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Abstract: Abiotic stresses have significant negative effects on the growth, development, and productivity of crop
plants, which are critical to global agricultural production and ecosystem stability. Strigolactones (SLs), a family of
carotenoid-derived plant phytohormones, have been identified as playing key roles in plant development and
adaptive responses to environmental stimuli. Initially recognized as signaling molecules in host-parasite
interactions and as symbiotic signals for arbuscular mycorrhizal fungi, SLs are now understood to have broader
physiological and molecular functions related to plant stress tolerance. SLs are crucial in regulating key
developmental processes, including shoot branching, root system architecture, and flowering. Their biosynthesis is
highly regulated under abiotic stress conditions, including drought, salinity, temperature extremes, and nutrient
deficiency. To fully understand the mediating roles of SLs, it is necessary to investigate their biosynthetic pathways,
structural diversity, and classification in plants. Given their multifunctional characteristics, SLs represent potential
targets for enhancing crop performance in unfavorable environmental conditions. This review uniquely integrates
recent molecular advances and practical implications of SL signaling in multi-stress environments, distinguishing it
from earlier reviews.
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Introduction

Plants are continuously exposed to numerous environmental challenges. These biotic and abiotic stresses pose serious
threats to sustainable agriculture and global ecosystems, representing among the main contributors to the reduction of crop
yield [1, 2]. As a survival strategy in response to adverse conditions, plants have developed several responses based on
providing a series of signals in order to metabolize and genetically reprogram [3]. Phytohormones are natural signal molecules
that align with other stresses and enhance growth, as well as the development of plants, through the generation of intricate
responses to such conditions in the environment [4].

Strigolactones (SLs) are a class of carotenoids that are derived from phytohormones and play a key role in signaling and
in the growth and development of plants, as well as how they interact with their surroundings [5]. First of all, it was found to
be a germination stimulant of root parasitic plants: Striga and Orobanche [6]. In addition to parasitism, SLs have been shown
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to contribute to positive plant-fungal associations. As an example, SLs are signalling molecules that induce hyphal branching
in Arbuscular Mycorrhizal Fungi (AMF) (Fig. 1) to facilitate symbiosis between these organisms, which has been found to
increase nutrient and mineral uptake in more than 80 percent of terrestrial plant species and especially in soils with limited
nutrients [7, 8].
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Fig. 1: Strigolactone-mediated regulation of plant growth and stress responses

Strigolactones coordinate plant development and environmental adaptation by regulating multiple physiological and
cellular processes. SLs promote the establishment of beneficial symbiosis with Arbuscular Mycorrhizal Fungi (AMF) through
stimulation of fungal hyphal branching, thereby enhancing nutrient acquisition, root biomass, and root system architecture
under nutrient-deficient conditions. Under abiotic stress conditions, including drought, salinity, and nutrient deficiency, SL
signaling enhances stress tolerance by inducing stomatal closure to reduce transpiration and water loss, limiting pathogen
entry, maintaining Reactive Oxygen Species (ROS) homeostasis through activation of antioxidant enzymes such as
Superoxide Dismutase (SOD), and stimulating the expression of stress-responsive and cell wall biosynthesis-related genes.
Furthermore, SLs interact with other phytohormones, including Abscisic Acid (ABA), auxin, and cytokinins, to coordinate
adaptive responses that improve water-use efficiency, ion and nutrient balance, root system plasticity, and overall plant
resilience

SL biosynthesis and signaling mutants such as MAX in Arabidopsis, DWARF (D) in rice, and RAMOSUS (RMS) in pea
have provided valuable insights into the regulatory roles of SLs in plant development. These studies underscore SLs as
multifunctional phytohormones that govern a wide range of physiological processes, including shoot branching, root
architecture modulation, and the establishment of symbiotic relationships with AMF (Fig. 1) [5, 9-11]. Furthermore, SL
biosynthesis is regulated by various abiotic stresses such as nutrient stress, drought, and salinity [2, 12-14]. Beyond their
established roles in shaping plant architecture and mediating symbiotic relationships, increasing evidence demonstrates that
SLs act as pivotal regulatory molecules that coordinate a broad range of physiological and molecular processes involved in
plant adaptation to adverse environmental conditions [11, 15]. During exposure to abiotic stresses such as drought, salinity,
and nutrient limitation, SLs improve water-use efficiency by facilitating stomatal closure through coordinated interactions with
Abscisic Acid (ABA)-mediated signaling networks and signaling molecules, including hydrogen peroxide (H,O.) and Nitric
Oxide (NO) [13]. Furthermore, SLs play an essential role in maintaining Reactive Oxygen Species (ROS) balance by
enhancing the activity of antioxidant enzymes such as Superoxide Dismutase (SOD), Catalase (CAT), and Ascorbate
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Peroxidase (APX), thereby reducing oxidative injury and protecting cellular membrane stability [15-17]. In addition to these
physiological functions, SL-mediated signaling modulates the transcription of numerous stress-responsive genes involved in
antioxidant defense, ion transport, and cell wall formation. Extensive interactions between SLs and other phytohormones,
particularly auxin and cytokinin, further regulate root architectural plasticity, optimize nutrient uptake, and promote adaptive
growth responses under challenging environmental conditions [15, 18]. Taken together, these integrated regulatory networks
highlight the central role of SLs in linking plant developmental programs with abiotic stress signaling, ultimately strengthening
plant resilience, sustaining growth, and enhancing productivity under fluctuating environmental conditions [11].

Although the biosynthesis pathways of Strigolactone (SL) have been extensively studied in prior literature [2, 11, 19, 20],
these are briefly described here as part of the important context. However, this review summarizes existing knowledge on the
structural diversity and classification of SLs, alongside their various functions in plant growth, nutrient uptake, and
environmental adaptation, with a specific focus on the mechanistic foundations of SL-mediated responses to significant abiotic
stresses. This study also includes a comprehensive synthesis of recent mechanistic advancements regarding SLs' role in
abiotic stress tolerance, incorporating hormonal interactions with abscisic acid, auxin, and cytokinin across various and
combined stress conditions, in contrast to previous reviews that primarily focused on individual stress types or model
organisms [21, 22]. The article encompasses species-specific responses, current advancements in synthetic SL analogs, and
their prospective uses in climate-resilient and sustainable agriculture, providing a thorough and progressive approach.

Structural Diversity and Classification of Strigolactones

SLs represent one of the groups of terpenoid lactones that are carotenoids, a special chemical structure of the molecules
occupying a critical position in the biological activities of SLs. Their core structure is a tricyclic lactone (the ABC ring system)
with a bridge across it to a butenolide (D ring) in the form of an enol ether. This characteristic structure is essential in the
engagement of SLs in plant-microbe relationships and regulation of plant architecture [11]. The carotenoid pathway produces
the ABC ring system. In particular, the A ring is a gamma-lactone coupled with the B and C rings, comprising a tricyclic
structure. The B ring is a six-membered hexane ring, and the C ring is a 5-membered cyclic ether. The C ring is connected to
the D ring by a methyl butenolide bond, which is an important biological activity characteristic of SLs because the D ring binds
to receptor proteins in the target organisms, such as plants or fungi [23]. The structural variability of SLs is due to changes in
the ABC ftricyclic ring system and the butenolide D-ring. Diversity in these areas leads to hydroxylation, methylation, and
glycosylation, producing other analogs of SLs, each with different levels of biological activity. Specifically, the enol ether
bonding between the C and D rings is biologically important to the bioactivity of SLs because this bond is hydrolyzed in water,
liberating the D ring, thought to be the active species that induces biological effects [24].

SLs display a considerable level of structural variation, which encouraged the grouping of these molecules into two
categories: canonical and non-canonical SLs (Fig. 2A-B) [25]. The canonical SLs have a characteristic ABC tricyclic lactone
ring system to which the D ring is connected through an enol ether bridge [11]. 23 canonical SLs have been recognized,
mostly discovered by bioassay-guided purification of root exudates from plants [23, 26]. Major canonical SLs were identified
as root parasitic weed germination factors as well as hyphal branching factors for Arbuscular Mycorrhizal (AM) fungi, with 5-
deoxystrigol being the first to be discovered [7]. Popular canonical SLs include strigol, orobanchol, and sorgomol. Depending
on the orientation of the C ring, canonical SLs are further classified into two subtypes: the strigol-type and the orobanchol-
type. Strigol-type SLs have a B-oriented C ring derived from 5-deoxystrigol (5DS), and orobanchol-type SLs have an o-
oriented C ring derived from 4-Deoxyorobanchol (4DO) [27, 28]. Another structural characteristic determining the variability
of canonical SLs is the modification of the AB rings, including hydroxylation, methylation, acetylation, ketolation, and
epoxidation [11]. The A ring may also be replaced by a benzene group, increasing the variety of SL molecules [29]. Some
plant species, such as tomato, petunia, and pea, synthesize exclusively orobanchol-type SLs, while others, such as tobacco
and sorghum, can synthesize both orobanchol- and strigol-type SLs [29-31].

Non-canonical SLs, however, do not have the traditional ABC tricyclic scaffold, yet still contain the more fundamental enol
ether spacer and D ring [32]. Non-canonical SLs are represented by, among others, carlactone, carlactonic acid, helilactone,
methylcarlactone, and avenaol. Non-canonical SLs also display a wider structural diversity, since they lack a shared core
precursor or enzyme pathway. For example, the non-canonical SL precursor, methyl-carlactonate (MeCLA), derived from
carlactone, is produced by the enzyme Lateral Branching Oxidoreductase (LBO) in Arabidopsis and is related to maize,
sorghum, and tomato [33]. According to [34], CYP722C catalyzes a crucial step in the latter stages of SL production. By
modifying carlactone, CYP722C enables the formation of bioactive SLs, which are crucial for plant responses to environmental
factors, such as nutrient availability and interactions with symbiotic organisms like arbuscular mycorrhizal fungi. CYP722C, a
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cytochrome P450 enzyme, plays an important role in the biosynthesis of SLs by converting carlactone, a precursor in the SL
biosynthetic pathway, to a bioactive SL compound. This enzyme is part of the biosynthetic network that regulates SL
production in plants, influencing processes like shoot branching and root architecture. Bioactive non-canonical SLs, including
MeCLA and hydroxymethylCLA, can undergo further transformations via LBO to synthesize secondary products, such as
helicolactone found in sunflower, lotuslactone found in lotus, and methyl zealactone found in maize [35-37]. These molecules,
such as lotuslactone, are also derived with the participation of the 2-oxoglutarate-dependent dioxygenase enzyme [38].
Moreover, synthetic SLs such as GR24 [39], Nijmegen-1 [40], Strigolactams [41], and the fluorescent EGO-15 and ST-23b
have been synthesized (Fig. 2C). This study emphasizes how the multivariate structural differences and functional importance
of SLs in plant biology relate to their role as hormones in plant architecture and their role in the ecology of symbiosis and
parasitism.
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Fig. 2: Structure of different strigolactones: (A) canonical strigolactones; (B) Non-canonical strigolactones; (C) Synthetic
strigolactones

All types of SLs have the bioactive butenolide D-ring with the 2'R configuration. The canonical SLs possess a conserved
ABC-ring system which is connected to the D-ring by an enol ether bridge. The non-canonical SLs take a different form, as
they do not usually have all three rings (ABC-rings), where the D-ring is only bound to various moieties. Synthetic SL analogs
resemble SL in structure and activity, retaining (usually) the D-ring but substituting other groups, either to improve stability or
specificity.

Biosynthesis and Evolutionary Conservation of Strigolactones in Plants

SLs are synthesized from carotenoids, which are generated by isoprenoid intermediates such as terpenes or isoprenes.
Those carotenoids and, subsequently, also SLs fall into the category of terpenoid or isoprenoid compounds. Carotenoids can
be used in various ways: the pigments help fruits, such as bananas, carrots, and tomatoes, be colored in their distinctive
colors, and are important in photosynthesis, where they convert light into chemical energy and protect the photosynthetic
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machinery against oxidative injury. Abscisic acid is another hormone whose precursors are carotenoids; it is a regulator in the
response of plants to environmental stress. It has also been identified that biosynthesis of SLs occurs under the action of the
enzymes in the chloroplasts, which take 3-carotene and convert it to an intermediate called Carlactone (CL) [42].

Plastids and the cytosol are the two primary locations in plant roots where SL is synthesized [43]. SL synthesis
necessitates three essential enzymes: DWARF 27 (D27) and two carotenoid cleavage dioxygenases (CCD7 and CCD8) [42].
These enzymes are conserved among species. However, they are known by different names in various plants, including MAX
in Arabidopsis, D in rice, and RMS in peas [44]. The mechanism initiates in the plastid, where D27 converts all-trans-beta-
carotene into 9-cis-beta-carotene (Fig. 4). CCD7 converts 9-cis-beta-carotene into 9-cis-beta-apo-10'-carotenal, which is then
transformed by CCD8 into (Z)-(R)-carlactone, the biosynthetic precursor of SLs [42]. Alongside carlactone, the route results
in 3-hydroxycarlactone (Fig. 4) [45].

The essential SL biosynthesis route is present in most plant species. However, the biochemical mechanisms that convert
carotenoid-derived compounds into various strigolactones exhibit species-specific differences that remain inadequately
elucidated. In Arabidopsis, MAX1, a member of the CYP711A family of cytochrome P450s, was identified as the initial
downstream enzyme of carlactone [28]. The CYP711A enzymes are considered to be situated in the endoplasmic reticulum
and catalyze the oxidation of carlactone at the C19 methyl group, resulting in the formation of carlactonic acid (CLA) [32]. The
CYP711A enzymes are categorized into three subtypes: A1, which transforms CL into CLA; A2, which subsequently changes
CLA into 4-Deoxyorobanchol (4-DO); and A3, which executes both transformations [32]. In Arabidopsis, tomato, poplar, rice,
and maize, A1-type CYP711A enzymes are primarily found, whereas rice additionally possesses A2- and A3-type enzymes,
facilitating the conversion of CL to orobanchol (Fig. 3). Conversely, upstream of CLA, the CYP722C family of cytochromes
P450 has recently been recognized as essential for SL production. The disruption of CYP722C in species such as Lotus
japonicus and tomato led to the complete absence of detectable SLs, highlighting its significance [38]. In vitro studies have
demonstrated that CYP722C from tomato and cowpea can convert CLA into orobanchol and its sterecisomer, ent-2’ -epi-
orobanchol, although the latter is rarely seen in either species. This indicates that supplementary regulatory systems may be
involved in several plant species [46].

The figure illustrates the core Strigolactone (SL) biosynthetic pathway, showing the conversion of all-trans-p-carotene to
carlactone in the plastid via the sequential action of DWARF27 (D27), CAROTENOID CLEAVAGE DIOXYGENASE 7
(CCD7/D17/MAX3), and CCD8 (D10/MAX4). Carlactone is then transported to the cytosol, where it is oxidized by the
cytochrome P450 enzyme MAX1 to form carlactonic acid. Subsequent methylation produces methyl carlactonic acid, which
is further modified by LATERAL BRANCHING OXIDOREDUCTASE (LBO) to generate an as-yet-unidentified strigolactone-
like bioactive compound.
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Fig. 3: Biosynthesis pathway of strigolactone in Arabidopsis
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Diagram for Rice
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Fig. 4: Biosynthesis pathway of strigolactone in rice

The figure illustrates the strigolactone (SL) biosynthesis route in rice, initiating in the plastid with the transformation of all-
trans-B-carotene into carlactene via the successive activites of DWARF27 (D27), CAROTENOID CLEAVAGE
DIOXYGENASE 7 (CCD7/D17/MAX3), and CCD8 (D10/MAX4). Carlactene is then translocated to the cytosol, where it
undergoes oxidation by carlactone oxidase (Os07g0700900) to yield ent-2’ -epi-5-deoxystrigol. This intermediate is
subsequently transformed by orobanchol synthase (Os071g0701400) into orobanchol, a major bioactive strigolactone in rice.

In addition to cytochromes P450, 2-oxoglutarate-dependent dioxygenases also contribute to SL diversification. LBO acts
downstream of methyl carlactonoate (MeCLA) in Arabidopsis. LBO reduces MeCLA to produce hydroxymethyl carlactonoate
[47], and phylogenetic studies suggest that LBO-like proteins are present across all land plants [48]. Although detailed
functional studies on LBO in other species remain limited, it is known that 2-oxoglutarate-dependent dioxygenases from
related families play a role in noncanonical SL production in Lotus japonicus, where mutants lack the noncanonical SL
lotuslactone [38].

Once synthesized, canonical SLs serve as substrates for decorated SL production. Experimental studies have
demonstrated that 5-deoxystrigol and 4-DO can be hydroxylated into more complex SLs in plants [49]. It is suspected that
cytochrome P450s, likely involved in this decoration process, are inhibited by compounds such as uniconazole-P, as shown
in sorghum, where the conversion of 5-deoxystrigol to sorgomol was blocked [27]. However, the specific P450s responsible
for these steps are still unidentified.

The last step of biosynthesis of SL is the distribution of (Z)-(R)-carlactone from the plastid into the cytosol and additional
oxidation in the presence of enzymes, such as Cytochrome P450 monooxygenase (MAX1) and others, to produce numerous
SLs [50]. After the synthesis, SLs are released from the cell either to be transported within the plant or leaked out of the roots
[51]. It has also been shown that an ATP-dependent transporting protein is essential to active export of SLs [51].

The enzymes involved in SL biosynthesis are highly conserved in a broad diversity of plants, covering both liverworts and
mosses to gymnosperms and angiosperms [15, 48]. A study about algae proposes that charophytes might possess precursors
to biosynthesize SLs, but they do not possess SL-specific enzymes such as SMXL, in favor of the hypothesis that SL
biosynthesis is characteristic of land plants and has evolved early in the evolution of plants [15, 52].
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Multiple Roles of SLs in Plant Development, Nutrient Acquisition and Environmental
Interaction

SLs are multifunctional plant hormones that considerably affect plant growth and response to the environment. SLs are
known to govern shoot architecture in various intricate ways, involving many characteristics including the number of branches,
angle, height of the plant, and the thickness of the stem. Mutants of different species lacking SL have traits such as elevated
branching rates, lower branch angles, smaller stem thickness, and semi-dwarfism. They have phenotypes resulting from SL
regulation of axillary bud avoidance, gravitropic responses, secondary growth, and induction of internode elongation. The
increase in stem and root thickness due to proliferation of the cambium has been found to be reduced in SL mutants, as
evidenced in Arabidopsis and pea [53]. Also, GR24, an SL analogue, induces cambium proliferation in species such as
Eucalyptus globulus and Arabidopsis, indicating that a conserved role of SLs in stimulating secondary growth can be
downstream of the auxin signalling pathway [53].

SLs also regulate root system architecture (Fig. 5), although their impacts within different species are different. Under
normal circumstances, SLs stimulate elongation of the primary roots, especially in times of stress like lack of carbohydrates
or nutrient limitation. In Arabidopsis, application of GR24 increased the primary root length, which did not occur in the SL
mutants [54]. The same effect was observed with barley and rice, whereby GR24 did promote seminal root growth in the wild-
type plant but not in SL mutants [14, 55]. This is, however, species-specific since there is no major root response to SLs in
other plant species such as tomato and Medicago truncatula [56]. The importance of SLs in the development of primary roots
provides the possibility of increasing water uptake in plants, particularly in stress-prone environments.

As far as the lateral roots are concerned, SLs usually suppress their development in normal growth conditions, whereas
SL mutants exhibit an accelerated expansion in the lateral roots [57]. Interestingly, proper lateral root formation conditions
provoke the necessity of SLs under phosphate-limiting conditions, and this fact correlates with the greater expression level of
SLs in conditions of nutrient deprivation [54]. This suggests that SLs function as adaptive regulators, enhancing the plant's
ability to cope with nutrient shortages.

SLs also influence root hair development, where GR24 has been shown to enhance root hair elongation in Arabidopsis
[10], potentially by acting upstream of ethylene signaling. This ability to promote root hair growth, demonstrated in species
like maize, could be utilized to increase nutrient uptake efficiency. Additionally, SLs negatively regulate adventitious rooting, a
crucial process for clonal propagation. In SL mutants, adventitious rooting is increased, suggesting that targeting SL pathways
could improve propagation success, which remains a challenge in several economically important crops [58, 59].

SLs also enhance plant tolerance to drought and osmotic stress by promoting stomatal closure, reducing water loss. SL
mutants show accelerated water loss and reduced survival under water deprivation, which can be mitigated by exogenous
GR24 in biosynthesis mutants [13]. The modulating mechanism of SLs on stomatal behavior is mediated by the second
messengers H202 and NO, which are crucial to the process of stomatal closure in response to stress [60]. Whereas drought
has a uniform upregulation of Abscisic Acid (ABA), the regulation of SL is more complex, as both upregulation and
downregulation occur at the species and plant organ level [61]. Specifically, it is mentioned that roots and shoots have been
reported to accumulate high concentrations of SL under osmotic stress in plants such as rice and tall fescue [62, 63].

Roles of Strigolactones
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Fig. 5: Multifaceted Roles of Strigolactones in Plant Development, Nutrition, and Stress Adaptation
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The symbiotic interactions also depend on SLs, and they stimulate associations of Arbuscular Mycorrhizal (AM) fungi with
improved nutrient uptake and resistance of plants to stress. Because they excel as signaling molecules in the rhizosphere,
SLs provoke the development of hyphal branching, germination, and even mycorrhizal colonization [7, 64]. Plants with
impairments in SL or defects in SL transport exhibit low AM colonization rates, and once again this observation shows that
SLs play an essential role in promoting favorable plant-mycorrhizal associations [51]. Besides the effects on mycorrhization,
SLs are also involved in nodulation, which is essential in nitrogen fixation in legumes. GR24 improves nodulation in alfalfa,
pea, and soybean, and this underlines the potential of SLs in boosting nutrient absorption and productivity of crops grown in
nitrogen-depleted soils [65, 66].

Incorporation of SLs in plant nutrient stress response strengthens their importance in plant growth. Low phosphate is the
primary nutrient treatment that causes SL accumulation in plants of a variety of species [67]. The critical changes that SLs
mediate include suppression of branching, extension of root hairs, and promotion of primary root growth under nutrient
limitation, rendering SLs a potential target to enhance self-sufficiency in fertilizers and crop productivity in low-fertility soils.
There can be no doubt that SLs are significant modulators of plant architecture/root system development, drought tolerance,
and symbionts, and hence their diverse roles in enhancing crop adaptation to climatic and environmental stresses, achieving
optimum strategies in nutrient uptake. Their complex crosstalk with other hormones and environmental signals makes them
crucial players in plant adaptation and offers numerous opportunities for agricultural advancements.

Strigolactones (SLs) in Plant Adaptation to Abiotic Stresses

Plants frequently encounter various adverse abiotic stresses, including nutrient deficiencies, drought, extreme
temperatures (both high and low), salinity, and heavy metal toxicity. In major crops, these stresses particularly drought and
high soil salinity are responsible for reducing average yields by 20% to 50% compared to their potential, and these issues are
expected to intensify with ongoing climate change [68]. Global warming is contributing to the expansion of arid regions,
affecting over 10% of arable land and leading to crop yield reductions exceeding 50% in Middle Eastern countries [69]. As
immobile organisms, plants have developed highly sophisticated signaling networks where they perceive, respond, and adapt
to challenges in the environment. In these networks, phytohormones are important players in the signaling of stress. SLs are
a group of phytohormones of special importance in mediating plant response to abiotic stress. They coordinate plant structure,
strengthen nutrient acquisition, and adjust stress response, thus increasing the survival rate of plants even under adverse
conditions. It is worth noting that SLs are both endogenous and exogenous signaling molecules, which indicates just how
crucial this plant-environment interaction is. SLs are very promising in terms of agricultural innovation given that they are
involved in the process of adapting to stress. Selective modification of SL routes may possibly result in the creation of crop
varieties that are more resistant to drought, salinity, and nutrient-deficient soils.

Strigolactones in the Management of Drought

Drought has become a critical threat to the whole world that interferes with various aspects of the economy, including
agriculture, water resources, and economic well-being. It does not have geographical boundaries and affects arid, semi-arid,
as well as temperate areas. Drought effects are not simple, as they lead to a decrease in crop yield, food insecurity, and
financial loss [70]. Drought stress is the main trigger of serious changes in plant physiology, morphology, and biochemical
processes, so a mitigation strategy is a crucial approach.

SLs have been identified to improve plant resilience in drought conditions. These hormones stimulate adaptive
mechanisms and contribute to water savings and drought tolerance (Table 1). As an example, SLs enhance water relations,
photosynthetic pigment content, and gas exchange qualities of maize seedlings and stimulate the activity of antioxidant
enzymes, thus promoting the drought tolerance of plants. These are the common effects in SL-mediated responses to drought
stress across different species [71]. The lateral roots in Pennisetum purpureum also extend their total length with exogenous
SL by up to 7-fold when compared to the control group [72]. Equally, in wheat, SLs have been observed to increase yield,
relative water content, membrane stability index, Catalase (CAT) and Ascorbate Peroxidase (APX) activity, proline, and sugar
content too. On the other hand, SLs decrease electrolyte leakage, malondialdehyde (MDA) and hydrogen peroxide content,
the rate of transpiration, and water potential [16, 73-76]. In Vitis vinifera, foliar application of SLs increases relative water and
chlorophyll content, photosynthetic rate, and antioxidant activity, while reducing Reactive Oxygen Species (ROS), MDA,
electrolyte leakage, and stomatal opening [77]. In Dracocephalum kotschyi, SL treatment enhances both biomass and
essential oil content under drought stress [78]. In Capsicum chinense, SLs improve pigment concentrations, modify root
architecture, and increase relative chlorophyll content as measured by SPAD values [79].
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Table 1: Role of strigolactones in drought management and their effects on plants

Plant species SL-mediated responses under drought stress Reference
Arabidopsis thaliana Restored drought tolerance in SL-deficient mutants; improved wild-type survival [13]
Brassica rapa Enhanced photosynthetic performance [80]
Capsicum chinense Increased RWC; reduced oxidative stress [79]
Dracocephalum kotschyi Increased biomass and essential oil content; reduced MDA, H,O,, and electrolyte [78]
leakage
Malus hupehensis Improved chlorophyll content, photosynthetic efficiency, and antioxidant capacity [82]
Pennisetum purpureum Improved photosynthetic efficiency and gas exchange parameters [81]
Pennisetum purpureum Increased root length, WUE, and photosynthetic traits [72]
Triticum aestivum Enhanced RWC, membrane stability, antioxidant enzyme activity, osmolytes, [16, 73-76]
photosynthesis, and yield
Vitis vinifera Increased RWC, chlorophyll content, photosynthesis, and antioxidant activity; [77]
reduced ROS and stomatal aperture
Zea mays Improved water relations, pigment content, and gas exchange [71]

Exogenous SL treatment also rescues drought sensitivity in SL-deficient Arabidopsis mutants and enhances drought
tolerance in Wild-Type (WT) plants [13]. In Brassica rapa, SL application under water-deficit conditions significantly increases
root fresh and dry weights by 34% and 37%, respectively, and improves photosynthetic traits, though it has minimal effect on
shoot biomass [80]. Foliar spraying of SLs on Pennisetum purpureum enhances photosynthetic efficiency, as evidenced by
elevated Photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), Water Use Efficiency (WUE), and
performance index (Plabs), surpassing improvements seen with rehydration alone [81]. Moreover, in apple seedlings, SLs
improve chlorophyll content, photosynthetic parameters, and antioxidant capacity, while suppressing ROS and MDA
accumulation under drought conditions [82].

Strigolactones in the Management of Salinity Stress

Soil salinity is a major global concern due to its detrimental impact on crop productivity. Primary salinization typically arises
from natural sources such as rock weathering and seawater intrusion or spray in coastal regions, whereas secondary
salinization results from anthropogenic activities like excessive fertilizer use, irrigation with poor-quality water, waterlogging,
and industrial brine discharge or spillage [83]. Globally, over 50% of irrigated agricultural lands are affected by salinization,
which impairs plant growth, development, and survival [84].

In recent years, phytohormones have gained attention for their role in mitigating the harmful effects of salt stress. Among
them, SLs are known to enhance plant growth, stabilize cellular pH, and activate Na*/H* antiporters under salinity stress
(Table 2). A pot experiment demonstrated that seed treatment with the synthetic strigolactone analog GR24 improved Na*,
K*, and Ca?" uptake in both roots and shoots of wheat. Although shoot fresh and dry weight and root length were not
significantly affected, GR24 treatment increased the net CO, assimilation rate in both wheat genotypes [85].

In bread wheat, a 10 uM application of strigolactone significantly improved several physiological and biochemical traits
under salt stress, including reduced electrolyte leakage, H,O,, and MDA levels, while enhancing grain yield, total protein,
proline, glycine betaine, and antioxidant enzyme activities (APX and POX) [96]. Similarly, rice seedlings treated with 1 yM
GR24 exhibited increased resistance to salt stress, characterized by greater plant height, root length, Superoxide Dismutase
(SOD) activity, and photosynthetic rate [92]. In Salvia nemorosa, the protective role of GR24 against NaCl toxicity was
associated with increased proline accumulation and decreased antioxidant enzyme activity, contributing to enhanced salt
tolerance [93]. In rapeseed, GR24 application under salinity stress significantly enhanced photosystem Il quantum yield while
reducing non-photochemical quenching [86]. In sunflower, 0.01 mg L™ GR24 treatment improved callus fresh weight
(30.59%), dry weight (45.26%), free protein content (55.87%), and uptake of Ca?* (13.04%) and K* (11.76%) [89]. Moreover,
pre sowing treatment of sunflower achenes with GR24 significantly increased plant biomass, shoot length, and carotenoid
content, along with enhanced Na*, K*, and Ca?* accumulation in roots and shoots [90], indicating its potential to alleviate
salinity stress in sunflower cultivation. In maize, strigolactone application promoted plant growth, yield, root length, leaf area,
photosynthetic pigments, gas exchange traits, cob diameter, grain number per cob, and K* concentration in shoots and roots,
while reducing Na* levels in roots [97, 98]. Foliar application of SLs in cucumber under salt stress improved chlorophyll
content, stomatal conductance, photosynthesis, and the efficiency of the ascorbate-glutathione cycle [88]. In chili, 20 yM
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strigolactone treatment significantly enhanced plant height (21.07%), dry weight (33.60%), fruit length (19.24%), girth
(35.37%), and yield (60.74%). Chlorophyll a, b, and total chlorophyll contents also increased by 18.65%, 43.52%, and 25.09%,
respectively, under salinity stress, validating its efficacy [87]. Similarly, in Trachyspermum ammi, strigolactone application
increased shoot fresh weight, enzymatic antioxidants (SOD, POD, CAT), and non-enzymatic antioxidants (total phenolics)
under salt stress [95]. In Solanum lycopersicum seedlings, GR24 (2 uM) enhanced antioxidant enzyme activity, proline (8%),
protein content (14%), and improved photosynthetic (33%) and transpiration (34%) rates. Notably, growth parameters such
as shoot length (29%), root length (21%), shoot fresh weight (31%), root fresh weight (23%), shoot dry weight (26%), and root
dry weight (19%) were significantly increased. Furthermore, treated plants showed higher chlorophyll index (14%) and
stomatal conductance (16%) under salinity stress [94]. Additionally, GR24 application in Malus hupehensis under saline-
alkaline stress led to elevated levels of endogenous hormones such as acetic acid, abscisic acid, zeatin riboside, and
gibberellic acid (GAz), which may contribute to enhanced stress tolerance [91].

Table 2: Involvement of the role of Strigolactones in salinity stress management and their effects on plants

Plant species SL-mediated responses under salinity stress Reference

Brassica napus Improved PSII efficiency; reduced non-photochemical quenching [86]

Capsicum annuum Increased chlorophyll content and yield [87]

Cucumis sativus Enhanced chlorophyll content, photosynthesis, stomatal [88]

conductance, and AsA—-GSH cycle

Helianthus annuus Increased callus biomass, protein, glycine betaine, and antioxidant [89]
activity

Helianthus annuus Enhanced plant biomass, shoot length, carotenoid content, and ion [90]
uptake

Malus hupehensis Elevated endogenous ABA, IAA, GA;, and zeatin riboside [91]

Oryza sativa Increased plant height, root length, SOD activity, and photosynthetic [92]

rate
Salvia nemorosa Improved pigment content, photosynthesis, stomatal conductance, [93]
and essential oil production

Solanum lycopersicum Enhanced antioxidant enzymes, proline, protein, photosynthesis, and [94]
growth

Trachyspermum ammi Increased shoot biomass and antioxidant enzyme activity [95]

Triticum aestivum Improved CO, assimilation, grain yield, osmolytes, and antioxidant [85, 96, 97]

defense

Zea mays Increased root length, leaf area, yield, and K* content; reduced Na* [98]

accumulation

Strigolactones in the Management of Heavy Metal Stress

Heavy Metal (HM) toxicity represents a serious abiotic stress that adversely affects plant growth and breeding, thereby
posing a significant challenge to sustainable agriculture. While certain heavy metals serve as essential micronutrients involved
in various physiological and biochemical processes in plants, their excessive accumulation becomes detrimental disrupting
growth, metabolism, physiological functions, and accelerating senescence. HM-induced phytotoxicity, along with the
excessive generation of Reactive Oxygen Species (ROS) and Methylglyoxal (MG), can lead to lipid peroxidation, protein
oxidation, enzyme inhibition, DNA damage, and impairment of other critical cellular components [99].

To counteract these negative effects, plant hormones play a crucial regulatory role. Among them, SLs, a class of natural
phytohormones, have shown potential in alleviating Cadmium (Cd) toxicity and mitigating the associated damage (Table 3).
In tomato plants, SL application has proven effective in reducing stress caused by Cd, Arsenic (As), and Chromium (Cr). A
synergistic treatment involving zinc oxide nanoparticles (ZnO NPs) and SLs enhanced plant growth, pigment content,
photosynthetic efficiency, and antioxidant defense, along with increased osmolyte accumulation to help maintain water
balance under stress conditions [100]. Under as stress, the combined application of SLs and Nitric Oxide (NO) significantly
improved growth parameters, chlorophyll biosynthesis, and proline content, while reducing oxidative damage by inhibiting
malondialdehyde (MDA) production and ROS accumulation in both roots and leaves of tomato plants [101]. To the same
extent, melatonin (ML) and SLs were shown to be effective in the nature of the reduction of Cr plant uptake and related
phytotoxic impacts in tomato plants that grew under Cr-polluted soils [102]. On M26 apple rootstock, AlCIz-induced stress was
only partially alleviated by applying 1 yM GR24 (synthetic SL analogue) because it restricted the movement of aluminum in
the cell wall and thus enhanced its sequestration to vacuoles [103]. Also, robust plant growth occurred on Cd-contaminated
soils due to the add-on effect of SLs and acidified biochar on radish [104]. The SLs enhanced membrane stability, decreased
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Cd content, and optimally regulated the stomatal aperture to facilitate gas exchange in Artemisia annua under Cd stress [105].
Exogenous use of SLs in soybean decreased yield losses (12%), maintained chlorophyll amount (3%), and considerably
reduced Cd-related oxidative pressure biomarker buildup [106]. The co-application of NO and SLs in lentils protected plants
from mercury (Hg) induced oxidative stress by enhancing antioxidant enzymes and the glyoxalase system [107]. In Cd-
stressed melon seedlings, SLs increased antioxidant activity, enhanced root vigor, and reduced MDA accumulation [108]. A
combination of Silicon (Si) and SLs improved Cd tolerance in maize seedlings by modulating morphological, physiological,
and biochemical traits, including photosynthetic pigments and osmolyte levels [109]. In barley, exogenous application of 1 yM
GR24 alleviated growth inhibition caused by 10 uM Cd, lowered Cd accumulation in plant tissues, enhanced uptake of
essential nutrients, protected chlorophyll content, sustained photosynthesis, and markedly reduced H,O, and MDA levels
[110].

Table 3: Function of Strigolactones in heavy metal stress management, highlighting their effects on plants

Metal Plant species SL-mediated responses Reference
stress
Cd Raphanus sativus Improved growth, chlorophyll content, and biomass [104]
Cd Solanum Enhanced growth, pigment accumulation, and photosynthesis [100]
lycopersicum
As Solanum Improved growth, chlorophyll biosynthesis, NO and proline [101]
lycopersicum accumulation
Al Malus domestica Restricted Al translocation and enhanced vacuolar sequestration [103]
Cr Solanum Activated antioxidant defense system [102]
lycopersicum
Cd Artemisia annua Maintained redox balance and PSII efficiency [105]
Cd Glycine max Reduced yield loss and oxidative stress [106]
Hg Lens culinaris Strengthened antioxidant and glyoxalase systems [107]
Cd Zea mays Improved morpho-physiological traits and pigment content [109]
Cd Cucumis melo Increased antioxidant activity and root vigor [108]
Cd Hordeum vulgare Reduced Cd accumulation; improved nutrient uptake and [110]
photosynthesis

Strigolactones in the Management of Extreme Temperatures

Extreme temperatures pose a significant threat to global food security by adversely affecting plant growth and productivity.
Plants require a specific temperature range to maintain their physiological and biochemical processes, and deviations whether
short-term or prolonged can trigger stress responses [111]. These temperature extremes can interfere with plant genetics,
leading to substantial growth impairments and resulting in abnormal phenotypes. SLs play a pivotal role in enhancing plant
tolerance to heat stress by promoting the transcription of stress-responsive proteins and activating antioxidant enzymes [112].
Both SL biosynthesis and signaling pathways are crucial for plants to cope with temperature-related stress during preharvest
and postharvest stages [44] (Table 4).

Table 4: Overview of the purpose of Strigolactones in extreme temperature management and their effects on pre-harvest and
post-harvest conditions

Stress Plant species SL-mediated responses Reference

type

Cold Brassica rapa Enhanced antioxidant activity, protein and proline accumulation, [113]

photosynthesis
Cold Cucurbita pepo Reduced chilling injury, MDA content, and electrolyte leakage [114]
Heat Festuca Upregulated cell-cycle-related genes [115]
arundinacea

Cold Litchi chinensis Suppressed PPO and POD activities; reduced oxidative damage [116]
Heat Lupinus perennis Improved germination, proline accumulation, antioxidant defense [117]
Cold Malus domestica Improved cold tolerance via growth regulation [118]
Cold Vigna radiata Maintained PSII efficiency under chilling stress [119]

The synthetic SL analog GR24 has been shown to counteract chilling-induced damage by preserving photosystem |l
efficiency and reducing the accumulation of superoxide anions and hydrogen peroxide in mung bean seedlings [119]. In apple
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plants, SLs have been found to enhance cold stress resistance by supporting structural adaptations [118]. Similarly,
exogenous application of GR24 at low temperatures (4°C) in rape (Brassica rapa L.) suppressed seedling growth inhibition
and mitigated the effects of cold stress [113].

The efficacy of postharvest application of SLs in reducing cold-induced damage in litchi and zucchini has also been
established. A 0.1 uM dip of GR24 (GR24- 0.1) provided delayed browning and color loss of pericarp litchi fruit in refrigerated
storage. It was also used to reduce oxidative stress and avert membrane decline, as evidenced by the drop in levels of
Reactive Oxygen Species (ROS), Relative Electrolyte Leakage (REL), and malondialdehyde (MDA). Moreover, GR24-0.1
also suppressed the functions of Polyphenol Oxidase (PPO) and Peroxidase (POD), and the number of total phenolic
compounds, flavonoids, and anthocyanins increased [116]. On the same note, the fruits of zucchini treated with SL recorded
much more resistance against chilling injury than the control ones. Treatment with postharvest SL decreased fresh weight
loss and MDA content as well as ion leakage [114]. GR24 seed priming enhanced germination parameters, proline
accumulation, and reduced lipid peroxidation in lupine seedlings under heat stress. It also increased the antioxidant defense
enzymes as well as glyoxalase system activities [117]. In Festuca arundinacea, cell cycle-related genes were upregulated
under the SL treatment in heat stress, which promotes root and cell number [115].

Strigolactones in the Management of Nutrient Stress

The association between soil macronutrients and the production of SLs in plant root systems has been documented
across several plant species. The SLs are very important in regulating nutrient distribution and are also important in regulating
plant response to nutrient starvation [120]. It is established that when Phosphorus (P) and/or Nitrogen (N) are deprived, plants
greatly increase SL biosynthesis and release through their roots [26]. SLs are some of the most important modifying and
regulatory agents of N and P dynamics in the rhizosphere. The complex interplay between N and P, along with SLs, has been
focused on by multiple studies, especially when nutrient signaling and nutrient deficiencies are at stake [121, 122]. However,
further analyses demonstrated that low levels of other nutrients, such as potassium (K), did not influence the production or
exudation of 5-deoxystrigol in sorghum. Additionally, root exudates from plants grown under K deficiency failed to induce
germination in parasitic seeds [123]. These findings indicate that potassium deficiency neither enhances the biosynthesis nor
the exudation of 5-deoxystrigol, as determined by liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS). Moreover, it does not affect the release of other SLs that could trigger the germination of Striga hermonthica seeds.
Comparative studies in sorghum and red clover suggest that the exudation response of SLs to nutrient availability varies
among plant species. One proposed explanation is that these differences arise from distinct macronutrient uptake strategies
between legumes (e.g., red clover) and non-legumes (e.g., sorghum) [123, 124].

Another way through which SLs influence the nutrient-associated microorganisms is through interaction with arbuscular
mycorrhizal (AM) fungi and other microbes involved in nodulation, which are essential to the processes of preventing N and
P loss in plants [121, 125]. Symbiotic interactions of Arabidopsis thaliana and AM fungi result in a higher rate of SL biosynthesis
and exudation in a low phosphate environment. On the other hand, SL levels decline at a high rate upon the availability of
phosphate, which further supports the importance of SL in the regulation of phosphate starvation responses [126].

Additionally, SLs have been reported to regulate the expression of regulatory genes entailing signaling operation linked to
N and P shortage [122]. They also influence the activity of NIGT/HHO transcription factors, which are integral to the phosphate
deficiency signaling cascade [122]. For instance, the OsPIN1b gene responds to low N and P levels by regulating root apical
meristem activity, thereby promoting seminal root elongation in rice [127]. Expression studies of SL biosynthetic genes under
such conditions have shown the upregulation of DWARF27.

Interestingly, some findings suggest that Sulfur (S) deficiency is sensed in the shoot, which then triggers an increase in
SL production in the roots of rice plants [128]. This supports the hypothesis that enhanced SL biosynthesis under S-deficient
conditions represents a conserved stress-response mechanism aimed at facilitating AMF symbiosis, akin to responses
observed under P or N deficiencies particularly since AMF can also aid in sulfur uptake [129]. However, the relationship
between SLs and other essential nutrients such as potassium, magnesium, and boron remains largely unexplored.
Comparative research on how SLs mediate responses to various nutrient deficiencies is still significantly underdeveloped.

Mechanism of Strigolactones in Maintaining Environmental Stress

SLs mediate plant adaptation to abiotic stresses through a coordinated network of physiological, biochemical, and
molecular mechanisms rather than through stress-specific linear pathways. Increasing evidence indicates that SLs function
as integrative modulators that fine-tune plant architecture, redox balance, water relations, nutrient homeostasis, and
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hormonal signaling under adverse environmental conditions [11, 15, 130]. To avoid redundancy, the mechanistic basis of
SL-mediated stress tolerance is synthesized below into core functional modules that collectively underpin plant responses
to diverse abiotic stresses.

Root System Architecture and Resource Acquisition

Regulation of root system architecture is a central mechanism by which SLs enhance plant stress adaptation. SLs
modulate primary root elongation, lateral root density, root hair development, and adventitious rooting, thereby optimizing
water and nutrient acquisition under limiting conditions [24, 54, 59]. Under nutrient deprivation and drought stress, increased
SL biosynthesis promotes deeper and more efficient root systems, improving access to soil resources [14, 55]. Importantly,
SLs act as fine-tuners of root plasticity rather than universal growth stimulators, integrating environmental cues with auxin
transport and distribution to balance growth and stress tolerance [24, 59].

Stomatal Regulation and Water Use Efficiency

SLs contribute to drought and osmotic stress tolerance primarily through regulation of stomatal behavior and transpiration.
SL-deficient mutants often exhibit accelerated water loss and impaired drought survival, whereas exogenous SL application
restores stomatal responsiveness and improves water-use efficiency [13]. This regulation is largely mediated through
crosstalk with abscisic acid (ABA) signaling and involves secondary messengers such as hydrogen peroxide (H,O,) and Nitric
Oxide (NO), which are essential for stress-induced stomatal closure [60, 62]. These findings indicate that SLs modulate
drought responses indirectly by enhancing ABA sensitivity rather than acting as primary stomatal regulators.

Antioxidant Defense and Redox Homeostasis

Maintenance of redox balance represents one of the most consistent mechanisms underlying SL-mediated stress
tolerance. SLs enhance both enzymatic (superoxide dismutase, catalase, ascorbate peroxidase, peroxidase) and non-
enzymatic antioxidant systems, thereby limiting oxidative damage under drought, salinity, temperature, and heavy metal
stress [16, 73, 131]. Exogenous application of the synthetic SL analog GR24 has been shown to reduce Reactive Oxygen
Species (ROS) accumulation and malondialdehyde (MDA) content while preserving membrane integrity and photosynthetic
efficiency [13, 17]. Although the precise molecular targets remain unresolved, evidence suggests that SLs regulate upstream
ROS-producing pathways rather than directly activating antioxidant enzymes [132].

lon Homeostasis and Osmotic Adjustment

SLs play an important role in maintaining ionic balance and osmotic stability under salinity and heavy metal stress. SL
signaling has been associated with improved Na*/K* ratios, enhanced Ca?* uptake, and restricted translocation of toxic ions
such as Cd*" and AP* [103, 110, 133]. In addition, SLs promote osmotic adjustment by increasing the accumulation of
compatible solutes, including proline, soluble sugars, and glycine betaine, which protect cellular structures and maintain turgor
pressure under stress [17, 134]. These mechanisms collectively enhance cellular stability and metabolic resilience during
ionic and osmotic stress.

Hormonal Crosstalk and Signal Integration

SLs operate within complex phytohormonal networks and exert their stress-adaptive functions largely through
hormonal crosstalk. Interactions between SLs and auxin regulate shoot branching and root architecture by modulating
auxin transport rather than biosynthesis [24, 59]. Crosstalk with ABA is particularly important during drought and salinity
stress, where SLs enhance ABA sensitivity and signaling efficiency [18, 62]. SL interactions with ethylene and gibberellins
further influence growth stress trade-offs, enabling plants to prioritize survival over biomass accumulation under adverse
conditions [130].

Stress-Responsive Gene Expression and Photosynthetic Stability

At the molecular level, SLs influence the expression of stress-responsive genes involved in antioxidant defense, hormone
signaling, and ion transport. Upregulation of SL biosynthetic genes such as CCD7, CCD8, and MAX1 under abiotic stress
conditions supports a feedback mechanism reinforcing stress adaptation [15, 135]. SLs have also been linked to improved
photosystem Il efficiency, chlorophyll retention, and stabilization of photosynthetic machinery under heat and salinity stress,
effects that are largely mediated through enhanced antioxidant protection rather than direct regulation of photosynthetic
complexes [15, 86].
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Indirect Stress Mitigation Via Symbiotic Interactions

Under nutrient-limited conditions, increased SL biosynthesis and exudation promote Arbuscular Mycorrhizal Fungal (AMF)
colonization, enhancing phosphorus and nitrogen uptake and indirectly improving drought tolerance [7, 32, 125]. While this
symbiosis confers clear stress-adaptive benefits, excessive SL release may increase susceptibility to parasitic weeds,
highlighting a trade-off that must be carefully managed in agricultural applications [11].

Conclusion and Future Perspectives

SLs have emerged as phytohormones that play a variety of roles in plant growth and stress tolerance. Their importance
in plant resilience is highlighted by their dynamic regulation under abiotic stress conditions, as well as their role in regulating
root architecture, shoot branching, and symbiotic relationships. The potential of SLs as important modulators of plant
responses to drought, salinity, nutrient deprivation, and temperature extremes has been demonstrated by recent
developments in our understanding of their biosynthesis, signaling, and structural diversity.

There are encouraging opportunities to improve stress tolerance, nutrient efficiency, and overall agricultural sustainability
by incorporating SL-based techniques into crop improvement initiatives. Understanding SL biosynthesis and signaling allows
the possibility of creating crops with streamlined root architecture, enhanced stress tolerance levels, as well as enhanced
resistance against parasitic weeds. This can be done through either genetic manipulation of SL pathways or use of synthetic
analogs, which would result in enhancement of sustainable agriculture that trains efficiency in the utilization of nutrients and
productivity of crops under adverse environmental factors.
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