an equal volume of each condition.

Samples were warmed 15 min before opening and dried again for 1.5 h at 35°C before the addition of 10 μL of 20 mg mL−1 methoxyamine in pyridine, and the reaction was performed for 90 min at 28°C under continuous shaking; 90 μL of N-methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) was then added, and the reaction continued for 30 min at 37°C. After cooling, 45 μL was taken for injection; 1 μL of derivatised sample was injected in splitless and split (1:30) modes on a gas chromatograph (Agilent 7890A; Santa Clara, CA, USA) coupled to a mass spectrometer (Agilent 5977B) with a heated separation column (Rxi-5SilMS; Restek, Lisses, France) (temperature ramp: 70°C for 7 min and then 10 °C min−1 to 330°C for 5 min; run length 38 min). Helium flow was constant at 0.7 mL min−1. Five scans per second were acquired, spanning a range of 50 to 600 Da. The instrument was tuned with Perfluorotributylamine (PFTBA) with m/z 69 and m/z 219 of equal intensities. Samples were randomised. Three independent quality controls were injected at the beginning, in the middle, and at the end of the analysis for monitoring the derivatisation stability. An alkane mix (C10, C12, C15, C19, C22, C28, C32, and C36) was injected during the run for external calibration. Three independent derivatisations of the quality control were injected at the beginning, in the middle, and at the end of the series. A response coefficient was determined for 4 ng each of a set of 103 metabolites to the same amount of ribitol. This compound was used to give an estimation of the absolute concentration of the metabolite in what we may call a “one-point calibration” (Fiehn, 2006; 2008).


Analysis of metabolites using liquid chromatography/mass spectrometry

Metabolites were extracted from 6 mg of fresh weight ground sample using a protocol adapted from the literature (Kim et al., 2008). Briefly, 1.6 mL of a mix of methanol/H2O/acetone/TFA (40/32/28/0.05, v:v:v:v) and 300 ng of apigenin (used as internal standard) were added to each sample, which was then stirred at 4°C for 30 min. After centrifugation (10 min, 20,000 g, 4°C), the supernatant was collected, and the pellet was extracted again by stirring with 1.6 mL of the previous solvent mix for 30 min. After centrifugation, the two supernatants were pooled, dried, and resuspended in 200 μL of water (Ultra-Liquid Chromatography (ULC)/MS grade)/acetonitrile (90/10) (Biosolve Chimie, Dieuze, France) and filtered (filter paper grade GF/A Whatman®).

Metabolomic data were acquired using a Ultra-High-Performance Liquid Chromatography (UHPLC) system (Ultimate 3000, Thermo Scientific, Waltham, MA, USA) coupled to a quadrupole time-of-flight mass spectrometer (Q-Tof Impact II Bruker Daltonics, Bremen, Germany). A Nucleoshell RP18 plus reversed-phase column (2 × 100 mm, 2.7 μm; Macherey-Nagel, Hoerdt, France) was used for chromatographic separation. The mobile phases used for the chromatographic separation were (A) 0.1% formic acid in H2O and (B) 0.1% formic acid in acetonitrile. The flow rate was 400 μL min−1, and the following gradient was used: 95% of A for 1 min, followed by a linear gradient from 95% A to 80% A from 1 to 3 min, then a linear gradient from 80% A to 75% A from 3 to 8 min, and a linear gradient from 75% A to 40% A from 8 to 20 min; 0% of A was held until 24 min, followed by a linear gradient from 0% A to 95% A from 24 to 27 min. Finally, the column was washed with 30% A for 3.5 min and then re-equilibrated for 3.5 min (35-min total run time). Data-dependent acquisition (DDA) methods were used for mass spectrometry data in positive and negative Electrospray ionization (ESI) modes using the following parameters: capillary voltage, 4.5 kV; nebulizer gas flow, 2.1 bar; dry gas flow, 6 L min−1; and drying gas in a heated electrospray source temperature, 140°C. Samples were analysed at 8 Hz with a mass range of 100 to 1,500 m/z. Stepping acquisition parameters were created to improve the fragmentation profile with a collision radiofrequency (RF) from 200 to 700 Vpp, a transfer time from 20 to 70 µs, and collision energy from 20 to 40 eV. Each cycle included an MS full scan and 5 MS/MS Collision-Induced Dissociation (CID) on the five main ions of the previous MS spectrum.


Analysis of soluble sugars and starch by enzymatic assays

Soluble sugars (sucrose, glucose, and fructose) were extracted from 150 mg of frozen tissue powder (both roots and leaves separately) with an ethanol and water solution (800 μL at 80% of ethanol) by incubation in a water bath at 80°C for 15 min, with shaking every 5 min. The sample was centrifuged (5 min, 5,000 rpm), and the supernatant was collected. The extraction was repeated using the same conditions with 800 μL of a 50% ethanol solution, 800 μL of 100% water, and then 800 μL 80% ethanol solution. All supernatants were mixed and then evaporated. The dried sample was resuspended in 1 mL of water and kept in the dark at −20°C until soluble sugar analysis.

The residual pellet from sugar extraction was used for starch analysis. Immediately after the removal of the last supernatant, the pellet was resuspended in 3 mL of thermostable α-amylase. The tube was plunged into a boiling water bath and mixed every 2 min. After 6 min, the sample was transferred to a 50°C bath, and 0.1 mL of amyloglucosidase (20 U) was added. The tube was mixed and incubated for 30 min. The entire content of the tube was then transferred to a larger tube, with volume adjusted to 20 mL with distilled water, mixed thoroughly, and centrifuged at 5,000 rpm for 5 min. The clear, undiluted supernatant was used for the determination of glucose released from starch hydrolysis.

Sugar analyses were performed using the Sucrose/D-Fructose/D-Glucose assay kit (Megazyme K-SUFRG; Neogen, Lansing, MI, USA) and the Total Starch HK assay kit (Megazyme K-TSHK) as described by the provider. Spectrophotometric measurements were conducted at 340 nm in cuvettes with a 1-cm optical path.


Gene expression analysis

For RNA extraction, plant material was ground in liquid nitrogen. Total RNAs from 100 mg of tissue were then isolated using RNAzol® RT (SIGMA, Saint Quentin Fallavier, France), quantified, and analysed on NanoDrop and 1.5% agarose gel electrophoresis to assess the purity. DNA digestion (RQ1 RNase-free DNase) and reverse transcription (GoScript™ Reverse Transcription) were performed as described by the manufacturer (Promega, Madison, WI, USA). qPCR was performed (qPCR Master Mix plus CXR; Promega) using cDNA template and each set of primers. PR1 (MtrunA17_Chr2g0295371) was used as a SA defence gene marker, and PI (PSI-1.2; MtrunA17_Chr4g0014461) was used as a JA pathway activation gene (Pandharikar et al., 2020). Other genes of interest analysed were chalcone isomerase (CHI; MtrunA17_Chr1g0213011), flavonol synthase/flavanone 3-hydroxylase (FLS/F3H; MtrunA17_Chr3g0092531), hydroxyisoflavone-O-methyl transferase (HI4′O-MT; MtrunA17_Chr4g0046341), D-pinitol dehydrogenase (OEPB; MtrunA17_Chr6g0480011), phenylalanine ammonia-lyase (PAL; MtrunA17_Chr1g0181091), pterocarpan synthase (PTS; MtrunA17_Chr7g0259091), and SAR-DEFICIENT4 (SARD4; MtrunA17_Chr1g0202471).

Real-time qPCR was performed with specific primers (10 µM) designed using the NCBI primer design platform (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) as well as from literature (Supplementary Table S1), with 1:40 cDNA dilutions using 95°C for 3 min followed by 40 cycles at 95°C for 3 sec and 60°C for 30 sec, and melting curves from 65°C to 95°C in increments of 0.5 °C (AriaMx Real-time PCR machine, Agilent). Cycle threshold values (Ct) were normalised to the average Ct of two housekeeping genes: MtC27 (MtrunA17_Chr2g0295871) and a38 (MtrunA17_Chr4g0061551) genes (Del Giudice et al., 2011). The expression of these two genes was not affected by the treatments (Supplementary Figure S2). The original Ct obtained (Ariamix software; Agilent) (Dataset S1) was further used in the R qPCRBASE package (Hilliou, 2013). For each gene, the expression level of the aphid-infested plants was compared with that of the non-infested control plants. The results of the qPCR analysis were generated from four independent biological repeats.


Metabolomic data processing

For GC-MS, raw data files were converted into the NetCDF format and analysed using the AMDIS software (http://chemdata.nist.gov/mass-spc/amdis/). A home retention index/mass spectral library built from the National Institute of Standards and Technology (NIST) (https://webbook.nist.gov/chemistry/), Golm (http://gmd.mpimp-golm.mpg.de/), and Fiehn databases (https://fiehnlab.ucdavis.edu), and standard compounds were used for metabolite identification. Peak areas were also determined using the TargetLynx software (Waters, Saint-Quentin-en-Yveline, France) after the conversion of the NetCDF file into MassLynx format. AMDIS and TargetLynx in splitless and split 30 modes were compiled in a single Excel file for comparison. After blank mean subtraction, peak areas were normalised to ribitol and leaf fresh weight.

For LC-MS, data files were converted and treated as previously described (Boutet et al., 2022). A first search was conducted in library using the open-source software MZmine2 (Pluskal et al., 2010) with an identification module and “custom database search” to begin the annotation with our library, currently containing 159 annotations (reverse transcription (RT) and m/z) in positive mode and 61 in negative mode, with RT tolerance of 0.3 min and m/z tolerance of 0.0025 Da or 6 ppm. Molecular networks were generated with the MetGem software (Olivon et al., 2018) (https://metgem.github.io) using the.mgf and.csv files obtained via MZmine2 analysis. ESI− and ESI+ molecular networks were generated using cosine score thresholds of 0.8 in two modes. Metabolite annotation was performed as described (Boutet et al., 2022).


Statistical analysis

Statistical analysis was performed using TMEV (https://sourceforge.net/projects/mev-tm4/) for GC-MS. Univariate analyses by permutation (one-way ANOVA) were first used to select the significant metabolites (p-value < 0.01). Multivariate analyses (hierarchical clustering and principal component analysis) were then made on both LC-MS and GC-MS data. The significant compounds were used for further analysis to identify statistical differences between the different conditions for both primary and secondary metabolites by Tukey’s multiple comparison tests performed on independent metabolites. This statistical analysis of individual metabolites was conducted using Prism v9.1.1 (GraphPad Software, USA). All experimental data are expressed as mean ± standard error (SE). A Venn diagram was created based on the results of Tukey’s tests, clustering metabolites based on statistical significance (p-value ≤ 0.05) using InteractiVenn (Heberle et al., 2015).


Results


Aphid infestation significantly alters leaf metabolite profile

M. truncatula leaf metabolites were analysed under four experimental conditions: nitrate-fed plants (NI), nitrate-fed plants infested with aphids (NI_Amp), nitrogen-fixing symbiotic plants (NFS), and nitrogen-fixing symbiotic plants infested with aphids (NFS_Amp) (Supplementary Figure S3). The leaf extracts were analysed using GC-MS to obtain mainly primary metabolites and using LC-MS to have access to the secondary metabolites. After GC-MS, 237 compounds were retained, and 126 could be identified with confidence (Dataset S2); amongst them, the five main quantitative compounds were sucrose, phosphate, malate, citrate, and glutamate (Supplementary Figure S4). Using LC-MS, 2,627 compounds (in positive and negative modes) were obtained, and 213 could be identified (Dataset S2). A strong effect of aphid infestation and nitrogen source on the accumulation of metabolites was observed, and the hierarchical clustering of these compounds separated both nitrogen source and plant infestation status (Dataset S3). From the four experimental conditions, a total of 194 unique metabolites, 126 from GC-MS and 69 from LC-MS, were found significantly different between conditions according to their accumulation (Dataset S2). Amongst the 194 identified, the most represented classes were flavonoids with 40 different compounds, followed by 30 carboxylic acids, 26 amino acids, and 19 sugars (Figure 1a).
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Figure 1 | (a) Aphid infestation, more than nitrogen source, significantly alters leaf metabolite profile. Class abundance of metabolites from both GC-MS and LC-MS analyses. (b) Metabolite distribution according to nitrogen source and aphid infestation affects the metabolite profile of plants. Venn diagram showing distribution of statistically significant metabolites across the various experimental conditions. The names of the compounds and the statistics can be found in Dataset S3 (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation).
To test the effect of the NFS on the plant defence against aphids, we used a multiple comparison test to identify the statistical differences for these 194 unique metabolites between the four experimental conditions (Figure 1b; Dataset S3). In this analysis, 86 of these compounds were not found to be significantly accumulated under one specific condition, including many of the amino acids. One hundred eight compounds were found to be differentially accumulated under the different conditions. Amongst them, aphid infestation significantly increased the accumulation of 62 metabolites. At least 18 metabolites accumulated under control NFS conditions and NI_Amp conditions, suggesting that they are linked to a general infection/infestation response. Two compounds (5-hydroxynorvaline and tartrate) were specifically found under NFS conditions, and 19 compounds were significantly accumulated under NFS_Amp conditions.



Aphid infestation triggers a greater accumulation of sugars than amino acids in both NFS and NI plants


Analysis of amino acid accumulation

The majority of the amino acids (20) were not significantly accumulated under any specific condition. In contrast, tryptophan, cysteine, and asparagine were significantly accumulated under NFS control, NFS_Amp, and NI_Amp (Table 1; Dataset S3).


Table 1 | Amino acid accumulation under the different treatment conditions.


	Clusters
	Amino acids
	NFS_Control
	NFS_Amp
	NI_Control
	NI_Amp
	p-Value
	F
	R2



	[NFS_Control] and [NFS_Amp] and [NI_Control] and [NI_Amp]
	Alanine
	(81.29 ± 26.90) × 10−4
	(104.70 ± 32.30) × 10−4
	(56.92 ± 15.40) × 10−4
	(92.05 ± 16.50) × 10−4
	0.5575
	0.7228
	0.1531


	Arginine
	(18.14 ± 1.45) × 10−4
	(18.66 ± 1.59) × 10−4
	(16.69 ± 11.00) × 10−4
	(13.63 ± 4.79) × 10−4
	0.9362
	0.1367
	0.03304


	Aspartate
	(950.40 ± 53.50) × 10−4
	(819.90 ± 20.20) × 10−4
	(616.70 ± 165.00) × 10−4
	(811.20 ± 234.00) × 10−4
	0.4756
	0.8869
	0.1815


	Beta-alanine
	(6.58 ± 0.79) × 10−4
	(6.49 ± 0.64) × 10−4
	(5.298 ± 1.55) × 10−4
	(6.90 ± 2.00) × 10−4
	0.8483
	0.2665
	0.06246


	Glutamate
	(2,867 ± 189) × 10−4
	(2,957 ± 142) × 10−4
	(2,329 ± 511) × 10−4
	(2,983 ± 682) × 10−4
	0.7003
	0.483
	0.1077


	Glutamine
	(264.10 ± 34.20) × 10−4
	(194.80 ± 17.10) × 10−4
	(137.40 ± 66.10) × 10−4
	(151.1 ± 42.30) × 10−4
	0.2184
	1.707
	0.2991


	Glycine
	(8.610 ± 1.13) × 10−4
	(8.15 ± 0.64) × 10−4
	(9.97 ± 4.59) × 10−4
	(9.06 ± 2.81) × 10−4
	0.9705
	0.07837
	0.01922


	Histidine
	(9.056 ± 0.36) × 10−4
	(16.54 ± 2.20) × 10−4
	(4.12 ± 2.71) × 10−4
	(12.89 ± 5.53) × 10−4
	0.0974
	2.638
	0.3974


	Homoserine
	(7.42 ± 1.44) × 10−4
	(8.414 ± 2.39) × 10−4
	(3.374 ± 1.70) × 10−4
	(2.604 ± 0.65) × 10−4
	0.0724
	3.006
	0.4291


	Isoleucine
	(25.15 ± 2.43) × 10−4
	(37.99 ± 7.38) × 10−4
	(24.11 ± 4.53) × 10−4
	(47.15 ± 9.12) × 10−4
	0.0752
	2.958
	0.4251


	Leucine
	(33.39 ± 3.77) × 10−4
	(42.56 ± 8.91) × 10−4
	(32.67 ± 6.22) × 10−4
	(57.88 ± 10.70) × 10−4
	0.1372
	2.231
	0.358


	Lysine
	(14.58 ± 1.67) × 10−4
	(13.75 ± 1.52) × 10−4
	(9.732 ± 3.01) × 10−4
	(16.88 ± 6.23) × 10−4
	0.5905
	0.663
	0.1422


	Methionine
	(36.88 ± 1.60) × 10−4
	(51.24 ± 5.38) × 10−4
	(30.50 ± 10.60) × 10−4
	(53.26 ± 9.61) × 10−4
	0.1565
	2.08
	0.3421


	Phenylalanine
	(24.29 ± 1.51) × 10−4
	(36.01 ± 4.19) × 10−4
	(21.03 ± 34.5) × 10−4
	(38.79 ± 8.14) × 10−4
	0.0682
	3.083
	0.4353


	Proline
	(64.29 ± 7.71) × 10−4
	(83.68 ± 8.26) × 10−4
	(51.12 ± 18.5) × 10−4
	(108.5 ± 22.50) × 10−4
	0.1046
	2.551
	0.3894


	Serine
	(172.60 ± 20.40) × 10−4
	(279.20 ± 18.70) × 10−4
	(177.00 ± 61.30) × 10−4
	(299.00 ± 66.30) × 10−4
	0.1701
	1.985
	0.3316


	Threonine
	(110.10 ± 5.92) × 10−4
	(127.6 ± 5.55) × 10−4
	(85.07 ± 26.10) × 10−4
	(126.9 ± 27.90) × 10−4
	0.4088
	1.043
	0.2068


	Tyrosine
	(20.50 ± 2.29) × 10−4
	(28.26 ± 2.75) × 10−4
	(18.02 ± 2.53) × 10−4
	(33.37 ± 8.78) × 10−4
	0.1579
	2.069
	0.3409


	Valine
	(50.99 ± 2.66) × 10−4
	(75.70 ± 12.00) × 10−4
	(43.78 ± 9.17) × 10−4
	(81.24 ± 15.60) × 10−4
	0.0849
	2.807
	0.4124


	l-Abrine
	21.48 ± 2.12
	40.30 ± 5.49
	24.63 ± 11.02
	48.18 ± 7.01
	0.0648
	3.149
	0.4405


	[NFS_Control] and [NFS_Amp]
	5-Hydroxynorvaline
	(5.99 ± 0.78) × 10−4
	(5.81 ± 0.41) × 10−4
	(2.47 ± 0.96) × 10−4
	(2.83 ± 0.35) × 10−4
	0.0037
	7.803
	0.6611


	[NFS_Control] and [NFS_Amp] and [NI_Amp]
	Asparagine
	(4,006 ± 801) × 10−4
	(3,510 ± 627) × 10−4
	(806 ± 637) × 10−4
	(1,537 ± 802) × 10−4
	0.0241
	4.531
	0.5311


	Cysteine
	(2.96 ± 0.21) × 10−4
	(3.96 ± 0.07) × 10−4
	(2.19 ± 0.32) × 10−4
	(3.52 ± 0.22) × 10−4
	0.0008
	11.41
	0.7404


	Tryptophan
	(22.95 ± 2.84) × 10−4
	(58.03 ± 14.60) × 10−4
	(15.70 ± 2.49) × 10−4
	(58.83 ± 11.70) × 10−4
	0.0117
	5.688
	0.5871


Accumulated amino acids from both LC-MS and GC-MS analyses showing what treatment conditions influence their accumulation. Clusters refer to the Venn diagram from Figure 1b. Metabolites analysed and quantified in μg mg−1 of fresh weight (FW) of leaves of NFS and NI plants 12 days after infestation by the aphids (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation). Mean ± SE (n = 4); p ≤ 0.05 (Tukey’s test), significant.



Analysis of sugar accumulation

Amongst the 62 metabolites significantly accumulated under the aphid-infested conditions, glucose, sucrose, and fructose contents were increased between three- and fivefold in leaves compared to those under control conditions (Figure 2a). To determine whether this increase in sugar in the leaves was associated with a reduction in sugar transport from leaves to roots or the results of the mobilisation of starch from the leaves, sugar and starch contents were measured using biochemical assays in the leaves and roots of plants under the different conditions (Figure 2b). The increase in glucose, sucrose, and fructose in infested leaves was confirmed (Figure 2b), but no significant accumulation of starch in leaves and no change in root sugar concentration were observed, regardless of the plant’s growth conditions (Figure 2b), suggesting an alteration of the leaf sugar metabolism in response to aphid infestation.

[image: Two panels of bar graphs displaying sugar and starch concentrations.   Panel a shows glucose, sucrose, and fructose concentrations measured in micrograms per milligram fresh weight (FW) for four treatments: NFS_Control, NFS_Amp, NI_Control, and NI_Amp.  Panel b presents glucose, sucrose, fructose, and starch as glucose equivalent concentrations in micromoles per gram FW, comparing leaf and root data against the same treatments. Significance is indicated by different letters and 'ns' denotes not significant.]
Figure 2 | Aphid infestation triggers accumulation of soluble sugars in both NFS and NI plant leaves but not in roots. a) Bar graphs from GCMS analysis showing the significant accumulation of glucose sucrose and fructose in NFS and NI plants upon aphid infestation. Metabolites analysed and quantified in μg mg-1 of fresh weight (FW) of leaves of NFS and NI plants 12 days after infestation by the aphids (control = no aphid infestation); b) Biochemical analysis of glucose, sucrose, and fructose in leaves showed a significant accumulation in NFS and NI plants under aphid attack. No significant difference was found in roots upon aphid infestation. No statistical difference was observed in leaves starch, measured as glucose equivalent, between the different conditions. Metabolites analysed and quantified in μmol g-1 of fresh weight (FW) of leaves and roots from NFS and NI plants 12 days after infestation by the aphids (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation). Mean ± SE (n=4); different letters indicate a p ≤ 0.05 (Tukey’s test).

Aphid infestation triggers accumulation of defence-related metabolites in both NFS and NI plants

Amongst the 62 metabolites significantly accumulated during aphid infestation in both NFS and NI plants (Figure 1b; Dataset S3), many are involved in the regulation of plant defence pathways such as salicylates, pipecolate (an intermediate of the lysine catabolic pathway), and pinitol (a cyclitol derived from myo-inositol), as well as secondary metabolites with known defence activity such as the putative daidzin, the glycoside form of the aglycone daidzein (Figure 3).

[image: Bar charts display levels of Salicylate, Pipecolate, Pinitol, and Daidzin in arbitrary units. Each graph compares four treatments: NFS_Control, NFS_Amp, NI_Control, and NI_Amp. Statistical significance is indicated by letters above the bars, showing variations among treatments.]
Figure 3 | Aphid infestation triggers accumulation of defence-related metabolites in both NFS and NI, particularly from the salicylic acid defence pathway. Graphs showing accumulation of metabolites expressed as arbitrary unit (in mg apigenin equivalent mg−1) of leaf fresh weight (FW) of NFS and NI plants 12 days after infestation by the aphids (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation). Mean ± SE (n = 4); different letters indicate p ≤ 0.05 (Tukey’s test).

Aphid infestation induces expression of genes involved in the flavonoid synthesis pathway

In order to test whether pipecolate, pinitol, and daidzin accumulation resulted also from an increase in the expression of the genes involved in their synthesis pathways, we measured using RT-qPCR the expression of CHI, flavonol synthase/flavonone 3beta-hydroxylase (FLS/F3H), hydroxyisoflavone-O-methyl transferase (HI4′O-MT) and PTS, PAL, SAR-DEFICIENT4 (SARD4), and OEPB (Supplementary Table S2). Since we previously showed that PR1 (a marker for the SA defence pathway) and PI (a marker for the jasmonic acid defence pathway) were also differently induced in NFS and NI plants after aphid infestation (Pandharikar et al., 2020), we tested these genes as the plant condition controls. Here, RT-qPCR analysis showed that PR1 expression increased 3.4 times more under the NI_Amp condition than under the NFS_Amp condition. In contrast, PI was 2.3 times more expressed under the NFS_Amp condition than under the NI_Amp condition, in agreement with our previous results (Figure 4a; Supplementary Table S2). The analysis of the expression of genes involved in the secondary metabolism pathway showed that no significant change in SARD4 and PAL expression was detected in aphid-infested plants compared to the control plants. OEPB expression was significantly induced in NI_Amp leaves but not in NFS_Amp leaves, although the amplitude of increase was similar. CHI, FLS/F3H, HI4′O-MT, and PTS showed significant induction upon aphid infestation under both NFS and NI conditions, with the induction being twofold for FLS/F3H and reaching more than 50-fold for PTS in NFS_Amp leaves (Figure 4b; Supplementary Table S2).

[image: Bar charts showing relative gene expression levels under different conditions for various genes. Chart a includes PI and PR1. Chart b includes CHI, FLS/F3H, PTS, Hi4omt, OEPB, PAL, and SARD4. Four conditions are represented: NFS_Control, NFS_Amp, NI_Control, and NI_Amp. Significant differences are indicated with asterisks, ranging from single to four asterisks, or marked as non-significant (ns).]
Figure 4 | Gene expression analysis of NFS and NI plants. qPCR expression showing the level of gene induction upon aphid infestation in NFS and NI plants (NFS_Amp and NI_Amp, respectively) compared to their control (NFS and NI, respectively) (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation). a) PR1, a marker for SA defence pathway and PI, a marker for jasmonic acid defence pathway; b) genes involved in secondary metabolism pathway (Chalcone isomerase (CHI), flavonol synthase/ flavonone 3β-hydroxylase (FLS/F3H), hydroxyisoflavone-O-methyl transferase (HI4’O-MT) and Pterocarpan synthase (PTS), Phenylalanine Ammonia Lyase (PAL), SAR-DEFICIENT4 (SARD4) and D-pinitol Dehydrogenase (OEPB)). Data are expressed as mean ± standard error (SE); t-test on all genes, p > 0.05, not significant (ns); *, p ≤ 0.05; **, p ≤ 0.01; *** p ≤ 0.001; ****p ≤ 0.0001.
Taken together, these results showed that the accumulation of secondary metabolites is at least partially associated with a higher expression of enzymes involved in their synthesis pathways.


NFS induces a differential accumulation of defence metabolites upon aphid infestation

Nineteen metabolites (10% of the identified metabolites) were significantly accumulated in NSF_Amp plants compared to other plants (Dataset S3). Fifteen of them were secondary metabolites from phenylpropanoid (13) and terpene (two) synthesis pathways. For example, amongst these metabolites, putative triterpenoid saponin 3-Glu(1-3)Glu-28-Xyl(1-4)Rha(1-2)Ara zanhic acid was increased twofold in NFS_Amp plants compared to NI_Amp plants, putative 3-(4′O-Malonyl)Rha(1-2)Gal(1-2)GluA-Soyasaponenol B was 2.8 times more accumulated in infested NFS_Amp plants than in the other three plant groups, flavonoid putative tricin 5-glucoside was twice more accumulated in NFS_Amp compared to NI_Amp, and glycosyl salicylate was half a fold more in NFS_Amp plants than in NI_Amp plants (Figure 5).

[image: Four bar graphs display the levels of different compounds in arbitrary units for four treatments: NFS Control, NFS Amp, NI Control, and NI Amp. The graphs compare Glycosylsalicylate, 3-Glu(1-3)Glu-28-Xyl(1-4)Rha(1-2)Ara zanhic acid, Tricin 5-glucoside, and 3-(4'O-Malonyl)Rha(1-2)Gal(1-2)GluA-Soyasaponenol B. The bars are labeled with letters a, b, and c indicating statistical significance within each graph.]
Figure 5 | NFS induces a differential accumulation of defence metabolites upon aphid infestation. Graph showing significantly accumulated metabolites in NFS upon aphid infestation. Metabolites expressed as arbitrary unit (in mg apigenin equivalent mg−1) of leaf fresh weight (FW) of NFS and NI plants 12 days after infestation by aphids (NFS, nitrogen-fixing symbiosis; NI, non-inoculated; Amp, aphid infestation; control, no aphid infestation). Mean ± SE (n = 4); different letters indicate p ≤ 0.05 (Tukey’s test).

Discussion

There is a growing interest in a better understanding of the roles of symbiotic microbes in plant defence and, in a broader sense, how this could influence plant interactions with bioaggressors. Beneficial microbes, in addition to enhancing plant growth and development, have been reported to induce defence reactions and confer protection on their host plants (Gopalakrishnan et al., 2015; Liu et al., 2020; Benjamin et al., 2022). Rhizobia are able to induce systemic resistance in legumes such as pigeon pea against Fusarium wilt, as it was found that a combination of rhizobia strains was better in inducing resistance (Dutta et al., 2008).

Upon pea infection with the fungus Didymella, Turetschek et al. (2017) observed a strong increase in sugars, sugar alcohols, and glycolysis/tricarboxylic acid (TCA) intermediates when studying cultivars in symbiosis with rhizobia and mycorrhiza. They also observed the accumulation of galactose, raffinose, maltose, threitol, melibiose, fructose, and pyruvate in the pea Protecta cultivar. Similar accumulation was also reported for amino acid pools; however, there was significant depletion of phenylalanine in the pea cultivar Messire (Turetschek et al., 2017).

Plants produce diverse primary and secondary metabolites that are involved in various functions, including development and defence. Previous works have demonstrated that aphids are able to modify the overall metabolite profile of plants to establish feeding and that plants may react by producing metabolites that have antifeeding or deterrent effects (Giordanengo et al., 2010; Kumar, 2017; Jakobs et al., 2019; Shih et al., 2023). Few metabolomic studies have focused on pea aphids and legume interactions (Sanchez-Arcos et al., 2019), and none have addressed the role of rhizobia bacteria in plant metabolomic response during aphid attack. Based on our previous observation that nitrogen-fixing symbiosis is detrimental to aphid fitness in M. truncatula in association with potential changes in hormonal balance between SA and JA (Pandharikar et al., 2020), we performed an untargeted metabolomic analysis in M. truncatula leaves 12 days after aphid infestation (chronic effect) in both NFS and NI plants.

In our study, amongst amino acids (Dataset S3), we observed an increase in asparagine content in NFS plant leaves compared to NI control plants, an increase that could be associated with asparagine formation in the root nodule, which accounts for 60% of nodule amino acid content (Sulieman and Schulze, 2010). Similarly, cysteine was found to be more accumulated in symbiotic Lotus japonicus plants, as the nodule is an important source of reduced sulphur in the plant (Kalloniati et al., 2015). In contrast, tryptophan accumulation in the leaves of NFS plants has not yet been observed, and a potential role in the defence mechanisms can be assumed (Hiruma et al., 2013). In NFS- and NI-infested plants, the increase in asparagine, cysteine, and tryptophan contents compared to NI plants could be associated with the change of metabolism induced by aphids for better nutritional content (Chiozza et al., 2010; Tegeder, 2014) or by the plant through the induction of defence reaction (Taylor and Ostrowsky, 2019). Citrate, fumarate, malate, and succinate accumulation were not significantly different amongst our four growth conditions, suggesting that the TCA cycle is not changed by NFS or aphid infestation. In contrast to the large number of metabolites that did accumulate differentially under the different growth conditions, two (5-hydroxynorvaline and tartrate) were specifically accumulated under NFS conditions. Whereas the significance of tartrate accumulation, which is an end-point product of the catabolism of ascorbic acid, is more difficult to analyse (Burbidge et al., 2021), unless it is used by the rhizobial bacteria (Ramachandran et al., 2011), that of the 5-hydroxynorvaline, a non-protein amino acid, may be related to its defensive functions against insects (Huang et al., 2011; Yan et al., 2015).

Our data show that the sugar metabolism was particularly affected by aphid infestation (Figures 2a, b). Amongst the primary metabolites, 12 were sugars and represented 70% of the number of primary metabolites significantly accumulated in infested plants (Dataset S3). In our experimental conditions, we were interested in the sugar transport to the root to feed the root nodule involved in biological nitrogen fixation. Indeed, we previously showed that biological nitrogen fixation is affected under the infested conditions (Pandharikar et al., 2020), and we hypothesised that the decrease in biological nitrogen fixation could be associated with reduced sugar transport from leaves to roots. However, we did not observe a significant modification in the accumulation of root glucose, fructose, and sucrose between control and infested plants, indicating that the modification of sugar metabolism is not associated with the sugar transport to the root. We also observed that starch seemed to be more accumulated in infested plant leaves than in control ones, but this difference was not significant. In conclusion, the modification of sugar metabolism does not seem to be associated with a large modification of sugar storage through starch or sugar transport to roots. Moreover, the modification of sugar metabolism by aphids does not seem to be dependent on the nitrogen source. The accumulation of sugars has been previously reported in plant–aphid (Ponzio et al., 2017) as well as in plant–pathogen interactions (Kanwar and Jha, 2019) as being involved in the coordination of plant defence signalling (Yamada and Mine, 2024). This perhaps could be an explanation for our observation.

A large number of significantly accumulated metabolites (62 metabolites, 31% of the total metabolites) were present in NFS- and NI-infested plants compared to their control counterparts. These results show that Medicago plants respond significantly to aphid infestation and that the nitrogen source plays a lesser role in their accumulation. Amongst these secondary metabolites, 72% are from three families: flavonoids (30), phenolics (11), and glycosides (4). These different compounds are mainly associated with plant defence against pests, such as biocide activity (i.e., acacetin, chrysoeriol, and daidzin), feeding deterring activity and defence signalling activity (i.e., salicylate and pipecolate) (Stochmal et al., 2001; Goławska et al., 2012, 2024; Kim et al., 2022; Pawłowska and Stepczyńska, 2022). Pinitol has also been shown to participate in the biological control of powdery mildew in cucumber (Chen et al., 2014), and myo-inositol influences the plant bacterial colonisation (O’Banion et al., 2023). Thus, in parallel with secondary metabolism, the modification of inositol metabolism in the NFS plant may be involved in the differential defence process observed in infested NFS plants compared to infested NI plants. The significant differential accumulation of 3-Glu(1-3)Glu-28-Xyl(1-4)Rha(1-2)Ara zanhic acid and 3-(4′O-Malonyl)Rha(1-2)Gal(1-2)GluA-Soyasaponenol B, two terpene molecules are also markers of both the symbiotic state and the infection by aphids. Finally, 3-(4′O-Malonyl)Rha(1-2)Gal(1-2)GluA-Soyasaponenol B may be one of the most interesting and intriguing metabolites in our experiment. This triterpenoid saponin is a defensive compound against pathogenic microbes and herbivores and may act as feeding deterrents for plant specialist herbivores (Osbourn, 1996; Kuzina et al., 2009; Szakiel et al., 2011; Cui et al., 2019), causing a cytotoxic effect in the hindgut and fat body of insects (Adel and Sammour, 2012). The production of triterpenoids has also been observed as an effect of rhizobia on pea seeds infected with Didymella. The accumulation of seed terpenoid Pisumoside B was observed in uninfected rhizobial-treated seeds; meanwhile, Soyasapogenol C, Api_Dai_Kae_Flavon, and 6-hydroxyapigenin 7-[6″-(3-hydroxy-3-methylglutaryl)glucoside] were significantly enhanced in infected rhizobial-treated seeds in Protecta cultivar (Ranjbar Sistani et al., 2017). 3-(4′O-Malonyl)Rha(1-2)Gal(1-2)GluA-Soyasaponenol B may represent a very interesting biological marker of the symbiosis-induced defence priming. The specific accumulation of these defence metabolites affecting the feeding of insects could explain the reduction of the aphid’s fitness that we previously observed under symbiotic conditions (Pandharikar et al., 2020).

The induction of defence mechanisms is associated with the reprogramming of gene expression in plants (Aerts et al., 2022). For example, reciprocal interactions between a chewing herbivore, Sitona lineatus (pea leaf weevil), and P. sativum (pea) plants grown with or without rhizobia (Rhizobium leguminosarum biovar. viciae) revealed that plants grown with rhizobia had increased gene transcript expression associated with hormone-related defence (jasmonic acid, ethylene, and abscisic acid) as well as physical and antioxidant-related defence, which may explain the reduced feeding by S. lineatus (Basu et al., 2022).

We also looked at the expression of some genes involved in the secondary metabolism pathway. As expected from previous analysis, PR1 and PI were differentially expressed in infested NFS plants and NI plants, suggesting that different defence transcriptional reprogramming occurs under the two conditions. Looking at the genes involved in the secondary metabolism synthesis pathway, the transcript accumulation of SARD4, which encodes a key enzyme for pipecolic acid biosynthesis, and PAL, the first enzyme of the phenylpropanoid pathway, was not modified by aphid infestation, neither in NFS plants nor in NI plants. This was surprising since SARD4 was shown to be required for the establishment of systemic acquired resistance to pathogen infection in Arabidopsis (Ding et al., 2016). However, SARD4-deleted plants were still able to biosynthesise pipecolate; thus, this pathway may involve other enzymes not yet found. PAL is also a member of a multigenic family, and other members of this family may be induced. In contrast, the expression of isoflavonoid pathway genes CHI, FLS/F3H, HI4′O-MT, and PTS was significantly increased in infested plants; the induction of CHI, FLS/F3H, and HI4′O-MT did not vary more than twofold under the two infested growth conditions, and the PTS expression was induced 53- and 25-fold by aphids in NFS and NI plants, respectively. PTS was involved in the synthesis of pterocarpans that constitute the second largest group of natural isoflavonoids and play an important role as phytoalexins. In Medicago, the pterocarpan medicarpin was shown to protect the plant from the powdered mildew E. pisi and to activate the SA pathway (Gupta et al., 2022). Medicarpin was also shown to be accumulated in Medicago leaves upon long-term or strong attack by pea aphids (Stewart et al., 2016) and also in response to infection with the fungal pathogen Phoma medicaginis (Jasiński et al., 2009), suggesting some large-spectrum defensive roles. In contrast, medicarpin was shown to be an antagonist of nod gene expression necessary for rhizobia to form their association with the plant roots (Zuanazzi et al., 1998). Thus, an increase in medicarpin synthesis during aphid infestation could also explain in part the effect on the root nodules previously observed (Pandharikar et al., 2020). Surprisingly, OEPB, a gene involved in pinitol synthesis (Pupel et al., 2019), was significantly induced in infested NI plants and not in infested NFS plants. Pinitol has been shown to prolong the pea aphid probing behaviour but did not prevent them from feeding (Campbell and Binder, 1984; Kordan et al., 2011). Pinitol has also been involved in the maintenance of the nodule osmotic balance during development, and S. meliloti may catabolise pinitol to form nodules (Poole and Ledermann, 2022; Kennedy-Mendez, 2018). Whereas pinitol accumulation was observed in both infested NI plants and infested NFS plants, OEPB expression increased only in NI plants, suggesting other regulatory elements associated with the regulation of pinitol.

In conclusion, our results show that under infestation by pea aphids, nitrogen-fixing legumes were able to produce a differential defence reaction by producing specific defence metabolites such as triterpenoid saponins. This specific defence reaction seems to be associated with the JA defence pathway, as the JA-dependent PI gene was significantly more expressed under the NFS condition than under the NI condition. One hypothesis is that the defence reaction associated with NFS may be due to differences in plant nitrogen regimes that could directly modulate secondary metabolism. Another hypothesis is that the physical presence of rhizobia within plant cells modulates plant immunity, thereby impacting its subsequent defence against pests. As these hypotheses are not mutually exclusive, further research is necessary to determine the relative importance of each of these factors in the specific defence reaction observed against aphids. Our results provide the foundation for the development of a new form of biocontrol in Integrated Pest Management strategies for legumes. However, multiple questions are still pending to understand the mechanisms underlying our results. Amongst them, the signal pathway associated with this systemic reaction is clear. Indeed, Induced Systemic Resistance (ISR) has already been described in other plants other than legumes. In our biological system, the biological elements associated with defence priming (i.e., intracellular presence of the bacteria, modulated plant defence associated with NFS, and differential nitrogen nutrition) have not been defined. Moreover, the genericity of defence priming is questionable, as we have analysed only one genotype of each partner in this three-way interaction. Nevertheless, our data reinforce and emphasise the results we obtained previously, opening up new avenues for research into the mechanisms underlying defence priming during nitrogen-fixing symbiosis.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.


Ethics statement

The manuscript presents research on animals that do not require ethical approval for their study.


Author contributions

GB: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. MPa: Methodology, Writing – review & editing. SB: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. GC: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. RB: Investigation, Methodology, Writing – review & editing. J-LG: Conceptualization, Investigation, Methodology, Project administration, Resources, Visualization, Writing – review & editing. MPo: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing. PF: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing.


Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work has benefited from the support of IJPB's Plant Observatory platform PO-Chem. This work was supported by UniCA, the SPE department of INRAE and the French Government (National Research Agency, ANR) through the "Investments for the Future" programs LABEX SIGNALIFE ANR-11-LABX-0028-01 and IDEX UCAJedi ANR-15-IDEX-01 and France 2030 Optileg program ANR-23-PLEG-0002. The IJPB benefits from the support of Saclay Plant Sciences-SPS (ANR-17-EUR-0007).


Acknowledgments

We are highly grateful to S. Tares-Amichot and L. Arthaud for help in aphid manipulation and rearing and to M. Bosseno for help in Medicago plant seedlings. GB is supported by a doctoral fellowship from the Department “Santé des Plantes et Environnement” of Institut National de Recherche pour l’Agriculture, l’Alimentation et l’Environnement (INRAE) and the Université Côte d’Azur (UniCA). The IJPB benefits from the support of Saclay Plant Sciences-SPS (ANR-17-EUR-0007).


Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.


Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.


Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1670344/full#supplementary-material

Supplementary Data Sheet 1 | File containing qPCR Data (qPCR CT Data.xlsx).

Supplementary Data Sheet 2 | File containing GCMS and LCMS metabolomics data (Metabolomics_data.xlsx).

Supplementary Data Sheet 3 | File containing Significant accumulated metabolites analysed by Anova and Venn Analysis (Significant metabolites_Venn.xlsx).

Supplementary Figure 1 | Experimental setup. Diagram showing timeline leading up to assay with key time points for bacteria inoculation and aphid infestation marked up. Each pot contained six plants and 5 pots were made for each condition, then 24 plants were used per condition for one biological replicate. Assay was performed using 4 biological replicates produced using the same timeline.

Supplementary Figure 2 | Expression of the housekeeping genes used for control in gene expression analysis. Bar graph showing CT of housekeeping genes obtained by RT-qPCR analysis.

Supplementary Figure 3 | Experiment treatment classification. Diagram showing the classification of studied treatments into 4 groups, NFS_Control, NFS_Amp, NI_Control (KNO3) and NI_Amp (KNO3). Amp means aphid infestation condition.

Supplementary Figure 4 | Abundance of quantified metabolites. Graph of quantified metabolites from GC-MS analysis showing accuracy of abundance by comparing the mean obtained from the quality controls (QC, blue bars) and mean obtained from the samples (Samples, red bars).

Supplementary Table 1 | List of genes and primer sequences used for RT-qPCR analysis.

Supplementary Table 2 | Gene expression analysis of NFS and NI plants. Rescaled qPCR expression showing the level of gene induction upon aphid infestation in NFS and NI plants (NFS_Amp and NI_Amp, respectively) compared to their control (NFS and NI, respectively). Data are expressed as mean ± standard error (SE); t-test on all genes, P ≤ 0.05, significant.
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