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Abstract

Plants being mostly sessile are exposed to several adverse environmental conditions. Many endogenous and exogenous
factors play a vital role in acclimatizing plants in such varying environments. Plant growth regulators (PGRs) are one such
endogenous factor that regulates the phenomenon of growth and development in plants. Strigolactone (SL) has been accepted
as a new class of phytohormones or PGRs. It has contributed to different aspects of plant growth and development such
as root growth and shoot branching as well as the response of plants to several biotic and abiotic stresses. Lately, a deep
understanding of the SL biosynthetic pathway has been revealed. Transcriptomics and genetic analysis showed that SLs are
derived from an intermediate carotenoid biosynthesis pathway, all-trans-p-carotene. Carlactone (CL) is formed from all-
trans-f-carotene by the subsequent action of a set of core enzymes DWARF27 (D27), and carotenoid cleavage dioxygenases
(CCD7 and CCDS). CL is the ultimate biosynthetic precursor of all naturally occurring SLs. The investigation has been also
carried out on signal perception and downstream cascade involved in SL signaling by utilizing various mutants from differ-
ent plant species. D14, AtD14, and DAD? are identified as orthologous SL receptors of Oryza sativa, Arabidopsis thaliana,
and Petunia, respectively. These are identified as aff hydrolase, having the activity of both receptor and enzyme. The pre-
sent review summarizes the current perception of the nature and biosynthesis of SL and the deciphering of the mechanism
involved in its signal transduction cascade.
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Introduction were discovered almost 50 years ago originally as a stimu-

lant in root exudate that induces germination in several para-

Plants naturally produce chemicals called plant growth regu-
lators (PGRs). They control growth and other functions in
different parts of the plant, even far from where they are
made. They work in very small amounts and are important
for influencing the growth, yield, and quality of crops (Desta
and Amare 2021). Strigolactone (SL) is a butenolide PGR
(Yang et al. 2019). It is an evolutionary old plant signal-
ing molecule, having multiple roles in organisms such as
AMF (arbuscular mycorrhizal fungi), bryophytes, and angio-
sperms (Lopez-Obando et al. 2015). The SLs were brought
to light eight years after the explication of auxin structure,
the first phytohormone (Bouwmeester et al. 2019). The SLs
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sitic plant species (Brewer et al. 2013; Wani et al. 2020). The
term ‘strigolactone’ is derived from its role as a stimulant of
‘Striga’ seed germination and its chemical structure contain-
ing a ‘lactone’ ring (Lopez-Obando et al. 2015; Wani et al.
2020). The name ‘strigolactone’ is proposed by Butler, a
research protagonist in 1995 (Faizan et al. 2022).
Structurally, SLs are categorized into canonical and non-
canonical types (Table 1). Canonical SLs comprise four ring
structure in which the ABC-ring is fused with the D-ring
by an enol-ether bond. Non-canonical SLs lack basic ABC-
ring but D strigol-ring with enol bridge is strictly present
(Guercio et al. 2023). The C- and D-ring must be a lac-
tone and a methyl furanone, respectively, while AB-ring
shows variation (Zorrilla et al. 2022). As a novel PGR, SL
administers various aspects of growth and development in
plants. It generally inhibits shoot outgrowth. Additionally,
as a signaling molecule from root exudates, it also acts as a
communication signal between plants and microorganisms
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Table 1 List of some naturally occurring strigolactones and plant species from which they were isolated

Type of Strigolactones Sub-classes Examples

Host plant species

References

Canonical Strigolactones Strigol-type Strigol

Strigyl acetate
Strigone

Sorgolactone

7B-Hydroxy-5-deoxystrigol

Sorgomol
Orobanchol-type Orobanchol
Fabacol
Fabacyl acetate
Alectrol
Solanacol
Medicaol
Non-canonical strigolactones

Carlactonic acid

Heliolactone
Zeapyranolactone

3-Hydroxycarlactone
Lotuslactone
Avenaol

Zealactone

Gossypium hirsutum L
Zea mays L.

Panicum miliaceum L
Gossypium hirsutum L
Houttuynia cordata
Sorghum bicolor L
Houttuynia cordata
Sorghum bicolor
Trifolium pretense
Pisum sativum

Pisum sativum

Vigna unguiculate

Guercio et al. (2023)

Kleman and Matusova (2023)
Kleman and Matusova (2023)
Cetin and Kog (2023)
Soto-Cruz et al. (2021)
Kyozuka and Shimamura (2022)
Soto-Cruz et al. (2021)
Motonami et al. (2013)
Kleman and Matusova (2023)
Xie (2016)

Xie (2016)

Wakabayashi et al. (2022)

Nicotiana tobaccum Kumagai et al. (2015)

Medicago truncatula Soto-Cruz et al. (2021)

Populus trichocarpa and
Selaginella moellendorffii

Yoneyama et al. (2018)

Helianthus annuus Ueno et al. (2014)

Zea mays hybrid cv NK Charnikhova et al. (2018)
Falkone
Oryza sp. Baz et al. (2018)

Xie et al. (2019)
Kim et al. (2014)
Charnikhova et al. (2017)

Lotus japonicus
Avena strigosa

Zea mays

There are two main categories of strigolactones (SLs) based on their chemical structures — canonical and non-canonical SLs. Canonical SLs can

be divided into two groups- strigol-type and orobanchol SLs

in the rhizosphere (Yoneyama and Brewer 2021; Wang et al.
2022). Earlier, SL was considered baleful because of its role
in stimulating germination in parasitic weeds; however, it
was later regarded as useful because of its role in providing
a defensive response against pathogens (Wani et al. 2021),
AMF colonization, alleviation of abiotic stresses in the
plant (Bouwmeester et al. 2019), as well as regulation of
root and flower development and senescence of leaf (Zhou
et al. 2013).

To discover more functional aspects of SLs, detailed
knowledge of their biosynthesis, as well as signaling cascade
in plants, is required. The biosynthetic study was initiated
when root exudates from carotenoid biosynthesis mutant of
maize and fluoridone treated wild-type seedling of maize
reduced the Striga germination. From these findings, it
has been concluded that SLs are derived from a carotenoid
(Ruyter-Spira et al. 2013). Mutants of several plant species
(Arabidopsis, pea, rice, and Petunia) have been investigated
to elucidate the key steps and various enzymes involved in
SL biosynthesis (Jia et al. 2018). The main biosynthetic
steps include reversible isomerization, cleavage, and oxi-
dation. The key enzymes involved are D27, CCD7, and
CCD@8, the activity of which forms a core pathway, leading
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to the formation of carlactone (CL). CL is the key inter-
mediate precursor of all SL. Further modification of CL to
form structurally diverse SLs is accomplished through other
enzymes, MAX1, carlactone oxidase (CO), orobanchol syn-
thase (OS), and Lateral Branching Oxidoreductase or LBO
(Zhang et al. 2014; Brewer et al. 2016; Haider et al. 2023).

The signaling mechanism of SL is similar to auxin, gib-
berellin, and jasmonic acid in which proteolytic cleavage
occurs due to activation by phytohormones. They require
SCF (Skp1-Cullin-F-box) E3 ubiquitin ligase complex, an
F-box protein component, which specifically targets pro-
teins, ubiquitinylates them, and subsequently causes their
degradation. However, signaling in each case differs in the
type of protein it targets. In the case of SL signaling, it’s
binding to its receptor subsequently causes the ubiquitinyla-
tion and degradation of D5S3/SMXL by the 26S proteasomal
complex (Waters et al. 2017). The present review focuses on
different steps involved in the biosynthesis of natural SLs,
involving various enzymes and their genes identified in dif-
ferent plant species will be discussed. The following review
will also discuss the current findings related to SL signal
perception and the signaling cascade involved in regulating
SL-responsive genes.
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Strigolactone: Nature and Biosynthesis
Nature of Strigolactones

The first identified SL (1966) was ‘strigol’ from Gos-
sypium hirsutum L. (cotton) root exudate, which trig-
gered the germination in the parasitic witchweed Striga
lutea Lour., a root parasite, belonging to the plant fam-
ily Orobanchaceae (Brun et al. 2018; Bouwmeester et al.
2019; Faizan et al. 2020; Wani et al. 2020). Since the dis-
covery of the first SL, more than 30 SLs from various
plant species have been reported (Yoneyama and Brewer
2021). SLs were discovered formerly as stimulants of
seed germination in parasitic plant species but are now
considered PGRs (Xie 2016). The absolute stereochemis-
try of the first naturally occurring SL ‘strigol’ was done
by X-ray diffraction analysis (Zwanenburg and PospiSil.
2013; Faizan et al. 2022). The basic structure of naturally
occurring SLs consists of a 4-ring system, i.e., tricyclic
lactone system (ABC-ring) and a butenolide part (D-ring
or a methyl butenolide ring) which are joined via an enol-
ether linkage (Seto et al. 2012; Nakamura et al. 2013; Rani
et al. 2023). The AB-rings are variant because of the pres-
ence of double bonds and various functional groups. The
A-ring also has a varied number of C-atoms (Zorilla et al.
2022). The D-ring is invariable a, B-unsaturated furanone
moiety and is important for SLs activity (Lopez-Obando
et al. 2015; Mashiguchi et al. 2021). Although SLs have a
common structural pattern, however, structural diversity is
striking and the main reason behind this may be symbiosis
(Kramna et al. 2019). Based on structural chemistry, natu-
rally occurring SLs are categorized as canonical (classi-
cal) and non-canonical SLs (Fig. 1) (Guercio et al. 2023;
Mashiguchi et al. 2021).

Canonical Strigolactones

Canonical SLs comprise tricyclic lactone rings (ABC-
rings) and a butenolide ring (D- ring), linked via 2’R con-
figured enol-ether bridge. Depending upon the stereochem-
istry of the C-ring, canonical SLs are further subdivided
into strigol-type and orobanchol-type. The strigol-type SLs
have B-oriented C-ring and are derived from 5-deoxystr-
igol (5-DS) while orobanchol-type has a-oriented C-ring
and are derived from 4-deoxyorobanchol (4-DO) (Mashi-
guchi et al. 2021; Guercio et al. 2023). 5-DS and 4-DO
were detected in the root exudates of the burley tobacco
cultivar — Michinoku No. 1 and the bright yellow tobacco
cultivar- Tsukuba No. 1 (Xie 2016). Further derivation of
SLs is possible by methylation, acetylation, hydroxylation,
epoxidation, and ketolation of AB-ring (Mashiguchi et al.
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Fig.1 Chemical structures of some naturally occurring Strigolac-
tones (SLs) (canonical and non-canonical), and GR24, a synthetic SL.
Canonical SLs are characterized by the presence of ABC-ring system.
Non-canonical SLs include an enol-ether connected to a methylbute-
nolide D-ring, which is vital for their biological activity

Hcllolactonc anlactcnc

2021; Guercio et al. 2023). The canonical SLs includes
(Table 1) strigol, strigyl acetate, strigone, sorgolactone,
alectrol, orobanchol, 5-DS, 2-epi-orobanchol, orobanchyl
acetate, 7-oxo-orobanchol, 7-oxo-orobanchyl acetate,
hydroxy-orobanchyl acetate, sorgomol, fabacyl acetate,
solanacol, etc. (Zwanenburg and PospiSil 2013).

Non-canonical Strigolactones

Non-canonical SLs are comparatively simple in structure as
they lack a characteristic ABC-ring system but contain 2°R
configured enol-ether bridge and D-ring moiety. Examples
of non-canonical SLs are CL, methyl carlactonate, methyl
heliolactonate, avenaol, and methyl zealactonate (zealac-
tone) (Table 1) (Mashiguchi et al. 2021; Guercio et al. 2023).
Despite the fact that both canonical and non-canonical SLs
are chemically unstable, canonical SLs are comparatively
more stable (Yoneyama et al. 2018). Although there is a
structural variation among canonical and non-canonical SLs,
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both show similar bioactivities such as stimulation of seed
germination in parasitic plant species and this is due to the
presence of D-ring in both (Zorrilla et al. 2022).

Due to the diverse biological role of SL from growth and
development to symbiosis, this hormone is at the frontline
in plant science research (Seto et al. 2012). For a detailed
investigation of SLs activity as well as their application in
the agricultural field, their availability in enough amount
is important (Kountche et al. 2018). Plants produce SL in
very small quantities, i.e., pg-ng/g root fresh weight (Yoney-
ama et al. 2021). However, the synthesis of natural SLs is
challenging because of their complicated structure and
their secretion in very minute quantities. Thus, synthetic
analogs of SLs are lately developed namely, GR24 (Fig. 1)
and methyl phenlactonoates (MP), and are widely used in
research (Kountche et al. 2018). The GR24 is a great tool
for investigating SL’s role in plant physiology (Wani et al.
2020).

Strigolactones: Biosynthetic Pathway in Plants

SLs are basically sesquiterpene lactones and their chemi-
cal structure is somewhat related to isoprenoids/ terpenoids
(Souri et al. 2020). However, the results from root exu-
date analysis of carotenoid biosynthetic mutants of maize
in which the efficiency to induce germination in Striga is
reduced, and the results from the use of fluoridone, an inhib-
itor in carotenoid biosynthetic pathway, suggest that SLs
are derivatives of carotenoid-dependent pathway (Tsuchiya
and McCourt 2009; Ruyter-Spira et al. 2013; Jia et al. 2018;
Wani et al. 2020). Modification of A and B rings through
oxidation, ketolation, epoxidation, and hydroxylation led to
structural diversity among SLs. Many biosynthetic genes
are involved leading to this structural diversity (Wani et al.
2021). Several mutants such as max (more axillary growth)
in A. thaliana, rms (ramosus) in P. sativum L., htd (high till-
ering dwarf) in O. sativa L., and dad (decreased apical dom-
inance) in P. hybrida were examined for the identification
of key genes involved in SL biosynthesis. The biosynthetic
genes identified are MAX1, MAX3, MAX4, and LBO in A.
thaliana, RMS1 and RMS5 in P. sativum, D10, DI17(HTDI ),
and D27 in O. sativa, and DADI and DAD3 in P. hybrida
(Wang et al. 2017). The general biosynthetic pathway of SLs
has been clarified by using molecular mechanisms: reverse
genetics and transcriptomics (Yoneyama and Brewer 2021).

The biosynthesis of SL primarily occurs in chloroplast
(plastid) until the formation of CL which later gets trans-
ported to cytoplasm for further processing (Fig. 2) (Wani
et al. 2020). Carotenoids are isoprenoids that are produced
by all photosynthetic organisms (plants, algae, and blue
green algae), aphids, fungi, and bacteria which play crucial
role in processes of lipid peroxidation, photosynthesis, and
in the biosynthesis of plant growth regulators such as SL
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and abscisic acid (Sun et al. 2022). During carotenoid bio-
synthesis pathway, geranylgeranyl pyrophosphate (GGPP),
phytoene, lycopene, alpha carotene, beta carotene, and
gamma carotene are some of the intermediates that are
formed (Nimish et al. 2016). The biosynthetic pathway of
SL sequentially includes isomerization, cleavage, and oxi-
dation. These steps are catalyzed by enzymes beta carotene
isomerase (DWARF27/D27), carotenoid cleavage dioxyge-
nase 7/8 (CCD7 and CCDS8), and cytochrome P450 (CYP),
respectively (Wang et al. 2017). A newly identified enzyme
LBO in A. thaliana is responsible for the SL diversity and it
catalyzes the last step of biosynthesis (Jia et al. 2018).

Isomerization by 9-cis/all-trans-B-Carotene Isomerase

The primary step in the biosynthesis of SL is the reversible
interconversion of all-trans-p-carotene (an intermediate of
the carotenoid biosynthetic pathway) into 9-cis-f-carotene
(Ito et al. 2022). It has a C40 skeleton with an extended
conjugated double-bond system (Wani et al. 2020). Firstly,
the targeted double bond is broken, the molecule is rotated
around the single bond, and, finally, a double bond is rein-
troduced (Jia et al. 2018). An iron-containing enzyme 9-cis/
all-trans-p-carotene isomerase catalyzes this step of isomeri-
zation. A non-heme iron cofactor is needed for the redox
activity of this enzyme (Waters et al. 2012a). It was first
identified in rice as DWARF27 (D27/ OsD27) followed by A.
thaliana as AtD27. In A. thaliana, three genes with similar
phenotypic expression to D27 in rice are reported which
suggests the existence of other D27-like enzymes (Wang
et al. 2017). Phylogenetic analysis shows that At/g03055,
Atlg64680, and Ar4g01995 are three orthologs of OsD27
in A. thaliana. The AtD27 is subcellularly localized in the
plastid which is confirmed by GFP fluorescence which is not
detected outside the plastid (Waters et al. 2012a). In the SL
biosynthesis pathway, AzD27 works upstream of MAX1 and
is confirmed by grafting experiments. The transcription of
the AtD27 gene is induced by auxin, ABA, and deficiency
of phosphate (Kramna et al. 2019).

Cleavage by Carotenoid Cleavage Dioxygenases (CCD7 &
CCD8)

Following the isomerization reaction, the cleavage of 9-cis-
f-carotene into CL is sequentially performed by carotenoid
cleavage dioxygenases, i.e., CCD7 and CCD8 (Wang et al.
2017). This group of enzymes forms aldehyde and carbonyl
products by the introduction of oxygen molecules into the
double bonds of apocarotenoids (or carotenoids) (Al-Babili
and Bouwmeester 2015). The 9-cis-p-carotene (C40) is
cleaved primarily at C9’-C10’ double bond by CCD7 into
C27 and C13 apocarotenoids, i.e., 9-cis-p-apo-10-carotenal
and p-ionone, respectively. Subsequently, CCDS rearranges
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Fig.2 An overview of biosynthesis of different types of naturally
occurring Strigolactones (SL). Carlactone (CL), a biosynthetic pre-
cursor of all SLs, is produced in plastid (chloroplast) and then moves
to cytoplasm. In cytoplasm, several enzymatic actions convert CL
into various canonical and non-canonical SLs through intermediates,
involving different genes. D DWARF, MAX more axillary growth,

9-cis-p-apo-10-carotenal by adding three oxygens and forms
C19 and C8 compounds, i.e., CL and ®-OH-(4-CH3) hepta-
nal, respectively (Jia et al. 2019). In Arabidopsis, rice, pea,
and Petunia, CCD7 enzyme is encoded by genes MAX3,
DI17/HTD1, RMS5, and DAD3, respectively, while MAX4,
D10, RMS1, and DADI encode the CCDS8 enzyme in Arabi-
dopsis, rice, pea, and Petunia, respectively (Al-Babili and
Bouwmeester 2015; Wang et al. 2017). CCD7 has been

. e

HTD high tillering dwarf, DAD decreased apical dominance, RMS
ramosus, CCD carotenoid cleavage dioxygenase, LBO lateral branch-
ing oxidoreductase, Os Oryza sativa, Vu Vigna unguiculata, Sl Sola-
num lycopersicum, Ga Gossypium arboretum, Lj Lotus japonicus,
CYP cytochrome P450, SL Strigolactone, C carbon. (Figure created
with www.biorender.com).

analyzed in several plant species and has been regarded as
a critical enzyme of SL biosynthesis as loss in function of
the CCD7 gene causes hyperbranched phenotype (Yang
et al. 2022b). D17 and D10 have been reported to be the
ortholog of MAX3 and MAX4, respectively. Biosynthesis of
SL is altered in rice by targeted disruption of CCD7 using
CRIPR/Cas9, ccd7 mutant thus produced showed reduced
height with high tillering phenotype. The mutant phenotype
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was rescued using rac-GR24, a synthetic SL analog (Butt
et al. 2018).

Oxidation by Cytochrome P450 (CYP)

The CL formed by the subsequent action of CCDs in plastid
is transported to cytosol for further processing and subse-
quent biosynthesis of SLs (Sun et al. 2020). CL is the first
non-canonical SL that was reported and has been suggested
as a biosynthetic precursor of SL (Yoneyama et al. 2018). In
case of SL biosynthetic mutants of rice (d10 and d27) with
high tillering phenotypes and branching in max3, mutants
of Arabidopsis are suppressed by CL (Wang et al. 2017). A
group of scientists studied the conversion of CL into SLs
in rice by using '3C-labeled CL, which gets converted into
labeled SL. Exogenously applied CL converts into SL, sug-
gesting its role as an endogenous biosynthetic precursor for
SL (Seto et al. 2014; Wani et al. 2020). The CL is oxidized
by the action of an enzyme CYP. It is encoded by the gene
MAXI (Yang et al. 2019).

In Arabidopsis, MAXI is suggested to be localized
in cytoplasm (Wang et al. 2017). In Arabidopsis, CYP
enzyme converts the CL into carlactonoic acid (CLA), a
non-canonical SL, while in rice, it forms 4-deoxyorobanchol
(4-DO). The 4-DO is further converted into orobanchol by
the action of orobanchol synthase, homolog of MAX1 (Baz
et al. 2018). The cytochrome P450 oxygenases subfamily
CYP711A is responsible for converting CL into canonical
and non-canonical SLs (Alvi et al. 2022). Starting from all-
trans-beta-carotene upto the formation of CLA, all steps are
highly conserved (Yang et al. 2019). In Arabidopsis, through
a parallel pathway, methylation of CLA occurs via unknown
methyl transferase enzyme (SABATH methyltransferase) via
19-hydroxy-carlactone as an intermediate. The final product
formed is methyl carlactonoate (MeCLA) (Wu et al. 2019;
Alvi et al. 2022). This reaction is MAX! independent as con-
firmed from Arabidopsis mutant analysis (Wani et al. 2020).

In Arabidopsis, CYP is encoded by one MAXI gene.
In rice (O. sativa L.), total five homologs of MAX I are
reported — Os01g0700900 (0s900), Os01g0701400
(0s1400), Os01g0701500 (0Os1500), Os02g0221900
(0Os1900), and Os06g0565100 (Os5100). Reportedly, two
of these homologs catalyze the conversion of CL to SL. The
CL is first converted into 4-DO by Os900 (carlactone oxi-
dase/CO), whose subsequent hydroxylation at C4 of 4-DO
forms orobanchol by Os/400 (orobanchol synthase/OS or
4-DO hydroxylase) (Zhang et al. 2014; Jia et al. 2018; Wu
et al. 2019). Carlactone oxidase stereo-specifically cata-
lyzes the formation of BC-ring. It acts by adding a proton
to hydroxyl group (-OH) present at C18 and remove a pro-
ton from the carboxyl group (COOH) present at C19. This
results in the closure of BC-ring and a molecule of water is
released. Following these data, it has been suggested that
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these enzymes D27, CCD7, CCDS, and CYP are enough
to produce orobanchol-like molecule from all-trans-beta-
carotene (Jia et al. 2018).

Depending upon the similarity in the basic skeleton of
canonical SLs, the tricyclic skeleton of 5-DS and 4-DO is
formed from CLA that later get modified to produce str-
igol, orobanchol, and various other SLs (Wakabayashi
et al. 2022). Recent research suggests that a subfamily
CYP722C is responsible for strigol and orobanchol biosyn-
thesis. GaCYP722C in Gossypium arboretum (cotton) and
LjCYP722C in Lotus japonicus (lotus) reportedly convert
CLA to 5-DS (Alvi et al. 2022). 5-DS is responsible for
the production of strigol-type SLs while 4-DO is responsi-
ble for the production of orobanchol-type SLs (Wang and
Bouwmeester 2018). The simplest form of SL is 5-DS and
is present in both dicots and monocots. It either forms str-
igol or orobanchol by allylic hydroxylation or sorgomol by
homoallylic hydroxylation. Sorgomol undergoes sequential
oxidation and decarboxylation to form sorgolactone (Wani
et al. 2020).

Based on the data obtained from the orobanchol-produc-
ing plants such as red bell pepper, red clover, and cowpea,
it has been suggested that apart from indirect synthesis of
orobanchol from CLA, direct conversion of CLA to oroban-
chol is also possible (Wakabayashi et al. 2022). For instance,
a study reported that in Vigna unguiculata (cowpea) and
Solanum lycopersicum (tomato), CLA converts to oroban-
chol in the presence of VuCYP722C and SICYP722C,
respectively, through an intermediate 18-hydroxy-carlacto-
noic acid (Alvi et al. 2022).

The diversified presence of SL in nature suggests the
involvement of more enzymes in the biosynthetic pathway
of SL (Wang et al. 2017). In view of this, another gene LBO
has been discovered in A. thaliana that encodes 2-oxoglut-
arate-dependent dioxygenase enzyme (20GD). It converts
the MecLA to 1’-hydroxymethyl carlactonoate (1’-HO-
MeCLA), identified as an unstable product that get con-
verted into CLA (Yoneyama et al. 2020; Wani et al. 2020;
Alvi et al. 2022). LBO is like oxido-reductase enzyme and
belongs to 2-oxoglutarate and FE (II)-dependent dioxyge-
nase superfamily (Jia et al. 2018). It is an important late-act-
ing enzyme in biosynthetic pathway of SL. In Arabidopsis,
Ibo mutants with loss of function result in the accumulation
of MeCLA, having a phenotype intermediate of wild and
max, mutant type. LBO mutant with overexpression was
not able to inhibit or reduce branching (Yang et al. 2022a).

SL Biosynthetic Pathway Inhibitors

Biosynthetic inhibitors act as tools to investigate SL bio-
synthesis and develop better understanding of its biological
roles in different plant species. Specific inhibitors of biosyn-
thetic pathway are useful in identifying and characterizing
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new biosynthetic mutants and SL signal transduction (Ito
et al. 2010). Although SL biosynthetic pathway is not fully
identified, set of core enzymes (D27, CCDs, and CYP)
involved are fully known. All these catalytic agents con-
tain an iron atom in their molecule. Nitrogen (N,) contains
a unshared pair of electrons which form an ionic or co-
ordinate bond with the iron atom. Therefore, it has been
suggested that any chemical with nitrogen in their structure
with great affinity to substrate binding site of these enzymes
can act as potent SL biosynthetic inhibitor (Nakamura and
Asami 2014). Based on these data, SL biosynthesis inhibi-
tors are basically classified into two classes — carotenoid
cleavage dioxygenases (CCD) inhibitors and CYP super-
family inhibitors (Seto et al. 2012). CCDs are inhibited by
hydroxamic acids such as D2, D4, D5, D6, D13, and D15
(Harrison et al. 2015).

Although the research data regarding SL inhibitors are
limited, derivatives of hydroxamic acid, TIS 13, and tebu-
conazole are the three classes of chemicals that are identified
to have inhibitory role in SL biosynthesis. Besides CCDs,
another target of SL biosynthetic inhibitor is CYP. Hetero-
cyclic compounds with nitrogen in them such as triazole and
imidazole are reportedly shown to have inhibitory action
on CYPs (Kawada et al. 2020). The triazole compound,
TIS13, has great affinity toward CYP and is comparatively
more potent inhibitor than hydroxamic acid (Ito et al. 2010).
Chemical modification of TIS13 led to the recognition of
TIS108 and KKS5, more specific SL biosynthesis inhibitors.
The fungicide tebuconazole also targets CYP (Nakamura
and Asami 2014). Recently, a novel inhibitor of cytochrome
P450 superfamily, triflumizole, was reported, which effec-
tively reduces the 4-DO level in rice by inhibiting carlactone
oxidase (0s900) (Kawada et al. 2020).

Additionally, carotenoid biosynthesis inhibitor fluridone
was used to demonstrate that carotenoid biosynthesis is
mandatory for SLs biosynthesis, and thus, it can be a SL
biosynthetic inhibitor. However, it causes photo destruction
of chlorophyll and thus cannot be used as an ideal inhibitor
for study purposes (Ito et al. 2010).

Strigolactone: Current Understanding
of Signal Perception and Downstream
Cascade

The signaling pathway for SLs comprises the process of
polyubiquitination and proteasomal degradation. This path-
way involves three main components: (i) a hydrolase protein
known as D14 which is found in rice, (ii) an F-box leucine-
rich protein named MAX2/D3 (Stirnberg et al. 2002; John-
son et al. 2006), and (iii) D53 a repressor protein, associated
with the SMAX1-like (SMXL) protein family (Jiang et al.
2013; Stanga et al. 2013). D14, which is the SL receptor

protein, becomes activated after it binds to its ligand, result-
ing in the formation of a signaling complex with other mol-
ecules (Marzec et al. 2016). The SL hormone undergoes
hydrolysis, deactivating the hormone. Several SL-insensitive
mutants have been examined to recognize different SL sign-
aling components.

SLs act as signaling molecules by binding to a recep-
tor complex composed of D14 and D3 proteins. D14 is a
highly conserved a/f} hydrolase fold protein that binds SLs
with high affinity, and D3 is a transcriptional repressor that
interacts with D14 to form a heterodimeric receptor com-
plex (Takeuchi et al. 2021). Upon SL binding, the D14-D3
complex undergoes a conformational change that leads to
the degradation of D3, resulting in the release of D14 from
the receptor complex. This allows D14 to interact with other
proteins and initiate downstream signaling (Hu et al. 2017).

In A. thaliana, O. sativa, and Petunia, AtD14/D14/DAD2
is SL orthologous receptors, respectively (Fig. 3). Similar to
soluble gibberellic acid receptor GID1, these receptors con-
tain a conserved catalytic triad of Ser, His, and Asp (Zhau
et al. 2013; Wani et al. 2020; Takeuchi et al. 2021). Substitu-
tion mutation of Ser-to-Ala in the triad leads to loss DAD2
(petunia receptor) catalytic activity. As a result, receptor
loses its contact with the F-box proteins, which inhibits
shoot branching (Marzec et al. 2016). The hydrolysis of
GR24 is probably caused by catalytic triad activity; GR24
and DADs2 go through slow hydrolysis; nonetheless, the
dad2 mutant phenotype is not reversed (Zhau et al. 2013).
This confirms DAD?2 participation in SL signaling along
with hydrolytic process is more significant than the final
products (Seto and Yamaguchi 2014).

SL signaling cascade is mediated by ligand binding to
its receptor D14, an a/b-hydrolase. After binding, it causes
the hydrolysis of SL ligand, causing its separation into
two — the ABC-ring portion called ABC-formy] tricyclic
lactone (ABC-FTL) and the D-ring called hydroxy methyl
butenolide (HMB) (Wani et al. 2020). In O. sativa, the
SL hormone interacts with the D14 receptor to cause SL
cleavage and the formation of a CLIM (covalently linked
intermediate molecule) which is attached to D14 (Bythell-
Douglas et al. 2017). HMB continues to be covalently linked
to the D14 receptor when ABC-FTL is released (Marzec
and Brewer 2019). HMB-D14 intermediate is known as
CLIM. The D14's conformation is altered by this process,
enabling it to communicate with signaling elements present
downstream. SL signaling is initiated when the receptor D14
binds with the F-box leucine-rich protein MAX2/D3/RMS4.
The Skp-Cullin-F-box containing (SCF) E3 ubiquitin ligase
complex contains MAX?2. These orthologs' critical function
in SL signaling is confirmed by mutations that cause SL
insensitivity (Marzec et al. 2016; Wani et al.2020). It has
been noticed that the D53 and D53-like SMXL repressor
proteins are targeted for proteasomal degradation by the
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Fig.3 Diagrammatic representation of predicted model for Strigol-
actone (SL) signaling in plants. In the absence of SL, SMXL/D53,
repressor of SL signaling, inhibits the expression of SL-responsive
genes. In the presence of SL, SCF (Skp-Cullin-F-box) containing
E3 ubiquitin ligase causes ubiquitination of SMXL/D53 that sub-
sequently degrades the repressor and causes the expression of SL-

SCF complex (Jiang et al. 2013; Zhou et al. 2013; Bennett
et al. 2016). SMXL6-8 in Arabidopsis is thought to be D53
orthologs as they affect shoot branching and other SL-regu-
lated activities (Soundappan et al. 2015; Bennett et al. 2016;
Ligerot et al. 2017). D53, with its EAR motifs, is predicted
to interact with TPR (TOPLESS-related transcriptional
corepressor) proteins to form complex called D53-TPR
which then represses SL target gene expression (Smith and
Li 2014). Upon GR24 treatment, the D53 repressor binds
with the D14 receptor and is subsequently degraded through
the SCF complex (Smith and Li 2014; Wani et al. 2020).
The ligand binding causes conformational change in D14
that enables the receptor to recruit SMXL7 into the SCF
complex (Liang et al. 2016). SMXL7 performs both tran-
scriptional and non-transcriptional roles, but the molecu-
lar processes that happen after its decomposition are still
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not well understood (Waters et al. 2017; Bythell-Douglas
et al. 2017). According to Song et al. (2017), IPA1, the main
regulator of plant architecture in O. sativa, functions down-
stream of the D53 repressor and controls SL-induced gene
expression. D53 interact with IPA1 both in vitro and in vivo
and represses the transcriptional activation function of IPA1.
Various fascinating hypotheses have been given to elucidate
how D14 and D14-like receptor proteins evolved ligand and
signaling specificity. An instance of convergent evolution
has been seen in parasitic plants, where D14-like proteins,
which are closely similar to D14 proteins, serve as recep-
tors of SLs secreted by the host (Tsuchiya et al. 2015; Conn
and Nelson 2015). Additionally, these D14-like protein
subfamilies comprise subfunctionalized proteins that react
to other ligands, notably d-lactone-containing substances
like karrikins (Waters et al. 2012b; Saeed et al. 2017). The
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MAX?2 F-box protein is required for the perception of both
SLs and karrikins (Zhao et al. 2015). Since F-box proteins
normally lack selectivity when recruiting target proteins,
how MAX?2 differentiates among the two routes to create
different responses is still unknown (Nelson et al. 2011;
Nakamura et al. 2013). According to Wang et al. (2020b),
SMXL2 serves as the usual target for polyubiquitylation and
degradation in Arabidopsis, and it does this in a manner
that is D14 or KAI2-dependent. This suggests that the SL
signaling pathways interact with Karrikin pathway at this
particular protein.

The model of SL signal transduction is supported by
various lines of evidences as it suggests the conformational
changes in the D14 receptor brought on by SL binding and
hydrolysis, which are the basis for SL signal cascade. For
instance, GR24 induces the D14 receptor to become ther-
mally unstable, which relies on the presence of an intact
D14 catalytic triad (Wani et al. 2020). Additionally, between
MAX2/D3 and D14, physical contact is promoted by GR24
which further destabilizes the receptor. Notably, 2R stere-
oisomers of SL analogues have a greater effect on D14-D3
interaction in O. sativa than 2S stereoisomers do. Moreover,
when 5-hydroxy-3-methylbutenolide or 2,4,4-trihydroxy-
3-methyl-3-butenal is associated with SL, no significant
structural variation is reported among D14 and apo-D14
(Banerjee and Roychoudhury. 2018; Wani et al. 2020; Rani
et al. 2023).

Recently, SL-D14 multiple mode of interaction has been
studied; however, it is still unknown how D14 works with
D3 to ubiquitinate the repressor protein D53. The C-terminal
a-helix of D3 can be either engaged or disengaged forms.
The disengaged forms recognize unaltered D14 and blocks
its enzymatic activity, whereas the engaged form permits the
binding of D14 and D3 with a hydrolyzed SL intermediate.
The D3 a-helix aids in D14's SL-dependent recruitment of
D53, which activates the hydrolase. Through MAX2, SL
causes self-inflicted D14 deterioration, which, via negative
feedback subsequently, inhibits its own signaling.

Experimental evidence has challenged the validity of
the CLIM model, which proposes that the active site of the
D14 receptor binds hydrolyzed SLs (Wani et al. 2020). The
small electron density of CLIM makes it unlikely to be fit in
the active site of D14. Instead, it is suspected that iodine in
the crystallization reagents binds the active site (Chen and
Shukla 2022). Moreover, after SL treatment, SL hydrolysis
by D14 is too slow in comparison with the quick degrada-
tion of target proteins, i.e., D53/SMXLs. Thus, the quick
response of SLs cannot be fully defined by the CLIM model.
Recent research suggests that D14 initiates the active recep-
tor signaling upon binding to a complete SL. molecule. D14
then catalyzes hydrolysis after completing the pathway. The
two products of SL hydrolysis, ABC-FTL and HMB, with
Kcat, Km, and Vmax values of 0.12 min~!, 4.9 uM, and

4.0 nmol/min/mg protein, respectively, were found from
kinetic study of the D14-catalyzed hydrolysis of 5-DS (Wani
et al. 2020). Additionally, in rice and Arabidopsis, the SL
receptors do not hydrolyze 3,6'-dihydroGR24, having sin-
gle bond rather than a double bond in the enol-ether bridge
(Seto et al. 2019). Debranones, which are SL analogues lack-
ing the enol-ether bridge, have relatively low D14 catalytic
activity but produce the same outcomes as GR24. These
findings raise concerns regarding function of hydrolysis in
SL signaling. Thus, D14 performs binary function and a new
method of perceiving SL signals may be suggested (Yao
et al. 2016). According to a molecular analysis, the D14
conformational shift expands the catalytic pocket, permitting
SL to migrate into it before the helical lid domain is closed
(Shabek et al. 2018). The D14 receptor protein primarily
adopts an unstable conformation because the catalytic triad
assembly is interrupted when an SL molecule attaches to the
D14 (Yao et al. 2016). The D14 receptor interacts with other
elements in this altered conformation to complete the SL
signaling cascade. Following activation, D14 interacts with
the F-box protein MAX2/D3 via the surface of its rearranged
lid domain, and subsequently, the binding of D53/SMXL
repressor takes place around the region of the Asp loop (Seto
et al. 2019). After the degradation of D53/SMXL, the D14
catalytic triad is again assembled, which carries out the cru-
cial hydrolysis step. The study related to the evolution of SL
signaling mechanism has provided valuable information. It
is believed that the main function of SLs was to promote
adequate nutrient uptake by the recruitment of AMF (Simon
et al. 1993; Waldie et al. 2014). Interestingly, SLs have also
been found to be present in algae, and their application
causes elongation of rhizoids. Similar response has also
been observed in bryophytes such as liverworts and mosses;
however, this response is most likely independent of MAX2
(Delaux et al. 2012; Waldie et al. 2014). In higher plants
also, MAX2-independent SL signaling has been reported.
The max2 mutant can experience root development inhibi-
tion even at very low GR24 doses. A D14 member of charo-
phytes has more resemblance to the KARRIKIN INSENSI-
TIVE2 (KAI2) receptor in comparison with canonical D14
proteins (Waldie et al. 2014). Therefore, it is likely possible
that to initiate responses, SLs use this receptor rather than
MAX2. With the advent of land plants, it's noteworthy that
the D14 and MAX2 clades appeared rapidly. D14 most likely
originated due to duplication in the clade, and a subsequent
duplication within D14 led to the formation of the D14-
LIKE?2 group (Waldie et al. 2014). The diversification of
terrestrial plants and these duplication occurrences were
connected with various purposes. A similar trend was fol-
lowed in the development of the D53 protein. These clades
underwent further duplications because the D53-like genes
in mosses are more related to SMAX1 than to the D53/
SMAXLY7 clade (Zhou et al. 2013).
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Interestingly, the exact mechanism through which MAX?2
enters the SL route is yet unknown. It is hypothesized that
MAX?2 was primarily exclusively involved in AM coloniza-
tion and that its function in signaling of SLs was subse-
quently developed. The d3 rice mutant, which is incapable
of being colonized by AMF in SL conditions, supports this
(Seto et al. 2019). This process of hormonal breakdown is
crucial for maintaining hormone homeostasis and may also
be seen in other hormonal pathways such as GA (Yamaguchi
2008).

Strigolactone Receptors: Conserved Among Plant
Species

The a/pf hydrolase functional domain is conserved among
SL receptors, as described by Bennett and Leyser (2014). At
first, this domain was discovered in the O. sativa d14 mutant,
which is SL-insensitive (Mashiguchi et al. 2021) and since
then, it has been identified in other plants, including Petunia,
pea, and Arabidopsis (Hamiaux et al. 2012; de Saint et al.
2016; Waters et al. 2012b). D14 homologs have been iden-
tified in various plant clades, like bryophytes (Marchantia
polymorpha), pteridophytes (Selaginella moellendorfii) and
gymnosperms, belonging to the D14-like subfamily, while
the genes of angiosperm are categorized into the D14 sub-
family of the o/p-hydrolase superfamily (Wani et al. 2020).
According to Arite et al. (2009) and Nardini and Dijkstra
(1999), these subfamilies have different sequences but have
a conserved catalytic triad, nucleophilic residue, and acidic
residue. Notably, the a/p hydrolase superfamily involves
enzymes responsible for acetylcholine metabolism, such as
acetylcholinesterase (AChE), and the inactive gibberellic
acid receptor (Holmquist et al. 2000).

According to Hamiaux et al. (2012), the D14 protein of O.
sativa, functions both as a receptor and as an enzyme which
distinguishes it from other plant hormone receptors. This
protein contains a functional domain called o/ hydrolase,
which includes a Ser-His-Asp catalytic triad domain that
forms the ligand binding pocket, while the cap of the protein
is composed of four a helices. The protein comprises of 318
amino acids, and a similar protein called D14-like is also
found in the genome of rice (Arite et al. 2009).

Although D14 has enzymatic activity, the rate of SL
hydrolysis in vitro is low (~0.3 molecules per minute).
Therefore, it is not considered the primary producer of bio-
active SL-derived signals (Snowden and Janssen 2016).
Additionally, neither the final byproducts of SL hydrolysis
(tricyclic lactone and HMB) nor the intermediate molecule
2,4,4-trihydroxy-3-methyl-3-butenal serves as signals for the
regulation of shoot branching (Waters et al. 2017).

The receptor of SL in A. thaliana (AtD14) is evolution-
arily conserved, like the rice D14 receptor (Waters et al.
2012b; Arite et al. 2009). It has the activity of both receptor
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and enzyme, and its structure comprises a catalytic triad
(Hamiaux et al. 2012). The hormone binds to the receptor
through two amino acids in the triad, resulting in a change in
receptor conformation (Yao et al. 2016). This change causes
an increase in length of one o helix domain and unfolding of
another, which forms a loop (Yao et al. 2016). The receptor
lid comprises of four o helix domains, and it destabilizes
when hormone binding occurs (Zhao et al. 2015; Snowden
and Janssen 2016). The closure of the enzymatic active site
reduces its volume, which makes D-ring separation hard
without dissociating the complex. This phenomenon could
describe the slow enzyme activity. AtD14L/KAI2, which
is involved in karrikin signaling, is like AfD14, with 51%
identity and 75.9% similarity, but belongs to a separate phy-
logenetic clade (Waters et al. 2012b).

In Petunia, the D14 receptor ortholog is called DAD2
(Rameau et al. 2015; Chesterfield et al. 2020). X-ray crystal-
lography shows that its structure comprises a lid with four
a helices and a hydrophobic cavity to accommodate SLs
in it (Burger and Chory 2020). In the presence of hormone
GR24, DAD?2 interacts with PAMAX2A (F-box protein),
leading to GR24 hydrolysis. Mutations in the catalytic triad
of DAD2 result in the loss of enzymatic activity and failure
to interact with PhAMAX2A (Hamiaux et al. 2012). The dad2
mutants display a profuse branching phenotype like that of
dadl (CCD8) and dad3 (CCD7) biosynthetic mutants (Wani
et al. 2020). DAD?2 is responsible for locally controlling
shoot branching, as shown by grafting and genetic studies
(Hamiaux et al. 2012). DAD?2 is not involved in SL biosyn-
thesis, as confirmed by the study of dad2 mutants. When the
biosynthetic mutant was grafted onto wild-type rootstocks, it
reverts back to branching phenotype. The dad2 mutant, how-
ever, is not graft revertible. Hence, it indicates that DAD2
is not involved in the synthesis of graft-transmissible hor-
mone (Hamiaux et al. 2012).

The HvDI14 gene in Hordeum vulgare encodes the SL
receptor, which consists of two exons and a 1055-bp coding
sequence (Marzec et al. 2016). The HvD14 protein of 303-
amino acid possesses the conserved a/f-hydrolase domain
between amino acids 57 and 295 and shows significant
structural resemblance, high sequence conservation, and
comparable secondary domains to the rice D14 ortholog
(Kagiyama et al. 2013). In hvd14.d mutants, a substitution
of Glu for Gly at position 193 is observed, which is present
in the aD2 a-helical domain forming the cap surrounding
the active site along with aD1, aD3, and aD4 (Kagiyama
et al. 2013)).

According to Zheng et al. (2016), the woody peren-
nial plant Populus trichocarpa has two highly similar
homologs, PtDI14a and PtD14b, with a 91.7% identity.
PtD14a shares 79% identity and 89.1% similarity with
AtD14, while PtD14b shares 77.5% identity and 89.1%
similarity with AtDI4 (Zheng et al. 2016). The catalytic
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triad Ser-His-Asp, which is crucial for receptor function,
is conserved in both PtDI14 homologs at positions 96,
246, and 217. The gene expression level of PtDI4a in
comparison with PtD14b has higher transcript levels and
both the homologs show minimum co-expression levels
(Zheng et al. 2016). Identifying the potential SL receptors
in parasitic weeds posed a challenge due to the difficulty
in genetically dissecting the relevant phenotypes (Toh
et al. 2015; Tsuchiya et al. 2015). However, subsequent
studies revealed that a group of o/f-hydrolases, known
as ShKAI2s/ShHTLs (Striga hermonthica) KARRIKIN
INSENSITIVE2/HYPOSENSITIVE TO LIGHT), act
as SL receptors through SL hydrolysis and SL-induced
seed germination, with these hydrolases being D14 para-
logs (Conn et al. 2015; Toh et al. 2015; Yao et al. 2017).
Among these paralogs, ShtHTL7 serves as the most active
receptor of SL in Striga (Conn et al. 2015; Yao et al. 2017).
Similar to AtD14, during CLIM formation, ShtHTL7 goes
through a conformational change, which facilitates signal
transduction through its interaction with MAX2/ShMAX?2
(Yao et al. 2017).

Conclusion and Future Prospective

Strigolactones and their derivatives are a group of phy-
tohormones which are derived from an intermediate
molecule of carotenoid biosynthetic pathway. They are
composed of a tricyclic lactone ABC-ring which relates
to a D-ring butenolide moiety through enol-ether bridge.
Their chemical nature is highly diverse. Since their dis-
covery in 1966 as stimulant of Striga seed germination and
rediscovery in 2008 as a new class of phytohormone, the
biosynthesis of SL remains a hot topic among research-
ers. Molecular analysis via genetics and transcriptom-
ics mainly on A. thaliana and O. sativa L. helped in the
identification of main components. Although a signifi-
cant knowledge has been gained over the past few years
related to SL biosynthesis and signaling cascade, however,
there must be several other unidentified genes which are
involved as the nature of SLs is diverse. Thus, it will be of
importance to identify and characterize them as this will
help to create deep and better understanding and further
helps to study the bioactive role of SLs in living organ-
isms. The information regarding the mechanism involved
in the SCF-mediated polyubiquitination of targeted protein
is scarce and requires intensive study. The SCF complex
lacks specificity, so how it differentiates between its target
proteins is still need detailed investigation. Although cata-
lytic triad domain in receptor of SL is conserved in diverse
plant species, whether these receptors in plants are similar
to SL receptors in AMF or not is still a question.
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