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ABSTRACT

Solanum lycopersicum is one of the most relevant horticultural crops worldwide, because of its economic importance, nutritional features and its use as a model system
for plant science research. In the context of climate change management, rhizosphere microbes, including arbuscular mycorrhizal fungi (AMF), have emerged as key
biological tools to improve plant resilience against environmental stressors, acting as biofertilizers able to enhance the plant performance by modulating key
physiological processes such as nutrient uptake, water relations, photosynthesis and oxidative balance. This review provides a comprehensive overview of the
ecophysiological and molecular responses induced by tomato plant root microbiota, with special emphasis on AMF, challenged by different abiotic cues. Special
attention is given to changes occurring in leaf gas exchange, osmotic adjustment, antioxidant enzyme activity, and hormonal regulation, as well as the transcriptional
modulation sustaining these physiological processes. Furthermore, we focus on current omics approaches that are shedding light on the functional dynamics of
tomato-microbe interactions, offering insights into plant adaptation strategies under multiple stress conditions. Overall, the review underscores that AMF-mediated
benefits are strongly influenced by stress severity and timing, as well as the genotype x AMF strain combination, highlighting the use of local, ad hoc formulations to
maximize physiological benefits and stress resilience. It also showcases the need to expand current knowledge under field conditions and emphasizes the crucial role

of the tomato microbiome in sustaining plant health and productivity under abiotic stress.

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely culti-
vated herbaceous crops globally, with an estimated production of
approximately 190 million tons in 2023 (FAO Knowledge Repository).
The regular consumption of tomato fruits contributes to several health
benefits linked to the nutritional composition found in tomatoes, such as
vitamins A, C and E, beta-carotene, lycopene, flavonoids or lutein
(Agarwal and Rao, 2000; Toor et al., 2005; Canene-Adams et al., 2005;
Odriozola-Serrano et al., 2009; Bhowmik et al., 2012; Viuda-Martos
et al.,, 2014; Collins et al., 2022). Apart from its value as food,
S. lycopersicum has great value as a model species. It is particularly
important for research of fruit development, ripening, and associated
metabolic pathways (Kimura and Sinha, 2008), as well as for the study
of plant-pathogen interactions (Arie et al., 2007; Abbasi et al., 2021) or
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plant tolerance to abiotic stress (Chaudhary et al., 2019). This is mainly
due to the extensive knowledge of its genome (Sato et al., 2012), as well
as the numerous molecular tools designed for this species (Park et al.,
2003; Cortina and Culianez-Macia, 2004; Kassahun et al., 2021). Addi-
tionally, research on this crop supports breeding programs of this and
other economically important solanaceous species, such as potato,
pepper and eggplant (Lin et al., 2014).

S. lycopersicum physiology and, in turn, production and yield, are
influenced by different factors such as regional variability, soil fertility
and various abiotic stresses (dos Santos et al., 2022). It is therefore
essential to study the physiological and molecular implications of these
stresses individually, but also to investigate their combined effects to
better simulate realistic environmental conditions (Corwin, 2021; Egea
et al., 2022; Sanchez-Bermudez et al., 2022; Abbas et al., 2023; Li et al.,
2024). Abiotic stresses, such as drought, can lead to global yield losses of
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over 60 % and result in a significant threat to agriculture, especially in
climate-sensitive regions, such as the Mediterranean region (Cramer
et al., 2018; Kopecka et al., 2023; Alvarez et al., 2024). Genomic ana-
lyses of S. lycopersicum show that domestication and subsequent
breeding have dramatically narrowed genomic diversity in elite culti-
vars, showing a more than 20-fold higher SNP load in wild species than
in modern lines, highlighting a strong genetic bottleneck (Aflitos et al.,
2014). This low diversity, coupled with the genetic complexity under-
lying plant responses to abiotic stress, has made it particularly difficult
to develop new genotypes adapted to such conditions (Landi et al., 2017;
Costa and Farrant, 2019). This highlights the need for research into
novel technologies addressed to enhance stress tolerance, while also
ensuring the sustainability of the employed methods.

Genetic engineering is one of the many tools available for targeting
key genes and creating improved tomato crops regarding abiotic stress
tolerance (Gerszberg and Hnatuszko-Konka, 2017), although it is asso-
ciated with technical difficulties, high costs and regulatory barriers
(Maurya et al., 2024). Therefore, other strategies need to be explored
and sustainable approaches based on the use of beneficial microorgan-
isms can be employed. In the rhizosphere, plants interact with diverse
microorganisms, including bacteria, fungi, and archaea, which together
form the root microbiome (Mendes et al., 2013; Compant et al., 2019).
Root-associated soil microorganisms are well documented as having a
key role in plant tolerance to abiotic stresses (Balestrini et al., 2017,
2024; Chialva et al., 2018a). Among bacteria, plant growth-promoting
rhizobacteria (PGPR), such as Pseudomonas, Bacillus, and Azospirillum,
can enhance nutrient acquisition, modulate phytohormone levels, and
induce systemic tolerance to abiotic stresses (Glick, 2015; Vives-Peris
et al., 2020). These microbial communities often act synergistically with
fungi, including mycorrhizal species, providing complementary benefits
that improve plant growth, and resilience under challenging environ-
mental conditions (Balestrini et al., 2024). Among the soil microor-
ganisms, arbuscular mycorrhizal fungi (AMF) play a significant role.
They are -currently assigned to the phylum Glomeromycota
(Wijayawardene et al., 2024), establish mutualistic symbioses with roots
of about 80 % of plant species, improve mineral nutrient uptake such as
phosphorus (P) and nitrogen (N) from the soil, enhance plant biomass
and development, and increase the stress tolerance of host plants to
different stress conditions in many diversified environments (Smith and
Read, 2008; Kapoor et al., 2012; Colla et al., 2015; Kowalska et al., 2015;
Balestrini and Lumini, 2018; Bastias et al., 2022; Abdalla et al., 2023).
AMF increase water stress tolerance of host plants by the uptake and
transfer of water to the host, as well as by enhancing plant gas exchange
status and changing the rhizospheric soil water retention properties
(Ruiz-Lozano, 2003). Salt and heat stress alleviation by AMF results
from a combination of nutritional, biochemical, physiological, and
molecular effects (Porcel et al., 2012; Zhu et al., 2017). It is worth noting
that most of the knowledge accumulated so far comes from the use of
Rhizophagus irregularis, which is considered the model fungus in arbus-
cular mycorrhizal research (Chen et al., 2018; Kokkoris et al., 2024).
However, AMF belonging to different taxonomic groups may provide
distinct benefits to their hosts (Marro et al., 2022). Therefore, to better
understand how AMF symbiosis can help plants to cope with environ-
mental stresses, research should also focus on other important AMF
species, such as Funneliformis mosseae, Rhizophagus clarus, and Gigaspora
margarita, among others.

Despite the advances in understanding S. Lycopersicum biology, stress
physiology, and the beneficial role of root-associated microorganisms,
several critical questions remain unresolved. The diversity of AMF
species beyond the widely studied R. irregularis and their specific con-
tributions to stress tolerance in tomato plants are still poorly charac-
terized. Similarly, the interactions among different functional microbial
groups, and how these interactions modulate plant responses under
combined abiotic stresses are largely unexplored. Moreover, most
studies have focused on single stress factors under controlled conditions,
leaving gaps in knowledge regarding plant-microbe dynamics under
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combined stresses, closer to open field conditions. Addressing these gaps
is crucial for designing microbial-based strategies that can reliably
enhance tomato performance and resilience. The following sections will
review current knowledge on microbial-mediated stress tolerance in
tomato, with special emphasis on AMF, and highlight key ecophysio-
logical and molecular mechanisms involved in interaction and stress
alleviation.

2. Arbuscular mycorrhizal symbiosis as ecophysiological
modulator of abiotic stress responses in tomato

Among diverse abiotic stresses, drought, salinity and extreme tem-
peratures stand out as the main environmental constraints of modern
agriculture (Dos Santos et al., 2022). Drought reduces soil water avail-
ability, leading to decreased leaf water potential and turgor, which
trigger a cascade of physiological and biochemical responses aimed at
preserving cellular water and homeostasis (Farooq et al., 2012; Chaves
et al.,, 2003; Zhu et al., 2017). Key plant responses include stomatal
closure mediated by hydraulic signals and abscisic acid (ABA) accu-
mulation, limiting transpiration but also CO5 uptake and photosynthesis
(Chaves et al., 2003; Zhu, 2016); generation of reactive oxygen species
(ROS), which can damage cellular components unless scavenged by
enhanced antioxidant defenses (Farooq et al., 2009); and accumulation
of compatible osmolytes such as proline, glycine betaine, and soluble
sugars, which stabilize proteins and membranes and maintain osmotic
balance (Farooq et al., 2009) (Fig. 1). On another hand, salt stress im-
poses both osmotic and ionic challenges, starting with a rapid osmotic
phase as salts accumulate outside roots, reducing water potential and
turgor and restricting water uptake, leaf expansion, and stomatal
conductance (Fig. 1) (Munns and Tester, 2008; Gupta and Huang, 2014;
Xiao and Zhou, 2023). Like drought, salt stress triggers ABA and other
hormonal shifts (ethylene, auxin, jasmonate, gibberellin) that limit
growth and induce tolerance mechanisms (Ryu and Cho, 2015). Ionic
imbalances, particularly Na™ and Cl~ accumulation, damage mem-
branes, destabilize chloroplast ultrastructure, degrade photosynthetic
pigments, and depress photosynthetic carbon gain (Munns and Tester,
2008; Gupta and Huang, 2014; Xiao and Zhou, 2023) (Fig. 1). Finally,
heat stress, defined as sustained temperatures above a species’ optimal
range, also disrupts plant physiology, biochemistry, and molecular
processes, compromising growth and productivity (Kotak et al., 2007;
Wabhid, 2007; Qu et al., 2013). High temperatures reduce photosynthetic
efficiency by damaging photosystem II and decreasing carbon fixation,
affect mesophyll conductance, and denature proteins while disrupting
membrane fluidity and key enzymatic activities (Fig. 1) (von Caemmerer
and Evans, 2015; Yamamoto, 2016; Fields, 2001). Plants respond by
activating heat shock transcription factors (HSFs) and heat shock pro-
teins (HSPs) to stabilize proteins and membranes, but these protective
mechanisms consume energy and resources otherwise allocated to
growth (Kotak et al., 2007; Qu et al., 2013).

2.1. AMF inoculation beneficial effects in tomato plants under abiotic
stress

In S. lycopersicum, AMF inoculation has been shown to buffer many of
the abiotic-stress-associated negative effects introduced in the previous
paragraph (Supplementary Table 1). Inoculation of diverse AMF strains,
such as R. irregularis, F. mosseae, Claroideoglomus etunicatum, Septoglomuts
constrictum and Paraglomus occultum, provide benefits in terms of plant
growth under different abiotic stresses, including diverse tomato culti-
vars such as Moneymaker, Micro-Tom, EVIA F1, Xinjinfeng No.1, Epi-
nastic or Huapiqiu (Duc et al., 2018; Rivero et al., 2018; Leventis et al.,
2021; Liang et al., 2022; Liu et al., 2023;Orine et al., 2022; Chen et al.,
2024; Khalloufi et al., 2024; Sousa et al., 2024; Zhang et al., 2024)
(Supplementary Table 1). These positive effects on growth can be
translated into enhanced yield, fruit nutrient accumulation and
improved concentration of bioactive compounds (Fresno and
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Heat stress main effects:

- Decreased photosynthetic efficiency due to damage

to photosystem Il and reduced carbon fixation
- Alteration of mesophyll conductance
- Protein denaturation caused by changes in

membrane fluidity and impairement of key enzymatic

activities

- Altered stomatal regulation

- Disruption of metabolic activities, resulting in
increased energy consumption and reduced plant
growth
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Fig. 1. Summary box depicting stress effects and AMF beneficial activity. ABA — Abscisic acid; Ay — Photosynthetic net assimilation; gs — Stomatal conductance; iWUE
— Intrinsic Water Use Efficiency; JA — Jasmonic acid; ROS - reactive oxygen species.

Munné-Bosch, 2023; Soussani et al., 2023; Giovannini et al., 2025),
although this correlation is not uniform and not always observed
(Gomez-Bellot et al., 2021).

Many fungal strains have also shown to positively affect the gas-
exchange parameters of tomato plants under abiotic stress (Fig. 1),
including stomatal conductance (gs), net carbon assimilation (Ay) or
intrinsic water use efficiency (iWUE) (Chitarra et al., 2016; Duc et al.,
2018; Volpe et al., 2018; Leventis et al., 2021; Liu et al., 2023; Gio-
vannini et al., 2025) (Supplementary Table 1). These improvements in
photosynthetic performance are normally closely associated with better

stomatal regulation, which helps balance CO5 uptake with water con-
servation (Damour et al., 2010). A key mechanism behind this response
is the modulation of plant hormone signaling, particularly abscisic acid
(ABA), which plays a central role in stomatal closure during drought and
osmotic stress (Pantin et al., 2013). AMF colonization has been shown to
dramatically decrease the accumulation of ABA in both roots and leaves
(Chitarra et al., 2016). This decrease may reflect a lowered perception of
drought stress at soil level, leading to more efficient stomatal regulation.
Consequently, this enhances the plant’s potentiality to withstand water
deficit without severely compromising carbon assimilation. On the other
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hand, jasmonic acid (JA) accumulation in leaves seems to be a common
response under AMF inoculation and abiotic stress (Rivero et al., 2018;
Fresno and Munné-Bosch, 2023; Giovannini et al., 2024). Although ABA
has been historically studied as the main hormone responsible of
drought tolerance in leaves (Mukarram et al., 2021), JA also plays key
roles in abiotic stress tolerance (Wang et al., 2020). In fact, JA and ABA
usually act synergistically in response to water stress (de Ollas and Dodd,
2016). Taken together, the current studies indicate that under abiotic
stresses AMF inoculation in tomato plants generally decreases ABA and
increases JA accumulation at leaf level, thus challenging the concept of
synergy between these two hormones. However, the number of studies
focused on this issue is still limited. Further studies are needed to clarify
how AMF inoculation modulates JA and ABA biosynthesis and signaling
pathways, thereby enhancing plant resilience against environmental
stresses.

Another widespread beneficial impact of AMF inoculation in tomato
plants resides in the increased activity of key antioxidant enzymes in
both root and leaf tissues (Fig. 1), leading to increased activities of su-
peroxide dismutases, peroxidases and catalases (Chitarra et al., 2016;
Duc et al., 2018, 2023; Soussani et al., 2023; Chen et al., 2024)
(Supplementary Table 1). These enzymes detoxify and prevent the
negative effects caused by ROS accumulation, including superoxide
radicals (O3), hydroxyl radicals (OH), and hydrogen peroxide (H205),
which otherwise lead to oxidative damage of proteins, lipids, and
nucleic acids (Pandhair and Sekhon, 2006). Therefore, the increased
activity of these enzymes is typically coupled with decreases in HyOq
and MDA contents (Chitarra et al., 2016; Duc et al., 2018, 2023; Sous-
sani et al., 2023; Chen et al., 2024), two widely used markers of
oxidative stress (Shakya and Deepali, 2023). Interestingly, Sousa et al.
(2024) reported a decrease of the activity of different antioxidant en-
zymes upon colonization of a mixture of five AMF species under both salt
and heat stress at root and leaf level. In this case, stress-related negative
impacts on plant growth did not appear to be closely related to ROS
toxicity, suggesting an AMF-mediated defensive strategy towards pre-
venting ROS accumulation rather than detoxification. Additionally,
although antioxidant enzymes were not activated in this case, certain
osmoprotectants that can act as non-enzymatic antioxidants, such as
proline (Ashraf et al, 2019), were highly accumulated upon
AMF-inoculation in stressed plants (Sousa et al., 2024). In fact, proline
and other non-enzymatic antioxidants, such as glutathione, carotenoids
or flavonoids, are normally over accumulated upon AMF inoculation in
diverse abiotic stress conditions (Chitarra et al., 2016; Rivero et al.,
2018; Duc et al., 2023; Soussani et al., 2023; Chen et al., 2024; Sousa
et al., 2024) (Supplementary Table 1). This represents another line of
defense against the detrimental effects of abiotic stresses over tomato
plants, due both to their antioxidant potential and, in the case of proline
or soluble sugars, to their osmotic balance protection. This osmotic
balance is exemplified by the increased leaf water potential and relative
water content of AMF-inoculated tomato plants compared to
non-inoculated plants (Duc et al., 2018, 2023; Soussani et al., 2023).

In summary, the recent literature indicates that the ecophysiological
benefits of AMF over abiotic-stressed tomato plants include the avoid-
ance of stomatal closure and improved plant hydraulic and gas-
exchange parameters driven by AMF influence particularly on ABA
and JA dynamics. AMF-inoculated plants also show increased accumu-
lation of osmoprotectants and activation of enzymatic and non-
enzymatic antioxidant systems in root and leaf. This combined action
enhances stress tolerance, plant growth, and sometimes fruit yield and
nutritional value. However, variations in the experimental conditions
suggest that these benefits vary depending on the plant genotype, stress
severity and timing, and the used AMF strain.

2.2. Stress type, severity and genotype x AMF strain interaction influence
AMF-mediated benefits

Although certain AMF-related benefits seem to be common and
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consistent in diverse abiotic stresses, others are specific to certain
stresses. For instance, AMF-mediated benefits against isolated heat stress
in tomato plants alter the photosynthetic machinery, but independently
of stomatal closure (Sousa et al., 2024), which is induced under osmotic
stress (i.e., water and salt stress) but not under heat stress, that, in turn,
causes stomatal opening (Reynolds-Henne et al., 2010). Salt stress
commonly results in negative impact on K*/Na® ratio, which is not
found during drought or heat stress and, thus, used as a marker of salt
stress (Shabala and Cuin, 2008). AMF inoculation has shown to buffer
ion imbalance, decreasing the concentration of Na™ at root level under
saline stress and reducing the negative impact associated with Na™
toxicity (Rivero et al., 2018; Sousa et al., 2024).

Not only the stress type but its severity seems to have an impact on
the benefits granted by AMF. The slight differences found among the
current literature may be attributed to how stress treatment was pro-
vided in each work, since it ranged from 30 % to 75 % of field capacity in
water stress experiments, or between 75 mM and 150 mM of NaCl
treatments in salinity experiments (Supplementary Table 1). This
highlights the necessity of standardized methods for abiotic stress
studies, which would ensure better reproducibility and allow the
recognition of common patterns among different works. Within the
same experimental setup, Volpe et al. (2018) found that both the
severity of the induced water stress, together with the used fungal strain
influenced the AMF-mediated benefits. For instance, R. irregularis but
not F. mosseae improved intrinsic water-use efficiency (iWUE) of San
Marzano Nano plants only under severe water stress, not when the stress
induced was moderate. Similarly, Rivero et al. (2018) found that the
positive effects of AM symbiosis on growth of cv. Moneymaker plants
were correlated with the severity of the stress, both under water and salt
stress. Additionally, they found that C. etunicatum, a fungal strain iso-
lated from salt stressed environments, was the most effective strain in
mitigating the negative impact of salinity. This finding highlights the
role of local adaptation in shaping AMF efficiency under specific abiotic
stresses, largely reported in other plant systems (Estrada et al., 2013;
Arcidiacono et al., 2025). Ronga et al. (2019) also found differences
related to fungal strain, being F. mosseae more effective than
R. intraradices in the mitigation drought effects in three different tomato
genotypes (Everton, Pearson and H3402). Duc et al. (2018) found that
S. constrictum provided greater benefits than S. deserticola, against both
water and heat stress consisting in improved growth, relative water
content, g and antioxidant enzyme activities. A later work also indi-
cated that S. constrictum was the most efficient AMF strain to counter the
negative effect of combined water and heat stress (Duc et al., 2023),
suggesting a particular beneficial fit between this strain and
S. lycopersicum cv. Moneymaker. Overall, these results highlight the
importance of testing and developing tailored AMF formulations that
account for genotype x AMF interactions, considering local adaptation
of both partners. This will help to maximize AMF-mediated environ-
mental resilience in tomato plants for horticultural practices.

2.3. Multi-stress and field experiments

Plants in nature rarely face a single stress, but a myriad of combi-
nations of diverse biotic and abiotic stresses concomitantly (He et al.,
2018). Responses to such multiple cues are often non-additive and
extremely complex (Jiang et al., 2025). Therefore, the physiological,
biochemical, and molecular plant reactions derived from these situa-
tions are unique and cannot be predicted from the study of individual
stresses alone (Shabbir et al., 2022). In tomato plants, simultaneous salt
and heat stress inputs were shown to trigger specific osmoprotectant
accumulation (glycine betaine, trehalose), improve K/Na ' homeostasis
and led to photosynthetic adjustments that differed markedly from
single stress responses. Therefore, the combined application of these
stresses resulted in an overall mitigation of salinity effects under heat
exposure (Rivero et al., 2013). Other studies, however, reported oppo-
site results, suggesting that combined heat and salinity could intensify
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Na™ toxicity, disrupt nutrient balance, suppress growth, and divert en-
ergy towards defense at the expense of biomass accumulation (Sousa
et al., 2022). Micro-Tom plants inoculated with an AMF consortium
(Sousa et al., 2024) mitigated the negative effects of combined salt and
heat stress, showing a greater benefit than under single stress. AMF
increased flower number, total biomass, net photosynthetic activity, and
reduced root Na®t, while also enhancing water use efficiency and root
ascorbate and decreased leaf O3, HyO5, MDA, and GSH (Duc et al., 2018;
Sousa et al., 2024). A similar trend was reported by Duc et al. (2018,
2023): AMF inoculation led to additive benefits in Moneymaker host
plants when exposed to combined water and heat stress compared to
single stresses. AMF inoculation induced enhanced stomatal conduc-
tance (gs), photosynthetic net assimilation (Ay), maximum quantum
efficiency of PSII photosystem (F,/Fp), iWUE accompanied with
increased leaf SOD activity and proline content and root CAT activity
(Duc et al., 2018, 2023).

A key point to consider is that most of the ecophysiological knowl-
edge related to AMF-mediated benefits in stress resilience in tomato
plants comes from greenhouse setups. Several works support the bene-
fits of AMF inoculation in field conditions by increasing tomato yield
and nutritional quality (Conversa et al., 2013; Bona et al., 2017; Tran
et al., 2022; Arcidiacono et al., 2024). Additionally, under abiotic stress
conditions, Candido et al. (2015) indicated that combined application of
AMF and deficit irrigation can be an effective tool for the optimization of
crop water demand. Similarly, Biel et al. (2021) proved that AMF
inoculation increases fruit yield and quality with reduced fertigation,
underscoring the necessity of performing economic assessments in
experimental research, since in all tested cases the value/cost ratio
justified the use of commercial mycorrhizal inoculant in tomato pro-
duction. The yield benefits caused by AMF inoculation increased with
growing intensity of drought (Subramanian et al., 2005). However, the
ecophysiological mechanisms by which AMF inoculation helps tomato
plants to cope with abiotic stress under field conditions are scarcely
known. AMF-mediated increased tomato yield under both control and
deficit irrigation conditions was associated with increased N and P up-
take, higher Ay and g, and higher rates of root sap exudation, poten-
tially indicating greater root water uptake capacity (Bowles et al., 2016).
AMF inoculation enabled increased tomato yield in field conditions by
modulating the physiological status of the host plant under moderate
water stress, which included enhanced efficiency of photosystem II,
lower accumulation of proline, potassium, magnesium, and organic and
inorganic solutes in shoots, together with higher water use efficiency,
better stomatal conductance, and higher leaf water potential (Bakr et al.,
2018). Despite these reports, further research is needed to bridge the gap
between the extensive ecophysiological knowledge gained from green-
house experiments and the benefits observed under field conditions, to
better understand and integrate AMF-based biofertilizers into
large-scale field tomato production systems.

3. Transcriptional changes associated with the beneficial effects
of AMF inoculation against abiotic stress

The ecophysiological responses of AMF-treated plants of
S. lycopersicum exposed to diverse abiotic conditions are underpinned by
a plethora of key molecular signals. Over the past decade, alongside the
fast development of next-generation sequencing technologies, substan-
tial efforts have been made by the research community to elucidate the
mechanisms underlying AMF-induced responses to biotic and abiotic
stresses in plants (Mitra et al., 2021; Fiorilli et al., 2024). In this section,
we focus on root tissue-specific and systemic (leaf and fruit) molecular
modifications occurring in tomato at the gene expression level and
associated with the beneficial effects of AMF inoculation against diverse
abiotic stresses.

Journal of Experimental Horticulture 1 (2026) 100001

3.1. Transcriptional changes at local (root) level

In absence of abiotic stresses, the formation of AM symbiosis in to-
mato is accompanied at the root level by an intense transcriptional
reprogramming (Fig. 2), which includes AMF-inducible genes already
characterized in other model organisms such as Lotus japonicus L.:
PHOSPHATE TRANSPORTER 4 (PT4), AMMONIUM TRANSPORTER 2;
3 (AMT2;3), REDUCED ARBUSCULAR MYCORRHIZA 1 and 2 (RAM1
and RAM2), and the G-type ABC transporters (STR/STR2) (Sugimura
and Saito, 2017). These genes, belonging to the Common Symbiosis
Pathway (CSP) (Oldroyd, 2013), are responsible for phosphate, nitrogen
and lipid transport, which may indirectly contribute to abiotic stress
relief through better plant nutrition. The GRAS transcription factor (TF)
family is the most representative clade induced upon AM colonization.
Some members of this family, such as SIGRAS18, SIGRAS38 or
SIGRAS43, play important roles in controlling AMF development
(Ho-Plagaro et al., 2019). In tomato, TFs of the GRAS family have also
been reported to fine tune crosstalk between abiotic stress and different
hormone signaling cascades, including those mediated by auxins, gib-
berellins and ABA (Liu et al., 2017a, 2021; Habib et al., 2019, 2021).
These findings suggest that GRAS TFs may be at the crossroad of AMF
development and AMF-induced stress resistance in tomato roots.
Nonetheless, this family needs further investigation to clarify its po-
tential role in these processes.

The current understanding of the potential gene expression-level
benefits, conferred by AMF colonization in tomato roots when submit-
ted to environmental stresses, is primarily based on data obtained from
RT-qPCR analyses, rather than whole transcriptome analyses. Nutri-
tional and ecophysiological changes induced by AMF colonization under
drought are accompanied by the upregulation of TFT genes in AMF-
inoculated tomato roots (Jia et al., 2022). These genes encode 14-3-3
proteins, which are involved in the salt overly sensitive (SOS)
pathway, responsible of sensing salt stress, as well as ABA signaling and
drought tolerance (Sun et al., 2015). AMF inoculation also altered the
expression of aquaporins and SOS pathway genes, such as SISOS1 and
SISOS2 in roots under salt stress (Liang et al., 2022; Liu et al., 2023). Duc
et al. (2018, 2023) also reported a myriad of physiological and nutri-
tional benefits attributed to AMF colonization in response to combined
drought and heat stress, ranging from improved leaf gas-exchange to
increased antioxidant activity both at the root and leaf level. These re-
sponses occurred in association with alteration in the gene expression
patterns of root aquaporins, such as SISIP1;2 or SIPIP2;1, as well as of
other key genes related to hormone biosynthesis, such as SIPAL and SISO
(involved in salicylic acid biosynthesis), SINCED (ABA biosynthesis) or
SILOX (jasmonic acid biosynthesis). Under phosphorous deficiency
conditions, AMF colonization is known to increase the expression of, not
only the acknowledged AM-marker SIPT4, but also other members of the
PHT1 clade of phosphate transporters, such as SIPT3 and SIPT5 (Rui
et al., 2023). The expression of these genes was also induced by AMF
symbiosis in response to drought (Volpe et al., 2018; Balestrini et al.,
2019). Not only phosphorus, but also the role of lipid metabolism has
been underscored as crucial for the regulation of drought tolerance in
tomato roots, as underlined by the induction of the lipid
transporter-encoding genes SISTR and SISTR2 (Zhang et al., 2024).

Despite its uses as a model fruit plant, the full transcriptional land-
scape controlling AMF-induced abiotic stress resistance in tomato roots
has been scarcely studied. Phosphate transporters (the already
mentioned SIPT4, SIPT3 and SIPT5), together with other transporters,
such as ammonium, potassium and ABCG are strongly and significantly
induced in AM roots under drought stress (Balestrini et al., 2019; Del
Boccio et al., 2025). On the other side, aquaporins also undergo an
intense transcriptional reprogramming in roots, which mainly involves
the upregulation of SIPIP2;1 as a key member of this family (Balestrini
et al., 2019). Finally, other drought stress marker genes related to ABA
metabolism and signaling routes, such as Late Embryogenesis Abundant
(LEA) or dehydrin-encoding genes, are also among the most transcribed
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Fig. 2. Transcriptional changes associated with AMF-mediated beneficial effects at local and systemic level in Solanum lycopersicum. Schematic repre-
sentation of the main tomato genes altered by AMF colonization under drought, salt and heat stress. The heatmaps represent the overall trends (red = upregulation,
blue = downregulation, yellow = mixed effects, gray = not applicable) in each stress reported in recent literature. SINCEDI: 9-cis-epoxycarotenoid dioxygenase;
SITAS14: abscisic acid and environmental stress-inducible protein; SISnRKs: sucrose non-fermenting-related kinases; SIAREB: abscisic acid-responsive element
binding protein 1; SILEAI: plant late embryo abundant; SILOXs: lipoxygenases; SIPAL: phenylalanine ammonia-lyase; SISO: isochorismate synthase; SIHSPs: Heat
shock proteins; SIHSFAs: heat shock factors A; SLPIPs: plasma membrane intrinsic proteins; SIPTs: phosphate transporters; SIDHRs: dehydrogenases/reductases;
SLSOSs salt overly sensitive pathway genes; SITFTs: tandemly repeated 14-3-3 proteins/TaF-associating proteins; SISTRs: sterol reductases/steroid reductases;

SIGRASs: GRAS transcription factor family.

genes in the roots of AM tomato plants under drought stress (Balestrini
et al.,, 2019). Under salt stress, AMF inoculation alters root transcrip-
tional levels of key genes involved in stress sensing and transduction
(Ca%* signaling, SIMOCAI and SOS pathway genes), as well as the
regulation of K transporters and SINHX genes encoding vacuolar
H+4/Na + exchangers. Overall, this contributes to improved Nat/K*
ratios and overall better plant performance compared to non-inoculated
plants (Marqués-Galvez et al., 2025). Finally, the combination of heat
stress and AMF colonization with S. constrictum resulted in both the up
and downregulation of genes related to response to drought, biotin
biosynthesis, and root hair development pathways in tomato roots
(Szentpéteri et al., 2024). Interestingly, comparative transcriptomics
between roots of S. lycopersicum cv. M82 and its wild relative S. pennelli
LA5240 has revealed differential responses to combined moderate water
and nutrient stress upon AMF (F. mosseae) inoculation (Chialva et al.,
2024). In fact, S. pennelli shows impaired AMF colonization and, thus,
the transcriptional landscape under stress differed considerably.
Whereas S. lycopersicum revealed upregulated enriched functions related
to improved nutrient acquisition, together with downregulated redox
metabolism, this was not the case for S. pennelli, which mainly down-
regulated genes associated with membrane-related mechanisms and
upregulated redox-related genes. This indicated a clear divergent strat-
egy between the two species under combined stress conditions upon
AMF colonization, highlighting the significant impact that AMF colo-
nization has on how tomato plants perceive and transcriptionally
respond to environmental stresses.

Another unexplored element that requires attention to determine
whether it plays a fundamental role in the mitigation of abiotic stresses
by AMF is the plant’s repertoire of non-coding RNAs. Zeng et al. (2023)
characterized the full RNAome landscape of tomato roots in response to
AMF colonization, highlighting both core and accessory symbiotic pro-
tein encoding genes, but also long non-coding RNAs (IncRNAs), micro
RNAs (miRNAs) and circular RNAs (circRNAs). Among those,
miR319-and miR166-family members were highly induced in AMF roots
and might be important guiding actors in tomato (Zeng et al., 2023),
highlighting the important regulatory activity of these molecules, which
have been overlooked until now. Future research may be focused on
linking these regulatory mechanisms with AMF-mediated increased
resistance to abiotic stresses.

In conclusion, most experimental evidence in tomato roots relies on
targeted gene expression studies rather than comprehensive tran-
scriptomic approaches, and few works have explored the impact of
multiple or combined stresses on AMF-colonized plants. Emerging in-
formation suggests that GRAS transcription factors, aquaporins, phos-
phate transporters, hormone-related genes, and non-coding RNAs play
critical roles in mediating AMF responses at tissue or organ level.
However, their integration into a unified regulatory framework remains
incomplete and more insightful research is needed to identify gaps in our
knowledge.
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3.2. Transcriptional changes at systemic (shoot and fruit) level

In tomato, though AMF symbiosis occurs in roots, it leads to systemic
effects on leaves, which are, in turn, linked to transcriptional reprog-
ramming in this tissue (Cervantes-Gamez et al., 2016) (Fig. 2). For
instance, one of the best described systemic effects mediated by AMF
symbiosis is MIR against pathogens (Pozo and Azcon-Aguilar, 2007;
Wang et al., 2022; Allario et al., 2025; Umer et al., 2025), which is out of
the scope of this review and therefore will not be covered (for more
information about these, see Fiorilli et al., 2024 and references therein).
However, the molecular knowledge of AMF-mediated resistance to
abiotic factors is comparatively less studied. Abscisic signaling is a
central hub for AMF-mediated resistance to abiotic stresses. Similarly to
what is observed at roots, at the leaf level, RT-qPCR data from both
R. irregularis and F. mosseae inoculation have shown altered expression
of multiple genes related to ABA biosynthesis and signaling in tomato
under water stress, such as SINCED1, SITAS14, SIPP2C1 and SISnRK2;4
(Chitarra et al., 2016). S. constrictum, but not F. mosseae inoculation
activates the expression of genes related to ABA-mediated stress
response, such as SIAREB1 or SILEA, in tomato leaves under combined
drought and heat shock. In addition, both AMF species lead to the
upregulation of ABA- and JA-biosynthetic genes, while they significantly
reduce the expression of salicylic acid (SA) biosynthetic genes (Duc
et al., 2023). The apparent uncoupling of this upregulation from a
decrease of ABA levels in the leaves (Chitarra et al., 2016) deserves
further attention in the future.

At the full transcriptome level, there are different reports on AMF-
inoculated tomato leaves under various abiotic stresses. Szentpéteri
et al. (2024) profiled leaf transcriptional marks of heat-stressed tomato
inoculated with Septoglomus constrictum. The authors identified over
1500 DEGs exclusive of mycorrhizal leaves in response to heat stress,
highlighting the upregulation of HSP70 and HSP90 gene families, the
transcription factor-encoding genes of the HSFA7/HSFA6B, AP2/ERF,
bZIP and MYB families. This peculiar molecular signature indicates that
AMF can prime heat shock protein networks, enhancing thermotol-
erance through improved protein folding and stabilization (Szentpéteri
et al., 2024). In a comprehensive RNA-seq analysis, Giovannini et al.
(2024) investigated leaf responses to both salt (200 mM NaCl) and
water-deficit stress in S. lycopersicum (cv. Moneymaker) seedlings sub-
jected to combinations of F. mosseae inoculation and chemical seed
priming. They reported over 2500 DEGs in mycorrhizal vs.
non-mycorrhizal leaves under both stress conditions. Transcriptional
responses induced by AMF colonization following exposure to such
abiotic stresses were slightly different. Under water stress, AMF pri-
marily induced the regulation of PRR-containing protein genes, which
are involved in various biological processes, including response to ABA
signals under stress conditions (Yuan and Liu, 2012), hence confirming a
role for these proteins in the regulation of response to abiotic stresses in
mycorrhizal plants. Under salt stress, a glutathione S-transferase (GST)
gene was found to be amongst the most upregulated salt stress respon-
sive genes induced by AM colonization. A synergistic effect between
AMF and priming agents, mainly SA and chitosan, also emerged. In fact,
in the case of water stress, the combination of AMF and priming mole-
cules lead to a significant upregulation of ABA signaling genes. This
result was not found under salt stress, in which the combination of AMF
and priming agents resulted in the upregulation of transcripts encoding
heat shock proteins, ethylene-responsive TFs, and proteins associated
with defense response (Giovannini et al., 2024).

We covered the potential role of ncRNA in abiotic stress regulation at
root level, but another aspect that has not been deeply covered yet relies
on the biological role of plant ncRNAs as crucial regulators of AMF-
mediated abiotic stress tolerance at the systemic level. At the leaf
level, AMF colonization causes upregulation of different miRNAs, such
as miR319c, which helps counters the negative effects of biotic stress (i.
e., Phytophthora infestans infection) (Zhou et al., 2024). Liu et al. (2017b)
profiled drought-responsive small RNA profiles from leaves of two
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different tomato genotypes showing opposite drought sensitivity and
found that the differential expression of microRNAs (miRNAs) partially
regulates drought stress tolerance in tomato leaves. Collectively, one
could hypothesize that miRNAs and, in general, non-coding RNA mod-
ulation, may also play a role in systemic AMF-mediated resistance to
abiotic stress in tomato plants. Future research should be conducted in
that direction to prove this hypothesis.

Not only leaves, but mycorrhizal colonization is also capable of
systemically altering the transcriptional landscape of fruits (Fig. 2).
Zouari et al. (2014) found 712 genes that were differentially expressed
in fruits from mycorrhizal and control plants. Metabolic processes
related to photosynthesis were among the most significant functional
groups induced by AMF colonization, suggesting that AMF may help
extend the duration of the photosynthetic and photorespiratory activ-
ities in tomato fruit. Other upregulated genes related to stress response,
transport (mainly phosphate and sulfur transport), amino acid synthesis
and carbohydrate metabolism suggest a general impact of fungal sym-
biosis on primary metabolism and, particularly, on mineral nutrition.
Considering that these results were obtained in phosphorus deficiency
conditions, they may suggest that AMF can partially help replacing
exogenous fertilizer for fruit crops (Zouari et al., 2014). It would be of
interest to decipher whether these observed benefits also occur in
AMF-colonized tomato fruits under different abiotic factors, such as
drought, heat or salt stresses.

In summary, although several studies have demonstrated that AMF
lead to systemic effects on leaves and even fruits, modulating tran-
scriptional responses to drought, salinity, and heat stress, our under-
standing of these processes remains fragmented. Current evidence points
to AMF-driven regulation of key stress-responsive pathways, including
ABA- and JA-mediated signaling, heat shock protein networks, and
primary metabolism, which may contribute to enhanced plant resilience
and improved resource use efficiency. However, the number of
comprehensive studies addressing these systemic effects, particularly
under combined or multiple abiotic stresses, is still very limited.
Expanding research in this area is crucial to elucidate the underlying
molecular mechanisms and to exploit the full potential of AMF for
improving crop performance and sustainability under increasingly
challenging environmental conditions.

4. The significant role of tomato rhizobiome in supporting plant
health and productivity

Under field conditions, crops are subjected to different stresses, ac-
cording to the environment, the nutrients and the soils where they live
(Mundt et al., 2002). Plants are not alone, but they live together with
diverse microorganisms both inside and outside their tissues, i.e., plant
microbiota (Sharma et al., 2020). Plants are therefore considered as
holobionts, where all interacting organisms contribute to the plant
fitness and growth (Hacquard, 2016; Lyu et al., 2021; Portal-Gonzalez
et al., 2025). As integrated ecological entities, the assembly of plant
microbiota is governed by host, microbial, and environmental factors,
with soil serving as the primary microbial source (Mesny et al., 2023;
Berg et al., 2024). Plants have evolved metabolite-mediated strategies to
selectively recruit beneficial microorganisms while activating immune
signaling to modulate microbiota composition (Mesny et al., 2023).

The rhizosphere microbiome acts in coordination with the host plant,
frequently forming direct symbiotic relationships that assist plant
nutrition as well as tolerance/resistance to abiotic and biotic stresses
(Compant et al., 2019). As mentioned before, although AMF play a role
in alleviating these stresses, under natural conditions they are involved
in more complex interactions with both pathogenic and beneficial
fungal and bacterial clades (Hacquard, 2016). Therefore, investigating
how this microbiome shifts in response to both stressful and favorable
conditions across various crops can provide key information on the
functional microbial communities required to improve soil and crop
health (Hewitt et al., 2023).
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4.1. Environmental and biotic factors shaping the rhizobiome

Nutrient and water availability, microbiota with pathogens and
symbionts, soil structure and plant genotype create a complex interac-
tion that can affect crop productivity (Chialva et al., 2018a). For
instance, by integrating transcriptomics, proteomics, and biochemistry,
Chialva et al. (2018a) profiled the responses of two tomato genotypes,
one susceptible and one resistant to Fusarium oxysporum f. sp. lycopersici,
grown in two different native soils, i.e., conducive and suppressive to

Table 1
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Fusarium. Disease-suppressive soils are soils that naturally limit
soil-borne diseases through microbial antagonism and other
soil-mediated mechanisms, even when both pathogen and susceptible
host are present (Siegel-Hertz et al., 2018). The authors demonstrated
that the suppressive soil affected tomato molecular responses, particu-
larly pathways related to oxidative stress, phenol biosynthesis, lignin
deposition, and innate immunity, thus activating the plant alert status
(Chialva et al., 2018a, 2018b). Suppressive soils were shown to partially
protect the susceptible genotype from Fusarium, suggesting that soil

Genotype-specific effects on the rhizobiome and performance of S. lycopersicum under stress conditions and/or microbial inoculation. N.A. - Not applicable;
PGPB - plant growth-promoting bacteria; MSI - membrane stability index; MDA — malondialdehyde.

Solanum lycopersicum  Microbial inoculation
genotype

Description of the stress

Changes occurring under stress and/or microbial Reference

inoculation

Hildares N.A.

Abiotic: ionic (nutrient solution supplemented - Reduced plant growth
with NaCl until the salinity of the substrate - Root microbiota composition shifts

Flemer et al.
(2022)

reached electrical conductivity (EC) of 10 dS

m-1

Abiotic: osmotic (40 % of saturated water
content using nutrient solution)

Biotic: Verticillium dahliae

Biotic: Fusarium oxysporum

Combined

Reduced plant growth

Reduced photosynthetic activity

Root microbiota composition shifts

- Reduced plant growth

- Reduced photosynthetic activity

Root microbiota composition strong shifts
PGPB enrichment

Reduced plant growth

Reduced photosynthetic activity

PGPB enrichment

Reduced photosynthetic activity in abiotic stress
combination

PGPB enrichment

- Additive negative effect on plant performance
(further reduction of shoot and root biomass) in
abiotic stress combination with F. oxysporum
infection

Abiotic stressors combined with V. dahliae
infection led to a decrease in relative abundance
of phyla in root microbiota including Firmicutes,
Actinobacteria, Planctomycetes

Increased a-diversity in roots after combined
ionic + osmotic + F. oxysporum and osmotic +
F. oxysporum stresses

Azotobacter chroococcum 76A and
Trichoderma afroharzianum T22

Vulcan F1

Abiotic: combined water (moderate stress as
70 % of the optimal water supply) and

Cirillo et al.
(2023)

Increased leaf water potential
Enhanced tomato yield

nitrogen deficiency (70 % of estimated plant N - Enhanced stress tolerance

requirements)

- Increased soil microbial abundance
- Decreased leaf temperature

Soil-derived microbial
communities

Rio Grande

Abiotic: low-nutrient conditions (50 % of the - Increased bacterial diversity
recommended hydroponic fertilizer) - Increased plant biomass

Mejia et al.
(2025)
- Activation of bacterial key functional genes

associated with nutrient acquisition and plant

growth promotion

Acclimatized microbiome to Abiotic: salt stress
progressive salt stress treatments
(50, 100, 150, 200, and 250 mM

NacCl solution)

PKM1 (identified as
susceptible after
screening 8 cv)

Pradhan
et al. (2025)

- Stress markers content reduction (MSI,
chlorophyll a, chlorophyll b, carotenoid and
MDA)

Enhanced root architecture

Enrichment of beneficial bacteria such as
Exiguobacterium and Arthrobacter

ADV (identified as N.A. Abiotic: drought, established as 50 % of full - Bacterial and fungal diversity increase Gaete et al.
susceptible after irrigation three times x week for 14 days, - Shifts in community stability (2021)
screening 72 cv) followed by progressive drought for 7 days.

449 (identified as - Microbiome stability
tolerant after - Microbial interaction network smaller and less
screening 72 cv) complex

- Increased intra-kingdom cooperation
- Enrichment of drought benefic taxa
Contact F1 N.A. Abiotic: drought (75 % of control irrigation - Stable bacterial diversity Sillo et al.
condition, established as 100 % of the - Stomatal and photosynthetic machinery (2022)
estimated crop evapotranspiration) regulation
- Upregulation of stress-related genes
Impact F1 - Reduction of bacterial diversity

- Enrichment of drought-associated taxa
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microbiota may drive the plant response (Chialva et al., 2018b). It was
also proven that the presence of bacteria such as Firmicutes and Acti-
nobacteria provides protection against Ralstonia solanacearum, therefore
increasing the bacterial wilt disease suppression (Lee et al., 2020). The
composition of the tomato microbiome could be dependent on cultiva-
tion practices. In a metatranscriptomic analysis, Hewitt and colleagues
(2023) showed that biochar amendment altered gene expression in to-
mato rhizosphere, increasing the activity of beneficial bacteria and
reducing pathogenic fungi, even if this treatment did not affect shoot
biomass or fruit yield. The increased transcriptional activity of benefi-
cial bacteria and the reduced gene expression of pathogenic fungi sug-
gest improvements in soil health and potential benefits for plant growth
coupled with a likely suppressive effect on soil-borne diseases (Hewitt
et al., 2023).

Both biotic and abiotic stress conditions can act as selective pressures
driving the enrichment of beneficial bacterial strains in the plant
rhizosphere (Table 1). Flemer et al. (2022) investigated how different
abiotic (ionic and osmotic) and biotic stresses (Verticillium dahliae and
Fusarium oxysporum) alone or combined, impact tomato performance
and root microbiome composition. Under all stress treatments, using 16S
rRNA sequencing and complementary cultivation-based methods (in
vitro and in vivo assays), they observed, in addition to a reduced plant
growth and photosynthetic activity, shifts in structure and abundance of
key bacterial groups, including Firmicutes and Proteobacteria. Benefi-
cial endophytes like Paenibacillus and Microbacterium showed stress
tolerance and plant-promoting traits and accumulated under specific
pathogen infections. Interestingly, plant growth-promoting bacteria
(PGPB) were isolated only under biotic or combined stresses, high-
lighting stress-specific microbial responses (Flemer et al., 2022).

Nevertheless, the rhizosphere microbiome contributes to supporting
plant development even under abiotic stress alone. Cirillo et al. (2023)
observed that inoculation with a selected microbial community
increased soil microbial diversity and improved agronomic traits of to-
mato plants under combined water and nitrogen limitations. In this
study, a microbial consortium of Azotobacter chroococcum 76A and Tri-
choderma afroharzianum T22 enhanced tomato yield and stress toler-
ance. Specifically, the microbial inoculum increased leaf water potential
and decreased leaf temperature under stress conditions, highlighting a
role in stress protection. Moreover, soil microbial abundance increased,
including tomato native beneficial microorganisms as heterotrophic
aerobic bacteria populations, free-living (Nj)-fixing bacteria, fungi
including Trichoderma spp. (Cirillo et al., 2023). Furthermore, in a very
recent study, tomato plants were grown hydroponically under
low-nutrient conditions and inoculated with soil-derived microbial
communities (Mejia et al., 2025). This setup led to an increased bacterial
diversity, assessed by 16S rRNA gene sequencing, and plant biomass,
indicating successful enrichment of beneficial microbes capable of
mitigating nutrient stress (Mejia et al., 2025). Genera such as Luteoli-
bacter, Sphingopyxis, and Kaistia were significantly correlated with pos-
itive plant traits. Metagenomic analysis further revealed key functional
genes associated with nutrient acquisition and growth promotion,
including those involved in nitrogen fixation. In particular, the genus
Methyloversatilis was identified as a contributor to nitrogen metabolism,
supporting the potential of microbiome-based strategies to enhance
plant performance and sustainability under nutrient-limited conditions
(Mejia et al., 2025). Recent studies have explored microbial approaches
to alleviate salt stress in tomato plants (Pradhan et al., 2025). A
top-down approach of acclimatizing the rhizosphere microbiome
through multiple steps promoted tomato growth under increasing salt
concentrations. Stress markers were reduced (Table 1), and root archi-
tecture was enhanced in plants with acclimatized microbiomes, indi-
cating improved salt tolerance, along with the enrichment of beneficial
bacteria such as Exiguobacterium and Arthrobacter (Pradhan et al., 2025).

The complex inter-microbial interactions within plant holobionts can
lead to beneficial outcomes for the host plant and collectively shape
holobiont structure, although other factors potentially contributing as
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well.
4.2. Genotype-specific recruitment of beneficial microbes

The host genotype affects tomato-associated microbes, as demon-
strated by Chialva et al. (2019). Tomato plants principally select mi-
croorganisms that have plant growth-promoting effects and that
contribute to the soil element biogeochemical cycles (Pii et al., 2016).
Healthy tomatoes have higher fungal and bacterial diversities and a
larger and more complex network in comparison to tomatoes affected by
F. oxysporum f. sp. lycopersici at level of bulk soil, rhizosphere, rhizo-
plane, and endosphere (Zhou et al., 2021). Healthy plants also contain
microbial consortia, including well-known biocontrol agents, recog-
nized as potential suppressors of the pathogen invasion (Zhou et al.,
2021). Notably, a genotype-dependent recruitment of beneficial mi-
crobes has been identified as an integral part of the plant’s adaptive
strategy to water stress (Gaete et al., 2021). For instance, the alpha and
beta diversity of the bacterial rhizosphere communities was differently
shaped in two tomato cultivars displaying different drought tolerance
behaviors (Gaete et al., 2021). In particular, the drought-tolerant variety
exhibited a buffering effect on its rhizosphere microbiome, maintaining
stable alpha diversity levels even under water deficit conditions. In
addition, results of an interaction network analysis revealed a less
complex microbial network in the tolerant rhizosphere under water
stress, characterized by increased cooperation within kingdoms, there-
fore suggesting a more functionally cohesive microbial community that
may support plant resilience under stress (Gaete et al., 2021).

In field conditions, the two tomato genotypes Impact F1 (Tondo) and
Compact F1 (Lungo) were evaluated under control and moderate water
deficit using ecophysiological and molecular approaches (Sillo et al.,
2022). The two cultivars adopted distinct strategies to cope with the
stress as Compact F1 responded more actively, with improved photo-
synthetic and stomatal regulation and upregulation of stress-related
genes. Root microbial diversity was also differentially affected, as
Compact F1 maintained high bacterial diversity, while Impact F1
showed reduced diversity under stress but enrichment of
drought-associated taxa such as Pseudomonas. These results suggest
genotype-specific recruitment of beneficial microbes under stress, with
implications for tailored microbiomes suited to each cultivar and envi-
ronment. Recently, Cheng et al. (2020) assessed the variation, commu-
nity structures, and composition of the rhizosphere microbiota related to
11 tomato cultivars, and one cultivar grown in seven different soils.
They demonstrated that the rhizosphere bacterial community compo-
sition was highly influenced by soil and plant genotype (Cheng et al.,
2020).

Studying the rhizosphere microbiomes of two contrasting tomato
genotypes (modern and wild) across four growth cycles showed a clear
tomato genotype effect, which was amplified with repeated reproduc-
tive cycles, increasing differences between modern and wild micro-
biomes (Cordovez et al., 2021). This effect was driven by the genera
Massilia, Rhizobium, Acidovorax, and Pseudomonas (Cordovez et al.,
2021). The tomato rhizosphere may show a superior complexity of mi-
crobial community network in comparison with that of bulk soil, due to
changes in the root compartment and surrounding soil (e.g., changes in
nutrient availability, pH, moisture, oxygen content, and carbon dioxide
levels) (Lee et al., 2019). Rhizosphere can be therefore considered the
most active compartment of microbe-microbe and plant-microbe in-
teractions, rich in taxa having potentially beneficial effects on plant
growth and health and involved in exchange of diverse compounds
between microorganisms and plants (Lee et al., 2019).

4.3. Systemic effects on fruit microbiota and plant physiology
In response to specific environmental conditions, tomato can selec-

tively enrich beneficial microorganisms through the modulation of
endogenous metabolic processes. Nakayasu et al. (2021) highlighted the
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active role of tomato roots in shaping their rhizosphere microbial
communities through the secretion of tomatine, a steroidal glycoalka-
loid (SGA) compound. Tomatine and its derivative, tomatidine, were
found to increase the relative abundance of Sphingomonadaceae, a
bacterial family commonly associated with tomato rhizospheres (Pii
et al., 2016; Lee et al., 2019). In particular, Sphingobium strains, isolated
from tomatine-treated soils, were able to degrade tomatine and utilize it
as their only carbon source, suggesting that this compound may function
as a selective nutrient (Nakayasu et al., 2021). Sphingomonadaceae
members are recognized to promote plant health by producing phyto-
hormones, such as auxins and gibberellins, alleviating abiotic stress, and
suppressing pathogen spread (Khan et al., 2014; Santiago et al., 2017;
Luo et al., 2019; Nakayasu et al., 2021).

Microbial influence is not limited to the root environment. In a
controlled condition experiment by Escobar Rodriguez et al. (2021),
tomato plants from five cultivars were grown in soil and hydroponic
systems and fully ripe fruits were analyzed for their associated bacterial
communities, as well as for key flavor-related traits such as volatiles,
sugars, and organic acids. The results showed that the cultivation
method had a significant effect on both fruit chemistry and microbial
composition, as tomato plants grown in soil contained higher levels of
sugars, while those produced in hydroponics had increased concentra-
tions of organic acids. In addition, the bacterial communities identified
in the fruits varied depending on the growing system. These microbial
differences were found to correlate with specific flavor and aroma
compounds, suggesting that the cultivation method not only shapes the
microbiome but also influences the organoleptic properties of the to-
mato fruit (Escobar Rodriguez et al., 2021).

The tomato microbiome, particularly the one present in the rhizo-
sphere, is deeply integrated into the plant physiology, playing a crucial
role in mitigating stress effects. Moreover, both plant genotype and
environmental conditions have a role in shaping the structure and
function of the tomato microbiome, influencing its capacity to support
plant performance. Understanding and managing these relationships,
through cultivar selection, microbial inoculation, and microbiome-
aware cultivation strategies, offer a promising path toward improving
tomato resilience, reducing environmental inputs, and enhancing sus-
tainability in agricultural systems. Further, the tomato recruitment or
response to beneficial microbiota—either through selective root
exudation patterns or through external inoculation—allow developing
sustainable cultivation strategies that may reduce dependency on water
and chemical inputs while maintaining crop productivity.

5. Concluding remarks

Ongoing climate change has been increasing the negative effects of
abiotic stresses on crops including tomato, significantly limiting the
productivity of agricultural systems worldwide. Abiotic stress tolerance
involves different pathways and changes at molecular, physiological and
anatomical levels, which can be influenced by AMF that can be
considered plant allies in dealing with harsh environments. Although
some AMF mediated plant responses are conserved across types of
stresses, others are influenced by the inoculated fungal strain and the
host plant genotype, suggesting a substantial intraspecific variation.
Thus, identifying combinations of AMF and tomato cultivars optimized
for specific stress scenarios could inform precision agriculture strategies.
Cumulative research findings clearly underscore the potential of AMF to
enhance the ecophysiological traits upon abiotic stress conditions. AMF
colonization contributes to improved nutrient acquisition, better water
use efficiency, and enhanced osmotic modulation and antioxidant re-
sponses, all of which are crucial under environmental stress. From a
functional perspective, AMF modulate key physiological and biochem-
ical pathways to maintain homeostasis, thereby enhancing plasticity in
response to climate-induced challenges. Additionally, tomato micro-
biome plays a key role in mitigating stress effects, so that understanding
the relationships among plant genotype, environments and microbiota
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lays the foundation to improve tomato tolerance in a sustainable way.
Therefore, to fully harness their potential, further studies are needed to
investigate genotype-specific responses, AMF strain efficiency, and
environmental interactions under field conditions. Integrating physio-
logical measurements with transcriptomic, metabolomic, and ionomic
data will be essential to deepen our understanding of the tomato-
rhizobiome interactions in general, and the AMF symbiosis in partic-
ular. Ultimately, AMF-based interventions represent a promising, eco-
compatible approach to support tomato productivity and sustainability
in future agroecosystems.
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