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Abstract: The use of biological inputs is an interesting approach to optimize crop production and
reduce the use of chemical inputs. Understanding the chemical communication between bacteria
and plants is critical to optimizing this approach. Recently, we have shown that Sphingomonas
(S.) sediminicola can improve both nitrogen supply and yield in pea. Here, we used biochemical
methods and untargeted metabolomics to investigate the chemical dialog between S. sediminicola
and pea. We also evaluated the metabolic capacities of S. sediminicola by metabolic profiling. Our
results showed that peas release a wide range of hexoses, organic acids, and amino acids during
their development, which can generally recruit and select fast-growing organisms. In the presence
of S. sediminicola, a more specific pattern of these molecules took place, gradually adapting to the
metabolic capabilities of the bacterium, especially for pentoses and flavonoids. In turn, S. sediminicola
is able to produce several compounds involved in cell differentiation, biofilm formation, and quorum
sensing to shape its environment, as well as several molecules that stimulate pea growth and plant
defense mechanisms.

Keywords: Sphingomonas sediminicola; pea; root exudates; plant–bacteria interaction; molecular
dialogue plant–bacteria

1. Introduction

Plant growth and productivity are closely associated with rhizospheric bacteria, such
as plant growth-promoting rhizobacteria (PGPR), in a reciprocal relationship that benefits
both partners [1,2]. These bacteria can live freely in the rhizosphere of plants or be directly
associated with plants in a symbiotic relationship. Free PGPR contributes to plant health
and development by producing plant growth regulators [3], increasing the availability
of nutrients and water, and reducing the effects of diseases, pests, and environmental
stressors. They can also increase the amount of soil organic matter, improve soil texture
and structure, and promote micronutrient uptake [4–6]. Symbiotic PGPR such as those of
the order Hyphomicrobiales (=Rhizobiales) are useful for agriculture because they are able to
form nodules on the roots of legumes in which the atmospheric nitrogen (N2) fixed by the
bacteria is converted into ammonia for the plant [7].

The interaction between plants and bacteria requires complex chemical communication,
which can be viewed as a conversation between the two parties in which plants and bacteria
exchange chemical signals to influence their growth and development [8,9]. First, plants and
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bacteria can sense each other’s chemical signals through specific receptors [10,11], which
usually enables the recruitment of beneficial bacteria by the plant. Plants and bacteria can
respond to chemical signals by altering their growth, metabolism, and functions that allow
bacteria to colonize plant roots. This also affects the production of chemical signals, forming
a feedback loop that leads to an equilibrium beneficial to both organisms [12,13]. PGPRs
recruitment by plants requires a significant amount of energy to attract and select bacteria
in the rhizosphere [14–16]. Plant roots release a variable and diverse set of compounds,
including carbohydrates, amino acids, organic acids, and secondary metabolites [17–19].
The compounds released by the roots are an important nutrient source for soil bacteria
and have an attractive effect [20]. In turn, PGPR produces compounds that promote plant
growth and health [19,21]. Various studies have shown that the microbial community
associated with the root can evolve depending on the chemical composition of the root
exudates, which also depends on the plant species and its stage of development [11,19,22].
For effective interaction, it is important that the bacteria are metabolically adapted to the
chemical signals released by the plant via its root exudates so that they can be recruited
and establish themselves in the root system.

Agriculture based on the interaction between plants and bacteria promises to limit
the use of chemical fertilizers that have negative effects on the environment and health
acts [23,24]. Since the last decades, bacterial fertilizers containing free N2-fixing PGPR, such
as Pseudomonas stutzeri, P. oryzihabitans, or Azospirillum brasilense, have been successfully
used in agriculture as a strategy to improve plant growth in a sustainable way [6,25–27].
This aspect is even more pronounced in legumes such as pea, which is normally thought to
interact with Rhizobium species [28]. Therefore, the molecular dialogs during this interaction
have been studied in detail [29,30]. These interactions, which depend on the specific
characteristics of the pea species and the bacterial species involved, make it possible
to predict the effectiveness of the use of this bio-input. Despite the importance of this
association, it is important to note that in conventionally plowed soils where peas are
rotated, the bacterial community may also be predominantly influenced by other bacterial
species, such as Sphingomonas [31–34].

Recently, we have shown that Sphingomonas sediminicola is also able to induce the
formation of root nodules in peas and increase the production of plant biomass [35]. This
new interaction raises the question of chemical communication between the two partners
and offers the possibility of optimizing the effect of bacterial bio-input on a pea plant.
Therefore, we examined a wide range of compounds, including carbohydrates, carboxylic
acids, amino acids, polyphenols, and flavonoids in hydroponic pea cultures inoculated
and non-inoculated with S. sediminicola. We compared these results with the metabolic
phenotyping of S. sediminicola based on its ability to degrade various carbon, nitrogen,
phosphorus, and sulfur sources. To get an overview of the effect of S. sediminicola on peas,
we also analyzed the compounds released by the bacterium.

2. Materials and Methods
2.1. Plant and Bacteria Culture

Sphingomonas sediminicola (DSM-18106) was grown in R2A medium (VWR, Fontenay-
sous-Bois, France) for 72 h at 30 ◦C under constant shaking at 150 rpm. Pea (Pisum sativum,
cv. Douce Provence, Jardiland, Paris, France) seeds were surface-sterilized with a 3.5%
(v/v) bleach solution, cold-stratified for 48 h, and germinated in the dark on a 1% (w/v)
agar medium at 21 ◦C. Five days after germination, etiolated seedlings were transferred to
hydroponic system.

2.2. Hydroponic Growth Conditions

Peas were cultivated in a homemade hydroponic system using an 8-L plastic pot
filled with 6 L of sterile distilled water supplemented with 0.23 g L−1 of Murashige and
Skoog’s basal salt mixture [36]. Each device had an air pump with a flow rate of 78 L h−1

to maintain the oxygen supply. Five plants were arranged per system. Substances released
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via pea root exudates were collected at the emergence of the first leave, second internode,
and flowering by withdrawing 1 L of hydroponic solution at each stage and replacing it
with 1 L of hydroponic solution. Half of the devices were inoculated with S. sediminicola to
obtain a concentration of 106 CFU L−1.

2.3. Extraction and Analysis of Hydroponic Compounds

Samples of the hydroponic solution were filtered with Whatman paper (GE Healthcare,
Chicago, IL, USA), and the chemical compounds in these solutions were selectively ab-
sorbed by Amberlite XAD-8 resin (Sigma-Aldrich, Taufkirchen, Germany), loaded onto the
Chromabond C-18 SPE columns (Macherey-Nagel, Düren, Germany), dropwise desorbed
with pure methanol then concentrated using a rotary evaporator at 40 ◦C.

An ultra-high performance liquid chromatography (UPLC) system (Waters Corp.,
Milford, MA, USA) was used for global analysis of the concentrated samples using
MassLynxTM software (v4.2, Waters Corp., Milford, MA, USA). Global detection of bi-
ological information was performed using high-throughput G2Si High-definition mass
spectrometry (Waters Q-TOF SYNAPT™, Waters Corp., Milford, MA, USA). Mobile phases
consisted of a gradient of 0.1% (v/v) formic acid in Milli-Q water (A) and MeOH (B). The
flow rate was maintained at 0.4 mL min−1. Elution was performed at a gradient of 10% B
for 1 min, then increased to 90% over 6 min and held for 3 min. Initial conditions were then
restored over 1 min and held for 3 min for re-equilibration.

Total polyphenol content was determined spectrometrically by the Folin–Ciocalteu
method [37] using tannic acid in the range of 0–100 µg mL−1 as a reference standard. The
flavonoid assay [38] was performed using quercetol (0.05 mg mL−1) as the reference standard.
D-glucose, D-fructose, and sucrose were determined enzymatically using the sucrose/D-
glucose kit (R-Biopharm, Pfungstadt, Germany). D-xylose, L-arabinose, D-galactose, xyli-
tol, and D-sorbitol were determined using specific enzymatic kits (Megazyme Assay Kits,
Megazyme International Ireland Limited, Wicklow, Ireland).

For the determination of amino acid content, hydroponic samples were concentrated
3-fold by ultrafiltration using a polyethersulfone membrane with a cut-off of 3 kDa (Vivaspsin®

2 concentrator). The identification and quantification of amino acids were performed using a
Kromasil C18—100 Ǻ-5 µm 4.6 × 250 mm column after derivation with o-phthalaldehyde
(OPA). For derivatization, 50 µL of sample was added to 50 µL of borate buffer containing
0.25% (w/v) OPA and 5% (v/v) β-mercaptoethanol. An injection of 5 µL of this solution was
performed. The proline content was determined using a ninhydrin assay [39].

Organic acid contents were determined by liquid chromatography with UV detector
(HPLC-UV) method [40]. After centrifugation at 12,000 rpm for 2 min, the supernatant of
hydroponic samples was filtered to 0.2 µm, and 50 µL of the filtrate was injected into the
analytical system equipped with a C18 column (Luna, 5 µm Phenomenex). Organic acids
were separated in an isocratic medium with a mobile phase consisting of 25 mM phosphate
buffer and methanol (99/1, v/v; pH 2.4). The detection of carboxylic acids was performed
at 210 nm.

2.4. Microarray Plates for Phenotypic Characterization of S. sediminicola

We used pre-configured Biolog Phenotype MicroArrays (Biolog Inc., Harvard, CA,
USA) to phenotype the metabolic potential of S. sediminicola against 190 carbon (PM1 and
PM2), 95 nitrogen (PM3), 59 phosphorus, and 35 sulfur (PM4) sources. According to the
manufacturer’s instructions, bacteria were grown on an R2A agar plate, and colonies were
harvested to achieve the required transmittance and mixed with a buffer containing IF-0
concentration 1.2X (Biolog Inc.) and the redox dye tetrazolium violet. For PM3 and PM4,
125 µL 2 M sodium succinate/200 µM ferric citrate was added to the mixture to regulate
the pH of the suspension. Each plate was incubated in an Omnilog (Biolog Inc.) at 25 ◦C
for 96 h. Three biological replicates per plate were performed. The phenotypic response of
S. sediminicola to PM substrates was monitored by the color change in each well. Reduction
of tetrazolium salt by bacterial dehydrogenases and reductases results in a purple formazan
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dye. Therefore, a color reaction indicates that the bacteria are actively metabolizing a
substrate in the well, while the absence of a color change means that the bacteria cannot
metabolize the substrate. The rate of color change in each well was monitored every
15 min at 490 nm and stored in Omnilog units generated by Biolog Data Analysis Software
(v1.7, Biolog Inc.). For each source, a color intensity greater than 500 Omnilog units were
considered positive in at least two of three replicates.

2.5. Untargeted Metabolomics of Sphingomonas sediminicola Culture Medium

The analysis was performed with the supernatant obtained by centrifugation of a
culture medium in which Sphingomonas sediminicola had been grown, reaching a concentra-
tion of 106 CFU mL−1. This untargeted metabolomic analysis was performed by Beijing
Genomics Institute (BGI, Tai Po, Hong Kong). The culture was grown in R2A medium,
according to the method described by Dunn et al. [41]. Metabolite extracts were analyzed
on a Waters 2D UPLC (Waters, Milford, MA, USA), coupled to a Q-Exactive mass spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) with a heated electrospray ionization
(HESI) source and controlled by the Xcalibur 2.3 software program (Thermo Fisher Scientific,
Waltham, MA, USA). Chromatographic separation was performed on a Waters ACQUITY
UPLC BEH Amide column (1.7 µm, 2.1 mm × 100 mm, Waters, Milford, MA, USA) at 30 ◦C.

For the untargeted metabolomics data, the mass spectrometry raw data collected
by LC-MS/MS were imported into Compound Discoverer 3.1 (Thermo Fisher Scientific,
Waltham, MA, USA) for data processing. The identification of metabolites is a combined
result of BMDB (BGI Metabolome Database), mzCloud, and ChemSpider (HMDB, KEGG,
LipidMaps) databases. Main parameters of metabolite identification: Precursor Mass
Tolerance < 5 ppm, Fragment Mass Tolerance < 10 ppm, RT Tolerance < 0.2 min. The
results of the Compound Discoverer 3.1 export were imported into metaX [42] for data
preprocessing. A total of 4563 and 1851 compounds were detected in the positive (pos) and
negative (neg) modes, respectively. After preprocessing, 1487 (pos) and 869 (neg) of these
compounds were identified.

2.6. Data Analysis

To compare the composition of the compounds present in the hydroponic solutions,
we used the R package agricolae [43] and a Kruskal–Wallis nonparametric one-way analysis
of variance followed by a Conover–Iman post hoc test if significant and Holm’s p-adjust
method for multiple comparisons.

Differential metabolites screening conditions were performed with a Fold-Change
(FC) ≥ 1.2 or ≤0.83 and a p-value < 0.05 obtained through Student’s t-test and corrected for
false discovery rate (FDR). Cluster analysis of differential metabolites was performed with
log2 transformation and z-score normalization (zero-mean normalization). The clustering
algorithm used hierarchical cluster based on Euclidean distance. In the bubble plots for
pathway enrichment analysis, the enrichment factor (RichFactor) on the X-axis is the
number of differential metabolites annotated for the pathway divided by all identified
metabolites annotated for the pathway. The larger the value, the greater the proportion
of differential metabolites annotated for the pathway. The dot size represents the number
of differential metabolites annotated for that metabolic pathway. Volcano plot based
on log2FC and the Heatmap of the differential metabolites were generated using the
R packages. All statistical analyzes were performed using R software (v4.2.2, The R
Foundation, https://www.r-project.org/, accessed on 13 February 2023).

3. Results
3.1. The Composition of the Hydroponic Solution Is Influenced by S. sediminicola and the Stage of
Pea Development

The compounds present in the hydroponic solution samples were structured around
two axes of PCA ordination, which accounted for 60% of the variance between samples

https://www.r-project.org/
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(Figure 1). Overall, axis 1 is related to bacterial inoculation, while axis 2 is related to the
stage of pea development.
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Figure 1. Principal component analysis (PCA) of polyphenol, flavonoid, amino acid, and carbohy-
drate content in hydroponic solutions of peas inoculated or not with Sphingomonas sediminicola at the
time of first leaf emergence, second internode, and flowering.

At the first leaf emergence stage, the composition of the hydroponic solution was
very poor in polyphenols and flavonoids (Table S1). Serine, glycine, and alanine were the
major amino acids. Citrate and especially acetate characterized the organic acid content,
while fructose, glucose, and sucrose determined the carbohydrate content. Between the
emergence of the first leaf and the formation of the second internode, there was little
change in the composition of the hydroponic solution. However, a change was observed
in carbohydrates, with a sharp increase in fructose content and a decrease in sorbitol
and xylitol content. At the flowering phase, the solutions were richer in tryptophan and
especially in cysteine, which becomes the most abundant amino acid in the solutions.
Additionally, citrate and fumarate also showed an increase during this phase, although
not to the same extent as lactate, which reached levels similar to acetate. The content
of carbohydrates also evolved, with fructose remaining proportionally dominant and an
increase in the content of galactose (Table S1).

Inoculation of peas with S. sediminicola resulted in a hydroponic solution whose
composition was almost the same as that of the non-inoculated peas until the emergence of
the first leaf (Figure 1, Table S1). However, this inoculation resulted in higher flavonoid,
galactose, glucose, and xylitol contents than under the non-inoculated conditions. Between
the emergence of the first leaf and the formation of the second internode, the composition
of the hydroponic solutions of the inoculated peas evolved with an increase in the content
of many amino acids. The content of polyphenols and flavonoids remained the same
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between the two stages, as did the content of carbohydrates. However, the content of
glucose increased, while the content of galactose decreased (Table S1). The composition of
the hydroponic solution remained relatively stable between the formation of the second
internode and flowering of the inoculated peas, with consistently higher levels of amino
acids, flavonoids, and polyphenols than in the non-inoculated condition. UPLC analysis
allowed the identification of different terpenoids and flavonoids in the solution, including
pisatin (Figure S1 and Table S2). A clear difference between non-inoculated and inoculated
conditions was also observed for other compounds. This was true for the lactate and
galactose content, which were very low in the flowering stage of the inoculated peas.

3.2. S. sediminicola Had a Specialized Carbon Metabolism and a Generalist Nitrogen Metabolism

To determine whether the compounds released in root exudates can be metabolized
by S. sediminicola, we examined the metabolic capacities of the bacteria (Figure 2; Table S3).
Of the 333 substrates tested, 189 were degraded by S. sediminicola (>500 Omnilog Unit,
OU), especially amino acids (55 of 77), nucleic acids/nucleotides/nucleosides (31/40), and
some specific nitrogen sources such as nitrogen dioxide, nitrate, nitrite, and urea (Figure 2,
Table S2). S. sediminicola showed a strong ability to metabolize certain pentoses such as
L-lyxose (12116 OU), D-xylose (6753 OU), D-ribose (7269 OU), L-arabinose (8509 OU), in
contrast to numerous hexoses such as D-glucose (664 OU), D-fructose (652 OU), D-mannose
(842 OU), or D-galactose (634 OU). Similarly, di- and trisaccharides were degraded only
very slightly or not at all. Carboxylic acids form a group of substrates that are only weakly
degraded by the bacteria but with a preference for 5-keto-D-gluconic acid (7482 OU),
L-tartaric acid (3834 OU), oxalomalinic acid (1882 OU), and for two aminocarboxylic acids,
D,L-α-aminocaprylic acid (7369 OU) and ε-amino-N-caproic acid (10123 OU).

3.3. Untargeted Metabolomics

Untargeted metabolomic analysis revealed that there are many metabolites whose
levels changed drastically during S. sediminicola growth (Figures 3a,b and S1). Indeed, the
levels of 174 and 352 compounds identified in the positive and negative modes, respectively,
decreased during S. sediminicola growth (Figure 3c,d and Table S4). Among them were many
amino acids (e.g., arginine, asparagine, aspartic acid, glutamic acid, lysine, methionine,
phenylalanine, serine, and tryptophan), peptides, or carbohydrates such as ribose, mannose,
and threose (Table S1). The levels of 389 (pos) and 316 (neg) identified molecules, including
iminoquinoline, p-coumaroyl-homoserine lactone (pC-HSL) and 2-amino-glucopyranosyl
mannitol, increased during bacterial growth. Additionally, higher contents of indole-
3-carboxylic acid, methylimidazoleacetic acid, and indole-3-acetic acid were detected
after S. sediminicola growth. 9-(α-D-glucosyl)kinetin and kinetin were also found in this
condition. Furthermore, N-acetylsphingosine, galactopinitol b, 8-methoxykynurenic acid,
and monoglycosyl-N-acylsphingosine were present in the S. sediminicola medium culture.
Overall, the bacteria caused an accumulation of compounds involved in amino acids,
pentoses, and secondary metabolic pathways (Figure 3e,f).
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D-Glutamic acid amino acid 7,955 Dihydroxyfumaric acid 6 carbon (hexose) 4,097 Acetic acid 2 carbon 1,945

N-Acetyl -L-Glutamic acid intermediate 7,692 Inul in ol igosaccharide 3,955 Oxalomal ic acid 6 carbon 1,882

L-Leucine amino acid 7,653 D-Mannose-6-Phosphate 6 carbon (hexose) 3,755 Pyruvic acid 3 carbon 1,573

β-Phenylethylamine intermediate 7,469 D-Galactosamine 6 carbon (hexose) 3,281 Butyric acid 4 carbon 1,370

N-Phthaloyl -L-Glutamic acid intermediate 7,291 D-3-Phospho-Glyceric acid 3 carbon 3,209 α-Hydroxybutyric acid 4 carbon 1,184

L-Pyroglutamic acid intermediate 6,653 α-Cyclodextrin ol igosaccharide 3,072 Formic acid 1 carbon 1,154
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L-Ci trul l ine intermediate 6,289 6-Phospho-Gluconic acid 6 carbon (hexose) 2,522 Mono-Methylsuccinate 4 carbon 1,064

Gly-Asn dipeptide 6,183 2-Deoxy-D-Ribose 5 carbon (pentose) 2,091 p-Hydroxyphenyl  Acetic acid aromatic 1,014

L-Threonine amino acid 5,966 D-Mannose-1-Phosphate 6 carbon (hexose) 1,776 Methylpyruvate 3 carbon 994

Ala-Gln dipeptide 5,946 D-Fructose-6-Phosphate 6 carbon (hexose) 1,486 D-Tartaric acid 4 carbon 992

D-Aspartic acid amino acid 5,878 Phospho-Glycol ic acid 2 carbon 1,422 Propionic acid 3 carbon 923

Ala-Asp dipeptide 5,774 Dextrin ol igosaccharide 1,377 L-Mal ic acid 4 carbon 845

L-Asparagine amino acid 5,691 Mannan ol igosaccharide 1,294 Fumaric acid 4 carbon 823
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L-Lys ine amino acid 3,536 2-Deoxy-D-Glucose 6-Phosphate 6 carbon (hexose) 1,184 m-Tartaric acid - 743

Ala-Gly dipeptide 3,438 D-Ps icose 6 carbon (hexose) 1,023 D-Mal ic acid 4 carbon

L-Val ine amino acid 3,032 Dulci tol 6 carbon (hexose) 988 Tricarbal lyl ic acid 6 carbon

O-Phospho-D-Serine amino acid 2,884 β-Cyclodextrin ol igosaccharide 918 α-Ketoglutaric acid 5 carbon

O-Phospho-L-Tyros ine amino acid 2,684 D-Glucosamine-6-Phosphate 6 carbon (hexose) 908 α-Ketobutyric acid 4 carbon

L-Cysteic acid intermediate 2,680 D-Galacturonic acid 6 carbon (hexose) 873 β-Hydroxybutyric acid 4 carbon

Phosphocreatine intermediate 2,339 D-Glucose-6-Phosphate 6 carbon (hexose) 873 D-Galactonic acid-γ-Lactone 6 carbon

Phenylethylamine intermediate 2,188 D-Mannose 6 carbon (hexose) 842 L-Galactonic acid-γ-Lactone 6 carbon

N-Acetyl -L-Cysteine amino acid 2,116 2,3-Butanone 4 carbon 812 Glyoxyl ic acid 2 carbon

O-Phospho-D-Tyros ine amino acid 1,974 D-Glucose-1-Phosphate 6 carbon (hexose) 763 Bromosuccinic acid 4 carbon

d-Amino-N-Valeric acid intermediate 1,904 Glucuronamide 6 carbon (hexose) 763 L-Lactic acid 3 carbon

Ala-Glu dipeptide 1,890 m-Inos i tol 6 carbon (hexose) 753 D,L-Carnitine 7 carbon

Cys-Gly dipeptide 1,883 L-Rhamnose 6 carbon (hexose) 748 Sebacic acid 10 carbon

L-Methionine Sul fone amino acid 1,754 Phosphoenol  Pyruvate 3 carbon Caproic acid fatty acid

L-Tryptophan amino acid 1,747 α-Methyl -D-Galactos ide 6 carbon (hexose) Glycol ic acid 2 carbon

O-Phospho-L-Serine amino acid 1,746 D,L-α-Glycerol  Phosphate 3 carbon Citric acid 6 carbon

D-Methionine amino acid 1,697 D-Gluconic acid 6 carbon (hexose) β-Hydroxypyruvic acid 3 carbon

Ala-His dipeptide 1,644 α-D-Glucose 6 carbon (hexose) Capric acid fatty acid

Tyramine intermediate 1,395 β-Methyl -D-Glucos ide 6 carbon (hexose) γ-Hydroxybutyric acid 4 carbon

Gly-Met dipeptide 1,347 D-Fructose 6 carbon (hexose) Sorbic acid -

L-Methionine Sul foxide amino acid 1,325 D-Galactose 6 carbon (hexose) Oxal ic acid -

Gly-Asp dipeptide 1,243 Mucic acid 6 carbon (hexose) d-Amino Valeric acid 5 carbon

O-Phospho-L-Threonine amino acid 1,214 D-Trehalose disaccharide Malonic acid 3 carbon

Gly-Pro dipeptide 1,123 3-0-β-D-Galactopyranosyl -D-Arabinose disaccharide D-Lactic acid Methyl  Ester 3 carbon

L-Djenkol ic acid intermediate 997 D-Glucuronic acid 6 carbon (hexose) γ-Amino-N-Butyric acid 4 carbon

α-Hydroxyglutaric acid-γ-Lactone amino acid 873 Adonitol 5 carbon (pentose) Succinamic acid 4 carbon

Phospho-L-Arginine amino acid 861 Mel ibionic acid disaccharide Itaconic acid 5 carbon

D-Serine amino acid 722 Maltose disaccharide Quinic acid 7 carbon

S-Methyl -L-Cysteine amino acid L-Fucose 6 carbon (hexose) 2-Hydroxybenzoic acid aromatic

Hydroxy-L-Prol ine intermediate D-Mannitol 6 carbon (hexose) 4-Hydroxybenzoic acid aromatic

Gly-Glu dipeptide Lactulose disaccharide Citraconic acid fatty acid

L-Cysteine Sul finic acid intermediate D-Saccharic acid 6 carbon (hexose) D,L-Ci tramal ic acid fatty acid

Glycine amino acid Sucrose disaccharide Hydroxylamine NH3 9,908

D-Alanine amino acid D-Glucosaminic acid 6 carbon (hexose) Ethylamine 2 carbon 5,600

Putrescine intermediate α-D-Lactose disaccharide N-Amylamine 5 carbon 4,123

L-Serine amino acid N-Acetyl -D-Mannosamine 6 carbon (hexose) Ethanolamine 2 carbon 3,830

L-Glutamic acid amino acid D-Mel ibiose disaccharide Formamide 1 carbon 3,514

L-Homoserine intermediate Glycerol 3 carbon D,L-Lactamide 3 carbon 3,154

L-Aspartic acid amino acid D-Sorbitol 6 carbon (hexose) N-Butylamine 4 carbon 2,563

Histamine intermediate 1-Thio-β-D-Glucose 6 carbon (hexose) O-Phosphoryl -Ethanolamine 2 carbon 1,713

D-Threonine amino acid D-Arabinose 5 carbon (pentose) Cysteamine-S-Phosphate 2 carbon 810

L-Alanine amino acid 3-Methylglucose 6 carbon (hexose) sec-Butylamine 4 carbon

L-Arginine amino acid D-Cel lobiose disaccharide Acetamide 2 carbon

D-Lys ine amino acid Chondroitin Sul fate C ol igosaccharide D,L-Octopamine aromatic

D-Val ine amino acid Phosphoryl  Chol ine 3 carbon Methylamine 1 carbon

Ala-Leu dipeptide N-Acetyl -D-Galactosamine 6 carbon (hexose) Thiophosphate P-Source 254,767

Ala-Thr dipeptide L-Sorbose 6 carbon (hexose) Dithiophosphate P-Source 139,750

Gly-Gln dipeptide α-Methyl -D-Mannos ide 6 carbon (hexose) Inos i tol  Hexaphosphate P-Source 12,042

Met-Ala dipeptide Palatinose disaccharide Ethylenediamine N-Source 10,070

L-Ornithine intermediate Amygdal in disaccharide Taurochol ic acid S-Source 9,065

Uraci l pyrimidine 20,608 Gentiobiose disaccharide Thiosul fate S-Source 7,934

Guanine hydrochloride purine 16,621 L-Glucose 6 carbon (hexose) Methylene Diphosphonic acid P-Source 7,742

Xanthos ine purine 9,086 Malti tol disaccharide Biuret Nitrogen 6,794

Cytos ine pyrimidine 8,150 β-Methyl -D-Galactos ide 6 carbon (hexose) Nitrate Nitrogen 6,228

Uric acid purine 8,017 Glycogen ol igosaccharide Nitri te Nitrogen 6,017

Adenine purine 7,481 Turanose disaccharide Pyrophosphate P-Source 5,707

Cytidine pyrimidine 7,018 i -Erythri tol 4 carbon Ammonia Nitrogen 5,325

Guanos ine purine 7,008 β-D-Al lose 5 carbon (pentose) Glutathione S-Source 5,123

Xanthine purine 6,349 D-Arabitol 5 carbon (pentose) Urea Nitrogen 4,522

Al lantoin intermediate 6,272 L-Arabitol 5 carbon (pentose) Parabanic acid N-Source 3,942

Thymine pyrimidine 5,787 β-Methyl -D-Xylos ide 5 carbon (pentose) Cystathionine S-Source 3,622

Adenos ine 3`,5`-Cycl ic Monophosphate purine 3,916 D-Lyxose 5 carbon (pentose) Lanthionine S-Source 3,529

Thymidine 5`-Monophosphate pyrimidine 3,531 D-Ribono-1,4-Lactone 5 carbon (pentose) Triethyl  Phosphate P-Source 3,383

Thymidine 3`-Monophosphate pyrimidine 3,417 L-Xylose 5 carbon (pentose) Tetramethylene Sul fone S-Source 2,607

Uridine 3`,5`-Cycl ic Monophosphate pyrimidine 3,199 Xyl i tol 5 carbon (pentose) Tween 20 C-Source 2,057

Cytidine 2`,3`-Cycl ic Monophosphate pyrimidine 3,040 D-Fucose 6 carbon (hexose) Tween 40 C-Source 1,952

Al loxan intermediate 2,976 D-Tagatose 6 carbon (hexose) D,L-Ethionine S-Source 1,580

Guanos ine 5`-Monophosphate purine 2,958 Arbutin 6 carbon (hexose) Sul fate S-Source 1,471

Adenos ine 2`,3`-Cycl ic Monophosphate purine 2,885 β-Methyl -D-Glucuronic acid 6 carbon (hexose) Cysteamine S-Source 1,437

Uridine 5`-Monophosphate pyrimidine 2,617 Sal icin 6 carbon (hexose) Tween 80 C-Source 1,248

Guanos ine 2`,3`-Cycl ic Monophosphate purine 2,539 D-Glucosamine 6 carbon (hexose) D,L-Lipoamide S-Source 1,159

Cytidine 3`-Monophosphate pyrimidine 2,259 Sedoheptulosan 7 carbon Tetrathionate S-Source 1,135

Guanos ine 2`-Monophosphate purine 1,877 N-Acetyl -Neuraminic acid 11 carbon Methane Sul fonic acid S-Source 732

Uridine 3`-Monophosphate pyrimidine 1,767 D-Lacti tol disaccharide N-Acetyl -D,L-Methionine S-Source 675

Guanos ine 3`,5`-Cycl ic Monophosphate purine 1,653 D-Raffinose trisaccharide Thiourea S-Source 536

Uridine 2`,3`-Cycl ic Monophosphate pyrimidine 1,558 Maltotriose trisaccharide Trimetaphosphate P-Source 

Uridine pyrimidine 1,407 γ-Cyclodextrin ol igosaccharide L-α-Phosphatidyl -D,L-Glycerol P-Source 

Inos ine purine 1,313 Laminarin ol igosaccharide Phosphate P-Source 

Uridine 2`-Monophosphate pyrimidine 1,313 Stachyose ol igosaccharide Butane Sul fonic acid S-Source 

Adenos ine purine 935 α-Methyl -D-Glucos ide glycos ide p-Aminobenzene Sul fonic acid S-Source 

Guanos ine 3`-Monophosphate purine 682 3-Hydroxy-2-butanone 4 carbon 5,552 Hypotaurine S-Source 

Thymidine 3`,5`-Cycl ic Monophosphate pyrimidine 2-Aminoethyl  Phosphonic acid 2 carbon 2,794 Hypophosphite P-Source 

Cytidine 5`-Monophosphate pyrimidine 2-Hydroxyethane Sul fonic acid 2 carbon 2,019 Taurine S-Source 

Adenos ine 2`-Monophosphate purine 2,3-Butanediol 4 carbon 1,679 Tripolyphosphate P-Source 

Adenos ine 5`-Monophosphate purine 2-Aminoethanol 2 carbon 1,647 L-Alaninamide C-Source 

Cytidine 2`-Monophosphate pyrimidine 1,2-Propanediol 3 carbon

Adenos ine 3`-Monophosphate purine

Thymidine pyrimidine

Cytidine 3`,5`-Cycl ic Monophosphate pyrimidine

2`-Deoxyadenos ine purine

Other

Nucleic 

acid/Nucleos ide/

Nucleotide

Alcohol

Amine/ Amide

Amino acid

Carbohydrate

Carboxyl ic acid

Figure 2. Metabolic potential of S. sediminicola against PM substrates. For each source, the level of
substrate degradation, expressed in Omnilog units, was considered only if it reached a minimum value
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of 500 Omnilog units in at least two of the three replicates. For degraded substrates, the value given
is the average of the three replicates; otherwise, a red cross indicates that the substrate was not
degraded by S. sediminicola.
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Figure 3. Untargeted metabolomics of Sphingomonas sediminicola in R2A medium. (a,b) Heatmap
of differential metabolites in positive (a) and negative (b) ion modes. Each row corresponds to
a differentially expressed metabolite, while each column represents a specific sample. The color
gradient, ranging from green to red, indicates the abundance level of the differentially expressed
metabolites, with green representing low abundance and red representing high abundance. (c,d) Vol-
cano plot of differential metabolites in positive (a) and negative (b) ion modes. Each point represents
a metabolite, horizontal coordinates indicate different multiplicities of differential metabolites (log2

values), vertical coordinates indicate p-values (−log10 values), grey indicates metabolites with no sig-
nificant differences, red indicates up-regulated metabolites (Up), and green indicates down-regulated
metabolites (Down). (e,f) bubble plots of metabolic pathway enrichment in positive (e) and negative
(f) ion modes. The x-axis in the figure represents the ratio of differentiated metabolites in a specific
metabolic pathway to the total number of identified metabolites within that pathway (RichFactor).
A higher value indicates a greater enrichment of differential metabolites in the pathway. The color
of the dots corresponds to the p-value obtained from the hypergeometric test. A smaller p-value
indicates a more reliable test. The size of the dots represents the number of differential metabolites
present in the respective metabolic pathway.
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4. Discussion

Plants release root exudates [44,45] to influence soil bacterial communities and at-
tract certain bacteria to the rhizosphere [46,47]. However, the changes in root exudate
composition induced by bacteria involved in plant growth remain poorly understood.

During pea development, carbohydrates, particularly hexoses and sucrose, accumulate
in the hydroponic solution. Fructose levels notably increase during the transition from leaf
emergence to flowering, while sorbitol and xylitol become undetectable. These compounds,
being simple sugars, can serve as a carbon and energy source for many bacteria [48]. Their
presence in the hydroponic solution may serve as a chemical communication strategy to
recruit bacterial partners capable of utilizing labile carbon. Notably, these molecules have
been described to effectively attract bacterial species such as Bacillus, Methylobacterium, or
Pseudomonas [22]. In addition, the abrupt increase in galactose content in pea hydroponic
solution at flowering is consistent with Knee et al. [49] but also with the chemotaxic charac-
ter of the molecule. Indeed, this compound induces a chemotaxis effect on some PGPR,
such as Pseudomonas with legume roots or Bacillus velezensis with cucumber roots [49,50].

In the hydroponic solution of peas inoculated with S. sediminicola, hexose contents
followed similar trends until the formation of the second internode. Compared with
the non-inoculated peas, higher pentose, and lower galactose contents were observed
under the conditions with S. sediminicola. This indicates carbohydrate communication
adapted to S. sediminicola, which fits with the more pronounced metabolic preference
of the bacterium for pentoses compared to hexoses and the predominant use of these
compounds in its culture medium. Pentoses, like hexoses, are labile carbon sources, but
their degradation may be more complex than that of hexoses because the enzymes required
for their degradation may be less abundant in soil microorganisms [51]. In addition,
pentoses may be incorporated into complex polymers such as cellulose and hemicellulose,
which are important components of fresh soil organic matter [52]. In this case, their
degradation may be slower and require the activity of specialized microorganisms such as
S. sediminicola [32].

The hydroponic solution of non-inoculated peas contains high concentrations of organic
acids, particularly acetic, citric, lactic, and furamic acids. Acetic and citric acids are generally
released by plants to increase nutrient uptake, such as phosphorus [53], manganese [54],
iron, and zinc [55]; stimulate biofilm production and motility of some PGPR [56–58]; induce
nitrogen-fixing bacteria [59], Rhizobium IC3109 [58] and acid-forming bacteria (Acetobacter
and Gluconacetobacter [60]); or stimulate bacteria such as Pseudomonas, which is capable of
producing plant growth hormones and protecting plants from disease [61]. Citric acid has
also been shown to recruit phosphate-solubilizing bacteria (Pseudomonas putida [62]) or
symbiotic bacteria (Burkholderia cepacia and Rhizobium leguminosarum [58,63–65]). Similarly,
lactic acid released from the roots of legumes has been shown to attract bacteria such as
Lactobacillus and Pediococcus [66,67]. This organic acid is also known for its antimicrobial
properties, which can help the plant against pathogens in the rhizosphere [68,69]. Furamic
acid was also present in the hydroponic solution. This acid plays an important role
in recruiting plant-friendly rhizobacteria, symbiotic nitrogen-fixing bacteria, phosphate-
solubilizing bacteria, or bacteria that produce antimicrobial compounds that protect plants
from soil pathogens [61,70,71]. Therefore, pea releases a wide range of organic acids that
serve as a broad-spectrum attractant for rhizosphere bacteria to entice any bacteria capable
of perceiving and metabolizing these compounds, potentially including beneficial bacteria
that promote plant growth. In the presence of S. sediminicola, the hydroponic solution of
peas also contains the same organic acids, except for lactic acid. The presence of these
organic acids in the hydroponic solution of peas inoculated with S. sediminicola is consistent
with the metabolism of the bacteria, which can utilize acetic and furamic acids but not
lactic acid. (Table S3). Other organic acids, such as tartaric acid and butyric acid, which
are highly metabolized by S. sediminicola and involved in regulating plant–microorganism
communication, could be further quantified [63,72].
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In the later growth stages, plants secrete amino acids and polyphenols, which shape
bacterial communities [18,73]. Amino acids serve as a nitrogen source for bacteria [74],
leading to competition for nutrient sources among them [75]. Polyphenols and flavonoids
also act as nutrient sources and chemoattractants for bacteria involved in infections or
symbiotic relationships, such as Agrobacterium tumefaciens or rhizobia [73,76]. Previous
studies have shown that Pseudomonas fluorescens and P. aeruginosa induce the secretion
of specific phenolic acids and increase the total content of polyphenols at different plant
growth stages, especially in advanced stages of chickpea plants [77]. Our study indicates
that the hydroponic solution of peas inoculated with S. sediminicola is enriched with amino
acids and polyphenols from the formation of the second internode to flowering. This
suggests that these compounds are a response of the peas to the presence of the bacteria and
may affect the bacterial community structure. In addition, bacteria capable of metabolizing
a wide range of amino acids from root exudates have a selective advantage in the plant
rhizosphere [61,78]. The metabolism of S. sediminicola exhibits a high affinity for amino acid
substrates and degrades nearly 80% of all such substrates, which also explains the large
number of amino acids used by the bacteria in its culture medium.

Flavonoids are plant secondary metabolites released into the rhizosphere, playing a
crucial role in chemical communication with rhizosphere bacteria [79]. They act as chemoat-
tractants for bacteria involved in symbiotic interactions with the plant, such as rhizobia [80].
Additionally, flavonoids stimulate biofilm production, promoting bacterial colonization of
roots, which can lead to better plant growth and health [81]. Interestingly, the hydroponic
solution of peas inoculated with S. sediminicola contained flavonoids, which were not de-
tected in the non-inoculated condition. Moreover, flavonoid content increased with pea
development. Some identified flavonoids in the solution corresponded to pisatin, a plant
phytoalexin with an antimicrobial activity produced by plants in response to infection or
stress [82–84]. Thus, the induction of pisatin production in the presence of S. sediminicola
can be considered a pea defense response. It is noteworthy that S. sediminicola has the
ability to form nodules on pea roots during nitrogen stress, aligning with observations in
pea-Rhizobium interaction and the regulatory role of isoflavonoids in nodulation [35,85,86].
Fragmentation analysis of other peaks from biochemical analysis would help in the identi-
fication of other flavonoid compounds.

During their growth, rhizospheric bacteria produce various molecules for their own
growth, including galactoside [87]. Galactopinitol b was among the galactosides detected
in the culture medium after the growth of S. sediminicola. These galactosides serve as
carbon and energy sources for the bacteria, facilitating their growth in the rhizosphere.
In addition, certain rhizobia can synthesize galactopinitol b, which may play a role in
establishing symbiotic relationships with plants [88–90]. In the culture medium, we also
detected the presence of various components involved in cell differentiation, biofilm for-
mation, and quorum sensing. Thus, the bacterial culture medium was enriched with
methyl-4-hydroxy-6-methyl-2-pyrone as well as p-coumaroyl-homoserine lactone (pC-
HSL). These compounds are quorum-sensing molecules, facilitating communication and
coordination among bacteria to regulate their collective behavior [91,92]. In the same
manner, monoglycosyl-N-acylsphingosine, which is involved in biofilm formation, may
also regulate plant growth and modulate the plant immune system [93,94]. Interestingly,
enrichment of the R2A medium with auxin-associated molecules (indole-3-carboxylic
acid, methylimidazoleacetic acid, and indole-3-acetic acid) was also observed. Therefore,
S. sediminicola might affect plant growth and development and auxin homeostasis in roots
via these molecules [95]. Thus, it would be interesting to investigate whether the presence
of S. sediminicola at the root level affects plant development, root system architecture, plant
defense mechanisms, but also the organization of microbial communities in the rhizosphere.

Overall, we provide new information on how pea plants modulate the composition of
their root exudates to recruit bacteria from which they, and Sphingomonas sediminicola in
particular, can benefit. We also describe for the first time the full metabolic and catabolic
potential of this bacterium. In future experiments, the inclusion of other rhizobia would
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provide valuable comparative data on the effects of different bacterial species. Such
information would not only improve our understanding of the specific interactions between
these bacteria and pea plants but also shed light on the broader context of plant–microbe
associations in agricultural systems. It is important to note that our study was conducted
under controlled hydroponic conditions that allowed precise control of nutrient availability
and environmental factors. However, it would be equally interesting to study the chemical
dialog between S. sediminicola and pea plants in an agricultural soil context. Soil conditions
have a significant impact on microbial community structure and nutrient dynamics, which
could influence the nature and extent of plant–microbe interactions. Future studies in
agricultural soil systems would provide a better understanding of the practical implications
and transferability of our results to real agricultural conditions.

5. Conclusions

The chemical dialog underlying plant–microbe interactions are essential to under-
standing the use of microorganisms in agriculture. We have shown that pea plants employ
a strategic mechanism to selectively recruit specific bacteria to their rhizosphere that have
the potential to confer benefits to the plants. During its development, the plant modulates
its root exudation by first releasing various generalist molecules that allow recruitment
focused on fast-growing bacteria. Then, the exudation evolves further by releasing more
specific compounds that are tuned to the metabolic potential of the targeted bacterial mi-
crobiota, such as Sphingomonas sediminicola. In return, the bacteria provide various services
to the plant that allow it to develop better and cope with environmental conditions [35].

This beneficial interaction between the plant and a bacterium is a step towards under-
standing the interaction between plants and bacteria. Indeed, the plant in agricultural soil
is in relationship with a large variety of organisms, some of which are beneficial, others less
so. Therefore, it is important to understand how the plant adapts its recruitment strategies
to select the most important partners. It is also important to identify the mechanisms that
enable molecular and chemical dialog between partners. Understanding all these strategies
is potentially an important lever for implementing more sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11071847/s1. Figure S1: Base peak chromatogram
of R2A (a,b) and S. sediminicola culture medium (c,d) in the negative (a,c) and positive (b,d) modes.
Figure S2: Chromatograms of total ion current UPLC-TOF-MS ES of hydroponic solution of uninoculated
peas and peas inoculated with Sphingomonas sediminicola at first leaf stage, second internode, and
flowering stage. Peak descriptions can be found in Table S2. Peak A corresponds to a hydroxibenzoic
lysine derivative, peak B is a nonaethylene glycol, while peak 3 is a coumarin derivative. Peaks E, F,
J, and N are flavonoids, peaks G, I, K, L, and M are organic acids, while peaks H, O through W are
terpenoids. Table S1: Polyphenol, flavonoid, amino acid, and carbohydrate contents in hydroponic
solutions of peas inoculated or not with Sphingomonas sediminicola at the time of first leaf emergence
(stage1), second internode (stage 2) and flowering (stage 3). Values shown are means with SD (n = 3).
Letters indicate statistically significant differences between groups according to Tukey’s test at p ≤ 0.05.
Table S2: List des picks chromatograms of total ion current UPLC-TOF-MS ES of hydroponic solution of
uninoculated peas and peas inoculated with Sphingomonas sediminicola. Table S3: Metabolic potential of
S. sediminicola against PM substrates. Each source in the PM plates corresponds to a carbon (C), nitrogen
(N), or phosphorus (P) source and has a unique substrate type with specific characteristics that contribute
to a particular metabolic pathway. For each source, at least three biological replicates were performed.
Values correspond to the reduction of tetrazolium to a purple formazan dye, which was monitored and
expressed in Omnilog units. For each source, the level of substrate degradation was considered only if
it reached a minimum value of 500 Omnilog units in at least two of the three replicates. For degraded
substrates, the value indicated is the average of the three replicates; otherwise, a red cross indicates that
the substrate was not degraded by S. sediminicola. Table S4: List of metabolites identified during the
untargeted metabolomics of Sphingomonas sediminicola. Each metabolite is accompanied by its molecular
weight, retention time (RT), and chemical formula. The metabolite IDs starting with BGI, M, S, and
HMDB refer to the IDs in the BMDB, mzCloud, ChemSpider (HMDB, KEGG, LipidMaps), and HMDB
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Libraries, respectively. mzVault.Best.Match is the compound’s secondary spectrum matching score in
the BMDB Library, while mzCloud.Best.Match is the compound’s secondary spectrum matching score
in the mzCloud standard library. Level indicates the confidence level of metabolite identification results.
Additional information is provided if a metabolite is identified in HMDB, such as Super.class, Class, Sub.
class, and Pathway. The difference in metabolite content was determined by comparing conditions with
and without S. sediminicola growth. Significant changes (sig = down or up) in metabolite content were
identified using a Fold-Change (FC) ≥ 1.2 or ≤0.83 and a p-value < 0.05 obtained through a Student’s
t-test, which was then corrected for false discovery rate (FDR).
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