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Harnessing microbes as sun
cream against high light stress

Summary

Plants rely on solar energy for growth through photosynthesis, yet
excessive lightintensity caninduce physiological damage. Despite
the considerable harm, inadequate attention has been directed
toward understanding how plant-associated microorganisms
mitigate this stress, and the impact of high light intensity on plant
microbial communities remains underexplored. Through this
Viewpoint, we aim to highlight the potential of microbial
communities to enhance plant resilience and understand how
light stress can shape plant microbiome. A full understanding of
these dynamics is essential to design strategies that take
advantage of microbial assistance to plants under light stress
and to effectively manage the impact of changing light conditions
on plant-microbe interactions.

Light stress and plant microbiome

Sunlight fuels plant photosynthesis and serves as a temporal and
seasonal indicator. Variations in light intensity and quality,
influenced by weather and seasonal changes, are posing challenges
to plant adaptation (Roeber ez al., 2021). Plants utilize two distinct
systems, photoreceptors and chloroplasts to perceive environmen-
tal light, both crucial in regulating plant stress responses.
Depending on light availability, plants modify grana structure
and Chl ratios to optimize photosynthesis and shield the
photosynthetic apparatus from high light intensities, ensuring
efficient functioning by maximizing photosystem electron trans-
port fluxes and minimizing fluorescence dispersal (Walters, 2004;
Waters & Langdale, 2009).

Light is crucial for photosynthesis and varies in intensity and
spectral quality, and unsuitable light conditions cause significant
stress in plants (Fiorucci & Fankhauser, 2017). Low light limits
growth by reducing energy availability, while high light intensity
can lead to photodamage (Shi e al., 2022) and photoinhibition,
causing a rapid decline in photosynthetic efficiency (Shi
et al., 2022).

Given the damaging effects of abiotic stresses on plants, the
scientific community increasingly emphasizes the crucial role of
the plant microbiome (Sandrini ez al., 2022). It comprises a diverse
array of microorganisms, which intimately coexist with plants as
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ecto- or endophytes (Alsanius er al, 2019). Plant-associated
microorganisms play crucial roles in supporting plant health and
growth through various plant growth-promoting (PGP) mechan-
isms such as enhancing mineral solubility, modulating phytohor-
mone signaling (such as auxin, cytokinin and gibberellin) and
providing nutrients (Bakker er al., 2013; Fadiji ez al., 2023). For
instance, plant growth-promoting bacteria (PGPB) can enhance
plant tolerance to a wide range of environmental stresses, such as
salt or water stress (de Souza et l., 2015). These beneficial bacteria,
which include genera like Pseudomonas, Bacillus and Azospirillum,
colonize the plant’s rhizosphere or phyllosphere, establishing
intimate interactions that promote plant health and resilience
improving nutrient uptake, regulating growth hormones and
mitigating stress damage (de Souza et al, 2015; Fukami
et al., 2018). In nature, microorganisms commonly form a biofilm
matrix mainly composed of extracellular polymeric substances,
both at the root and leaf level, with a role of protection to biotic
and/or abiotic stressful factors (Flemming et al, 2016). This is
particularly true for the upper epidermal layer of the leaf area, an
inhospitable environment with high-stress conditions (e.g. UV
rays, desiccation), limited shielding effect, lack of a thick cuticle and
limited nutrient availability (Haworth & McElwain, 2008;
Karabourniotis et 4., 2021). Biofilms have been demonstrated to
be crucial for the phyllosphere microbiome structure and dynamics
contributing to the leaf health and resilience (Chaudhry
et al., 2021; Vincent et al., 2022). Biofilm formation, combined
with pigment production, serves as an effective defense strategy for
microorganisms against light stress (Marin-Sanhueza ez al., 2022).
Recently, biofilm-forming PGPB, such as Pseudomonas spp.,
Bacillus spp. and Acinetobacter spp., have garnered increasing
interest in agriculture. Their ability to form biofilms has been
shown to enhance plant growth and yield in their hosts (Li
et al., 2024).

Recent findings have highlighted the pivotal role of plant—
microorganism interactions in the evolution of modern plants,
during the process of terrestrialization ¢. 450 million years ago. In
this context, two key symbiotic interactions played significant roles:
arbuscular mycorrhizal (AM) symbiosis and lichenization. Evolu-
tionarily, lichens represent the first example of how microbes can
help photosynthetic organisms to cope with light stress. They
played a crucial role in the terrestrialization of chlorophytic algae
(Puginier ez al., 2022). Specifically, in lichens, the algal component
resides within the structure of compact fungal hyphae, forming a
protective layer known as the lichen upper cortex, that acts as
a barrier against harmful UV-B radiation (Puginier ez al., 2022).
The link between the photosynthetic compartment of plant cells
(i.e. chloroplasts) and the plant-associated microbiome is well
established. Chloroplasts are involved in the production of several
metabolites serving both for defense against biotic stresses or for
microbe recruitment (e.g. root exudate compounds such as
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flavonoids, malic acid and strigolactones; Sasse ez al, 2018).
Additionally, a direct link between ROS stress alleviation and
specific microbial taxa has been reported (Asha er al, 2021). The
evidence suggests that the cooperation between microbes and
the photosynthetic compartment of plants has been maintained
over the evolution.

On the contrary, AM symbiosis played a vital role in the
terrestrialization of embryophytes (Bonfante & Genre, 2008;
Humphreys ez al.,, 2010; Puginier ez al., 2022). In this symbiotic
interaction, the plant’s roots form an intimate association with
fungal hyphae, forming specialized structures called arbuscules.
Currently, research has predominantly emphasized the interactions
between plants and microorganisms, including AM symbiosis,
under abiotic stresses like salinity or water deficit (Fadiji
er al., 2023), while overlooking the potential effects of such
interactions under light stress conditions. Understanding how
these relationships can significantly enhance plantresilience to light
stress through the identification of microbial strains capable of
providing support for plants is a relevant point that is to be still

addressed.

Exploring the synergy between abiotic stress
responses and beneficial microbes: An overview

The environment in which plants dwell is subject to constant
changes, impacting their development and fitness. Various abiotic
factors such as drought, salinity, extreme temperatures and
radiation can dramatically hinder plant growth and development
(Yang ez al., 2019). For instance, drought stress can affect plants at
various stages, influencing water intake and enzymatic changes in
cell walls, thus hindering growth (Dos Santos et al, 2022).
Similarly, salinity induces osmotic stress and ionic toxicity,
hindering nutrient absorption and damaging cell membranes
(Sytar et al., 2019; Ahmad et al., 2023). Furthermore, under field
conditions abiotic stresses are often combined, affecting various
physiological systems, including respiration, photosynthesis and
sugar metabolism, thus reducing agricultural productivity (Taylor
et al., 2009; Galani ez al., 2022; Kopecka et al., 2023).

Plants have evolved biochemical and molecular strategies to
mitigate the detrimental effects of abiotic stressors and many of
them are influenced by associated microbes. These last can in fact
alter the level of phytohormones such as cytokinins, gibberellins
and auxins, altering root morphology and enabling plants to
withstand harsh climates and stressors like heavy metals, salinity,
drought and nutrient deficiencies (Egamberdieva et al, 2017;
Kopecka ez al., 2023). For instance, several studies have reported
that the inoculation of plants with plant growth-promoting
thizobacteria (PGPR) capable of producing the enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase might be
considered as useful strategy to mitigate the abiotic stress. This
enzyme catalyzes the conversion of ACC, a precursor of ethylene,
into alpha-ketobutyrate and ammonia, reducing ethylene levels
and stress effects (Saleem ez /., 2007). PGPR that produces ACC
deaminase can increase Vitis vinifera L. resistance to water
deficiency conditions (Duan et 4/, 2021). As reported into the
study, two PGPR strains, Pseudomonas corrugata (DR3) and
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Enterobacter soli(DRG), were tested in pots. The results showed that
vine plants inoculated with ACC-producing strains exhibited
significant improvements in plant height, shoot and root biomass,
relative water content, and net photosynthetic rate of leaves,
enhancing their ability to withstand drought (Duan ez 4/, 2021).
Similar results have been reported also in other crop species such as
Zea mays L. (Ojuederie & Babalola, 2023), Solanum lycopersicum
L. (Gowtham et al., 2020) and Brassica juncea (Khan ez al., 2023).

Plant-associated microbes play a crucial role in symbiotic
interactions throughout the entire plant life cycle, thus making
them particularly beneficial in cases of environmental stressors. In
this line, looking at the belowground interactions with beneficial
microbes, AM symbiosis, is the most studied example of ancient
symbiotic relationship for ¢. 80% of land plant species (Lee
er al., 2013). Nowadays, the scientific community increasingly
recognizes the importance of the synergistic interactions among
diverse microorganisms in supporting plant growth. For instance,
different bacteria can enhance nitrogen fixation, while fungi can
boost phosphorus availability (Harman ez al., 2021). When these
microorganisms are used together, forming consortia so-called
synthetic communities (SynCom), they can synergistically
improve plant growth and health by complementing each other’s
functions and mitigating the weaknesses associated with using a
single strain (Harman ez al., 2021; Nerva et al., 2022; Poppeliers
et al., 2023).

How microorganisms could help plants under high
light conditions

Under high light conditions, photosystem II (PSII) is particularly
vulnerable to inactivation, a phenomenon known as PSII
photoinhibition (Shi ez 4/, 2022). PSII-LHCII supercomplexes
are especially prone to damage under high light, with previous
research indicating that direct absorption of light quanta leads to
the release of manganese ions (Mn*") and destruction of manganese
clusters. This disruption compromises the integrity of the PSII
reaction center (Huang ez 2/, 2013). Additionally, both PSII and
photosystem I (PSI) produce reactive oxygen species (ROS),
causing oxidative damage to chloroplasts and inhibiting PSII repair
by suppressing D1 neo synthesis (Fig. 1; Pospisil, 2009). Moreover,
high light intensity is associated with high levels of potentially
harmful UV-B radiation. While the ozone layer filters out much of
the UV-B component, the remaining UV-B reaching the Earth’s
surface can damage macromolecules such as DNA and proteins in
plants, leading to ROS accumulation (Demarsy ezal., 2018). UV-B
exposure also disrupts manganese clusters, exacerbating PSII
photoinhibition (Takahashi ez a4/, 2010; Takahashi & Bad-
ger, 2011; Demarsy et al., 2018).

Under light stress, microorganisms can provide directly or
indirectly support to improve plant resilience. Similar to their
protective roles during salt or water stress (Fadiji ez al., 2023),
we hypothesize that, under high light exposure, microorganisms
in the rhizosphere and phyllosphere may have the ability to
modulate the synthesis of phytohormones, such as abscisic acid
(ABA), and other secondary metabolites (e.g. antioxidants),
helping plants to face light stress events (Ren ez al, 2019). This
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Fig. 1 Overview of the effect of light stress on the photosynthetic activity and photosystems. On the left-hand side, a description of photosynthetic
activity under nonstress conditions. On the right side, what happens under light stress. As can be seen on the top right, light stress causes damage to
photosystem Il, in particular PSII-LHCII supercomplexes are especially prone to damage under high light, with previous research indicating that direct
absorption of light quanta leads to the release of manganese ions (Mn*) and destruction of manganese clusters. This disruption compromises the integrity
of the PSII reaction center. At the bottom right, it can be seen how excessive light energy can alter photosynthetic activity leading to reactive oxygen
species (ROS) formation. Both PSIl and photosystem | (PSI) produce ROS, causing oxidative damage to chloroplasts and inhibiting PSII repair by

suppressing D1 neo synthesis.

could be achieved through systemic responses, that activate
stress-responsive genes and related pathways in plants (Sandrini
et al., 2022). Specifically, in the context of light stress, ABA
regulates photosynthesis by influencing the efficiency of the PSII
complex and the mobilization of photosynthates. (Gururani
et al, 2015). Studies have shown that ABA treatment can
enhance Chl and carotenoid accumulation in plants exposed to
water stress, leading to improved PSII efficiency. ABA also helps
maintain the thermostability of the PSII complex under heat
stress, reducing heat-induced damage to the chloroplast structure
(Gururani et al, 2015). One of the most significant examples
frequently cited in scientific literature revolves around the
capacity of AM fungi to bolster plant resilience against abiotic
stress. In watermelon, researcher showed that despite the
negative impact of water limitation on certain parameters like
Fv/Fn (maximum photochemical efficiency of PSII), mycor-
thizal watermelon plants exhibited higher values of Fv/Fm and
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other parameters related to PSII photochemistry. This suggests
that root colonization by AM fungi can mitigate damages and
maintain PSII efficiency at higher levels even under drought
stress (Balestrini ez al., 2020). Moreover, AM fungal colonization
in cucumber roots was found to enhance CO, assimilation and
the expression of genes related to key enzymes in the Calvin
cycle (Chen et al, 2017). This protection of major metabolic
pathways, including Chl and carotenoid biosynthesis, contri-
butes to preserving photosynthesis under stress conditions
(Mathur ez al., 2019). It is worth noting that in a transcriptome
dataset of tomato leaves from mycorrhizal plants three genes
associated with the photosynthesis category (BIN 1) were found
as mycorrhizal-responsive. Among them, two of these have roles
in the light reactions, while the other gene was related to the
Calvin cycle (Cervantes-Gamez et al., 2016).

Considering the evidence available for abiotic stresses, although
very limited for high light intensity stress, it would be of paramount
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importance to deepen the role of microbes, either directly or
indirectly, in protecting plants from light stress under a
climate-changing scenario.

Impact of light stress on microbial communities in
rhizosphere and phyllosphere

It is widely recognized that environmental conditions can trigger
changes in the microbial communities associated with plants,
exerting a direct or indirect influence on their composition (Fig. 2;
Trivedi et al., 2020). Recent studies have shown that abiotic stresses
such as salinity and drought can lead to a shift in the plant microbial
community composition (Furze ez al., 2017; Fadiji ez al., 2023).
For salt-sensitive, but not salt-tolerant plants, the diversity of
bacterial populations is reduced in response to salt stress, indicating
that salt-tolerant plants maintain a diverse bacterial community
that may be crucial for the salt tolerance (Fadiji ez 4/, 2023). For
example, in the peanut rhizosphere, salt stress led to an increase in
Acidobacteria with a reduction in the abundance of Chloroflexi and
Actinobacteria (Xu et al., 2020). A comparable scenario may arise in
the microbial communities of plants exposed to high light intensity.
Indeed, just as with plants under salt stress (Yaish ez 2/, 2016), we
hypothesize that those facing high light intensity may also undergo
alterations in their microbial communities, probably favoring
species that better adapt to intense solar radiation (Jacobs &
Sundin, 2001). For instance, we might observe a direct uptick in the
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Fig. 2 Overview of the direct and indirect
impacts of light stress on microbial communities
in the phyllosphere and rhizosphere. When plants
experience light stress, it triggers various effects
on both the phyllosphere and rhizosphere
microbial communities. Direct effects in the
phyllosphere include alterations in microbial
taxonomy due to high light conditions. This can
prompt changes in pigment production, aiding
both microorganisms and the plant in shielding
themselves from radiation. Additionally, high
radiation levels can impact the concentration of
phytohormones like ABA, crucial for regulating
leaf stomata to counteract radiation and
excessive heat. Changes in compound
biosynthesis within the phyllosphere can cascade
into the rhizosphere. Consequently, variations in
phyllosphere induced by light stress can indirectly
influence the rhizosphere by altering the

Carbohydrates
ot production of radical exudates such as
O carbohydrates, proline and flavonoids. These
‘ s Flavonoids changes in exudates may, in turn, affect the
microbial community in the rhizosphere,
Metabolites attracting microorganisms better equipped to
and exudates support the plant under light stress. Overall,

these direct and indirect factors drive adaptation
strategies in response to light stress.

prevalence of species like Bacillus coagulans and Clavibacter
michiganensis in the phyllosphere, known for their remarkable
resistance to high UV radiation (Jacobs & Sundin, 2001).
Additionally, studies have demonstrated that high doses of UV
rays can alter the composition of the microbial community on the
plant phyllosphere. This environment favors microorganisms like
Methylobacterium, which can adapt to intense UV exposure by
producing compounds thatabsorb UVA rays (Yoshida ezal., 2017).
Exposure to high UV radiation induces significant shifts in the
microbial community of the phyllosphere, favoring microorgan-
isms with elevated levels of UV-absorbing pigments such as
carotenoids, xanthomonadins and melanin (Jacobs et 4/, 2005).
These pigments play a protective role by reducing the amount of
radiation that penetrates plant tissues (Jacobs ez al., 2005; Rastogi
et al., 2013). Furthermore, many phyllosphere bacteria possess
specialized DNA repair mechanisms, enabling them to mitigate
DNA damage caused by UV exposure (Jacobs ez al., 2005). These
adaptations are essential for maintaining microbial populations in
the phyllosphere and for supporting plant health under the stress of
solar radiation. Equally significant would be the exploration of the
indirect impacts of high light stress on the microbial community
associated with plant tissues not directly exposed to the light
radiation. As previously observed, exposure to intense light
radiation triggers alterations in the plant physiological processes,
including a reprogramming in the synthesis of specific phytohor-
mones and secondary metabolites (Bayat et al, 2018; Roeber
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et al., 2021). These metabolites not only drive adaptations to
abiotic stresses, but they can also influence shifts in the plant
microbial community (Pang et al, 2021; Wang et al., 2022).
Similar to the effects observed under water deficiency (Farooq
eral., 2009), constant exposure to solar radiation during light stress
can induce alterations in the concentration of metabolites within
the plant (Carvalho & Castillo, 2018; Crestani ez al., 2024). This,
in turn, may prompt changes in the composition of root exudates,
consequently favoring the increase in specific microbial taxa such as
o-Proteobacteria and Acidobacteria (Gargallo-Garriga er al., 2018;
Vives-Peris ez al., 2020). As documented in the literature, exposure
to low-light doses induces alterations in both the quality and
quantity of root exudates in seagrass (Martin er al, 2018),
consequently resulting in a shift in the microbial community
composition, with increased beneficial microorganisms like
Sulfurimonas and Azospirillum. Observing the impact of low light
on the alteration of beneficial microbial communities, we
hypothesize that similar changes may occur under exposure to
high light intensities. These microorganisms play a crucial role in
alleviating light stress conditions by modulating both physiological
processes and hormonal regulation. For instance, Azospirillum
enhance root development and nutrient uptake, thereby increasing
plantresilience (Steenhoudt & Vanderleyden, 2000). Additionally,
o-Proteobacteria produce ACC deaminase, which lowers ethylene
levels, a stress hormone typically elevated under light stress
(Glick, 2005; Brenya ez al., 2023). Moreover, these microorgan-
isms can regulate the levels of other essential hormones, such as
ABA, auxins and cytokinins, aiding plants in adapting to stress by
promoting growth and enhancing nutrient availability (Vacheron
et al., 2013).

Asreported in Lopes ez al. (2023), different levels of ABA and TAA
can trigger alterations, thus affecting the composition of root
exudates and consequently resulting in shifts in the plant-associated
microbial community. Indeed, Solanum lycopersicum plants grown
under high R/FR conditions released root exudates containing
higher levels of (+)-5-deoxystrigol, an inducer of fungal AM hyphal
branching, compared with those from plants grown under low R/FR
light (Nagata ezal., 2015). Confirming that elevated R/FR light alters
the composition of root exudates released into the rhizosphere,
thereby enhancing AM symbiosis (Nagata et al., 2015).

As mentioned previously, exposure to light stress can increase the
production of secondary metabolites, including flavonoids (Wang
et al., 2022; Fang er al., 2024). Recent researches have proved that
high flavonoid levels, resulting from the plantadaptation to intense
light exposure, can drive alterations in the microbial community
(Jacoby ezal., 2020). Most flavonoid molecules can act as signals for
the recruitment of specific microbial taxa and/or act as substrates
for microbial growth, thus linking their production and consump-
tion with the recruitment of specific taxa in the plant rhizosphere
(He et al., 2022). Flavonoids secreted by roots as responses to high
light stress inhibited the growth of the pathogen 1. destructans, but
also promoted the growth of beneficial bacteria (Fang ez al., 2024).
This adaptation not only enhances their ability to cope with light
stress but also improves their resistance to pathogens. In addition,
some flavonoids can also have a negative effect on taxa recruitment,
for instance, via antimicrobial activities (Schiitz et al., 2021).
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Finally, even if experimental data linking the high light stress with
the root microbiota are still missing, evidence that root-associated
microbes can alleviate the low-light stress has been reported (Hou
et al., 2021). Specifically, this work demonstrated a light-dependent
microbiota—root—shot circuit able to alleviate plant growth deficiency
by modulating the growth—defense trade-off. Indeed, it is important
to highlight that shifts in the plant-associated microbial communities
can have grater effects also from an ecological point of view. The
interconnection of ecosystem (i.e. both among community members
and between communities across the ecological niche) has the
potential to improve the stability and resilience of the holobiont
(Allsup e al., 2023). Moreover, from an ecological point of view, it
has already been proved that the consequences of abiotic stresses (e.g.
drought) lead to an alteration of the microbial community which is
reflected also by the alteration of the microbial gene pool (Xie
et al., 2021). Taken together these findings further highlight the
crucial role of microorganisms in aiding plants during environmental
stresses and pose a new challenge in understanding how light stress,
directly and indirectly, alter microbial communities within plantsand
how such changes can ultimately benefit plant health. In this frame, a
validation of the microbiota—root—shoot circuit under high light
intensity is still missing leaving this field almost unexplored and
requesting the attention of the research community.

Conclusions

Light stress represents a significant challenge for global agriculture.
Exposure to excessive light radiation causes metabolic changes in
plants, impacting both their health and their interactions with the
microbiome. Plant-associated microorganisms play crucial roles in
enhancing the growth and overall well-being of plants. Nowadays,
it is crucial to understand how microorganisms can support plants
under light stress conditions, and, in parallel, how this can reshape
plant microbial communities. To elucidate this critical step, further
comparative experiments would be ideal to identify and character-
ize the composition of root exudates in response to light stress and
to understand the functional roles mediated by beneficial
endophytes in alleviating cellular and photosynthetic damages.
Such an approach will enable the identification of more efficient
bacterial strains or fungal isolates that could be exploited for the
development of microbial breeding strategies (Nerva ez al., 2022) to
enhance plant resilience against high radiation, a phenomenon
predicted to increase in the near future due to ongoing climate
change.
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