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ABSTRACT: Plant morphology is a fundamental horticultural trait that plays a critical role in plant growth and
development. As a core determinant of plant morphology, shoot branching significantly influences light capture
efficiency, nutrient utilization capacity, and stress tolerance. The developmental process of shoot branching begins
with the formation of axillary buds, a process tightly coordinated by the shoot apical meristem (SAM) and axillary
meristems (AM). Axillary buds outgrowth is regulated by complex interactions among genetic factors, photoperiod,
environmental cues, and phytohormones such as auxin, cytokinin (CK), and strigolactones (SLs). As a class of
carotenoid-derived terpenoid lactone phytohormones, SLs have been identified as key negative regulators of axillary
buds outgrowth and have remained a prominent research focus in plant developmental biology over the past decades.
This review systematically summarizes the core pathways of SLs biosynthesis and signal transduction and dissects
the molecular basis underlying SLs-mediated control of axillary bud development and shoot branching patterning.
We highlight the evolutionary conservation of core SLs biosynthetic and signaling components across diverse plant
species, alongside their lineage-specific functional divergence. We further synthesize current evidence regarding
the emerging, and often debated, roles of SLs in woody perennial species. Additionally, we dissect the crosstalk
regulatory networks between SLs and other phytohormones, with a focus on their synergistic and antagonistic
interactions. Finally, we outline key unresolved molecular questions, including the mechanistic basis of SLs transport,
the PAT-independent regulatory pathway, and the tissue- and developmental stage-specific coordination of SLs
signaling. We also critically evaluate the inherent experimental limitations of the widely used synthetic SLs analog
GR24. Addressing these knowledge gaps is critical to deepening the mechanistic understanding of SLs-mediated
branching regulation and unlocking translational applications for crop ideotype breeding.
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1 Introduction

Shoot branching, a key component of plant morphology, exerts profound effects on plant growth,
development progression, photosynthetic efficiency, and reproduction [1,2]. Divergent branching patterns
reflect the adaptive strategies of plants to fluctuating environmental conditions [3]. Branching initiation
depends on the formation of axillary buds, a process tightly linked to the shoot apical meristem (SAM) [4].
The SAM undergoes continuous development and differentiation, giving rise to new meristematic tissues
known as axillary meristems (AM) [5]. The developmental trajectory of an axillary bud can be divided into
three key stages, axillary meristem initiation, bud dormancy, and bud outgrowth [6]. During the initiation
stage, axillary meristems are established from a subset of cells in the leaf axil, a process governed by a suite
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of transcription factors including REVOLUTA, WUSCHEL, and SHOOT MERISTEMLESS [7]. Once formed,
axillary buds may enter a dormant state, in which they remain metabolically active but cease further growth
until dormancy is released. The transition from dormancy to outgrowth represents a critical developmental
switch, controlled by a dynamic balance between growth-promoting and growth-inhibiting signals [8].
Branching is regulated by intricate crosstalk among transcriptional regulation, phytohormone homeostasis,
and environmental signals [9,10]. Among plant hormones, auxin, strigolactones (SLs) and cytokinins (CKs)
act as the major regulators governing plant shoot branching [11]. The different hormones interact and
crosstalk within the branching regulatory network, thereby shaping the final phenotype [12].

Auxin is one of the earliest identified phytohormones known to regulate branching [13]. In Arabidopsis
thaliana, auxin is mainly synthesized in the shoot apex via the TAA/YUCCA pathway [14]. It is subsequently
transported downward through the stem to inhibit axillary bud outgrowth, thereby establishing the initial
signal responsible for apical dominance [15]. This process plays an essential role in maintaining vertical
growth and plant architectural development [16]. Regarding the mechanism of auxin inhibiting plant
shoot branching, there are two different hypotheses: the canalization hypothesis and the second messenger
hypothesis. The second messenger hypothesis posits that auxin exerts its regulatory function by modulating
mobile signals in the stem. These signals act as second messengers to relay intracellular information,
thereby directly regulating axillary bud activity [16]. CKs and SLs are the most widely accepted downstream
second messengers of auxin, with their auxin-modulated biosynthesis indirectly controlling axillary bud
outgrowth [17].

Cytokinin plays a pivotal role in plant growth and development, which relieves the auxin-established
apical dominance by modulating the homeostasis among multiple endogenous phytohormones in plants,
thereby promoting shoot branching. Studies in tobacco (Nicotiana tabacum) have revealed that overexpres-
sion of the ISOPENTYL TRANSFERASE (IPT ) gene significantly elevates endogenous cytokinin levels. Along
with the increase in cytokinin content, tobacco exhibits a marked attenuation of apical dominance and a con-
comitant increase in shoot branching number [18]. Conversely, CYTOKININ OXIDASE/DEHYDROGENASEs
(CKXs) catalyze cytokinin degradation and overexpression of CKXs genes results in severe cytokinin
deficiency, thereby leading to a significant reduction in shoot branching number [19].

SLs is a category of carotenoid-derived phytohormone, encompassing both natural products and
synthetic analogues [20]. Beyond the well-characterized regulatory roles of auxin and CK in plant shoot
branching, SLs, a class of carotenoid-derived terpenoid phytohormones, have been widely recognized as a
core negative regulator of axillary bud outgrowth and shoot architecture formation [21]). Accumulating
evidence has demonstrated that SLs do not function independently in branching control, but rather integrate
into the core regulatory network of shoot branching via extensive, multi-level synergistic and antagonistic
crosstalk with other endogenous phytohormones, which collectively fine-tune the initiation, activity and
outgrowth of axillary buds to shape the final branching phenotype [22]. The most well-documented
hormonal interaction for shoot branching regulation occurs between strigolactones (SLs) and auxin. These
two hormones form a bidirectional regulatory loop to modulate this process. On one hand, auxin upregulates
the expression of SLs biosynthetic genes, including Carotenoid Cleavage Dioxygenase 7 (CCD7 ) and CCD8,
in an AUXIN RESISTANCE1 (AXR1)-dependent manner, in which SLs act as a second messenger to mediate
auxin-dependent inhibition of shoot branching [23–25]. On the other hand, SLs repress the expression of
PIN-FORMED (PIN) auxin efflux carriers, which disrupts polar auxin transport (PAT) and auxin canalization
from axillary buds, thus suppressing bud activation and outgrowth [26,27]. Genetic evidence from pea
mutants also supports an additional PAT-independent regulatory pathway for SLs-mediated branching
inhibition [28]. In parallel, SLs and CK exhibit a well-established antagonistic relationship in the regulation
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of axillary bud outgrowth, with bidirectional regulatory interplay occurring at the levels of hormone
biosynthesis, long-distance root-to-shoot transport and catabolism [29]. SLs modulate CK accumulation
in stems and axillary buds via regulating its root-to-shoot translocation and inducing the expression of
CK-degrading CYTOKININ OXIDASE/DEHYDROGENASE (CKX ) family genes, and the dynamic balance
between SLs and CK in axillary buds has been identified as a key determinant of bud fate and branching
phenotype [17,30], though the reverse regulatory mechanism of CK on SLs transport and signal transduction
remains largely uncharacterized to date.

In addition to the well-established roles of auxin, cytokinin, and SLs in branching regulation, other
phytohormones also contribute to this process. Gibberellins (GAs) are key promoters of stem elongation
and overall vegetative growth [31]. Accumulating evidence indicates that GAs antagonize SLs-mediated
branching inhibition, partly through the conserved GID1-DELLA signaling module and through shared
downstream regulatory targets [32]. Brassinosteroids (BRs) regulate cell elongation and division, and
recent studies have revealed that BR signaling converges with the SLs pathway at the MAX2-D53/BES1
node. Specifically, the core BR signaling transcription factors BRASSINAZOLE-RESISTANT 1 (BZR1) and
BRI1-EMS-SUPPRESSOR 1 (BES1) are targeted for ubiquitination and degradation by the key SLs signaling
E3 ubiquitin ligase MORE AXILLARY BRANCHING 2 (MAX2), thereby co-regulating the expression of the
branching master regulator BRC1 [33,34]. Abscisic acid (ABA), a classical stress hormone, is involved in
maintaining bud dormancy and exhibits complex synergistic and antagonistic interactions with SLs at
both biosynthetic and signaling levels, depending on species and growth conditions [35]. Notably, both
hormones share a common carotenoid biosynthetic precursor, all-trans-β-carotene, which lays the material
foundation for their crosstalk [36,37]. These hormonal pathways, together with auxin, CK, and SLs, form an
integrated regulatory network that fine-tunes shoot branching in response to both internal developmental
cues and external environmental inputs. Although these findings have laid a fundamental framework
for understanding SLs-mediated multi-hormone crosstalk in branching regulation, the detailed molecular
mechanisms and the core convergent regulatory nodes that integrate multiple hormonal signals remain to
be fully elucidated.

Building on this foundational framework of SLs-mediated branching regulation, this review provides a
comprehensive and systematic overview of the current state of SLs research in plant architectural control. We
first summarize the core biosynthetic pathways and signal transduction cascades that underpin SLs functions
in plant development. We then focus on dissecting the multi-level synergistic and antagonistic crosstalk
between SLs and other major phytohormones in shoot branching regulation, with detailed elaboration of
the established molecular mechanisms and key regulatory nodes of these hormonal interactions. Finally,
we propose promising priority research directions and forward-looking perspectives in this field, aiming
to provide a systematic theoretical reference for deciphering the holistic regulatory network of shoot
branching, and to facilitate the molecular breeding of crop varieties with ideal plant architecture.

2 Biosynthetic Pathways and Key Genes of SLs

SLs is a class of terpenoid lactone hormone derived from carotenoids, which biosynthesis initiates
via the methylerythritol phosphate (MEP) pathway in plant plastids, followed by a series of sequential
enzymatic reactions to generate diverse SLs molecules [38]. The core and conserved biosynthetic steps of
SLs are dominated by several key rate-limiting enzymes, which jointly drive the formation of the basic
SLs skeleton, laying a molecular foundation for the subsequent structural diversification and functional
differentiation of SLs.
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The initial catalytic step of SLs biosynthesis is mediated by β-carotene isomerase DWARF27 (D27 ),
which specifically catalyzes the configurational transition of all-trans-β-carotene to 9-cis-β-carotene, laying
the groundwork for the subsequent cleavage reaction [37]. The stereospecific substrate is then recognized
and cleaved by CCD7, producing 9-cis-10′-apocarotenal andβ-ionone as two primary cleavage products [39].
Among them, 9-cis-10′-apocarotenal is further processed by another key cleavage enzymeCCD8, undergoing
oxidative cleavage and cyclization reactions to generate carlactone, the universal common precursor of all
canonical and non-canonical SLs [40,41].

After the formation of the conserved precursor carlactone, species-specific downstream metabolic
pathways drive the structural diversification of SLs, and more than 25 natural SLs molecules have been
identified and isolated in plants to date [42]. Taking model plants as typical examples, distinct catalytic
mechanisms exist in the downstream modification of carlactone. In Arabidopsis, the cytochrome P450
enzyme encoded by the MORE AXILLARY BRANCHING 1 (MAX1) gene catalyzes carlactone to form
carlactonoic acid (CLA), which is further modified by methyltransferase to generate methyl carlactonoate
(MeCLA), the major active SLs component in Arabidopsis [43]. In rice (Oryza sativa), two homologous
MAX1 enzymes, namely Os900 and Os1400, perform sequential catalytic reactions, ultimately synthesizing
4-deoxyorobanchol (4DO) and orobanchol, the two main canonical SLs products in rice [44] (Fig. 1).

Figure 1: Schematic diagram of the SLs biosynthetic pathway in plants. The conserved core pathway generates
the universal SLs precursor carlactone from all-trans-β-carotene through sequential catalysis by D27, CCD7 and CCD8.
Downstream species-specific structural diversification is illustrated with two model plants: Arabidopsis thaliana
(MAX1-mediated MeCLA synthesis) and rice (Os900/Os1400-mediated orobanchol synthesis).
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3 Signal Perception and Canonical Transduction Pathway of SLs

SLs exhibit an evolutionarily conserved signal transduction mechanism that centrally relies on the
ubiquitin-26S proteasome system (UPS), as extensively characterized in themodel plantsArabidopsis thaliana
and Oryza sativa [45]. This pathway operates through the sequential activation of E1 ubiquitin-activating
enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases to mediate the polyubiquitination
modification and subsequent degradation of target proteins, thereby exerting transcriptional control over
the expression of downstream target genes [46]. SLs signal perception is initiated by DWARF14 (D14), an
α/β-fold hydrolase superfamily protein [47]. D14 and its orthologs are well-established as the bona fide
receptors of SLs, harboring an evolutionarily highly conserved Ser-His-Asp catalytic triad within their
protein structure [48]. This receptor recognizes SLs molecules specifically via its hydrolase active center,
thereby triggering the activation of downstream signal transduction cascades [49]. The binding of SLs to
D14 and the initiation of signaling are dependent on the specific hydrolysis of SLs molecules [50]. Notably,
the SLs encompasses a structurally diverse group of natural compounds that can be classified into canonical
and non-canonical SLs based on their chemical architecture. Canonical SLs, such as strigol, orobanchol, and
sorgolactone, possess a complete ABCD ring system. By contrast, non-canonical SLs lack one or more of the
A, B, or C rings but retain the enol ether-D ring moiety, which is essential for biological activity [51]. D14
cleaves the enol ether bond of SLs, splitting the molecule into a tricyclic lactone (ABC ring) and a butenolide
derivative (D-OH, the D-ring moiety) [52]. The D-ring moiety then forms a covalently linked intermediate
molecule (CLIM) with D14 via covalent bonding, which simultaneously drives a conformational switch of
D14 from an open state to a closed state, providing the structural basis for its subsequent interaction with
downstream signaling components [53]. Collectively, these findings define the dual function of the D14
receptor: it not only catalyzes the hydrolysis of SLs molecules, but also acts as the specific sensor for SLs
signals [54].

However, a critical caveat of most functional studies on SLs signaling is that they have relied heavily on
the synthetic SLs analog GR24, particularly its racemic mixture rac-GR24, which cannot fully recapitulate
the authentic biological activity of endogenous SLs. Specifically, rac-GR24 contains multiple stereoisomers
capable of activating both D14 and KAI2, and this off-target cross-activation introduces confounding
effects that compromise experimental data interpretation. KAI2 is a paralogous α/β-hydrolase receptor
that shares considerable structural similarity with D14, including a conserved Ser-His-Asp catalytic triad
and an α/β-hydrolase fold [55,56]. However, its ligand-binding pocket is smaller and more constricted,
enabling it to perceive karrikins and an unidentified endogenous ligand (KAI2 ligand, KL) while excluding
canonical strigolactones, which are too large to fit efficiently. Although the KAI2 pathway converges
with SLs signaling at the level of MAX2 and SMXL proteins, it regulates a distinct set of developmental
processes and its role in shoot branching is generally considered minor or indirect compared with the
D14-SLs pathway [51,57]. Nevertheless, altered shoot branching phenotypes have been reported in KAI2
mutants or upon karrikin treatment, suggesting potential crosstalk or partial functional overlap between
the two receptor pathways. Importantly, the unresolved identity of the endogenous KL has significant
implications for the biological definition of SLs. If KL is structurally related to SLs, some activities previously
attributed to SLs could instead be mediated by KAI2-KL signaling. Therefore, receptor-specific analogs,
genetic separation of D14 and KAI2 functions, and identification of endogenous KL are essential to clarify
the distinct and overlapping roles of these two signaling systems in shoot branching regulation.

Another indispensable core component for faithful SLs signal transduction is the leucine-rich repeat
(LRR)-containing F-box family protein, encoded by MAX2 and its orthologs across land plants [58]. In
the presence of SLs, the conformationally activated D14 directly interacts with MAX2, which further
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drives the assembly of the Skp1-Cullin-F-box (SCF) E3 ubiquitin ligase complex. The fully assembled SCF
complex specifically recruits the core transcriptional repressors in the SLs signaling pathway: members
of the SUPPRESSOR OF MAX2 1-LIKE (SMXL) family, namely SMXL6/7/8 [59]. The SCF complex mediates
the polyubiquitination of these SMXLs proteins, and the polyubiquitin-tagged SMXLs are subsequently
recognized and degraded via the 26S proteasome pathway [60]. This degradation event relieves the
transcriptional repression of SL-responsive target genes, thus enabling the execution of the biological
regulatory functions of SLs [61]. In parallel, SLs can directly activate the transcription of BRANCHED
1 (BRC1), TEOSINTE BRANCHED 1 (TCP1) and PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1),
to coordinately regulate multiple biological processes including shoot branching, leaf development, and
anthocyanin biosynthesis [62] (Fig. 2).

Figure 2: Schematic model of the core SLs signal transduction pathway in plants. SLs are perceived by
the D14 receptor, which recruits the SCF-MAX2-E3 ubiquitin ligase complex to trigger polyubiquitination and 26S
proteasome-mediated degradation of SMXL6/7/8 transcriptional repressors. This process releases transcriptional
repression of downstream target genes BRC1, TCP1 and PAP1, and regulates multiple biological processes such as
shoot branching.

In Arabidopsis, SMXL6, SMXL7, and SMXL8 function as co-orthologs of rice D53, redundantly repressing
SLs signaling through the SCF-MAX2-mediated ubiquitination and 26S proteasome degradation pathway.
SMXL6 exerts a dual function as both a DNA-binding transcription factor and a transcriptional repressor,
which interacts with MYB transcription factors via its C-terminal domain to repress downstream target
genes, while also directly targeting the promoters of itself, SMXL7, and SMXL8 through its N-terminal
DNA-binding domain to auto-regulate transcription and maintain signaling homeostasis [62]. Beyond
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this core framework, the SMXLs family exhibits functional redundancy, species-specific divergence, and
additional non-canonical signaling modules (Table 1).

Table 1: Comparison of strigolactone signaling pathway gene functions among representative plant species.

Species D14 MAX2 SMXL Key Functional Outputs

Arabidopsis thaliana AtD14 AtMAX2 SMXL6/7/8
Shoot branching inhibition; hypocotyl

elongation; lateral root density
Rice

(Oryza sativa) OsD14 OsMAX2 OsD53
Tillering inhibition; mesocotyl

elongation
Pea

(Pisum sativum) PsD14 PsMAX2 PsSMXL7 Shoot branching; nodulation

Soybean
(Glycine max) GmD14 GmMAX2 GmSMXLs

Shoot branching; rhizobia symbiosis;
nodulation

Wheat
(Triticum aestivum) TaD14 TaMAX2 TaSMXLs

Regulates tillering; SLs biosynthesis
genes upregulated in oligo-tillering

mutants
Poplar (Populus spp.) PtD14 PtMAX2 PtSMXLs Shoot branching; stress responses

Apple
(Malus domestica) MdD14 MdMAX2 MdSMXLs

Branching architecture; anthocyanin
biosynthesis; stress responses

Strawberry
(Fragaria spp.) FaD14 FaMAX2 FaSMXLs

Branch crown regulation;
runner formation

4 Regulatory Roles of SLs in Shoot Branching Regulation

The core molecular framework of SLs biosynthesis and signal transduction, as well as its crosstalk
with other phytohormones, collectively underpins the regulatory effects of SLs on plant shoot branching.
As a core negative regulator of shoot branching, SLs exert precise control over the entire developmental
process of axillary buds, modulate branching patterns across different plant taxa, and link environmental
signals to plant architectural plasticity [63].

For the early stage of AM initiation, SLs act as a repressor to restrict the formation of new axillary
meristems in leaf axils [64]. Early studies on SLs-deficient or signaling-insensitive mutants in Arabidopsis
and rice, found that these mutants not only produce more outgrowing branches, but also form axillary
buds in leaf axils that normally do not generate buds in wild-type plants [65,66]. This phenotype proves
that SLs do not only function at the late stage of bud growth, but also limit the initiation of AMs at
the early developmental stage. Recent studies further revealed that SLs regulate AM initiation through
the SMXLs-dependent signaling pathway, by targeting key meristem regulatory genes including TCP
family and WUSCHEL-related homeobox (WOX) family members [62]. For the late stage of axillary bud
development, the well-characterized core function of SLs is to maintain axillary bud dormancy and inhibit
its outgrowth [67]. When SLs biosynthesis or signaling is blocked, the inhibition on axillary buds is fully
removed. Dormant buds are reactivated, and a large number of lateral branches grow out, forming a typical
highly branched phenotype [68]. This regulatory effect is highly stable across most land plants, and is the
most direct and prominent phenotypic effect of SLs on plant development. However, whether the individual
SMXL6/7/8 repressors exert stage-specific functions during these two developmental phases remains largely
unresolved. Current evidence is derived almost exclusively from constitutive loss-of-function mutants,
which simultaneously affect both AM initiation and bud outgrowth, making it difficult to assign distinct
roles to specific SMXLs members at each stage. Moreover, tissue- or stage-specific manipulation of SMXLs
activity has not been systematically performed, and it is unclear whether the same SMXL proteins regulate
different downstream targets at initiation versus outgrowth.
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The inhibitory role of SLs on shoot branching is evolutionarily conserved across land plants, but
there are also species-specific functional divergences, which are closely related to the growth habits and
breeding goals of different plants. In cereal crops such as rice, wheat and maize, SLs mainly regulate
the formation of tillers, a special type of basal branching that directly determines grain yield [69–71]. In
rice, SLs-deficient mutants produce a large number of ineffective tillers, leading to severe lodging and
reduced yield, which has made the SLs pathway a key target for ideal plant architecture breeding in
cereal crops [72]. Breeders can fine-tune tiller number by regulating the expression of SLs biosynthesis or
signaling genes, to breed varieties with moderate tiller number, lodging resistance and high yield potential.
In horticultural crops, SLs-mediated branching regulation has important application value in improving
ornamental quality and simplifying cultivation management [73]. For example, in cut rose, the number of
lateral branches directly determines the number of flowers [74]. Exogenous application of SLs analogs can
inhibit excessive branching, while SLs biosynthesis inhibitors can promote branching to increase flower
yield [63,73,75]. In grape, SLs regulate the growth of summer lateral shoots, which affect the ventilation and
light transmission of the vineyard [76]. Regulating the SLs pathway can effectively reduce the workload of
manual summer pruning. In tomato, SLs not only regulate the number of vegetative branches, but also
affect the formation of reproductive branches, thus regulating final fruit yield [77]. In woody plants, the
regulatory role of SLs on branching is more complex due to their perennial growth habit. It should be
clarified that while the inhibitory effect of SLs on axillary bud outgrowth is well-documented in annual
plants, relevant conclusions drawn from perennial woody species remain controversial and require further
cross-species validation. Current studies on poplar and apple indicate that SLs still tend to act as branching
inhibitors, but their regulatory effect is affected by the seasonal growth cycle and the apical dominance of
perennial branches [78]. In poplar, overexpression of the SLs signaling gene PtSMXL7 can significantly
reduce the number of lateral branches, which is helpful for cultivating fast-growing timber varieties with
straight trunks [79]. Given that the inhibitory role of SLs in shoot branching remains controversial in
perennial woody species, conclusions derived from woody-plant materials should be interpreted with
appropriate caution.

Plants can dynamically adjust their branching patterns according to environmental changes, to max-
imize resource utilization and improve stress tolerance. SLs act as a key signaling hub, linking external
environmental cues to the internal regulation of shoot branching, and mediating the architectural plas-
ticity of plants [80]. Nutrient availability is the most well-characterized environmental factor regulating
SLs-mediated branching. When plants grow under low phosphorus or low nitrogen conditions, the biosyn-
thesis of SLs in roots is significantly upregulated [81]. Elevated SLs are secreted into the rhizosphere to
enhance arbuscular mycorrhizal symbiosis and nutrient uptake, while acropetally transported to shoots to
suppress axillary bud outgrowth and reduce branching. This phenotypic adjustment reduces the nutrient
consumption of excess branches, and helps plants adapt to low-nutrient environments.

Light conditions also regulate branching through the SLs pathway. Under shading conditions with a
low red/far-red light ratio, which usually indicates intense inter-plant competition, plants inhibit lateral
branching to maintain vertical growth for enhanced light capture [82]. Studies in cotton have shown that
shading can upregulate the expression of SLs signaling gene D14, and enhance the inhibitory effect of
SLs on axillary buds [83]. In addition, abiotic stresses such as drought and salt stress also regulate plant
branching through the SLs pathway [84]. Under drought stress, SLs biosynthesis is induced, which inhibits
excessive branching to reduce transpiration water loss, and improves the survival rate of plants under
water deficit [85]. SLs signaling mutants usually show a drought-sensitive phenotype, which is partly due
to their uncontrolled branching and increased water consumption [86]. Notably, most current studies on
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environmental responses have been conducted under single stress treatments, and how the SLs pathway
integrates multiple co-occurring environmental signals to precisely regulate shoot branching remains
largely unclear.

Beyond shoot branching, SLs exert a broad spectrum of non-branching functions that are closely inter-
twined with plant growth and environmental adaptation. These include the regulation of root architecture,
such as lateral root formation, root hair elongation, and primary root growth, as well as the promotion
of arbuscular mycorrhizal symbiosis under nutrient-limiting conditions. SLs also participate in abiotic
stress responses, including drought, salinity, and nutrient deficiency, and have been implicated in defense
against pathogens and parasitic weeds [87]. Importantly, these non-branching functions are not isolated
from branching control, they share common biosynthetic and signaling components and may compete
for or redistribute resources, thereby indirectly influencing shoot branching outcomes. The functional
connection between these processes and the core branching-regulatory role of SLs remains an important
area for future investigation.

Taken together, SLs exert multi-level regulatory effects on plant shoot branching, from controlling the
early initiation of axillary meristems to maintaining late bud dormancy, from conserved regulatory functions
across species to mediating environmental adaptive plasticity (Fig. 3). These findings fully reveal the core
role of SLs in plant architecture regulation, and lay a solid foundation for the agricultural application of the
SLs pathway.

Figure 3: Schematic diagram of environmental regulation of SL-mediated shoot branching. Multiple
environmental cues, including nutrient deficiency, low R:FR shading, drought and salt stress, converge to regulate
the SLs biosynthesis and signaling pathway. Core biosynthetic genes and signaling components jointly mediate the
inhibitory effect on shoot branching, and drive plant architectural plasticity in response to environmental changes.

5 Co-Regulatory Network of Strigolactones and Other Phytohormones in Shoot Branching

SLs do not independently regulate the entire process of shoot branching. Instead, they form a multi-
level, finely tuned regulatory network with other endogenous phytohormones (Fig. 4). This network
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integrates endogenous developmental signals and external environmental cues, and collectively determines
the fate of axillary buds and the final branching phenotype of plants.

SLs share all-trans-β-carotene as a common biosynthetic precursor with ABA. Besides, SLs form a
bidirectional regulatory loop with IAA, IAA promotes SLs biosynthesis, whereas SLs repress polar auxin
transport. SLs antagonize CK primarily by promoting its degradation and inhibiting long-distance transport,
though direct CK feedback on the SLs pathway remains poorly validated. GAs modulate endogenous
SLs levels via the conserved GID1-DELLA cascade, while BRs and SLs converge on the shared signaling
component MAX2 for coordinated regulation. Collectively, this multi-hormone network governs axillary
bud development and shoot branching architecture.

Auxin is the core hormone that establishes plant apical dominance, and its regulatory effect on shoot
branching is tightly linked to the SLs pathway [88]. The crosstalk between these two hormones forms a
bidirectional regulatory loop, and they jointly modulate axillary bud outgrowth through two parallel and
complementary regulatory branches, encompassing both a polar auxin transport (PAT)-dependent pathway
and a PAT-independent inhibitory route.

 

Figure 4: Schematic diagram of the crosstalk network between strigolactones (SLs) and other phytohormones in
regulating shoot branching.

On one hand, auxin acts as an upstream signal to regulate SLs biosynthesis. Studies have confirmed
that auxin can upregulate the expression of key SLs biosynthetic genes CCD7 and CCD8 in an AUXIN
RESISTANCE1 (AXR1)-dependent manner [23,25]. In this regulatory model, SLs act as a second messenger
of auxin to mediate the inhibitory effect of auxin on axillary bud outgrowth. On the other hand, SLs can in
turn regulate the polar auxin transport (PAT) system [27]. The activation and continuous growth of axillary
buds depend on the establishment of a stable PAT stream from the bud to the main stem, a process called
auxin canalization [89]. SLs can downregulate the expression of PIN-FORMED (PIN) auxin efflux carriers,
the core components of the PAT system. Reduced PIN protein levels weaken the PAT stream, block auxin
canalization from axillary buds, and finally inhibit bud outgrowth [26]. Notably, genetic studies in pea
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have revealed that SLs can also inhibit axillary bud outgrowth through a PAT-independent pathway [28].
This means SLs regulate shoot branching through dual mechanisms, which together ensure the stability
of their regulatory effect on branching. Beyond the dual regulatory mechanisms, SLs and their signaling
components also employ dual long-distance transport modes to coordinate branching responses across
the plant. Root-synthesized SLs can be transported acropetally to shoots, with evidence suggesting both
xylem-mediated and phloem-mediated routes, although the relative contributions of each pathway remain
debated. The perception and transduction of SL signals depend on its core receptor protein D14, an α/β-fold
hydrolase that specifically binds SLs molecules and triggers downstream intracellular signaling cascades to
suppress axillary bud outgrowth, more notably, this receptor protein itself has been shown to be mobile.

CK is the main promoting hormone for axillary bud outgrowth, and it acts antagonistically with
SLs in regulating shoot branching [30]. Current evidence strongly supports SL-dependent regulation of
CK homeostasis, whereas direct feedback from CK to SLs remains less established. On the one hand,
SLs can induce the expression of CYTOKININ OXIDASE/DEHYDROGENASE 9 (CKX9), which encodes a
CK-degrading enzyme, thereby directly reducing CK accumulation in axillary buds [29]. On the other hand,
SLs can regulate long-distance root-to-shoot CK transport, thus affecting CK content in aboveground tissues
In addition, SLs-deficient or SLs-signaling mutants in multiple plant species show altered CK biosynthesis
and transport [90]. For example, tomato SLs-related mutants exhibit upregulated expression of the CK
biosynthetic gene SlIPT1 in stem nodes, which may compensate for reduced CK transport from roots [91],
and the rice SLs-signaling d53mutant has significantly higher CK levels in the basal stem, which is associated
with its high-tillering phenotype [92]. However, these mutant phenotypes and transcriptomic changes are
largely correlative and primarily reflect regulation from SLs to CK; they do not by themselves establish
direct CK-mediated feedback on SLs biosynthesis or signaling. Direct molecular evidence for CK-mediated
regulation of the SL pathway remains limited. Therefore, although the dynamic balance between SLs and
CK in axillary buds is a key determinant of bud fate, the reciprocal regulatory arm from CK to SL requires
further direct experimental validation.

GAs are key regulators of plant vegetative growth, and emerging studies have revealed that they have
crosstalk with SLs in regulating shoot branching, though the detailed regulatory network is not yet fully
elucidated. Studies have confirmed that this regulatory process is mediated by the conserved GID1-DELLA
signaling pathway, the core cascade of GA signal transduction [31]. This means the GA pathway can affect
SL-mediated branching regulation by altering endogenous SLs levels in plants. Besides, SLs and GAs may
share overlapping downstream regulatory pathways. Transcriptome analysis in Arabidopsis found that
plants treated with both GA and the SL analog GR24 showed a superimposed transcriptional response in a
set of shared target genes [32]. In addition, studies in rice found that both GA-deficient mutants with a high-
tillering phenotype and SLs signaling mutants had upregulated expression of the same meristem regulatory
gene ORYZA SATIVA HOMEOBOX 1 (OSH1) [93]. This suggests that the two hormones may have similar
molecular mechanisms in regulating tillering and branching. However, there are also studies showing that
GAs can antagonize some of the regulatory effects induced by SLs [94]. The specific mechanism of this
antagonistic effect in shoot branching regulation still needs further experimental verification.

Brassinosteroids (BRs) are important regulators of plant growth and development [95], and their
crosstalk with SLs in shoot branching regulation has been revealed in recent years. The core of this
crosstalk is the convergence of the two hormone pathways on MAX2, the key signaling component of the
SLs pathway. Studies have found that MAX2 can directly interact with BRASSINAZOLE-RESISTANT 1
(BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1), the two core transcription factors in the BR signaling
pathway [33,34].
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SLs promote the ubiquitination and degradation of BES1/OsBZR1 via the D14–DWARF 3 (D3)/MAX2
receptor complex, and the BES1/OsBZR1 and DWARF 53 (D53)/SMXLs act interdependently downstream of
SLs signaling to co-repress the expression of BRC1/FC1, which are core switch genes governing axillary
bud outgrowth [34]. This finding reveals that SLs and BRs co-regulate shoot branching by controlling the
stability of the same set of core transcription factors, and provides a clear molecular mechanism for the
crosstalk between the two hormones.

Abscisic acid (ABA) is the core hormone regulating plant stress response, and it also participates in the
regulation of axillary bud dormancy and shoot branching [96]. Notably, SLs and ABA are both carotenoid-
derived phytohormones, sharing all-trans-β-carotene as their common biosynthetic precursor [37]. This
shared synthetic pathway lays the material foundation for their crosstalk. The crosstalk between SLs and
ABA in shoot branching regulation shows both synergistic and antagonistic effects, depending on the
plant species and growth conditions. On one hand, ABA can act upstream of the SLs pathway to regulate
SLs biosynthesis and signal transduction. Studies have found that ABA-deficient plants have significantly
reduced expression of SL biosynthetic genes and lower endogenous SLs content [97]. In addition, ABA can
upregulate the expression of SLs-related genes to enhance plant stress tolerance, which is also linked to
the regulation of shoot branching under stress conditions [98,99]. On the other hand, the two hormones
also show antagonistic effects in regulating shoot branching. For example, studies in barley found that
ABA promotes tiller formation by inhibiting the expression of SLs biosynthetic and signaling genes [97]. In
addition, exogenous application of the SLs analog GR24 can inhibit ABA-induced physiological processes in
some species, which also reflects the antagonistic relationship between the two hormones [36]. At present,
the detailed molecular mechanism of the crosstalk between SLs and ABA in shoot branching regulation is
still not fully elucidated. Further studies are needed to reveal the core regulatory nodes that link the two
hormone pathways.

Taken together, SLs form a complex and precise co-regulatory network with auxin, cytokinin, gib-
berellins, brassinosteroids and abscisic acid. This network integrates multiple endogenous hormone signals,
and links the regulation of shoot branching with plant growth, development and environmental adaptation.
Although great progress has been made in the study of this regulatory network, there are still many
unresolved key scientific questions, which will be the focus of future research in this field.

6 Discussion

This review systematically collates the research progress on strigolactones (SLs) in regulating plant
shoot branching, covering the core biosynthetic pathway, canonical signal transduction cascade, direct
regulatory effects on the full developmental cycle of axillary buds, and the multi-level crosstalk network
with other major phytohormones. Collectively, the published studies in this field have built a foundational
framework that defines SLs as a central negative regulator of shoot branching, and expanded our under-
standing of the molecular mechanisms underlying plant apical dominance and shoot architecture formation.
Over the past decades, research on SLs-mediated branching regulation has advanced from initial phenotypic
characterization of high-branching mutants, to the identification of core pathway components, and further
to the dissection of regulatory networks integrating hormonal signals and environmental cues, laying a
basic theoretical reference for follow-up research on the SLs pathway.

6.1 Phytohormone Crosstalk between SLs and Other Hormones in Shoot Branching Regulation

The crosstalk between SLs and other endogenous phytohormones is the core of the shoot branching
regulatory network, and also a key focus of current research in this field. Existing studies have estab-
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lished basic interaction models between SLs and several major branching-regulating hormones, but there
are still many unresolved questions about the mechanistic details and in vivo functional relevance of
these interactions.

The bidirectional crosstalk between SLs and auxin is explained by two classic models [100], one
in which SLs act as auxin-downstream secondary messengers that move acropetally to directly inhibit
buds [101], and another in which SLs suppress bud outgrowth via modulation of polar auxin transport [88].
Notably, the acropetal transport of SLs is not confined to a single vascular route. Physiological and tracer
studies have revealed that SLs possess a dual translocation pathway. Root-synthesized SLs are primarily
transported upward to the shoots via the xylem transpiration stream, which represents the major long-
distance transport route for root-derived SLs [81]. In addition to xylem transport, the phloem participates
in the systemic allocation of SLs signaling components. Grafting experiments revealed that RMS3, a pea
ortholog of the SLs receptor D14, can be bi-directionally transported through the phloem to suppress shoot
branching [102]. Nevertheless, it is important to highlight that this evidence originates from studies on the
mobile SLs receptor protein rather than SLs molecules themselves, and the exact directionality of phloem
transport of native SLs has yet to be fully clarified.

This distinction in transport routes holds critical implications for interpreting classical horticultural
practices, such as bark scoring in fruit trees. The dominant effect of bark scoring is the physical disruption
of the basipetal polar auxin transport stream originating from the apical meristem. This disruption has two
interconnected consequences for SLs-mediated branching regulation. First, stem-localized SLs biosynthesis
is transcriptionally induced by apically derived auxin transported basipetally via PAT [103]. Therefore,
scoring immediately above the bud severs this auxin supply to the stem segment below the wound, thereby
significantly reducing local SLs production around the axillary bud. Second, the PAT blockade causes a
pronounced depletion of IAA in the bud itself, releasing the bud from auxin-mediated apical dominance. The
effect likely overrides residual SLs-mediated inhibition that might persist from root-derived SLs arriving
via the xylem. In addition, if the biologically effective SL signal for bud repression depends more on
phloem-delivered SLs, then scoring, which severs phloem continuity, could further promote bud outgrowth
by cutting off this supply pathway. However, this possibility remains speculative and awaits experimental
verification. While the SLs-dual-transport framework provides a useful conceptual basis, the coordination
mechanism between these two pathways in vivo remains largely unresolved. For example, it is still unclear
whether these pathways operate in a tissue-specific or developmental stage-specific manner, and how
they jointly maintain the stability of apical dominance under fluctuating growth conditions. Furthermore,
the existence of a PAT-independent regulatory pathway for SLs has been confirmed by genetic evidence
in pea [28], which supports the notion that SLs may employ a dual regulatory mechanism to control
shoot branching, acting partially through the PAT system while also functioning via an auxin transport-
independent route. However, the core molecular components and functional scope of this alternative
pathway remain largely unknown, and its conservation across different plant species requires further
investigation. Together, these unresolved questions highlight the need for future studies to dissect the
spatiotemporal dynamics of SLs transport and signaling, and to integrate these distinct pathways into a
unified model of branching regulation.

The antagonistic relationship between SLs and CK in axillary bud regulation has been widely confirmed,
and the dynamic balance of these two hormones in axillary buds is considered a key determinant of bud
fate. However, current research on this antagonistic interaction is highly unbalanced: most studies focus on
the regulatory effects of SLs on CK biosynthesis, transport and degradation, while the reverse regulatory
mechanism of CK on the SLs pathway is still poorly characterized. It is still unclear whether CK can directly
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regulate the expression of SLs biosynthetic or signaling genes, or affect the long-distance transport of SLs,
to participate in branching regulation. In addition, most existing findings are based on the observation
of hormone content changes in whole stems or whole plants, and the dynamic changes of SLs and CK in
single axillary buds during the transition from dormancy to activation have not been fully characterized,
which limits our understanding of how this hormone balance directly determines bud fate.

For the crosstalk between SLs and other phytohormones including GA, BR and ABA, current research is
still in the preliminary stage, and most findings are derived from phenotypic observation and transcriptomic
correlation analysis in model plants. The direct molecular mechanisms linking these hormones to the SLs
pathway in branching regulation are still not fully elucidated. For example, although transcriptomic studies
have found overlapping target genes between SLs and GAs, the specific target genes that directly regulate
axillary bud outgrowth have not been identified. For the crosstalk between SLs and BRs, the one confirmed
convergent node is MAX2-mediated degradation of BZR1/BES1 [34], but it is still unclear whether there are
other regulatory nodes linking these two pathways. For SLs and ABA, which share a common biosynthetic
precursor, it remains to be explored whether there is metabolic flux competition between the two hormone
synthetic pathways, and how this potential competition coordinates the trade-off between plant branching
growth and stress adaptation.

Notably, most existing studies focus on the pairwise interaction between SLs and a single hormone,
while the in vivo regulation of shoot branching is the result of the integrated action of multiple endogenous
hormones. How the SLs pathway acts as a hub to integrate signals from multiple hormones, and how the
multi-hormone regulatory network responds to environmental changes to fine-tune branching plasticity,
have not yet formed a complete and systematic model, which is a key direction for future research in
this field.

6.2 Current Limitations and Unresolved Questions of SLs-Mediated Branching Regulation

Building on the unresolved questions surrounding hormone crosstalk outlined above, our understand-
ing of SLs-mediated shoot branching regulation is further constrained by several fundamental controversies
and critical knowledge gaps. In this section, we synthesize key ongoing debates and persisting uncertainties,
and highlight priority open questions that warrant targeted future investigation. These issues can be
grouped into four interrelated categories, cross-species conservation and functional divergence, unresolved
mechanistic details within the core signalling cascade, methodological biases arising from synthetic SL
analogues, and environmental signal integration.

First, the extent to which SLs function as universal inhibitors of shoot branching across plant lineages
remains contentious. The canonical role of SLs in suppressing axillary bud outgrowth has been robustly
validated in annual model species including Arabidopsis thaliana, rice, and tomato. However, both the mag-
nitude and direction of branching responses to SLs exhibit substantial variation across species, tissue types,
and developmental contexts. Notably, in woody perennial species such as poplar, a definitive role for SLs in
branching control has yet to be unequivocally established [104]. Although the core D14-MAX2-SMXL-UPS
module is deeply conserved across land plants, accumulating comparative studies reveal remarkable species-
specific regulatory modulations. In early-diverging land plants, including bryophytes and lycophytes,
the KAI2-dependent signalling pathway is thought to be ancestral and responds to as-yet-unidentified
endogenous ligands, regulating developmental processes and symbiotic interactions, whereas D14-mediated
perception of canonical strigolactones appears to have undergone subsequent neofunctionalization in
vascular plants. This evolutionary framework cautions against assuming uniform SLs action across lin-
eages. In eudicots, represented by pea and soybean, orthologs of D14, MAX2, and SMXLs retain canonical
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SLs-triggered protein interaction and SCF-mediated repressor degradation, which governs shoot branching;
in legumes, SL signalling is additionally integrated with nodulation and arbuscular mycorrhizal symbiosis
pathways, further complicating the interpretation of branching-related phenotypes [92,105]. In monocot
crops beyond rice, such as maize and wheat, D14 homologs maintain conserved hydrolase activity, but
their substrate preferences and downstream target genes have diverged, reflecting adaptive evolution to
distinct developmental programs and environmental cues [106,107]. In line with this, D14 orthologs across
plant species display divergent substrate preferences for naturally occurring SLs stereoisomers [57]. In
woody perennial fruit trees such as apple, SLs signalling regulates not only branching architecture but
also stress responses and reproductive development, accompanied by lineage-specific gene expansion and
subfunctionalization of the SMXL family [108]. In horticultural species like strawberry, SLs are involved
in runner formation and flower senescence, revealing novel regulatory nodes not fully recapitulated in
annual herbs [109]. Collectively, cross-species comparative evidence demonstrates that although the core
SLs signal transduction machinery is evolutionarily conserved across land plants, its precise molecular reg-
ulatory nodes, functional outputs, and crosstalk with other hormone pathways are highly lineage-specific,
shaped by species-specific gene duplication, functional diversification, and ecological adaptation. Accord-
ingly, extrapolating findings from model species to agronomically important crops or woody perennials
requires caution.

Second, several mechanistic details within the core SLs signalling cascade remain unresolved. Func-
tional redundancy among SMXL paralogs remains incompletely characterized. Phylogenetic studies resolve
SMXL proteins into four evolutionarily distinct clades, each bearing clade-specific motifs proposed to
underpin signalling specificity between the SL and karrikin pathways [110]. Whereas SMXL6/7/8 function
in a largely redundant manner in Arabidopsis, rice D53 and pea PsSMXL7 appear to have evolved more
dominant, non-redundant roles in branching regulation [92]. Whether such interspecific discrepancies re-
flect genuine species-specific regulatory wiring or methodological artefacts remains to be resolved through
systematic cross-species comparative analyses. In addition, non-canonical signalling modules that bypass
the D14–MAX2–SMXL axis are poorly understood, and their contribution to branching regulation is unclear.
The cell-type-specific actions of SLs within axillary buds have not been systematically characterized, and it
remains unknown whether SLs signalling functions in the bud itself, in the nodal vasculature, or in both
tissues. Furthermore, the balance between functional specificity and redundancy of SMXLs family members
in branching control is still not fully clarified, partly limited by the lack of tissue-specific mutants and the
difficulty in distinguishing direct from indirect regulatory effects [111].

Third, a major methodological limitation is the pervasive reliance on synthetic SL analogues, partic-
ularly GR24, as proxies for endogenously produced SLs. To date, more than 25 naturally occurring SLs
structures have been characterized [42], yet the majority of functional studies employ GR24, often as a
racemic mixture. This introduces several experimental biases. GR24 enantiomers differ markedly in receptor
selectivity: one enantiomer preferentially activates D14, whereas the other can activate KAI2, thereby
confounding SLs-specific and karrikin-related responses. In addition, GR24 exhibits different metabolic
stability, transport behaviour, and receptor-binding kinetics compared with endogenous SLs. Natural
SLs differ substantially in stereochemistry, abundance, and tissue-specific distribution across species and
developmental stages, and distinct SLs isoforms may exert discrete, non-redundant functions that GR24
cannot faithfully reproduce. Consequently, conclusions based solely on exogenous GR24 treatment may
overestimate or misattribute SLs functions.

Fourth, the precise mechanisms by which environmental cues are transduced into endogenous SLs
signals to modulate shoot branching plasticity remain only partially characterized. It is well established that
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phosphate and nitrogen deficiencies strongly upregulate SLs biosynthesis [112], but the specific signalling
cascades coupling these external nutrient stimuli to transcriptional regulation of SLs biosynthetic genes
remain incompletely defined [46]. Recent work has identified FAR-RED ELONGATED HYPOCOTYL 3 (FHY3)
and FAR-RED IMPAIRED RESPONSE 1 (FAR1) as key integrators of light and SLs signalling pathways [62],
while the mechanistic links between shade avoidance responses and SLs-dependent branching regulation
remain fragmentary. Beyond nutrient and light signals, the coordination between root development and
shoot branching through SLs-mediated root-to-shoot communication remains an underexplored area.
Although SLs are known to be synthesized predominantly in roots and transported acropetally, how
root-derived SLs quantitatively and spatially coordinate with locally produced shoot signals to fine-tune
branching is not well defined. Similarly, although SLs promote AM symbiosis in the rhizosphere, the
functional connection between SLs-dependent mycorrhizal colonization and shoot branching regulation has
not been directly examined. Under nutrient-limited conditions, elevated SLs levels simultaneously enhance
AM symbiosis and suppress shoot branching; however, whether these two outputs are independently
regulated or integrated through a common signaling logic, and how the carbon cost of maintaining AM
symbiosis feeds back onto branching decisions, remain open questions. Furthermore, the contribution
of growth–defense trade-offs to SLs-mediated branching control has received little attention. Defense
activation often reallocates resources away from growth, and SLs have been implicated in both biotic stress
responses and branching inhibition. Yet whether SLs serve as a molecular switch that prioritizes defense
over branching under pathogen or herbivore attack, and how this trade-off is tuned in different ecological
contexts, are poorly understood.

Although the core molecular machinery of SLs signalling is now well established, the field faces a
pivotal challenge in unravelling the system-level complexity that governs branching phenotypes. The
priority research directions should include systematic multi-species comparative analyses, direct genetic
dissection of endogenous SLs function, and the development of advanced analytical tools to enable resolved
dissection of SLs function.

6.3 Application Potential and Bottlenecks of the SLs Pathway in Crop Breeding and Trait Improvement

The SLs pathway has shown considerable application potential in crop breeding and plant architecture
improvement, based on its core regulatory role in shoot branching. However, it is important to distinguish
between results obtained from laboratory pot-grown assays and real-world field-application bottlenecks.
Most current proof-of-concept studies are conducted under controlled conditions with small plant popu-
lations, whereas field deployment requires stable performance across variable environments, large-scale
validation, and cost-effective delivery methods.

For cereal crops such as rice, wheat and maize, the SLs pathway is a potential target for ideal plant
architecture breeding. Under controlled laboratory or pot conditions, fine-tuning the expression of SLs
pathway genes has made it possible to create germplasm resources with moderate tiller number, strong
lodging resistance and high density tolerance, which may contribute to the improvement of grain yield.
Recent advances in CRISPR/Cas9-mediated genome editing have demonstrated the feasibility of this
approach. In rice, targeted disruption of CCD7, a key gene in SLs biosynthesis, produced ccd7 mutants with
a striking increase in tillering and reduced plant height phenotype, which could be rescued by exogenous
GR24 application [113]. More importantly, researchers carried out precise editing of the D3 gene in the
japonica rice cultivar DS. The D3 gene acts as a positive regulator of plant height and inhibits tiller growth.
This work produced compact lines with increased tillering capacity; these lines reached 73%–79% of the
original plant height, bore roughly 20 panicles per plant versus around eight in the wild type, and exhibited



Phyton-Int J Exp Bot. 2026;95(10):9 17

stronger resistance to bacterial blight without sacrificing total grain yield per plant [114]. The edited lines
also exhibited earlier heading and stable, non-transgenic inheritance. Nevertheless, the field performance,
yield stability, and agronomic suitability of these edited lines under diverse cultivation environments remain
to be systematically evaluated. In wheat, CRISPR-mediated targeted mutagenesis has been harnessed to
knock out yield-related negative regulators in elite cultivars, resulting in increased tiller number, spikelet
number per spike, and thousand-grain weight, substantially enhancing grain yield per plant in experimental
settings [115]. The wheat oligo-tillering mutant ot1, in which SLs biosynthesis genes including D27 and
MAX1 are upregulated by 3.37- to 8.23-fold, further demonstrates the potential of modulating SLs pathway
activity to control tiller number [116]. However, translating these findings to field-scale cultivation requires
overcoming genotype-by-environment interactions and ensuring that branching modifications do not
compromise other yield components.

For horticultural crops, SLs-based regulation can achieve precise control of branching number, reduce
the growth of redundant lateral shoots, lower the workload of manual pruning, and improve the ventilation
and light transmission of the canopy. In tomato, CRISPR/Cas9 knockout lines for four core SLs biosynthesis
genes (SlD27, SlCCD7, SlCCD8, SlMAX1) have been generated, revealing gene-specific effects on plant
phenotype, such as markedly increased shoot branching and reduced plant height in Slccd7 and Slccd8
mutants, whereas Slmax1 mutants exhibited altered reproductive development, and identifying SlD27 as a
potential target for resistance to parasitic weeds [117]. Tomato sb1, sb2, and sb3 mutants, which abolish SLs
biosynthesis or impair SLs perception, exhibit increased shoot branching and provide valuable germplasm
for breeding programs [77]. However, increased branching in these mutants is often associated with
excessive vegetative growth and altered reproductive development under field-like conditions, underscoring
the need for careful phenotypic evaluation beyond pot experiments. In grapevine, knockout of the VvCCD8
gene has been shown to affect shoot branching, with knockout lines displaying increased lateral shoot
number and altered branch angles, and studies are underway to characterize the role of SLs in regulating
scion growth and branching in grafted grapevine [118].

For forest trees, regulating the SLs pathway may help to cultivate fast-growing timber varieties
with straight trunks and fewer lateral branches, to improve wood yield and quality. While research in
woody perennials remains limited, studies in apple have demonstrated that SLs regulate axillary bud
growth through the transcription factor SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL6), which
modulates ABA levels, identifying potential targets for breeding apple varieties with optimized branching
and enhanced yield [67]. The SLs inhibitor Tis108 has been shown to improve shoot regeneration in apple,
providing a chemical tool for manipulating SLs activity in woody species. In olive (Olea europaea L.),
SLs biosynthesis and signaling genes have been identified and characterized, with potential applicability
to breeding programs for other fruit crops [119]. However, the long generation times and low genetic
transformation efficiency of woody plants remain major bottlenecks for functional validation and breeding
application of SLs pathway genes in these species. Moreover, field evaluation of engineered woody plants
is a long-term and resource-intensive process, and many reported effects remain at the level of in vitro or
greenhouse observations. A particularly important concern for translational application is the pleiotropic
nature of SLs pathway genes.

These examples across rice, wheat, tomato, grapevine, and woody perennials clearly show that the same
SLs-pathway gene perturbation can produce markedly different phenotypic outcomes depending on the
crop species. The molecular basis underlying such inter-crop phenotypic divergence is likely multi-layered.
First, the degree of functional redundancy among SLs-pathway gene family members differs considerably
across species. For instance, SMXL6/7/8 in Arabidopsis act largely redundantly, whereas rice D53 functions
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as a dominant, non-redundant repressor, and pea PsSMXL7 similarly displays a more prominent role,
so mutations in the same pathway can produce quantitatively distinct branching phenotypes. Second,
the downstream target genes and their cis-regulatory landscapes have diverged among crops, meaning
that the same SLs signal may regulate different sets of branching-related transcription factors. Third, the
endogenous hormonal context varies between species, so perturbations of the SLs pathway can be buffered
or amplified differently depending on the species-specific hormone network. These molecular determinants
not only explain why editing the same gene can yield divergent phenotypes across crops, but also highlight
the challenge of extrapolating results from one species to another.

The SLs pathway has significant pleiotropic effects [120]. It not only regulates shoot branching, but also
participates in root development, stress resistance and rhizosphere symbiosis with arbuscular mycorrhizal
fungi [121]. Complete knockout of core SLs pathway genes often leads to adverse agronomic traits, such
as reduced stress resistance and impaired nutrient uptake capacity, which limits its direct application
in breeding. This pleiotropy poses a substantial risk: mutations that improve shoot architecture may
simultaneously compromise root function, abiotic stress tolerance, or beneficial microbial interactions,
resulting in net yield penalties under field conditions. On the other hand, natural SLs have poor stability
and are easily degraded in the field environment, while the production cost of synthetic SLs analogs
with high activity is still high, which restricts their large-scale application in agricultural production.
Despite these challenges, progress is being made. The synthetic SLs analog GR24 has been widely used to
investigate stress tolerance mechanisms. For example, 10 µMGR24 treatment significantly enhanced salinity
tolerance in wheat bymodulating antioxidant enzyme activities, ion homeostasis, and stress-responsive gene
expression [122]. Different methods of GR24 application, specifically foliar spray and application in residual
irrigation water, have been shown to increase photosynthesis and yield in winter wheat under drought
stress, suggesting that optimized delivery protocols could enable practical field application [85]. However,
these studies are largely small-scale and short-term; the stability, cost-effectiveness, and environmental
impact of chemical application under real farming conditions require further assessment.

Future research on SLs-mediated shoot branching regulation should move beyond descriptive directions
and focus on specific mechanistic bottlenecks that currently limit our understanding. A central unresolved
question is how SL signals are precisely decoded into the transcriptional regulatory networks downstream of
SMXL proteins. Although SMXL6/7/8 degradation is known to relieve transcriptional repression, the direct
target genes, cell-type-specific regulatory logic, and temporal dynamics of this derepression remain poorly
defined. It is unclear whether SMXL proteins act solely as transcriptional repressors or also as scaffolds that
coordinate multi-protein complexes at specific genomic loci. Furthermore, SMXL6 has been shown to bind
DNA directly, yet the relationship between its DNA-binding activity and its repressor function in different
developmental contexts is not fully understood. Resolving how the same SMXL proteins can elicit distinct
transcriptional outputs during axillary meristem initiation versus bud outgrowth will require genome-wide
mapping of SMXL occupancy, identification of interacting transcription factors, and functional validation
using stage-specific genetic tools. Another key bottleneck lies in the non-canonical signaling modules
that bypass or modulate the D14–MAX2–SMXL axis. The molecular identity of these alternative pathways,
their contribution to branching regulation, and their interplay with canonical signaling remain largely
unknown. Similarly, the cell-type-specific action of SLs within axillary buds, specifically whether SLs
act primarily in the bud itself, in the nodal vasculature, or in both, remains unresolved, and this spatial
information is essential for building accurate models of branching control. Addressing these questions will
not only deepen our mechanistic understanding but also provide precise targets for genetic improvement
of plant architecture.
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In summary, as a key regulator of plant shoot branching, SLs have become a sustained research hotspot
in plant developmental biology and crop molecular breeding. Although there are still many unresolved
scientific questions and application bottlenecks in this field, with the continuous development of new
technologies and the deepening of research, the regulatory mechanism of SLs will be further elucidated,
and its application potential in agricultural production will be further explored. This review systematically
sorts out the research context and core progress in this field, aiming to provide a reference for follow-up
related research.
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