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Abstract 
Aim  The study explores the functional plastic-
ity of rhizosphere microbiomes in response to 
microbial inoculants, a topic not yet fully explored 
in open-field agroecosystems. Specifically, it 
assesses the lasting impact of nursery-stage inoc-
ulation with the arbuscular mycorrhizal fungus 
(AMF) Rhizophagus irregularis and symbiosis-
stimulating compounds on the rhizosphere micro-
biome of Solanum lycopersicum.
Methods  Tomato seedlings were inoculated with R. 
irregularis in a commercial nursery. During this period, 

seedlings were irrigated weekly with strigolactone ana-
logues and the flavonoid quercetin, both with and without 
AMF inoculation. At harvest, five months post-transplant-
ing, rhizosphere samples were collected for mycorrhizal 
colonization assessment and predictive metagenomic 
profiling.
Results  Nursery AMF inoculation, especially 
when combined with the strigolactone mimic 
SL-M2 and quercetin, significantly enhanced myc-
orrhizal colonization. Although all plants became 
colonized, early inoculation did not affect bacte-
rial or fungal taxonomic composition at harvest. 
However, it induced substantial shifts in predicted 
bacterial metabolic functions, affecting 137 of 154 
KEGG modules. These changes, which included 
key metabolic shifts—such as reduced energy 
metabolism, increased carbohydrate degradation 
over lipid or amino acid metabolism, and enriched 
biosynthesis of stress-responsive metabolites—
occurred independently of later colonization or sig-
nalling molecule application.
Conclusions  Early AMF inoculation primes the 
rhizosphere bacteriome toward a stress-adapted func-
tional state, likely mediated by altered root exudation 
during early symbiosis. The application of SL-M2 
and quercetin further supports their role as prebiotics 
in sustaining inoculant efficacy. This study provides 
mechanistic insight into how nursery-stage microbial 
interventions can shape rhizosphere functionality, 
offering promising strategies for microbiome-driven 
improvements in sustainable agriculture.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are a group of 
beneficial soil-borne fungi that establish symbiotic 
relationships with the roots of the majority of terres-
trial plants, including important agricultural crops. 
The symbiotic relationship between AMF and plants 
has been demonstrated to provide a number of ben-
efits to the host plant, including enhanced nutrient 
uptake and modulation of plant defence responses 
(Stratton et al. 2022). This, in turn, provides a primed 
state that allows for a more effective response to both 
biotic and abiotic stresses (Pozo et  al. 2015). The 
establishment and functioning of the AM symbiosis 
depend on a high degree of coordination between the 
host plant and the AM fungus, which is initiated dur-
ing the pre-symbiotic phase in the rhizosphere. The 
molecular communication between the two partners 
starts with the production of signalling molecules, 
such as strigolactones and flavonoids, by the host 
plant (López-Ráez et  al. 2017; Lidoy et  al. 2023). 
These compounds are recognized by the AM fungus, 
stimulating spore germination and hyphal growth, 
thereby promoting symbiosis establishment (Akiy-
ama et  al. 2005; Bonfante and Genre 2010; Lidoy 
et al. 2023). Accordingly, there is an increasing inter-
est in using some of these compounds as biostimu-
lants in agriculture to promote beneficial symbiosis.

Tomato (Solanum lycopersicum L.) plants, being 
one of the most valuable horticultural crops world-
wide, benefit significantly from mycorrhizal associa-
tions (Smith and Read 2008). Rhizophagus irregularis 
(formerly known as Glomus intraradices or Rhizo-
phagus intraradices) is one of the most extensively 
studied and commercialized AMF species due to its 
widespread occurrence in nature, its high sporulation 
and root colonization ability and significant impact 
on plant growth and health (Deja-Sikora et al. 2023; 
Kokkoris et  al. 2024). The inoculation of tomato 
plants with R. irregularis has been demonstrated to 
enhance plant performance, including parameters 
such as plant biomass, nutritional status and stress 
resistance (Rivero et al. 2018; Minchev et al. 2024). 

This enhancement is attributed to the increased effi-
ciency of nutrient uptake facilitated by the exten-
sive hyphal network of the mycorrhizal fungi, which 
extends beyond the root zone and accesses nutrients 
that are otherwise unavailable to the plant (Pozo 
et al. 2015; Bidellaoui et al. 2019). While there is a 
general consensus on the potential benefits of AMF 
inoculation, the optimal timing and conditions for 
inoculation remain a topic of ongoing exploration. 
Some studies have indicated that early inoculation 
may facilitate the establishment of a robust symbiotic 
relationship between the fungi and plant roots, which 
could subsequently enhance nutrient uptake and plant 
growth (Janoušková et  al. 2017). Other investiga-
tions indicate that the specific conditions of the soil 
and the plant species are the primary determinants of 
the benefits of AMF inoculation (Jia et al. 2023; Hao 
et al. 2024). However, the effects seem to depend on 
the plant genotypes under consideration and the biotic 
and biotic contexts. It was shown that the inoculation 
of tomato plants at the nursery stage with R. irregu-
laris resulted in higher colonization and arbuscule 
frequency at harvest, as well as in an enhanced plant 
growth, yield attributes, and N and P levels in shoots 
and roots (Subramanian et al. 2006; Bona et al. 2017). 
In contrast, other tomato varieties pre-inoculated at 
the nursery stage with Funneliformis mosseae and R. 
irregularis, and then transplanted into the field exhib-
ited varying degrees of AMF colonisation, but no 
yield increase compared to the mock-inoculated con-
trols (Njeru et al. 2017).

The potential contribution of the mycorrhiza-asso-
ciated changes in the soil microbial communities to 
the impact on plant performance have been proposed. 
It is acknowledged that interactions between AMF 
and the rhizosphere microbial community result in the 
formation of a more specialised microbial commu-
nity, which in turn supports plant health and growth 
and soil quality (Nasslahsen et  al. 2022; Yang et  al. 
2024). The existence of distinct microbial community 
profiles associated with different AMF species pro-
vides further support for the hypothesis that selective 
association processes occur primarily within mycelia. 
In particular, R. irregularis has been demonstrated 
to recruit a distinctive hyphosphere populated by a 
unique soil microbiome and to stimulate their func-
tional profiles, thereby enhancing nutrient cycling 
and improving soil health (Chen et  al. 2022). How-
ever, the precise mechanisms by which AMF interact 
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with the hyphosphere soil microbiome remain to be 
elucidated, and evidence suggests that recruitment 
may be species-dependent. For example, the mycelial 
bacterial community of Rhizophagus cerebriforme 
was found to contain 60 bacteriome core taxa that 
were exclusive to it, while Rhizophagus clarus and 
R. irregularis demonstrated the presence of 25 and 9 
exclusive taxa, respectively (Lahrach et al. 2024).

In this context, the objective of this study was to 
investigate the impact of R. irregularis inoculation on 
the metabolic functions of the rhizosphere microbi-
ome under open-field production systems. To the best 
of our knowledge, there is little information regarding 
the impact of AMF inoculation on rhizomicrobiome 
functionality, particularly with regard to the potential 
lasting effects of early inoculation during the nurs-
ery stage in field trials. We tested the hypothesis that 
R. irregularis nursery inoculation affects metabolic 
pathways of the rhizosphere microbiome of tomato 
plants, and that this effect persists throughout the 
growth period of the tomato plants in the field. Addi-
tionally, the study aimed to assess the role of the co-
addition of signalling molecules that promote AM 
symbiosis establishment, including strigolactones and 
flavonoids, in potentially modifying the structure and 
functionality of the rhizomicrobiome community.

Material and methods

Plant and microbial material

A large-scale open field experiment was performed in 
collaboration with the agricultural cooperative SAT 
Hortoventas, Ventas de Zafarraya, Granada (Spain). 
As it is a standard practice in intensive tomato pro-
duction systems, we used grafted tomato plants. 
Tomato (Solanum lycopersicum L.) seeds of the root-
stock variety Kardia (Syngenta, Spain) and the com-
mercial variety Albenga (Unigen Seeds, Spain) were 
sown in 150-well starting trays with cell dimensions 
3.5 × 3.5 × 6.5  cm, containing blond seedling peat 
moss without fertilizers (Novarbo, Finland): zeolite 
mixture (3:1). Half of the root-stock seeds were inoc-
ulated with 300 spores of the AM fungus R. irregu-
laris (MUCL 57021; Ri plants) provided by Koppert 
Biological Systems (The Netherlands). The other 
half served as non-mycorrhizal controls (Nm plants). 
Seedlings were grown in a commercial nursery (San 

Isidro, Torrox, Spain) for 4  weeks. Then, scions of 
the tomato variety Albenga were grafted onto the 
root-stock Kardia, and maintained in the nursery for 
another 3 weeks. Both Nm and Ri plants were exog-
enously treated by irrigation with signalling com-
pounds known to promote AM symbiosis. The syn-
thetic strigolactone analogue GR244DO (Scaffidi et al. 
2014) (StrigoLab, Italy) and the strigolactone mimic 
SL-M2 (patent ES1641.1974-PRIO) were applied at 
0.1 and 1 μM, respectively (Supplementary Fig. S1). 
The flavonol quercetin (Sigma-Aldrich, Germany) 
was applied at 1 μM (Supplementary Fig. S1) (Lidoy 
et  al. 2023). Untreated control treatments were irri-
gated with tap water. The treatments were applied 
once a week. Finally, 7-week-old tomato seedlings 
were transplanted into the field.

Experimental setup

On May 30, 2022, the seedlings were transplanted 
into the experimental open field (SAT Hortoventas, 
Ventas de Zafarraya, Granada, Spain 36°57′26″N 
4°07′14″O) and maintained during the whole crop 
cycle from June to October. It was a clayey soil 
consisting of calcareous fluvisols with 0.12% of N, 
3.10% of total C and 0.73% of organic C. The min-
eral composition of the soil is described in the Sup-
plementary Table  S1. The climatological conditions 
in the area during the experiment are detailed in the 
Supplementary Table S2. The experimental field set 
up was a typical open field configuration with plants 
arranged in a ’castle shape’ (Supplementary Fig. S2), 
measuring 45 m long and 25 m wide, covering a total 
area of 1,125 m2. The inoculation with R. irregularis 
and the co-addition treatments followed a randomized 
complete block design with four blocks. Each block 
contained the eight treatments, and each treatment 
consisted of 12 plants (pseudo-replicates), totalling 
384 plants (N = 8 treatments × 4 blocks × 12 pseudo-
replicates) (Supplementary Fig. S3). Plants and roots 
were harvested on October 19, 2022. The rhizosphere 
soil was obtained from roots individually, placed in 
50 ml Falcon tubes and stored at 4ºC until use. The 
roots were used to quantify mycorrhizal colonization. 
For the molecular analyses, the twelve pseudo-repli-
cates from each treatment and block were pooled four 
by four. Three independent replicates per treatment 
and block (N = 3 × 4 = 12 replicates) were used.
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Quantification of colonization rates

Quantification of mycorrhizal colonization was per-
formed by histochemical staining as previously 
described (García et  al. 2020). In brief, roots were 
harvested, cleared, and digested in a 10% (w/v) KOH 
solution for 2 days at room temperature. The alkaline 
solution was then thoroughly washed with tap water 
and acidified using a 2% (v/v) acetic acid solution. 
Subsequently, fungal structures were stained with a 
5% (v/v) black ink (Lamy, Germany) and 2% acetic 
acid solution, followed by incubation at room tem-
perature as per Vierheilig et al. (2005). After 24 h, the 
ink was washed off with tap water, and colonization 
levels were determined using the gridline intersection 
method (Giovannetti and Mosse 1980), using a Nikon 
SMZ1000 stereomicroscope.

Molecular analyses of rhizosphere microbiome

The DNA of the rhizosphere soil was extracted from 
two replicates of 0.1  g for each homogenised soil 
sample using the TissueLyzer II method with the aid 
of a DNeasy Plant Pro Kit (QIAGEN, Hilden, Ger-
many) following the manufacturer’s instructions. 
The two extracted replicates for each rhizosphere 
soil sample were pooled and concentrated at 35ºC to 
a final volume of 50 uL using a Savant Speedvac® 
concentrator (Fisher Scientific, Madrid, Spain). 
To characterize the microbial communities, the 
ProV3V4 primers (5’ CCT​ACG​GGNBGCASCAG 
3’ and 5’ GAC​TAC​NVGGG​TAT​CTA​ATC​C 3’) 
(Lundberg et  al. 2013; Takahashi et  al. 2014) were 
used to amplify the V3-V4 hypervariable regions of 
the bacterial 16S rRNA gene, and the primers ITS4-
ITS2_fITS7 (5’ TCC​TCC​GCT​TAT​TGA​TAT​GC 3’ 
and 5’ GTG​ART​CAT​CGA​ATC​TTT​G 3’) (Ihrmark 
et  al. 2012) were used to amplify the fungal ITS2 
region. The samples were sequenced on the Illumina 
MiSeq platform (2 × 300 nucleotide paired-end pro-
tocol) at the genomic facilities of the López-Neyra 
Institute of Parasitology and Biomedicine (IPBLN-
CSIC). Blockers were used to minimize amplifica-
tion of mitochondria and chloroplasts (Lundberg et al. 
2013). Illumina reads were deposited in the Sequence 
Read Archive (SRA) service of the European Bioin-
formatics Institute (EBI) database under BioProject 
ID: PRJNA1192287 (Biosamples accession numbers 
SAMN45104698- SAMN45104713).

All raw paired-reads from 16S rRNA gene and 
ITS2 region were analysed using R version 4.2.2 
(R Core Team 2022). The DADA2 v1.24.0 pipeline 
(Callahan et  al. 2016) was utilized to process the 
raw sequences and construct an amplicon sequence 
variant (ASV) table. ASV taxonomic assignment 
was performed using the assignTaxonomy function 
(based on naïve Bayesian classifier method) against 
the SILVA v138.1 (Quast et  al. 2013) and UNITE 
v10.0 (Abarenkov et al. 2024) databases for bacteria 
and fungi, respectively. An ASV matrix was gener-
ated using the Marker Data Profiling module on the 
MicrobiomeAnalyst web platform (Dhariwal et  al. 
2017; Chong et  al. 2020). ASVs were filtered based 
on a minimum prevalence in samples of 10% and a 
minimum variance of 10%. All samples reached a 
plateau based on the rarefaction curves generated by 
the MicrobiomeAnalyst tool.

Predictive metagenomic profiles

The Tax4fun v0.3.1 software (Aßhauer et  al. 2015), 
integrated into the MicrobiomeAnalyst Shotgun 
Data Profiling module (Dhariwal et  al. 2017), was 
employed to predict the functional pathways of 
soil bacterial communities based on 16S data sets 
obtained from the SILVAngs web server. This predic-
tion was based on the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) modules- functional units of 
sets of genes in the KEGG metabolic pathways data-
base that can be linked to specific metabolic capaci-
ties and other phenotypic characteristics. These are 
manually defined sets of genes or reactions that cor-
respond to specific biological functions or pathways 
(Kanehisa and Goto 2000; Kanehisa et al. 2023).

Statistical analyses

We first assessed the levels of mycorrhizal coloni-
zation across the different combinations of nursery 
stage inoculation with R. irregularis (Nm, Ri) × sign-
aling molecules (C, GR24, Q, SL-M2). This assess-
ment was conducted using linear models at two spe-
cific times: at the moment of plant transplantation 
into the field and at the time of fruit harvest.

Next, we employed univariate linear models to 
test the hypothesis that nursery stage inoculation 
with R. irregularis × nursery stage inoculation with 
signalling molecules would impact the predicted 
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KEGG bacterial modules in the rhizosphere sam-
ples at the time of fruit harvest. Given the rigorous 
experimental design—where each NGS sample was 
a composite sample from the rhizosphere of three 
plants—and the thorough metagenomic cleaning 
and filtering processes applied to the samples, no 
p-value correction was performed to avoid inflating 
type II errors (Moran 2003; Dopheide et  al. 2019; 
Zinger et  al. 2019). Alongside with statistical sig-
nificance, the effect size (log2 fold change) is shown 
throughout the paper. Analyses were performed in 
R 4.2.2 (R Core Team 2022) using the nlme pack-
age (Pinheiro et  al. 2014). We used R packages 
ggplot2 (Wickman 2016), pheatmap (Kolde 2019) 
and EnhancedVolcano (Bligue et al. 2023) packages 
for data visualisation.

Results

Strigolactones and quercetin promotes AM symbiosis 
at the nursery stage

Before transplanting into the field, mycorrhizal 
colonization levels were assessed in a subset of 
plants to i) confirm the successful establishment of 
AM symbiosis and ii) to evaluate the effect of the 
exogenous application of the different signalling 
molecules on mycorrhizal colonization. Mycor-
rhizal symbiosis was successfully established in R. 
irregularis inoculated plants at the nursery stage, 
although root colonization levels at this stage were 
low (Fig. 1A). Mycorrhizal colonization was further 
enhanced approximately twofold by the addition of 
the synthetic strigolactones analogue GR244DO and 
the strigolactone mimic SL-M2, and by the flavonol 
quercetin (Fig.  1A). Non inoculated control plants 
did not show any mycorrhizal colonization. Plant-
lets were then transferred to the field, and final myc-
orrhizal colonization levels were analysed in roots 
harvested from the field at the end of experiment. 
In this case, mycorrhizal colonization was observed 
in the control, non-inoculated Nm plants (Fig. 1B), 
confirming the presence of AMF in the field soil. 
However, higher levels of mycorrhizal colonization 
were detected in the plants pre-inoculated during 
the nursery stage, especially after the co-addition of 
SL-M2 and quercetin (Fig. 1B).

R. irregularis inoculation at the nursery stage altered 
bacterial metabolic functions

Despite the establishment of mycorrhiza in both 
inoculated and non-inoculated plants by the end of 
the experiment, inoculation with R. irregularis at the 
nursery stage did not alter the taxonomic composi-
tion of bacterial or fungal communities after a five-
month growth period post-transplantation (Supple-
mentary Fig. S4). Initial findings also indicated that 
the core taxa of the bacteriome within the rhizosphere 
bacterial community of tomato plants exhibited lim-
ited diversity (Supplementary Fig.  S5). However, a 
shift in the predicted metabolic functions of bacte-
ria in the rhizosphere of tomato plants was observed 
(Fig. 2A, B). Of the 154 KEGG modules present in 
the rhizosphere samples, nursery stage inoculation 
with R. irregularis had a significant effect on 137 of 
them, with some being enriched and others depleted, 
and with effect sizes ranging from low to moderate 
values. However, this did not affect the taxonomic 
diversity of the bacterial and fungal communities, 
nor the abundance of predicted fungal lifestyles. The 
exogenous addition of signalling molecules during 
the nursery stage did not elicit any observable effects 
on the bacterial communities at the conclusion of the 
field experiment.

Alterations in predicted energy metabolism

A global reduction in the metabolic activity of rhizo-
bacteria was observed in the nursery stage inocula-
tion treatment with R. irregularis, particularly in 
those related to the synthesis of acetyl-CoA, assimila-
tory nitrate to ammonia, assimilatory and dissimila-
tory sulfate reduction to H2S, and several metabolic 
pathways related to methane emissions (Fig. 3).

Modulation of predicted carbohydrate and glycan 
metabolism

Early inoculation with R. irregularis resulted in a het-
erogeneous shift of the carbohydrate metabolism of 
rhizobacteria (Fig. 4A). Here, a reduction was observed 
in the Entner-Doudoroff, uronate, ethylmalonate and 
malonate semialdehyde pathways of rhizosphere bac-
teria. Conversely, an increase in other metabolic path-
ways, including galactose degradation, biosynthesis of 
nucleotide sugars and trehalose pathways was observed. 
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Furthermore, a slight increase in both the glycolysis 
and pentose phosphate KEGG modules was identi-
fied. Additionally, the degradation of glycans was also 
enhanced in the metabolism of rhizobacteria by R. 
irregularis inoculation (Fig. 4B).

Changes in predicted amino acids, cofactors and 
vitamins metabolism

A comparable pattern to that observed in carbohy-
drate metabolism was identified in the amino acid 

metabolism (Fig. 5) and in the metabolism of cofac-
tors and vitamins (Fig. 6) of the rhizosphere bacteri-
ome. The inoculation with R. irregularis in a nursery 
setting enhanced the biosynthesis of the amino acids 
cysteine, GABA, lysine, methionine and proline, 
while reduced the biosynthesis of acetyl and ace-
toacyl CoA, lysine, phenylalanine, tyrosine and iso-
leucine in the rhizosphere of tomato plants after five 
months of growing in the field (Fig. 5).

With regard to the metabolism of cofactors and 
vitamins, it is noteworthy that there was an increase 

Fig. 1   Levels of mycor-
rhizal colonisation in the 
different inoculation combi-
nations at the nursery stage 
with R. irregularis (Nm, 
Ri) × signalling molecules 
(C, GR24, Q, SL-M2) at 
(A) the time of transplant-
ing to the field and (B) at 
the time of fruit harvest. 
Different capital letters 
indicate significant differ-
ences (P < 0.05), tested 
by Tukey’s HSD post hoc 
pairwise comparisons
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in the biosynthesis of biotin and pantothenate, accom-
panied by a decrease in the biosynthesis of cobala-
min, menaquinol and ubiquinol, within the rhizobac-
teria community metabolism (Fig. 6).

Shifts in n predicted lipid metabolism

The impact of early R. irregularis inoculation on 
the lipid metabolism of the rhizobacteria is shown 
in Fig.  7. With the exception of an increase in the 
elongation step of fatty acid biosynthesis, a global 
reduction in overall lipid metabolism was evidenced, 
encompassing processes such as acylglycerol degra-
dation, beta-oxidation, acyl-CoA, jasmonic acid and 
triacylglycerol biosynthesis.

Alterations in predicted nucleotide metabolism

An increase in metabolic pathways associated with 
the synthesis of adenine nucleotides and the catabo-
lism of purines and pyrimidines, resulting in the pro-
duction of urea and aminoisobutanoate, respectively, 
was observed in the nursery stage inoculation treat-
ment with R. irregularis (Fig. 8). Conversely, a reduc-
tion in purine synthesis was observed, suggesting a 
promoting effect of AM symbiosis in the urea cycle.

Modulation of predicted terpenoids, polyketides and 
xenobiotics pathways

The early inoculation of R. irregularis led to an 
enhancement of KEGG modules associated with the 
biosynthesis of terpenoids and polyketides in the 
rhizobacteria of cultivated tomato (Fig.  9A). This 
was particularly evident for the biosynthesis of C10-
C20 isoprenoids and the deviation of C5 isoprenoid 
biosynthesis from the mevalonate pathway to a non-
mevalonate pathway. Additionally, a considerable 
number of KEGG modules associated with xenobi-
otic degradation potential pathways in rhizobacteria 
were found to be diminished, with the majority of 
these modules reliant on coenzyme A (Fig. 9B).

Discussion

Mycorrhizal inoculation has been proposed to have 
an impact on the rhizosphere communities, but there 
is a gap in the research examining the lasting impact 

of inoculation at the nursery stage on the rhizosphere 
community, particularly in terms of functional diver-
sity. The present study constitutes an assessment 
of the impact of early inoculation with AMF on the 
structure and functionality of the rhizosphere micro-
biome of tomato plants at the harvesting period, after 
five months of growth in the field. We show that early 
inoculation with the AMF R. irregularis during the 
nursery stage efficiently colonized tomato seedlings. 
Moreover, the exogenous addition of signaling mol-
ecules further promoted symbiosis establishment, 
showing their potential as prebiotic biostimulants. 
Thus, only inoculated plants were mycorrhized at the 
time of transplanting to the field. However, at the end 
of the experiment, mycorrhizal colonization was also 
observed in non-inoculated plants after growing in 
the field, albeit with slightly lower levels compared to 
inoculated plants. This is likely due to the presence of 
AMF in the agricultural soil, either native isolates or 
remnants from previous campaigns in the agricultural 
soil.

Prior research has demonstrated that AMF inocu-
lation can influence the soil-borne fungal community, 
increasing the diversity and abundance of beneficial 
fungi while suppressing pathogenic species (Cao 
et  al. 2024). The initial findings of this study indi-
cate that the bacteriome core taxa within the rhizos-
phere bacterial community of tomato plants exhibited 
a limited range of diversity. Similarly, the findings 
by Lahrach et  al. (2024) suggest that the number of 
core bacteriome taxa in the mycelial bacterial com-
munity of R. irregularis is very limited. The consist-
ency in feature-level taxa across both inoculated and 
non-inoculated plants, with comparable relative abun-
dance, along with beta-diversity analysis, indicates 
that R. irregularis inoculation in the nursery stage 
had no impact on the taxonomic diversity of the bac-
terial community in the rhizosphere of tomato plants 
after a five-month growth period in the field. Never-
theless, the nursery inoculation resulted in alterations 
to the potential metabolic functions of the rhizosphere 
bacteria. The exogenous addition of signalling mol-
ecules during this stage had no effect on the bacterial 
communities at the end of the field experiment, likely 
due to their short-lived nature (Akiyama et al. 2010; 
Wang et al. 2016). It was shown that the introduction 
of AMF into the soil can modify bacterial functional-
ity without altering the composition of the bacterial 
community (Sangwan and Prasanna 2022; Lahrach 
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et  al. 2024). Nevertheless, to date, no research has 
investigated the effect of nursery inoculation on the 
bacterial rhizosphere community. Our findings indi-
cate that bacterial communities are highly dynamic 
and demonstrate the capacity to adapt to the intro-
duction of AMF, with these adaptations persisting 
throughout the growing and development period. The 
observed shift towards more specialised metabolic 
functions within the bacterial community could be 
attributed to a number of factors, including functional 
redundancy, metabolic plasticity, microbial interac-
tions and resource allocation. It is important to note 
that a significant proportion of bacterial species are 
capable of performing analogous functions (Singa-
varapu et al. 2023). Additionally, bacteria can modify 
their metabolic pathways in response to environmen-
tal changes, such as variations in nutrient availability 
or the presence of root exudates from mycorrhizal 
plants (Parter et  al. 2007; Wani et  al. 2022). Conse-
quently, even if the community composition remains 
unaltered, the functional roles of the bacterial com-
munity may shift in order to adapt to the novel envi-
ronmental conditions created by the AM symbiosis. 
Mycorrhizal plants can also impact bacterial activity 
through the release of signalling molecules, which 
can enhance or suppress specific functions while 
maintaining the overall composition of the bacterial 
community (Sangwan and Prasanna 2022). Moreo-
ver, mycorrhizae have the capacity to reallocate soil 

resources (Huey et  al. 2020). In response, bacteria 
may alter their functional roles in order to exploit 
new niches or resources provided by the mycorrhiza, 
resulting in changes in functionality without a change 
in community composition. These findings support 
the assertion that bacterial communities are dynamic 
and that they have the capacity to adapt their func-
tional capacity in response to root colonization by 
AMF. Nevertheless, there is currently a gap in the 
research examining the impact of nursery inoculation 
on the bacterial rhizosphere community, particularly 
in terms of functional diversity. In the present study, 
predictive metagenomics was employed to explore the 
potential functional capabilities of rhizosphere bacte-
rial communities. While this approach offers valu-
able insights, it is essential to recognize its inherent 
limitations. These include a strong dependence on the 
completeness and accuracy of reference genome data-
bases —which may not fully represent the vast diver-
sity of environmental microbiomes, particularly in 
complex ecosystems like soils—, as well as a lack of 
strain-level resolution and the possibility of introduc-
ing biases in functional inference (Sun et  al. 2020). 
Nonetheless, predictive tools such as Tax4Fun have 
demonstrated robust performance across diverse envi-
ronments, showing strong correlations with whole-
genome metagenomic profiles in terms of functional 
prediction accuracy (Djemiel et al. 2022; Lema et al. 
2023). Their utility is especially pronounced in agri-
cultural and ecological studies, where large sample 
sizes and field conditions often limit the feasibility of 
deeper sequencing approaches.

In our case, predictive metagenomics provided 
meaningful insights into the restructuring of rhizo-
sphere metabolic functions following early AMF 
inoculation. It can be reasonably inferred that the 
reduction in the predicted energy-intensive processes 
observed in the rhizobacterial community from inoc-
ulated plants can be attributed to differential resource 
allocation. The presence of AMF and symbiosis 
establishment likely facilitate more efficient nutri-
ent uptake by the plant, prompting bacteria to reduce 
their energy metabolism activities and focus on meta-
bolic processes that support the new ecological bal-
ance. This shift may be due to changes in substrate 
availability and/or to the emergence of alternative 
metabolic pathways that are more advantageous in 
the mycorrhizal environment (Chen et al. 2022; Luo 
et al. 2024). In our experimental setup, the reduction 

Fig. 2   (A) Heatmap classifying mean rhizosphere bacte-
rial KEGG module values per nursery stage inoculation with 
R. irregularis (Nm, Ri) × signalling molecules (C, GR24, Q, 
SL-M2). The colour gradient indicates the magnitude and 
direction of the standardized coefficients, with shades of red 
representing enriched modules and shades of blue represent-
ing depleted modules. Coefficients close to zero are depicted 
in white. Hierarchical clustering (average method) was applied 
to both bacterial KEGG modules and treatment combina-
tions to highlight the degree of similarity within the data. The 
dendrograms along the axes show the clustering structure. 
(B) Volcano plot illustrating the average log2 fold change of 
rhizosphere bacterial KEGG modules in the nursery inocula-
tion treatment with R. irregularis (Ri) compared to the control 
(Nm). Each point on the graph represents a specific KEGG 
module. The y-axis shows the -log10 p-value, indicating the 
statistical significance (P < 0.05) of the observed changes, and 
the x-axis shows the log2 fold change, indicating the magni-
tude of the change in abundance between conditions. Grey dots 
indicate bacterial KEGG modules for which there is no signifi-
cant effect, red dots indicate those enriched by nursery stage 
inoculation with R. irregularis, and blue dots indicate those 
depleted by nursery stage inoculation with R. irregularis 

◂
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of predicted pathways associated with the synthe-
sis of acetyl-CoA, assimilatory nitrate to ammonia, 
assimilatory and dissimilatory sulfate reduction to 
H2S, and methane emissions in the presence of myc-
orrhizal plants may be indicative of several ecologi-
cal and metabolic shifts. The acetyl-CoA pathway is 
fundamental to the survival and growth of a multi-
tude of bacterial species, particularly in environments 
where organic carbon sources are scarce (Bernal et al. 
2016). In this metabolic pathway, the coenzyme A 
facilitates the conversion of CO₂ and H₂ into acetyl-
CoA, which can then be employed for the synthesis 
of cellular components or for energy production. 
Indeed, a reduction in the inferred ethylmalonyl-CoA 
pathway, which plays a central role in the carbon 
metabolism of numerous soil bacteria and converts 
acetyl-CoA into precursor metabolites for cell carbon 
biosynthesis, was observed. The decrease in nitrate 

and sulphate reduction pathways and methane emis-
sions supports the hypothesis that bacteria are under-
going a shift away from certain metabolic pathways 
involved in carbon metabolism.

Therefore, a decrease in this activity may result in 
a diminished carbon metabolism, encompassing the 
Entner-Doudoroff, pentose phosphate, uronate, eth-
ylmalonyl and malonate semialdehyde pathways. The 
Entner-Doudoroff pathway provides an alternative 
route to glycolysis, while the pentose phosphate path-
way operates in parallel to glycolysis. The observed 
slight increase in glycolysis and galactose predicted 
catabolism may be linked to these pathways, indicat-
ing that bacteria may have shifted to them as a means 
of catabolizing glucose. In this context of decreased 
carbon metabolism, the uronate and malonate semi-
aldehyde pathways, which facilitate the breakdown 
of complex organic compounds, were also reduced. 

Fig. 3   Effect of nursery inoculation with R. irregularis on pre-
dicted KEGG pathway molecular functions (KEEG modules) 
associated with Energy Metabolism in rhizosphere bacteria. 
The log2 fold change of nursery inoculation with R. irregula-

ris (Ri) with respect to the mean of the treatment without myc-
orrhizal inoculation (Nm) is shown. Red indicates significant 
enrichment, blue indicates significant depletion and grey indi-
cates no significant effect
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Nonetheless, the increase in predicted KEGG mod-
ules associated with glycan metabolism indicates that 
the rhizosphere bacteria are adjusting to utilise long 
chains of monosaccharide molecules with greater effi-
ciency. This may be attributed to the AM symbiosis 
increasing the accessibility of complex carbohydrates 

in the soil (Saia et al. 2019), which are then metabo-
lised by bacteria for energy and growth.

The observed decline in the predicted lipid metab-
olism is consistent with the shift in the bacterial com-
munity’s energy metabolic pathways. This may be 
a response to the influence of the AMF or the AM 

Fig. 4   Effect of nursery inoculation with R. irregularis on pre-
dicted KEGG pathway molecular functions (KEEG modules) 
associated with (A) Carbohydrate Metabolism and (B) Glycan 
Metabolism in rhizosphere bacteria. The log2 fold change of 

nursery inoculation with R. irregularis (Ri) with respect to the 
mean of the treatment without mycorrhizal inoculation (Nm) 
is shown. Red indicates significant enrichment, blue indicates 
significant depletion and grey indicates no significant effect
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symbiosis on the plant’s root exudates. In general, 
carbohydrates are more abundant in root exudates 
than lipids when AMF is present. The decline in lipid 
metabolism that has been observed is consistent with 
the shift in the bacterial community’s energy meta-
bolic pathways. These findings align with previous 
research showing that AMF presence can modulate 
root exudate composition, leading to an increased 
release of carbohydrate-rich compounds, such as 
sugars and organic acids (Pasquini et al. 2023). This 

enhanced nutrient accessibility may diminish the 
need for bacteria to rely on lipid metabolism for 
energy, consequently resulting in a reduction in path-
ways such as beta-oxidation and acylglycerol degra-
dation (Koshila Ravi and Muthukumar 2024). Conse-
quently, this is associated with a decline in acyl-CoA 
biosynthesis, a process that plays a pivotal role in 
the storage and utilisation of energy. In relation to 
the reduction in jasmonic acid (JA) production, it is 
a well-established fact that plants and certain fungi 

Fig. 5   Effect of nursery inoculation with R. irregularis on pre-
dicted KEGG pathway molecular functions (KEEG modules) 
associated with Amino Acid Metabolism in rhizosphere bacte-
ria. The log2 fold change of nursery inoculation with R. irreg-

ularis (Ri) with respect to the mean of the treatment without 
mycorrhizal inoculation (Nm) is shown. Red indicates signifi-
cant enrichment, blue indicates significant depletion and grey 
indicates no significant effect
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are capable of synthesising this compound (Eng et al. 
2021). Moreover, research has demonstrated that spe-
cific endobacteria are able to increase the levels of 
JA in root tissues (Zhu et al. 2021). Nevertheless, the 
precise function of JA in rhizosphere bacteria remains 
uncertain, although it is plausible that it may perform 
a signalling role.

The decrease in some amino acid synthesis 
inferred pathways provides further evidence of a 
potential shift in metabolic priorities, which may be 
attributed to the mycorrhiza providing amino acids 
directly in the rhizosphere as an energy source (Wang 
and Feng 2021). However, the observed increase 
in the synthesis of specific amino acids, including 
cysteine, GABA, lysine, methionine, and proline, sug-
gests that the bacterial community may be engaged in 
a more specialised metabolic function. This shift has 
several implications at the ecological and functional 
levels. Increases in GABA and proline are frequently 
associated with stress responses. GABA plays a role 
in stress tolerance, while proline acts as an osmo-
protectant, helping bacteria to cope with osmotic 
stress (Chun et  al. 2018; Sita and Kumar 2020). 
This may suggest that the presence of AM sym-
biosis also induces a stress response in rhizosphere 
bacteria, resulting in the production of protective 

compounds. Moreover, cysteine and methionine are 
sulfur-containing amino acids essential for a num-
ber of metabolic processes. The increased synthesis 
of these amino acids could indicate enhanced sulfur 
metabolism, which may in turn improve the availabil-
ity of essential nutrients for both plants and microbes 
(Korenblum et al. 2022; Yang et al. 2024). The rise in 
some of the biosynthesis pathways of lysine may be 
related to enhanced symbiotic interactions between 
plants and bacteria, as lysine is a precursor for the 
synthesis of various secondary metabolites that can 
influence plant–microbe interactions, promoting fur-
ther mutual benefits.

The observed increase in predicted nucleotide 
metabolism KEGG modules, which are crucial for 
nucleic acid synthesis, may initially suggest that the 
rhizosphere bacteria associated with AM plants are 
experiencing enhanced growth and division. This 
is accompanied by the use of purine as a nitrogen 
source, which is likely to be degraded into urea fol-
lowing hydrolysis into ammonia and carbon dioxide 
by the enzyme urease. Nevertheless, elevated nucleo-
tide metabolism may also signify augmented micro-
bial activity and adaptation to the changing environ-
ment brought about by the mycorrhizal inoculation 
early at the nursery stage. In particular, pyrimidine 

Fig. 6   Effect of nursery inoculation with R. irregularis on 
predicted KEGG pathway molecular functions (KEEG mod-
ules) associated with Metabolism of Cofactors and Vitamins in 
rhizosphere bacteria. The log2 fold change of nursery inocula-

tion with R. irregularis (Ri) with respect to the mean of the 
treatment without mycorrhizal inoculation (Nm) is shown. 
Red indicates significant enrichment, blue indicates significant 
depletion and grey indicates no significant effect
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nucleotides, such as uridine monophosphate (UMP) 
and cytidine monophosphate (CMP), serve as signal 
molecules involved in a range of cellular processes, 
including biofilm formation (Garavaglia et  al. 2012) 
and bacterial chemotaxis (Liu and Parales 2008).

The early inoculation with R. irregularis at the 
nursery stage also increased the predicted abun-
dance of bacterial KEGG modules associated with 
terpenoid biosynthesis, with several potential eco-
logical implications. Terpenoids fulfil a variety of 
functions, including acting as signalling molecules, 
antimicrobial agents and stress protectants. These 
compounds frequently serve as defensive mecha-
nisms, protecting bacteria from predators, patho-
gens, and environmental stressors. For example, 
terpenoids have the capacity to influence the behav-
iour of other microorganisms and plants through the 

process of signalling (Fordjour et al. 2022; Li et al. 
2023). Furthermore, terpenoids and polyketides 
play a role in the degradation of complex organic 
molecules, thereby contributing to the cycling of 
nutrients in the soil (Bi et  al. 2024). The capacity 
to synthesise a plethora of these compounds endows 
soil bacteria with the ability to adapt to diverse 
environmental conditions. There is evidence to 
suggest that the symbiosis with R. irregularis may 
result in increased expression of genes involved in 
terpenoid biosynthesis, leading to higher production 
of these compounds in plants (Kapoor et al. 2016). 
It seems reasonable to suggest that AMF or AM 
symbiosis induce rhizobacteria to produce a greater 
amount of these compounds, thereby enhancing 
plant defence mechanisms and facilitating more 
effective plant–microbe interactions.

Fig. 7   Effect of nursery inoculation with R. irregularis on pre-
dicted KEGG pathway molecular functions (KEEG modules) 
associated with Lipid Metabolism in rhizosphere bacteria. The 
log2 fold change of nursery inoculation with R. irregularis (Ri) 

with respect to the mean of the treatment without mycorrhizal 
inoculation (Nm) is shown. Red indicates significant enrich-
ment, blue indicates significant depletion and grey indicates no 
significant effect

Fig. 8   Effect of nursery inoculation with R. irregularis on pre-
dicted KEGG pathway molecular functions (KEEG modules) 
associated with Nucleotide Metabolism in rhizosphere bacte-
ria. The log2 fold change of nursery inoculation with R. irreg-

ularis (Ri) with respect to the mean of the treatment without 
mycorrhizal inoculation (Nm) is shown. Red indicates signifi-
cant enrichment, blue indicates significant depletion and grey 
indicates no significant effect
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Finally, the capacity for bacteria to adapt to con-
taminated environments is well established. It is 
well documented that a number of bacteria possess 
the capacity to degrade synthetic compounds that 
are not naturally present in the environment and 
utilise them as carbon or nitrogen sources (Mishra 
et al. 2021). A reduction in the number of pathways 
involved in the breakdown of xenobiotic compounds 
may indicate that mycorrhizal plants play a role in 
maintaining soil stability and reducing the necessity 
for bacteria to degrade harmful compounds. It is 
noteworthy that these biochemical pathways rely on 
acetyl-CoA as a substrate, so the observed reduction 
may be related to the decrease in its biosynthesis.

Conclusions

The exogenous application of symbiosis-promoting 
signalling compounds, combined with AMF inocu-
lation in tomato plants during the nursery stage, 
enhanced AMF colonization rates. This suggests 
that prebiotic compounds (e.g., strigolactones, fla-
vonoids) could optimize the efficacy of microbial 
inoculants in agricultural systems. Furthermore, 
early inoculation with R. irregularis altered the 

metabolic potential of the rhizosphere bacteriome, 
with changes persisting at the end of the five-month 
growth period following transplanting to the field. 
Notably, non-inoculated plants eventually devel-
oped mycorrhizal colonization at harvest, yet early-
inoculated plants exhibited distinct bacterial meta-
bolic shifts, including reduced energy metabolism 
and increased stress-defense compound synthesis, 
accompanied by a shift in metabolic focus towards 
the degradation of carbohydrate compounds, rather 
than lipids or amino acids (Fig.  10). These differ-
ences likely reflect divergent mycorrhizal adaptation 
trajectories during field establishment, underscoring 
the critical role of inoculation timing in microbi-
ome engineering. The results of the present study 
provide a mechanistic basis for leveraging nursery-
stage AMF inoculation to prime metabolic shift of 
rhizosphere microbiomes for sustained functional 
benefits, thus advancing sustainable crop manage-
ment strategies.
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