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Abstract

Heavy metal (HM) contamination in agricultural soils poses a significant threat to soil
health and plant productivity. This study investigates the impact of cadmium (Cd) and
zinc (Zn) stress on tomato plants (Solanum lycopersicum) and explores the mitigation
potential of microbial biostimulants (MBs), including arbuscular mycorrhizal fungi
(AMF) and Pseudomonas fluorescens So_08 (PGPR), over a 52-day period using multi-omics
approaches. Root exudate profiling revealed distinct metabolic changes under HM stress,
which compromised soil-plant interactions. Cd stress reduced the secretion of
phenylpropanoids (sum LogFC: -45.18), lipids (sum LogFC: -27.67), and isoprenoids
(sum LogFC: -11-67), key metabolites in antioxidative defense, while also suppressing
rhizosphere fungal populations. Conversely, Zn stress enhanced lipid exudation (such as
sphingolipids and sterols, as sum LogFC of 8.72 and 9.99, respectively) to maintain
membrane integrity and reshaped rhizobacterial communities. The MBs application
mitigated HM-induced stress by enhancing specialized metabolite syntheses, including
cinnamic acids, terpenoids, and flavonoids, which promoted crop resilience. MBs also
reshaped microbial diversity, fostering beneficial species like Portibacter spp., Alkalitalea
saponilacus under Cd stress, and stimulating rhizobacteria like Aggregatilinea spp. under
Zn stress. Specifically, under Cd stress, bacterial diversity remained relatively stable,
suggesting their resilience to Cd. However, fungal communities exhibited greater
sensitivity, with a decline in diversity in Cd-treated soils and partial recovery when MBs
were applied. Conversely, Zn stress caused decline in bacterial a-diversity, while fungal
diversity was maintained, indicating that Zn acts as an ecological filter that suppresses
sensitive bacterial taxa and favors Zn-tolerant fungal species. Multi-omics data
integration combined with network analysis highlighted key features associated with
improved nutrient availability and reduced HM toxicity under MB treatments, including
metabolites and microbial taxa linked to sulfur cycling, nitrogen metabolism, and iron
reduction pathways. These findings demonstrate that MBs can modulate plant metabolic
responses and restore rhizosphere microbial communities under Cd and Zn stress, with
PGPR showing broader metabolomic recovery effects and AMF influencing specific
metabolite pathways. This study provides new insights into plant-microbe interactions
in HM-contaminated environments, supporting the potential application of biostimulants
for sustainable soil remediation and plant health improvement.
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1. Introduction

In recent years, the investigation of plant-microbe interactions under environmental
stresses has gained significant scientific interest, particularly in the context of HM
contamination [1]. These interactions typically occur in the rhizosphere, where the
biochemical processes driven by the modulation of root exudates can affect microbial
activity and directly influence the plant’s ability to cope with environmental stresses such
as HMs [1,2].

HMs are naturally present in soil, and some play critical roles as cofactors in
numerous biological processes in both macro- and microorganisms [3]. However,
excessive concentrations of HMs— primarily introduced through anthropogenic activities
such as the extensive use of chemical fertilizers, livestock manures, and sludge
wastewater, which are conventionally employed in agriculture to obtain fertilized soils
for crop production—pose significant environmental and agricultural challenges [3].
Beyond a critical threshold, HMs act as environmental pollutants by accumulating and
disrupting soil health. In agricultural systems, HM accumulation adversely affects plant
metabolism, impairing critical processes such as photosynthesis, nutrient uptake, and
oxidative stress mitigation. This ultimately reduces crop growth and productivity [4]. In
addition, transferring HMs from moderately contaminated soils into edible plant parts
introduces potential risks to human health. Moreover, HMs with high solubility and
mobility may leach into groundwater, contaminating drinking water supplies and
impacting aquatic ecosystems [4,5].

Several environmentally friendly strategies have been proposed to remediate HM-
polluted areas, including integrated chemical-biological remediation, plant-microbe-
based phytoremediation, and the application of organic biostimulants [6]. These
approaches share a common goal: to reduce HM bioavailability through immobilization,
chelation, and sequestration, thereby limiting their uptake by plants and other organisms
[7]. Although HMs are not degraded during these processes, their conversion into less
bioavailable forms mitigates their toxicity and environmental impact [7,8]. More recently,
the investigation of microbial biostimulants (MBs) has gained significant attention in
overcoming abiotic stress, including HM stress. The associations between plants and
beneficial microorganisms, such as Plant Growth Promoting Rhizobacteria (PGPR) and
Arbuscular Mycorrhizal Fungi (AMF), have demonstrated the potential to enhance plant
fitness and to confer a wide range of benefits, including improved nutrient uptake,
enhanced tolerance to drought and salinity stress, and effective HM remediation [2,9].
Microbial survival in HM-contaminated soils depends on specialized adaptive
mechanisms that allow soil-dwelling microorganisms to thrive in high-metal
environments [10]. These mechanisms involve the production of metallophores,
antioxidant compounds, and stress protectants that enhance microbial survival and
protect plant cellular integrity by mitigating metal toxicity. In addition, they can stimulate
the synthesis of plant molecules involved in signaling pathways—such as quorum-
sensing molecules and stress-related hormones—that regulate plant responses and
adaptation to environmental stress [11]. Understanding these molecular signaling
pathways is essential for optimizing the use of MBs in agriculture and achieving more
sustainable and productive agricultural practices.

This study investigates two key objectives to address the critical knowledge gap in
understanding the intricate relationship between microorganisms and plants under HM-
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contaminated environments: (1) to evaluate whether AMF and a metal-tolerant PGPR
strain, Pseudomonas fluorescens So_08, can alleviate Cd and Zn stress in tomato plants, and
(2) to explore the hypothesis that plants exposed to metal stress may modulate their root
exudation patterns to foster symbiotic interactions with microorganisms, thereby
enhancing their overall stress tolerance. Our hypothesis that stressed plants release
specific metabolites to attract beneficial microbes is grounded in emerging evidence that
plants adjust their root exudate profiles in response to environmental stressors [12]. By
addressing these objectives, this research combines multi-omics approaches (e.g., root
exudate metabolic profile and amplicon metabarcoding of rhizosphere microbial
population) to elucidate how MBs mitigate metal-induced stress, with implications for
sustainable agriculture and ecosystem restoration. Understanding these mechanisms
advances microbial ecology and provides insights into developing microbe-based
strategies to improve plant resilience in HM-contaminated soils.

2. Results
2.1. MBs Specifically Modulate the Root Exudates Profile Under Cd- and Zn-Induced Stress

Root exudates were profiled using a UHPL-QTOF-MS, leading to the annotation of
more than 1200 metabolites. The list of identified compounds, including their ontology,
abundances, and MS1 isotopic and MS2 spectra (where confirmed), is provided in Table
S1. The dataset was inspected for overall similarities and dissimilarities among treatments
using HCA (Figure S1), reporting specific effects of MB applications and their interaction
with HM stress on root-exudated metabolites. Notably, two primary clusters emerged
from the HCA: the first highlighted the distinct effects of PGPR application, both with and
without HM exposure. In contrast, the second cluster comprised two subclusters: one
representing control and Zn-exposed plants, and the other including AMF, Cd, and
Cd+AMF treatments. Afterward, AMOPLS-DA was performed to assess the variance
associated with the two factors (Table 1), confirming the HCA output and showing that
the MB factor statistically influenced the root exudates profile, reporting 23.2% of RSS
values (p-value = 0.01). The discrimination among MBs was made by components 1 and 4
(Tpl and Tp4), as reported in Table 1 and Figure S1B. Furthermore, the interaction
between MB and HM factors resulted as a secondary factor, with 14.4% of the RSS value
capable of explaining the root exudates variation using components 2 and 6 (Tp2 and
Tp6). Finally, the HM factor contributed less to the root exudate metabolites, reporting 9%
of the RSS value. Interestingly, the supervised AMOPLS model highlighted 53.3% of
metabolomic differences that our factors could not explain (Table 1).

Table 1. Relative variability and block contributions of the ANOVA multi-blocking orthogonal
projection to latent structures discriminant analysis (AMOPLS) of tomato root exudates affected by
heavy metal stress (HM), microbial biostimulant application (MB), and interaction between HM x

MB. RSS: Relative sum of squares, Tp1-6: predictive components, To: orthogonal component.

Effect Name RSS  RSS p-Value R2Y p-Value Tpl Tp2 Tp3 Tp4 Tp5 Tpé6 Tol
HM 9.0% 0.01 0.01 1.8% 2.6% 94.4% 13.4% 73.0% 12.7% 26.2%
MB 23.2% 0.01 0.01 94.3% 1.7% 1.3% 57.7% 6.4% 8.5% 17.6%
HM x MB 14.4% 0.01 0.01 1.7% 92.5% 1.9% 12.8% 9.1% 63.7% 25.0%
Residuals 53.3% - - 2.2% 3.1% 2.4% 16.0% 11.4% 15.1% 31.2%

Based on both supervised and unsupervised models, consolidating the less
important HM factor, we decided to proceed with further analysis by separating Cd and
Zn stress to strengthen our knowledge of the potential mitigation effect of both PGPR and
AMF applications under single metal stress conditions. Specifically, HCA was conducted
to gain general insight into MB treatments of root exudates under Cd- and Zn-induced
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stresses (Figures S2A,B). Accordingly, for both metal stresses, the effect of MBs was
reported to have a higher implication in the exudate profile than metal stress alone,
confirming the specific modulation of the root exudate profile deriving from the
interaction between plant and MBs.

The root exudate profile of tomato plants exposed to Cd and Zn stress was analyzed
using the Orthogonal Partial Least Squares—Discriminant Analysis (OPLS-DA) model to
identify the most discriminant biomarkers associated with the single treatment, focusing
on pairwise comparisons between Cd or Zn, Cd+AMF or Zn+tAMF, and Cd+PGPR or
Zn+PGPR treatments versus the control (Figure S3). The model’s performance was
evaluated based on goodness-of-fit (R?Y) and predictive ability (Q?Y) for each OPLS-DA
model. Then, the OPLS-DA models were statistically validated using cross-validation
ANOVA, as summarized in Table S2 for Cd and S3 for Zn-induced stress. This study
specifically identified VIP makers across the pairwise comparative conditions (VIP score
>1.2), representing metabolites that contributed the most to discrimination for each factor.
These metabolites have been selected, and a Venn diagram was then used to exclude the
contribution of the control effect, allowing for the identification of unique metabolites, as
reported in Figure 1 for Cd stress Figure 1A and for Zn stress Figure 1B. Furthermore,
these unique metabolites were integrated with log FC values and classified into metabolite
classes to provide deeper insights into the effect of MB treatments.
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Figure 1. Venn diagram of variable important in projection biomarkers derived from the OPLS-DA
models of (A) Cd-induced stress (Cd vs. C, Cd+AMEF vs. C, and Cd+PGPR vs. C) and (B) Zn-induced
stress (Zn vs. C, Zn+AMF vs. C, and Zn+PGPR vs. C) of tomato root exudates. The unique
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compounds were classified in their compound ontologies and represented in bar plots for the (C,D)
overall discriminant exudates profile and with a focus on (E,F) phenylpropanoids, as Cd- and Zn-
induced stress, respectively. Abbreviation: AMF = Arbuscular Mycorrhizae Fungi, PGPR = Plant
Growth Promoting Rhizobacteria, C = Control.

As reported in Figure 1C, the Cd-exposed plant exhibited reduced secretion levels of
phenylpropanoids, primarily represented by flavonoids, isoflavonoids, and cinnamic
acids (Figure 1E). This reduction extended to other metabolite classes, including lipids,
fatty acids, isoprenoids, alkaloids, amino acids, and other secondary compounds.
Specifically, within the isoprenoid category, monoterpenoids and tetraterpenoids were
particularly affected by Cd stress (Figure S4A). Moreover, lipid secretion was broadly
suppressed under Cd stress, including fatty acids, steroids, phytohormones (indole-3-
acetic acids; Figure S5), sphingolipids, and glycolipids (Figure S4B). Interestingly, the co-
exposure of Cd stress with MBs reversed this trend, with PGPR application proving
particularly effective. Specifically, under these conditions, the secretion levels of key
metabolite classes shifted significantly, mirroring those observed under Cd stress but in
the opposite direction compared to the control.

In the case of Zn-induced stress, the tomato plant did not report a uniform
modulation of root-secreted metabolites. Instead, specific metabolic classes, including
isoprenoids, fatty acids, and carbohydrates, were detected as having divergent
modulation trends compared to MBs. Among them, the Zn+PGPR reported the most
significant impact on the root exudates, characterized by a decrease in alkaloids and lipid
secretion alongside a notable increase in phenylpropanoid and isoprenoid metabolite
classes (Figure 1D). Zn+PGPR treatment enhanced the secretion of diterpenoids,
triterpenoid saponins, and terpene glycosides (Figure S4C). In contrast, triterpenes were
decreased under Zn+PGPR and Zn+AMF applications, suggesting that these MBs may
suppress specific branches of the isoprenoid biosynthetic pathway, potentially to
reallocate resources toward other stress-related metabolic processes (Figure S4C).
Regarding the phenylpropanoid class, Zn+PGPR increased the release of cinnamic acids,
prenylated flavonoids, and phenolic acids (Figure 1F). In contrast, Zn+tAMF treatment
predominantly promoted the secretion of O-methylated flavonoids. Finally, considering
lipids and fatty acids, Zn+PGPR induced a decrease in long and very long-chain fatty
acids, sphingolipids, and steroids (Figure 54D).

2.2. MBs Specifically Modulate the Rhizosphere Microbial Population Under Cd and
Zn-Induced Stress

The amplicon sequencing analysis identified HMs- and MBs-induced shifts in
bacterial and fungal populations in the rhizosphere. 16S samples yielded an average of
16,000 high-quality reads per sample with an average coverage of 92.8%. ITS amplicons
produced an average of 42,000 high-quality reads per sample, with an average coverage
of 93.0%. In both cases, the high coverage indicates that a substantial portion of the
microbial diversity was captured in the analysis.

The results showing microbial community shifts in tomato rhizosphere soils treated
with Cd and Zn are illustrated in Figure 2. The Cd contamination did not significantly
impact bacterial a-diversity (Figure 2(A1)), indicating that the abundance and richness of
bacterial populations were not affected. The same result was reported for [3-diversity
(Figure 2(A2)). Interestingly, B-diversity analysis revealed that bacterial populations in
AMF-treated soils clustered separately from those in the control (Figure 2(A3)),
suggesting a partial effect of AMF on bacterial community composition. Regarding the Zn
contamination, the bacterial populations were significantly reduced, as suggested by a-
diversity when compared to regular soil (Figure 3(Al)). Interestingly, the application of
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MBs under Zn stress, especially PGPR, resulted in an overall increase in bacterial a-
diversity, partially restoring diversity to levels closer to those of the control soils. This
suggests that PGPR and AMF mitigated some of the negative effects of Zn contamination
on bacterial populations. The -diversity analysis provided additional insights into
bacterial community composition. In Figure 3(A4), the comprehensive {-diversity
analysis revealed significant differences (p < 0.01) among treatments, identifying four
groups: (1) PGPR, (2) Zn+AMF, (3) a group comprising Control, Zn+PGPR, and AMF, and
(4) a group comprising AMF+Zn. These results suggest that Zn contamination influences
bacterial populations, with microbial treatments, particularly PGPR, helping to mitigate
the effects of Zn on bacterial diversity and community composition.
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Figure 2. Effects of Cd stress and MBs on rhizosphere microbial diversity in tomato plants. Panels
A1-A4 correspond to bacterial community analyses, while B1-B4 correspond to fungal community
analyses. (A1) Bacterial a-diversity (Chao index). Different lowercase letters above boxplots indicate
statistically significant differences between treatments (p < 0.05). (A2) Bacterial B-diversity (Cd vs.
control). (A3) Bacterial B-diversity among microbial treatments (PGPR, AMF, and control). (A4)
Comprehensive bacterial B-diversity considering all treatments. (B1) Fungal a-diversity analysis
(Chao index), with different lowercase letters denoting significant differences (p < 0.05). (B2) Fungal
B-diversity (Cd vs. control). (B3) Fungal 3-diversity among microbial treatments (PGPR, AMF, and

control). (B4) Comprehensive fungal 3-diversity analysis.
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Figure 3. Effects of Zn stress and MBs on rhizosphere microbial diversity in tomato plants. Panels
A1-A4 correspond to bacterial community analyses, while B1-B4 correspond to fungal community
analyses. (A1) Bacterial a-diversity (Chao index). Different lowercase letters above boxplots indicate
statistically significant differences between treatments (p < 0.05). (A2) Bacterial 3-diversity (Zn vs.
control). (A3) Bacterial B-diversity among microbial treatments (PGPR, AMF, and control). (A4)
Comprehensive bacterial -diversity considering all treatments. (B1) Fungal a-diversity (Chao
index), with different lowercase letters denoting significant differences (p < 0.05). (B2) Fungal f3-
diversity (Zn vs. control). (B3) Fungal 3-diversity among microbial treatments (PGPR, AMF, and

control). (B4) Comprehensive fungal 3-diversity analysis.

For fungal populations, the response to Cd treatments was more pronounced. The a-
diversity analysis (Figure 2(B1)) revealed that Cd+PGPR-treated soils had significantly
higher fungal diversity compared to other treatments (p < 0.01). The 3-diversity analysis
demonstrated that Cd significantly influenced fungal community composition (Figure
2(B2)), with distinct clustering between fungal populations in Cd-treated soils and the
control (p < 0.01). While microbial treatments also produced distinct clusters (Figure
2(B3)), even though these differences were not statistically significant. The comprehensive
[-diversity analysis (Figure 2(B4)) revealed significant clustering (p < 0.01), identifying
four cluster groups: (1) Control, (2) PGPR, (3) Cd+PGPR, and (4) a cluster comprising Cd,
Cd+AMF, and AMF. These results indicate that the amount of Cd added was insufficient
to cause a significant reduction in microbial communities in the tomato rhizosphere,
although a trend of reduced diversity was observed. Adding PGPR in Cd-contaminated
soils significantly increased fungal a-diversity compared to other treatments.

In the case of Zn-induced stress, the fungal populations were not affected by the
treatments, as revealed by the a-diversity (Figure 3(B1)). However, [3-diversity analysis
revealed significant shifts in fungal community composition in response to Zn. In Figure
3(B2), fungal populations in Zn-treated soils clustered significantly differently from the
control (p < 0.05). Microbial treatments also significantly influenced fungal p-diversity
(Figure 3(B3)), with distinct clustering observed between fungal populations treated with
PGPR, AMF, and control (p <0.05). The comprehensive $-diversity analysis (Figure 3(B4))
revealed three distinct clusters: (1) Zn+PGPR, (2) PGPR, and (3) a larger cluster comprising
the remaining treatments. These results indicate that Zn contamination induced
significant shifts in fungal community composition, although a-diversity was unaffected.
Microbial treatments, particularly PGPR, appeared to influence fungal populations
despite the toxic effects of Zn.

2.3. Multi-Omics Data Integration of Fungal, Bacterial, and Exudates

To find a direct correlation between metabolomics and metagenomics datasets, a
horizontal data integration approach based on the DIABLO data integration framework
was employed. This workflow was applied separately for both Cd- and Zn-induced stress
(Figure 4) to determine the influence of MBs on the root exudate profile and fungal and
bacterial soil rhizosphere populations of tomato plants.
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Figure 4. DIABLO-based data integration models for the exudate profile, rhizosphere bacterial, and
fungal metagenomics datasets of the tomato plant affected by Cd and Zn stress. Arrow plot of the
three integrated datasets discriminating among different microbial biostimulants (AMF and PGPR)
in tomato plants grown under Cd (A) and Zn (C) stress, respectively. Circos correlation plot of the
three datasets, where the selected features are involved in positive and negative correlations, for Cd

(B) and Zn (D) stress. Abbreviation: AMF = Arbuscular Mycorrhizae Fungi, PGPR = Plant Growth
Promoting Rhizobacteria, C = Control.

The DIABLO model for Cd demonstrated high correlation scores, averaging 0.89 and
0.84, across the first two components. These high correlations emphasize the robustness
and reliability of the integrated omics model in distinguishing between treatments. The
arrow plot highlighted a substantial contribution from all three datasets, as indicated by
the minimal arrow distances between the omics data (Figure 4A). Specifically, the first
component played a central role in discriminating Cd stress from other conditions, while
the second component was attributed to the discrimination between MB-treated samples
and the control (Figure 4A). Furthermore, the joint circos correlation analysis revealed
notable positive and negative correlations among features (r > 10.75/; Figure 4B),
underscoring the interconnectivity of metabolic pathways and the biological signatures
shared in response to treatments. The features that are significantly responsible for
discriminating between different treatments are reported in Figure S6A, and a complete
list of loading features is provided in Table S4.

The DIABLO model for Zn exhibited strong correlations, with average scores of 0.87
and 0.93 for the first two components. The first component significantly distinguished
PGPR treatments, which clustered separately from other treatment groups, including
Zn+tAMF and Zn+PGPR plants. Meanwhile, the second component exhibited great
discrimination potential for the control and MB samples, thereby highlighting distinct
metabolic and microbial profiles across these conditions (Figure 4C). The complete list of
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features for all three datasets and components is provided in Table S5. The circos
correlation analysis revealed a complex network of positive and negative correlations
among features across the three datasets (r > 10.751; Figure 4D). The loading plots (Figure
S6B) identified significant features driving treatment discrimination, highlighting specific
correlated features that were particularly significant under PGPR, MB, and combined Zn-
stress conditions (Table S5).

2.4. Network Analysis of Highly Discriminant Features Obtained from Multi-Omics Data
Integration in Cd- and Zn-Stressed Models

The highly correlated features (r > 10.751) derived from the DIABLO model were
finally subjected to network analysis to visualize the intricate relationships between root
exudate metabolites and the rhizosphere microbial community, including bacterial and
fungal populations. This integrative approach enabled us to identify key associations
within the root-soil-microbe system under HM stress, and when combined with MB
treatments (Figure 5). Network topology metrics, such as global edge density and
betweenness centrality, were calculated to identify hubs, key metabolites, and microbial
species that play central roles in the network structure. Finally, the network was subjected
to the Louvain clusterization methodology to detect communities within the network.
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negative) between nodes. To enhance interpretability, node size was scaled based on the degree of

betweenness of each feature, and edge thickness reflected the strength of the correlations.

Regarding Cd-derived stress, the resulting network exhibited a global edge density
of 5.85%, reflecting sparse but meaningful connectivity among metabolites and microbial
taxa. Notably, Cedecea davisae was identified as the hub of betweenness centrality in the
network, underlining its important role in mediating interactions between key nodes. To
further explore the network structure, the Louvain clustering method was applied,
revealing five distinct communities characterized by highly interconnected metabolites
and microbial species. The complete list of features belonging to each cluster is reported
in Table S6. In the first cluster (Lcl), significant associations were observed between
specific metabolites, such as linoleic acid and indoles and derivatives, and bacterial
species, including Capillibacterium thermochitinicola and Sphaerobacter spp. Cluster 2 (Lc2)
further emphasizes the central roles of Portibacter spp. and Flavitalea gansuensis in response
to Cd-induced stress, exhibiting significant connections with diverse metabolites,
including xanthophylls, terpenoids, cinnamic acids, and flavonoids. The third cluster
(Lc3) revealed a complex interplay between root exudates, fungal populations, and
bacterial taxa under MBs and HM treatments. This cluster highlighted the importance of
Aspergillus nidulans and Scedosporium apiospermum, which exhibited strong associations
with Cedecea davisae and specific root exudates, including flavonoid O-glycosides, steroids,
saponins, and coumarins. These findings underscore the synergistic roles of fungal and
bacterial species in metabolite interactions and plant stress responses. Finally, clusters 4
and 5 (Lc4 and Lcb) were associated with bacterial communities dominated by
Desulfovulcanus spp., Geobacillus thermodenitrificans, and Acidibacter ferrireducens, taxa that
are likely involved in sulfur cycling, nitrogen metabolism, and iron reduction processes
under Cd stress.

Concerning Zn-driving stress (Figure 5), the resulting network exhibited a global
edge density of 13.29%, reflecting denser connectivity than Cd stress. Entoloma
sororpratulense was identified as the betweenness centrality hub, highlighting its role in
mediating interactions between plant and microbial communication under Zn stress
conditions. The Louvain clustering revealed four distinct communities. The detailed list
of features associated with each cluster is provided in Table S7. Among these clusters, the
second cluster (Lc2) reported a prominent association between fungal taxa, including
Microstoma longipilum and Phylloporus castanopsidis, and rhizobacterial species such as
Phototrophicus methaneseepsis and Nitratireductor aestuarii. These microbial taxa
demonstrated significant connections with xanthones and prenylated flavanones.
Notably, the third and fourth clusters (Lc3 and Lc4) were represented by two highly
connected fungal taxa, Microdochium musae and Entoloma sororpratulense, which have a
high degree of connectivity. These are positively correlated with specific metabolites,
including amino acids and derivatives, cucurbitacin glycosides, and sesquiterpenoids.
Conversely, these taxa exhibited negative correlations with long-chain fatty acids,
triacylglycerols, tocopherols, triterpenoids, and ergosterols.

3. Discussion

The MBs applied in this study effectively enhanced plant growth and stress tolerance
through diverse biochemical and physiological mechanisms, as previously demonstrated
[13]. However, the specific mechanism underlying the MB-plant-soil remains
insufficiently explored. In this study, the combined use of P. fluorescens and AMF product
was evaluated in tomato plants exposed to Cd and Zn contamination, with emphasis on
how MBs reshape root exudation patterns to promote symbiotic interactions and
strengthen stress resilience. Importantly, AMOPLS variance partitioning revealed that
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MBs accounted for a greater proportion of exudate variation than the metal factor itself,
highlighting that microbial partners can strongly reprogram root chemical composition
even under heavy metal (HM) stress. This finding supports the concept of stress-induced
recruitment, whereby plants modify their metabolic profiles to attract beneficial
microorganisms capable of mitigating environmental constraints [12].

3.1. Plant—-Microbial Communication Mechanism Under Cd and Zn Stress

The responses of tomato plants to Cd and Zn contamination revealed distinct
metabolic and ecological strategies, confirming that the identity of heavy metals
determines the mode of plant-microbe interaction. The two metals differ fundamentally
in their biochemical behavior. Cd, being non-essential and highly reactive, disrupts
enzymatic cofactors and displaces essential ions [14], whereas Zn, though essential,
perturbs cellular homeostasis only at supra-physiological concentrations [15]. Therefore,
Cd imposed a global inhibition of specialized metabolism and signaling, while Zn
induced a targeted remodeling of specific metabolic and microbial processes [14-16]. The
comparison between these two metals indicates how variations in essentiality and redox
behavior shape the plant’s biochemical allocation, its capacity for rhizosphere signaling,
and the structure of associated microbial communities.

Root exudates profiling showed that Cd stress reduced the secretion of
phenylpropanoids, lipids, and isoprenoids. These metabolite classes are fundamental for
antioxidative defense, cell wall reinforcement, and stress signaling [17]. Such coordinated
suppression suggests that Cd interferes with NADPH availability and carbon
partitioning, diverting primary metabolism toward repair and detoxification rather than
secondary metabolite synthesis [18]. Their reduction points to a reallocation of carbon and
energy resources from secondary metabolism toward basic cellular maintenance. The
decline in phenolic acids, flavonoids, and cinnamate derivatives reflects a weakened
antioxidant capacity and reduced ability to detoxify reactive oxygen species (ROS) [17,19].
Likewise, the decrease in sphingolipids, sterols, and fatty acids suggests impaired
membrane integrity and lipid signaling, limiting the plant’s ability to perceive and
respond to external cues [20,21]. Given that sphingolipids also act as bioactive messengers
in programmed cell death and pathogen defense, their reduction implies a broader
disruption of cell signaling cascades beyond structural effects [22]. The down-
accumulation of isoprenoid-derived carotenoids and xanthophylls, accessory isoprenoids
involved in light harvesting [23], further indicates that Cd stress redirects metabolic fluxes
toward maintaining photosynthetic stability rather than producing signaling terpenoids.
These combined changes are consistent with previous findings that Cd suppresses
enzymes of the phenylpropanoid pathway, disturbs lipid homeostasis, and inhibits
isoprenoid synthesis [17,21,24]. Cd therefore restricts the pool of exuded antioxidants and
signaling molecules, attenuating the chemical communication that coordinates the root—
microbe interface.

In contrast, Zn exposure did not result in a general suppression of secondary
metabolism but rather in a selective reorganization of metabolic priorities. While certain
isoprenoid and carbohydrate pathways were reduced, phenylpropanoids, sphingolipids,
and sterols were significantly increased. This divergent pattern indicates that, under Zn
stress, plants actively redirect carbon fluxes toward antioxidant phenolics and membrane-
reinforcing lipids as part of a compensatory response. Such a shift likely serves to preserve
membrane stability, maintain signaling competence, and control oxidative stress [24,25].
The increased synthesis of structural lipids and antioxidant phenolics suggests that plants
exposed to Zn stress undergo metabolic adjustment rather than systemic inhibition, in
which biosynthetic resources are reallocated from growth-related to defense-related
pathways. Zn toxicity thus induces a controlled remodeling of metabolism characterized



Plants 2025, 14, 3353

13 of 21

by enhanced production of defense-related metabolites and lipids, consistent with the
metal’s moderate stress intensity and its partial physiological role as an enzymatic
cofactor [25,26].

The modifications in root exudation were reflected in the composition and diversity
of rhizosphere microbial communities. Under Cd stress, bacterial diversity remained
relatively stable, confirming their resilience to Cd. However, fungal communities
exhibited greater sensitivity, with a decline in diversity in Cd-treated soils and partial
recovery when microbial biostimulants were applied. This disproportionate fungal
response aligns with the greater dependency of fungal guilds on plant-derived aromatic
compounds and root-secreted carbohydrates as carbon and signaling sources. A reduction
in such exudates weakens their colonization potential, leading to simplified fungal
communities [27]. Conversely, Zn stress caused a significant decline in bacterial a-
diversity, while fungal diversity was maintained but accompanied by compositional
shifts, indicating that Zn acts as an ecological filter that suppresses sensitive bacterial taxa
and favors Zn-tolerant fungal species [28]. The contrasting sensitivity of microbial groups
under Cd and Zn is thus rooted in their physiological traits. Bacteria are more vulnerable
to ionic interference with metalloproteins and oxidative enzymes, whereas fungi can
tolerate moderate Zn exposure due to cell wall binding and polyphosphate sequestration
[29]. These results demonstrate that Cd primarily affects the plant metabolic contribution
to microbial signaling, while Zn alters microbial population dynamics more directly,
leading to distinctive community restructuring in each case.

The integration of metabolomic and metagenomic datasets through the DIABLO
framework provided a mechanistic overview of how these chemical and microbial
components interact. The strong correlations among exudates, bacteria, and fungi (r =
0.87-0.94) indicate a high degree of coordination between plant metabolic adjustments
and microbial responses. Under Cd stress, the network topology was sparse but highly
organized, dominated by bacterial hubs such as Cedecea davisae, which connected
coumarins, flavonoid glycosides, and diterpenoids with microbial partners including
Aspergillus nidulans and Scedosporium apiospermum. These associations may suggest a
restructured communication framework in which a limited set of metabolites mediates
interactions between plants and specific microbial taxa involved in sulfur, nitrogen, and
iron cycling [30-32]. Such restructuring implies that, under Cd limitation of exudate
diversity, the rhizosphere relies on “core interaction modules” centered around nutrient-
transforming microbes that compensate for the plant’s restricted metabolic flexibility.
These modules likely enhance redox buffering capacity and maintain trace element
bioavailability [33].

Under Zn stress, the network exhibited higher connectivity (edge density = 13.29 %),
with a predominance of fungal nodes such as Entoloma sororpratulense and Microdochium
musae. These fungi correlated positively with amino acids, cucurbitacin glycosides, and
sesquiterpenoids but negatively with long-chain fatty acids, tocopherols, and sterols,
indicating a redistribution of carbon fluxes from storage lipids toward secondary
metabolites with protective and signaling functions. The involvement of bacterial taxa
such as Phototrophicus methaneseepsis and Nitratireductor aestuarii within these networks
further demonstrates how Zn stress reorganizes cross-kingdom interactions around
nutrient turnover and oxidative regulation [34,35].

These findings indicate that Cd stress gives rise to a bacterially dominated, resource-
limited network primarily oriented toward redox buffering, whereas Zn stress fosters a
fungal-centered, metabolically enriched network emphasizing nutrient exchange and
antioxidative maintenance. This contrast provides a mechanistic basis for understanding
how microbial biostimulants modulate and reconfigure these networks under metal-
induced stress.
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3.2. Mitigation Mechanisms of Microbial Biostimulants

The application of MBs, P. fluorescens, and AMF, substantially mitigated the adverse
effects of both metals by re-establishing plant-microbe communication and restoring
metabolic balance. Although both microorganisms improved plant tolerance, their
mechanisms of action differed in scope and specificity. PGPR primarily acted as a broad
metabolic activator, enhancing the quantity and diversity of root exudates, while AMF
functioned as a selective modulator, refining key biochemical pathways related to
signaling and membrane integrity.

In Cd-contaminated soils, PGPR inoculation partially reversed Cd-induced
metabolic inhibition by reactivating the synthesis of phenolic acids, flavonoids,
coumarins, and various terpenoid derivatives. These metabolites have dual defensive and
ecological functions, acting as potent antioxidants, Cd-chelating agents, and chemical
attractants for beneficial microorganisms [25,27,28]. Enhanced secretion of glycosylated
terpenes, which are more soluble and stable in the soil matrix, extends the persistence of
signaling molecules and facilitates long-distance microbe recognition and metal
immobilization [28]. PGPR also stimulated the exudation of gibberellin- and serotonin-
like metabolites associated with phytohormonal regulation of growth and stress
adaptation [36,37]. These effects indicate that PGPR improves both the plant’s chemical
defense capacity and its ability to recruit beneficial microorganisms. At the microbial
community level, this biochemical recovery coincided with higher fungal a-diversity and
the re-emergence of bacterial network hubs associated with sulfur and iron cycling. The
coupling between phenolic-rich exudates and microbial functional groups suggests that
PGPR not only counteracts Cd toxicity but also facilitates the re-establishment of
ecological feedback loops that stabilize the rhizosphere [30-32].

AMEF inoculation under Cd stress induced a more targeted biochemical signature
dominated by cinnamic acids, phenolic glycosides, and sphingolipids, metabolites crucial
for stress perception and cell signaling [19,26]. Cinnamic acid derivatives serve as
precursors for lignin and flavonoid biosynthesis and have been shown to promote AMF
colonization and arbuscule formation [38,39]. Their accumulation thus reflects a positive
feedback loop where plant-derived metabolites enhance fungal symbiosis, which in turn
improves nutrient uptake and detoxification. The increase in sphingolipids indicates
active remodeling of plasma membranes that improves their stability and communication
capacity under metal stress [21,24]. AMF therefore contributes primarily to qualitative
improvement—enhancing membrane function, vesicle trafficking, and signaling fidelity
rather than increasing the overall exudate output. This specialized modulation
complements the PGPR-induced quantitative stimulation, demonstrating a division of
labor between microbial partners in rebuilding both the biochemical and physical
infrastructure of the rhizosphere.

Under Zn stress, PGPR again promoted secondary metabolism, especially the
production of phenolic acids, prenylated flavanones, and xanthones, while down-
accumulating long-chain fatty acids and steroids. This adjustment rebalanced carbon
allocation from structural lipids toward antioxidants and metal-binding compounds,
strengthening the plant’s capacity to manage Zn excess [40,41]. The resulting enrichment
in phenolics and xanthones enhances both radical-scavenging and Zn-binding capacity,
reducing the pool of free ionic Zn in the rhizosphere and improving redox stability. In
parallel, PGPR-mediated metabolic restoration partially recovered bacterial a-diversity,
consistent with the re-establishment of nutrient-cycling functions and reduced oxidative
load. The DIABLO integration revealed strong correlations between PGPR-linked
metabolites and bacterial taxa such as Phototrophicus methaneseepsis and Hydrogenophaga
temperata, confirming the reactivation of carbon and nitrogen turnover pathways crucial
for microbial cooperation and soil resilience [32,34]. AMF, in turn, enhanced O-



Plants 2025, 14, 3353

15 of 21

methylated and O-glycosylated flavonoids, compounds with higher stability and
antioxidative potency [42]. These modifications optimize the phenylpropanoid pool for
sustained antioxidant activity and long-distance signaling in Zn-rich soils. AMF also
contributed to fungal network coherence, supporting highly connected taxa such as
Entoloma and Microdochium that anchor cross-kingdom interactions. Together, PGPR and
AMF reorganized the rhizosphere from a stress-driven to a metabolically coordinated
system.

The two microbial biostimulants act through complementary but convergent
pathways. PGPR exerts a broad-spectrum stimulatory effect, reactivating multiple
metabolic pathways and enhancing the availability of substrates and signals that support
diverse microbial populations. AMF exerts a precision effect, targeting membrane
composition and key signaling molecules to stabilize communication and symbiotic
performance. Both converge on the reinforcement of phenylpropanoid and terpenoid
metabolism, but PGPR drives quantitative expansion, whereas AMF ensures biochemical
selectivity and signal integrity. This complementary relationship explains why co-
inoculation frequently yields additive or synergistic improvements in plant growth and
stress tolerance [9,13,43]. From a systems perspective, PGPR and AMEF together
reconfigure the plant-microbe interface into a more connected and resilient network.
PGPR reopens previously suppressed metabolic routes, increasing the chemical diversity
available for microbial colonization and metal immobilization. AMF strengthens the
physical and signaling integrity of membranes, ensuring that the increased metabolic
activity translates into stable inter-kingdom cooperation. The outcome is a rhizosphere
characterized by higher diversity, functional redundancy, and efficient nutrient cycling,
as evidenced by the enrichment of microbial taxa involved in sulfur, nitrogen, and iron
transformations [12,27,44]. This reorganized structure not only mitigates Cd and Zn
toxicity but also enhances plant nutrient acquisition and soil biochemical resilience.

Despite the promising outcomes, several unanswered questions remain regarding
the long-term stability of MB-induced microbial shifts, the specificity of metabolite—
microbe interactions under different HM concentrations, and the scalability of these
findings across different crop species and soil types. Future research should explore the
temporal dynamics of root exudation, the resilience of microbial consortia under field
conditions, and the integration of MBs into holistic phytoremediation strategies tailored
to diverse agroecosystems.

4. Materials and Methods
4.1. Plant Growth Condition

Tomato plants (Solanum lycopersicum L., cv. Heinz 3402) were grown for 52 days
under natural open field conditions at the experimental station of Universita Cattolica del
Sacro Cuore (Piacenza, Italy), as detailly reported in our previous work [13]. Briefly, the
setup considered two variables: the stress level induced by HMs, which included
untreated soil, soil contaminated with zinc (Zn), and soil contaminated with cadmium
(Cd); and the microbial treatment, comprising untreated plants, plants inoculated with a
PGPR, and plants inoculated with AMF. The experiments were organized in a completely
randomized design, with three biological replicates for each experimental unit, resulting
in a total of 27 pots.

MBs were applied by irrigation during transplanting, specifically AMF treatment
involved a commercial product sourced from Athens, specifically Agrotecnologia
Naturales SL (Tarragona, Spain). This product is formulated using Rhizoglomus irregulare
BEG72 and Funneliformis mosseae BEG234 (Aegis Sym irriga® Tarragona, Spain), and
includes 700 spores per gram for each species. The formulations were applied according
to the label instructions, entailing a single application of 0.1 g per plant. While the PGPR-
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based treatment was a Pseudomonas fluorescens So_08, originally isolated from HM-
polluted soil, as previously described by [45]. The bacterial strain was grown in Tryptic
Soy Broth medium with orbital shaking at 180 rpm and 28 °C for 24 h. Afterward, the cells
were collected, washed thrice, and re-suspended in sterile water to reach a final
concentration of 10° CFU mL-1.

Upon sowing, two weeks were considered enough for the microorganisms to
establish an interaction with the plant. During the same period, pots were fertilized using
a half-strength Hoagland solution once a week. The procedure for preparing the
Hoagland solution is described in this work [46]. After this period, HMs were distributed
weekly for five consecutive weeks until the final concentrations of 100 mg kg for Cd and
400 mg kg for Zn were reached, using reagents CdCl> and ZnSO4 (Merck KGaA,
Darmstadt, Germany), following the methodology outlined by Alengebawy et al. (2021)
[47].

4.2. Exudate Profiling

Root exudates were collected after washing the roots using tap water and rinsing
them with distilled water to remove any traces of soil. They were then transferred to 250
mL beakers containing 100 mL of distilled water and left exudating for 4h continuously,
covering the beaker with aluminum foil to keep the roots in the dark. After 4h, the root
exudate solutions were centrifuged at 5000x g for 15 min, filtered at 0.22 pm, and freeze-
dried for the following analysis. 50 mL of freeze-dried exudate solution was re-suspended
into 1 mL of 50% methanol (v:v) and the exudate profiling was conducted using a 6560-
drift tube-ion mobility-quadrupole-time of flight-high resolution mass spectrometer
(DTIM-UHPLC-QTOF-HRMS; Agilent Technologies, Santa Clara, CA, USA) with an
injection volume of 19 uL, as described in detail in the Supplementary Materials. Data
annotation and MS/MS structural confirmations were performed with MS-DIAL software
(version 4.90). This process involved automated peak detection (against pooled QC) and
putative annotation through spectral matching with accessible databases such as
BMDMS-NP, the Fiehn/Vaniya natural product library, and GNPS, as detailed in the
Supplementary Materials [48].

4.3. Amplicon Sequencing

Rhizosphere samples were collected, isolating the soil adhering to the roots after
carefully shaking off bulk soil. Total DNA was extracted from 500 mg of rhizosphere soil
using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), and yields
were quantified with the Quant-iT™ HS ds-DNA assay kit (Invitrogen, Waltham, MA,
USA) and a QuBit™ fluorometer (Invitrogen, Waltham, MA, USA). Bacterial and fungal
populations were assessed via nested PCR with barcoded universal primers targeting the
V3-V4 region for bacteria and ITS1 for fungi. PCR products were pooled, purified using
the SPRI method, and sequenced on an Illumina MiSeq platform (Illumina Inc., San Diego,
CA, USA), generating 300 bp paired-end reads. A more detailed protocol is provided in
the Supplementary Material.

4.4. Multi-Omics Data Integration

To integrate the datasets (blocks) derived from root exudate profile (EX) and
metagenomics analyses of bacteria (BAC) and fungi (ITS), the Data Integration Analysis
for Biomarker discovery using Latent variable approaches for Omics studies (DIABLO)
framework was implemented within the “mixOmics” R package (version 6.22). Separate
models were constructed for Cd and Zn pollutions, focusing on the six treatments that
exhibited the most significant outcomes in individual analyses: control, HM, AMF, PGPR,
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HM+AMF, and HM+PGPR. The DIABLO model optimization is reported in the
Supplementary Materials.

4.5. Statistical Analysis

Root exudate profile raw data were processed, transformed, and normalized using
Mass Profiler Professional 12.6 (Agilent Technologies). The supervised ANOVA
Multiblock Orthogonal Partial Least Squares (AMOPLS) was carried out using the
rAMOPLS package in R (version 4.2.1). Subsequently, unsupervised hierarchical cluster
analysis (HCA), employing Euclidean distance and Ward’s linkage method, was
conducted to explore sample patterns separately for Cd- and Zn- driving stress models.
The supervised orthogonal projection to latent structures discriminant analysis (OPLS-
DA), using the SIMCA software (v.16, Umetrics®, Malmo, Sweden), were carried out
separately for [HM stress vs. C], [HM+AMF vs. C], and [HM+PGPR vs. C]. Then, Variable
Importance in Projection (VIP) markers, VIP score > 1.2, were selected for both Cd and Zn
groups. More information is reported in the Supplementary Materials. The Venn diagram
was applied to identify unique metabolites associated with each treatment: HM,
HM+AMF, and HM+PGPR. Finally, VIP markers associated with each treatment were
categorized into metabolite classes and visualized using bar plots that compare [HM vs.
Control], [HM+AMF vs. Control], and [HM+PGPR vs. Control] for both Cd and Zn
treatment groups.

Statistical evaluations of HTS data were carried out using Mothur software alongside
R v3.0.02, incorporating the Vegan package [13]. Further methodological specifics are
detailed in Vasileiadis et al., 2015 [49]. Alpha-diversity indices such as Shannon’s Index,
Observed Richness (S), Simpson’s Diversity Index (D), and Chao’s Index were considered
to examine variations in microbial communities for each treatment. Principal Component
Analysis (PCA) was applied to investigate unconstrained groupings among samples,
while Canonical Correspondence Analysis (CCA) was employed to evaluate the influence
of different treatments on the observed diversity.

5. Conclusions

This study provides new insights into how MB application can influence plant
metabolic responses and sustain rhizosphere microbial communities under HM stress.
Tomato plants exposed to Cd and Zn significantly altered root exudate profiles,
consequently influencing bacterial and fungal diversity. Applying the PGPR Pseudomonas
fluorescens So_08 and AMF demonstrated distinct yet complementary effects in
modulating plant-microbe interactions in HM-contaminated soils. Especially the PGPR
treatment in both Cd- and Zn-contaminated soil broadly restored rhizosphere microbial
biodiversity and metabolic secretion patterns, particularly phenylpropanoids and
isoprenoids, while AMF selectively enhanced cinnamic acids, sphingolipids, and
hydroxycinnamic acids, suggesting a more targeted modulation of metabolic pathways.

Multi-omics data integration further confirmed strong correlations between root
exudate composition and microbial community shifts, highlighting key metabolite
biomarkers associated with biostimulant applications. Overall, these findings emphasize
the potential of PGPR and AMF in mitigating the adverse effects of HM contamination by
modulating root exudation patterns and influencing rhizosphere microbial communities.
These results support the strategic use of MBs as sustainable tools for improving plant
resilience and soil health in HM-contaminated environments, paving the way for future
applications in phytoremediation and sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants14213353/s1, Figure S1: HCA and AMOPLS score plot;
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Figure 52: HCA of Cd and Zn treatment groups; Figure S3: OPLS-DA models; Figure S4: bar plots
of terpenoids and fatty acid classes in root exudates under Cd- and Zn-induced stress; Figure S5:
box plot of IAAs; Figure S6: Loading plots from DIABLO model for Cd and Zn stress; Table S1:
Exudate profiling dataset; Table S2: VIP markers related to Cd-inducted stress analysis; Table S3:
VIP markers related to Zn-inducted stress analysis; Table S4: Loading features of DIABLO model
for Cd-induced stress model; Table S5: Loading features of DIABLO model for Zn-induced stress
model; Table S6: Network analysis for Cd-inducted stress model; Table S7: Network analysis for

Zn-inducted stress model. References [50-53] are included in the Supplementary File.

Author Contributions: Conceptualization, L.Z. and L.L.; methodology, L.Z. and G.B.; software, L.Z.
and G.B.; validation, L.Z., G.B., E.P., and L.L.; formal analysis, L.Z. and G.B.; investigation, L.Z. and
G.B.; resources, E.P. and L.L.; data curation, L.Z. and G.B.; writing—original draft preparation, L.Z.
and G.B.; writing—review and editing, L.Z., E.P., H.S,, and L.L.; visualization, L.Z.; supervision,
L.Z, E.P.,, and L.L.; project administration, L.Z., E.P., L.L.; funding acquisition, E.P. and L.L. All

authors have read and agreed to the published version of the manuscript.

Funding: This research received no specific grant from funding agencies in the public, commercial,

or not-for-profit sectors.

Data Availability Statement: The original contributions presented in this study are included in the

article/Supplementary Material. Further inquiries can be directed to the corresponding author(s).

Acknowledgments: The authors thank the “Romeo ed Enrica Invernizzi” foundation (Milan, Italy)
for its kind support of the metabolomics facility at Universita Cattolica del Sacro Cuore. Gabriele
Bellotti received a fellowship from the Doctoral School on the Agri-Food System (AgriSystem) of
the Universita Cattolica del Sacro Cuore (Piacenza, Italy).

Conflicts of Interest: The authors declare no conflicts of interest.

References

10.

Barra Caracciolo, A.; Terenzi, V. Rhizosphere Microbial Communities and Heavy Metals. Microorganisms 2021, 9, 1462.

Hnini, M.; Rabeh, K.; Oubohssaine, M. Interactions between Beneficial Soil Microorganisms (PGPR and AMF) and Host Plants
for Environmental Restoration: A Systematic Review. Plant Stress 2024, 11, 100391. https://doi.org/10.1016/j.stress.2024.100391.
Li, Q; Wang, Y.; Li, Y.; Li, L; Tang, M.; Hu, W.; Chen, L.; Ai, S. Speciation of Heavy Metals in Soils and Their Immobilization
at  Micro-Scale Interfaces among Diverse Soil Components. Sci. Total Environ. 2022, 825, 153862.
https://doi.org/10.1016/j.scitotenv.2022.153862.

Angon, P.B.; Islam, Md.S.; KC, S.; Das, A.; Anjum, N.; Poudel, A.; Suchi, S.A. Sources, Effects and Present Perspectives of Heavy
Metals Contamination: Soil, Plants and Human Food Chain. Heliyon 2024, 10, e28357.
https://doi.org/10.1016/j.heliyon.2024.e28357.

Rai, P.K,; Lee, S.S.; Zhang, M.; Tsang, Y.F.; Kim, K.-H. Heavy Metals in Food Crops: Health Risks, Fate, Mechanisms, and
Management. Environ. Int. 2019, 125, 365-385. https://doi.org/10.1016/j.envint.2019.01.067.

Cozma, P.; Rosca, M.; Minut, M.; Gavrilescu, M. Phytoremediation: A Sustainable and Promising Bio-Based Approach to Heavy
Metal Pollution Management. Sci. Total Environ. 2025, 1001, 180458. https://doi.org/10.1016/].SCITOTENV.2025.180458.
Nedjimi, B. Phytoremediation: A Sustainable Environmental Technology for Heavy Metals Decontamination. SN Appl. Sci. 2021,
3, 286. https://doi.org/10.1007/s42452-021-04301-4.

Karnwal, A.; Kumar, G.; E1 Din Mahmoud, A.; Dutta, J.; Singh, R.; Mohammad Said Al-Tawaha, A.R.; Malik, T. Eco-Engineered
Remediation: Microbial and Rhizosphere-Based Strategies for Heavy Metal Detoxification. Curr. Res. Biotechnol. 2025, 9, 100297.
https://doi.org/10.1016/].CRBIOT.2025.100297.

de Carvalho Neta, S.J.; Aratjo, V.L.V.P.; Fracetto, F.].C.; da Silva, C.C.G.; de Souza, E.R.; Silva, W.R.; Lumini, E.; Fracetto, G.G.M.
Growth-Promoting Bacteria and Arbuscular Mycorrhizal Fungus Enhance Maize Tolerance to Saline Stress. Microbiol. Res. 2024,
284, 127708. https://doi.org/10.1016/j.micres.2024.127708.

Zheng, X.; Lin, H,; Du, D,; Li, G.; Alam, O.; Cheng, Z,; Liu, X,; Jiang, S.; Li, J. Remediation of Heavy Metals Polluted Soil
Environment: A Critical Review on Biological Approaches. Ecotoxicol. Environ. Saf. 2024, 284, 116883.
https://doi.org/10.1016/]. ECOENV.2024.116883.



Plants 2025, 14, 3353 19 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nephali, L.; Piater, L.A.; Dubery, LA ; Patterson, V.; Huyser, J.; Burgess, K.; Tugizimana, F. Biostimulants for Plant Growth and
Mitigation of Abiotic Stresses: A Metabolomics Perspective. Metabolites 2020, 10, 505.

Rolfe, S.A; Griffiths, J.; Ton, J. Crying out for Help with Root Exudates: Adaptive Mechanisms by Which Stressed Plants
Assemble Health-Promoting Soil Microbiomes. Curr. Opin. Microbiol. 2019, 49, 73-82. https://doi.org/10.1016/j.mib.2019.10.003.

Zhang, L.; Zuluaga, M.Y.A ; Pii, Y.; Barone, A.; Amaduccdi, S.; Miras-Moreno, B.; Martinelli, E.; Bellotti, G.; Trevisan, M.; Puglisi,
E.; et al. A Pseudomonas Plant Growth Promoting Rhizobacterium and Arbuscular Mycorrhiza Differentially Modulate the
Growth, Photosynthetic Performance, Nutrients Allocation, and Stress Response Mechanisms Triggered by a Mild Zinc and
Cadmium Stress in Tomato. Plant Sci. 2023, 337, 111873. https://doi.org/10.1016/j.plantsci.2023.111873.

Davidova, S.; Milushev, V.; Satchanska, G. The Mechanisms of Cadmium Toxicity in Living Organisms. Toxics 2024, 12, 875.
https://doi.org/10.3390/TOXICS12120875.

Lee, S.R. Critical Role of Zinc as Either an Antioxidant or a Prooxidant in Cellular Systems. Oxid. Med. Cell. Longev. 2018, 2018,
9156285. https://doi.org/10.1155/2018/9156285.

Cuajungco, M.P.; Ramirez, M.S.; Tolmasky, M.E. Zinc: Multidimensional Effects on Living Organisms. Biomedicines 2021, 9, 208.
https://doi.org/10.3390/BIOMEDICINES9020208.

Nogueira, M.L.; Moraes, R.M.; Esteves, G.; Bastos, R.G.; Goolsby, E.; Mason, C.; Azevedo, R.A.; Marques, D.N. Current Research
on the Role of Plant Primary and Secondary Metabolites in Response to Cadmium Stress. In Approaches to the Remediation of
Inorganic Pollutants; Hasanuzzaman, M., Ed.; Springer Singapore: Singapore, 2021; pp. 125-153, ISBN 978-981-15-6221-1.

Lin, S.; He, Q.; Zhang, M.; Huang, Y.; Liu, H,; Mu, Q.; Wang, S.; Nie, J. Effects of Cadmium Stress on Root Exudates and Soil
Rhizosphere Microorganisms of Rice (Oryza sativa L.) and Its Ecological Regulatory Mechanisms. Plants 2025, 14, 1695.
https://doi.org/10.3390/PLANTS14111695.

Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of Phenylpropanoid Pathway and the Role
of Polyphenols in Plants under Abiotic Stress. Molecules 2019, 24, 2452.

Zeng, H.Y.; Yao, N. Sphingolipids in Plant Immunity. Phytopathol. Res. 2022, 4, 20.

Rogowska, A.; Paczkowski, C.; Szakiel, A. Modulation of Steroid and Triterpenoid Metabolism in Calendula officinalis Plants and
Hairy Root Cultures Exposed to Cadmium Stress. Int. J. Mol. Sci. 2022, 23, 5640. https://doi.org/10.3390/ijms23105640.

Berkey, R.; Bendigeri, D.; Xiao, S. Sphingolipids and Plant Defense/Disease: The “Death” Connection and Beyond. Front. Plant
Sci. 2012, 3, 21731. https://doi.org/10.3389/FPLS.2012.00068.

Stamatakis, K.; Tsimilli-Michael, M.; Papageorgiou, G.C. On the Question of the Light-Harvesting Role of (3-Carotene in
Photosystem II ~and Photosystem I Core Complexes. Plant  Physiol.  Biochem. 2014, 81, 121-127.
https://doi.org/10.1016/j.plaphy.2014.01.014.

Fini, A.; Brunetti, C.; Loreto, F.; Centritto, M.; Ferrini, F.; Tattini, M. Isoprene Responses and Functions in Plants Challenged by
Environmental Pressures Associated to Climate Change. Front. Plant Sci. 2017, 8, 1281.

Noor, W.; Majeed, G.; Lone, R.; Tyub, S.; Kamili, A.N.; Azeez, A. Interactive Role of Phenolics and PGPR in Alleviating Heavy
Metal Toxicity in Wheat. In Plant Phenolics in Abiotic Stress Management; Lone, R., Khan, S.,, Mohammed Al-Sadi, A., Eds.;
Springer Nature Singapore: Singapore, 2023; pp. 287-320, ISBN 978-981-19-6426-8.

Henschel, ].M.; de Andrade, A.N.; dos Santos, J.B.L.; da Silva, RR.; da Mata, D.A.; Souza, T.; Batista, D.S. Lipidomics in Plants
Under Abiotic Stress Conditions: An Overview. Agronomy 2024, 14, 1670.

Huang, X.F.; Chaparro, ].M.; Reardon, K.F.; Zhang, R.; Shen, Q.; Vivanco, ].M. Rhizosphere Interactions: Root Exudates,
Microbes, and Microbial Communities1. Botany 2014, 92, 267-275.

Afridi, M.S.; Kumar, A.; Javed, M.A,; Dubey, A.; de Medeiros, F.H.V.; Santoyo, G. Harnessing Root Exudates for Plant
Microbiome  Engineering and  Stress  Resistance in  Plants.  Microbiol. Res. 2024, 279, 127564.
https://doi.org/10.1016/j.micres.2023.127564.

Li, C; Zhong, M.; Guo, E.; Xu, H.; Wen, C,; Zhu, S.; Li, Q.; Zhu, D.; Luo, X. Response of Bacterial and Fungal Communities in
Natural Biofilms to Bioavailable Heavy Metals in a Mining-Affected River. Water Res. 2024, 267, 122470.
https://doi.org/10.1016/]. WATRES.2024.122470.

Siso-Terraza, P.; Luis-Villarroya, A.; Fourcroy, P.; Briat, J.F.; Abadia, A.; Gaymard, F.; Abadia, J; Alvarez-Fernandez, A.
Accumulation and Secretion of Coumarinolignans and Other Coumarins in Arabidopsis thaliana Roots in Response to Iron
Deficiency at High PH. Front. Plant Sci. 2016, 7, 1711. https://doi.org/10.3389/fpls.2016.01711.

Falagan, C.; Johnson, D.B. Acidibacter ferrireducens Gen. Nov., Sp. Nov.. An Acidophilic Ferric Iron-Reducing
Gammaproteobacterium. Extremophiles 2014, 18, 1067-1073. https://doi.org/10.1007/s00792-014-0684-3.



Plants 2025, 14, 3353 20 of 21

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Khaswal, A.; Chaturvedi, N.; Mishra, S.K.; Kumar, P.R.; Paul, P.K. Current Status and Applications of Genus Geobacillus in the
Production of Industrially Important Products — A Review. Folia Microbiol. 2022, 67, 389-404. https://doi.org/10.1007/s12223-022-
00961-w.

Wang, HR.; Du, X.R.;; Zhang, Z.Y.; Feng, F.J.; Zhang, ]. M. Rhizosphere Interface Microbiome Reassembly by Arbuscular
Mycorrhizal Fungi Weakens Cadmium Migration Dynamics. iMeta 2023, 2, e133. https://doi.org/10.1002/IMT2.133.

Rikuan, Z.; Ruining, C.; Chong, W.; Rui, L.; Chaomin, S. Characterization of the First Cultured Representative of “Candidatus
Thermofonsia” Clade 2 within Chloroflexi Reveals Its Phototrophic Lifestyle. mBio 2022, 13, e00287—e22.
https://doi.org/10.1128/mbio.00287-22.

Xia, Z.; Wang, Q.; She, Z.; Gao, M.; Zhao, Y.; Guo, L.; Jin, C. Nitrogen Removal Pathway and Dynamics of Microbial Community
with the Increase of Salinity in Simultaneous Nitrification and Denitrification Process. Sci. Total Environ. 2019, 697, 134047.
https://doi.org/10.1016/j.scitotenv.2019.134047.

Colebrook, E.H.; Thomas, S.G.; Phillips, A.L.; Hedden, P. The Role of Gibberellin Signalling in Plant Responses to Abiotic Stress.
J. Exp. Biol. 2014, 217, 67-75. https://doi.org/10.1242/jeb.089938.

Mishra, V.; Sarkar, A.K. Serotonin: A Frontline Player in Plant Growth and Stress Responses. Physiol. Plant. 2023, 175, e13968.
https://doi.org/10.1111/ppl.13968.

Ragonezi, C.; Teixeira, D.; Caldeira, A.T.; Martins, M.R.; Santos-Silva, C.; Ganhao, E.; Klimaszewska, K.; Zavattieri, M.A. O-
Coumaric Acid Ester, a Potential Early Signaling Molecule in Pinus pinea and Pisolithus arhizus Symbiosis Established in Vitro.
J. Plant Interact. 2014, 9, 297-305. https://doi.org/10.1080/17429145.2013.831489.

Mandal, S.M.; Chakraborty, D.; Dey, S. Phenolic Acids Act as Signaling Molecules in Plant-Microbe Symbioses. Plant Signal.
Behav. 2010, 5, 359-368. https://doi.org/10.4161/PSB.5.4.10871.

Zhou, Y; Gu, T,; Gao, Y.; Qu, J.; Zheng, H.; Guan, Y.; Peng, J. Transcriptomic Profiling Reveals the Involvement of the
Phenylpropanoid-Lignin Pathway in the Response of Maize Roots to Zinc Stress. Plants 2025, 14, 1657.
https://doi.org/10.3390/PLANTS14111657.

Chen, S,; Lin, R.; Lu, H.; Wang, Q.; Yang, J.; Liu, J.; Yan, C. Effects of Phenolic Acids on Free Radical Scavenging and Heavy
Metal Bioavailability in Kandelia Obovata under Cadmium and Zinc Stress. Chemosphere 2020, 249, 126341.
https://doi.org/10.1016/]. CHEMOSPHERE.2020.126341.

Kaur, S.; Suseela, V. Unraveling Arbuscular Mycorrhiza-Induced Changes in Plant Primary and Secondary Metabolome.
Metabolites 2020, 10, 335. https://doi.org/10.3390/MET ABO10080335.

Singh, R.; Soni, S.K.; Bajpai, A. Cooperative Interaction of Glomus Intraradices with Plant Growth-Promoting Rhizobacteria
Promotes Plant Development and Essential Oil Yield of Pogostemon Cablin and Reduces Disease Occurrence under Organic
Field Conditions. Australas. Plant Pathol. 2023, 52, 595-607. https://doi.org/10.1007/s13313-023-00948-2.

Wang, H.; Lu, J.; Dijkstra, F.A.; Sun, L,; Yin, L.; Wang, P.; Cheng, W. Rhizosphere Priming Effects and Trade-Offs among Root
Traits, Exudation and Mycorrhizal Symbioses. Soil Biol. Biochem. 2025, 202, 109690. https://doi.org/10.1016/j.s0ilbio.2024.109690.
Ferrarini, A.; Fracasso, A.; Spini, G.; Fornasier, F.; Taskin, E.; Fontanella, M.C.; Beone, G.M.; Amaducci, S.; Puglisi, E.
Bioaugmented Phytoremediation of Metal-Contaminated Soils and Sediments by Hemp and Giant Reed. Front. Microbiol. 2021,
12, 645893. https://doi.org/10.3389/fmicb.2021.645893.

Hothem, S.D.; Marley, K.A.; Larson, R.A. Photochemistry in Hoagland’s Nutrient Solution. . Plant. Nutr. 2003, 26, 845-854.
https://doi.org/10.1081/PLN-120018569.

Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.Q. Heavy Metals and Pesticides Toxicity in Agricultural Soil and
Plants: Ecological Risks and Human Health Implications. Toxics 2021, 9, 42.

Salek, R.M.; Neumann, S.; Schober, D.; Hummel, J.; Billiau, K.; Kopka, J.; Correa, E.; Reijmers, T.; Rosato, A.; Tenori, L.; et al.
COordination of Standards in MetabOlomicS (COSMOS): Facilitating Integrated Metabolomics Data Access. Metabolomics 2015,
11, 1587-1597. https://doi.org/10.1007/s11306-015-0810-y.

Vasileiadis, S.; Puglisi, E.; Trevisan, M.; Scheckel, K.G.; Langdon, K.A.; McLaughlin, M.].; Lombi, E.; Donner, E. Changes in Soil
Bacterial Communities and Diversity in Response to Long-Term Silver Exposure. FEMS Microbiol Ecol 2015, 91,
https://doi:10.1093/femsec/fiv114.

Bellotti, G.; Taskin, E.; Guerrieri, M.C.; Beone, G.M.; Menta, C.; Remelli, S.; Bandini, F.; Tabaglio, V.; Fiorini, A.; Capra, F.; et al.
Agronomical valorization of eluates from the industrial production of microorganisms: Chemical, microbiological, and
ecotoxicological assessment of a novel putative biostimulant. Front. Plant Sci 2022, 13. https://doi.org/10.3389/fpls.2022.907349.
Edgar, R.C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods 2013, 10, 996-998.
https://doi.org/10.1038/nmeth.2604.



Plants 2025, 14, 3353 21 of 21

52. Masella, A.P.; Bartram, A.K,; Truszkowski, ].M.; Brown, D.G.; Neufeld, J.D.; PANDAseq: Paired-end assembler for illumina
sequences. BMC Bioinform. 2012, 13. https://doi.org/10.1186/1471-2105-13-31.

53. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, ].R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Env. Microbiol. 2009, 75, 7537-7541. https://doi.org/10.1128/ AEM.01541-09.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



