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Strigolactones (SLs), a group of plant secondary metabolites, play an important role as a
host recognition signal for symbiotic arbuscular mycorrhizal (AM) fungi in the rhizosphere.
SLs promote symbioses with other beneficial microbes, including root nodule bacteria. Root
parasitic weeds also take advantage of SLs as a clue to locate living host roots. In plants, SLs
function as plant hormones regulating various growth and developmental processes includ-
ing shoot and root architectures. Plants under nutrient deficiencies, especially that of phos-
phate, promote SL production and exudation to attract symbionts and to optimize shoot and
root architecture.

Plants produce various organic chemicals.
Primary metabolites including nucleic acids,

amino acids, sterols, etc., are present in all plant
species and functioning in basicmetabolisms. In
contrast, some of secondary metabolites—often
produced only in very small quantities and rap-
idly disappear—had been hypothesized to be
inessential for plant growth and development.
However, highly sensitive analytical methods
enabled us to realize the importance of such
secondary metabolites as chemical signals with
which plants, sessile organisms, can adapt their
sensitivity to everchanging and stressful envi-
ronments.

Plants need inorganic nutrients for their
survival but they are very often subjected to nu-
trient-limited conditions. One of the strategies
for overcoming such a difficulty, plants have de-
veloped several types of symbiotic relationships
with microbes to acquire nutrients. Plants ob-
tain nutrients from microorganisms and, in

turn, supply carbohydrates to them. Plants do
not need symbiotic microbes when satisfactory
nutrient-rich conditions exist. Therefore, to reg-
ulate symbiotic relationships, plants produce
and release chemical signals.

The intimate relationship of leguminous
plants and nitrogen (N)-fixing rhizobacteria is
awell-known symbiosis for legumes to obtainN,
one of essential macronutrients. As shown in
Figure 1, this symbiosis is initiated by the spe-
cific chemical signals, flavonoids exuded from
roots of N-limited legume plants. Only the com-
patible rhizobia partners sense the specific fla-
vonoid molecules and induce the expression of
nod genes, which stimulate production and
exudation of the signals, specific lipochito-oli-
gosaccharides named nodulation (Nod) factors.
Then, Nod factors released from the rhizobia
induce molecular and physiological changes in
the plants (Kouchi et al. 2010; Venkateshwaran
et al. 2013), which will be explained later in de-
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tail. Root nodules fix atmospheric N2 into am-
monia, readily available form of N to plants.

Arbuscular mycorrhizal (AM) fungus is an-
other important symbiotic partner for plants.
AM fungi form symbiotic relationships with
>80% of land plants and they supply nutrients
especially phosphate to host plants. Strigolac-
tones (SLs) are key chemical signals for the
plant–AM fungi symbiotic relationship, and
the objective of this article is to understand
how plants use SLs to ameliorate nutrient defi-
ciencies.

The discovery of biological functions of SLs
is quite dramatic and SLs are nowwidely accept-
ed asmultifunctionalmolecules. In this review, a
brief history of SL research is introduced to un-
derstand various biological functions of SLs.
Then, structural diversity, biosynthetic pathway,
perception, and signal transduction, regulation
of SL production/exudation by nutrient avail-

ability, and possible application of SLs for agri-
cultural production is explained.

THE DAWN OF THE STRIGOLACTONE
STORY

The history of SLs began with the isolation of
strigol (Fig. 2), the first natural SL, as a germina-
tion stimulant ofwitchweed (Striga lutea), a dev-
astating root parasitic weed (Cook et al. 1966).

Approximately 1% of angiosperms (3500 to
4000 species) are parasitic plants that depend on
their host plants for the supply of part or all of
their needs of water, minerals, and photosyn-
thates (Nickrent et al. 1998). Depending on
the site of attachment, parasitic plants are divid-
ed into two groups: stem and root parasites. The
root parasites attach to the roots of host plants
and spend most of their lifecycle underground.
There are two important root parasitic weeds,
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Figure 1.Nodule development in leguminous plants. The nodule development in leguminous plants commences
by organic chemical signal flavonoids exuded from roots of plants subjected to nitrogen (N) deficiency. Then,
nodulation (Nod) factor signals, lipochitooligosaccharides released from Rhizobia induce molecular and phys-
iological changes of plants to form nodules. Strigolactones (SLs) seem to be related to nodule formation and
transcription factors for nodule formation influence SL biosynthesis (see other beneficial functions of SLs in the
rhizosphere).
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witchweeds (Striga spp.) and broomrapes (Oro-
banche and Phelipanche spp.) of Orobancha-
ceae, causing significant damages to agricultural
production all over the world.

Striga spp. are hemiparasites, having func-
tional chloroplasts but obligate parasites, which
cannot complete their lifecycle without parasit-
izing their hosts. They parasitize mainly mo-
nocotyledonous crops, for example, maize,
sorghum, millet, sugarcane, and upland rice in
tropical areas. The United Nations estimates
that Striga is the major constraint to crop pro-
duction in sub-Saharan Africa causing average
yield losses of 40%, but total crop failure is com-
mon (Ejeta and Gressel 2007).

Orobanche and Phelipanche spp. are holo-
parasites, lacking chlorophylls and completely
depend on host plants. Their host and habitat
ranges are quite wide and they parasitize dicot-
yledonous crops, including legumes, tomato,
sunflower, oilseed rape, etc. in temperate areas.
The areas threatened by Orobanche and Pheli-
panche, as estimated in 1991, are 16 million
hectares in the Mediterranean and west Asia
(Parker 2009).

The problems caused by these root parasitic
weeds are not only a significant reduction of
crop production but also the limitation of crop
transportation. Serious root parasites are classi-
fied as quarantine weeds in most countries, and
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Figure 2. The structures of natural strigolactones (SLs) and synthetic analog GR24.

Strigolactone Nutrient Acquisition Strategy

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034686 3

 on April 18, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


thus infested lands must be strictly isolated and
the crops harvested there cannot be exported
when even a single root parasite is found in
the area.

A single root parasite can produce up to half
a million tiny seeds that are half the size of Ara-
bidopsis (approximately 0.3 mm to 0.5 mm).
They can survive decades in soils, waiting for
their preferable crop hosts. The tiny seeds of
root parasites with limited food stock will die
unless they can parasitize suitable host roots
within a few days after germination. An inge-
nious survival strategy of the root parasites is
that the seeds can germinate only when they
perceive germination stimulants released from
host roots.

Strigol was isolated as a germination stimu-
lant for Striga from root exudates of cotton, a
nonhost of Striga. Later, strigol was identified in
the root exudates of genuine Striga hosts, sor-
ghum, maize, and common millet (Siame et al.
1993), although recent studies could not con-
firm the production of strigol by these plant
species. Orobanchol (Fig. 2) is the first isolated
germination stimulant for Orobanche from root
exudates of red clover (Yokota et al. 1998). These
strigol-related compounds are collectively called
SLs (Butler 1995). The characteristic structures
of SLs will be explained in the section on struc-
tural diversity.

DISCOVERY OF SLs AS A HOST
RECOGNITION SIGNAL FOR AM FUNGI

Why do plants exude SLs to attract their ene-
mies, root parasitic weeds? Akiyama et al. (2005)
first answered this question by showing that SLs
function as a host recognition signal for AM
fungi. It seems that the root parasites evolved
to take advantage of SLs exuded for the symbi-
onts as germination stimulants to recognize the
presence of living host roots.

Spores of AM fungi can spontaneously ger-
minate and extend hyphae, which then show
extensive hyphal branching only when they per-
ceive hyphal branching factors released from
host roots (Giovannetti et al. 1993). 5-Deoxy-
strigol (5DS) was the first isolated and charac-
terized SL from root exudates of Lotus japonicas,

which induces extensive hyphal branching, a
critical morphogenetical change in host recog-
nition by AM fungi (Akiyama et al. 2005). These
investigators also showed that other natural SLs,
sorgolactone and strigol, and the synthetic SL
analog GR24 (Fig. 2) induce extensive hyphal
branching in germinating spores of the AM fun-
gus Gigaspora margarita at very low concentra-
tions. Besserer et al. (2006) showed that GR24
also stimulates spore germination and hyphal
branching of Glomus intraradices and Glomus
claroideum through rapid increase of mitochon-
drial density and respiration.

Experiments with SL-deficient mutants
showed that SLs are essential signaling factors
for plants to form symbiotic relationships with
AM fungi. SL-deficient mutants show signifi-
cantly reduced AM colonization and exoge-
nously applied GR24 to these mutants partially
restores the colonization level (Gomez-Roldan
et al. 2008; Yoshida et al. 2012). Petunia hybrida
pdr1 (ABC subtype G transporter) mutants de-
fective in SL exudation from their roots show
reduced AM colonization (Kretzschmar et al.
2012).

Not only for commencement of AM sym-
biosis, SLs appear to be necessary for the expan-
sion of root colonization. The time course
observation in the SL-deficient rice mutants
during the early mycorrhizal stages indicated
that most of the colonization process is normal
but hyphopodium formation is severely attenu-
ated in the mutants (Kobae et al. 2018). The
efficient formation of a hyphopodium leads to
the hyphal entry into roots and SLs regulate this
process as well.

Not only SLs themselves, the SL receptor is
involved in establishing AM symbiosis. The F-
box protein in rice DWARF3 (D3) functions in
SL signal transduction (see Fig. 3) and d3 mu-
tant is unable to perceive SLs. Although d3mu-
tants can produce and exude SLs, they show
strong defects in AM fungal colonization (Yo-
shida et al. 2012). Since expression of AM-in-
ducible marker genes was almost abolished, the
molecular responses to AM fungi are dramati-
cally reduced in d3mutants. A similar phenom-
enon was observed in garden pea (Pisum
sativum L.) (Foo et al. 2013). These results sug-
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gest that SL signal transduction is also essential
for AM colonization although the precise mech-
anism remains elusive.

FURTHER DISCOVERY AS A NEW CLASS
OF PLANT HORMONE

Plants exude SLs not for the root parasites but
for AM fungi to promote symbiosis. However,
even nonhost plants of AM fungi produce SLs
(Yoneyama et al. 2008), suggesting that SLs have
some biological functions other than host rec-
ognition signal for AM fungi.

Two research groups independently report-
ed at the same time that SLs function as a novel

class of plant hormones inhibiting lateral shoot
branching by showing that levels of SLs were
significantly lower in the mutant plants with
excessive shoot branching and application of
SLs rescued this phenotype (Gomez-Roldan
et al. 2008; Umehara et al. 2008).

Then, new functions of SLs as plant hor-
mones regulating shoot and root architecture
have successively been discovered by using the
SL-deficient mutants; the phenotypes of SL-
deficient mutants can be rescued by application
of GR24. The roles of SLs in plant development
are summarized in Figure 4.

Plants uptake mineral nutrients from soils
by root organs, and thus regulation of root ar-
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Figure 3. Strigolactone (SL) perception and signaling in shoot branching inhibitory activity (A) and structural
requirements of SLs for three biological activities (B). As in B, Takahashi and Asami (2018) summarized the
structural features of SLs for these activities. The structure essential for the activity is highlighted in red.
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chitecture via SL production is one of important
strategies to improve nutrient acquisition. Aux-
in, one of plant hormones, has been shown to
modulate root architecture and effects of SLs on
root growth appear to be dependent on the aux-
in status of plants (Kapulnik et al. 2011; Koltai
2011; Ruyter-Spira et al. 2011). Therefore, deci-
phering SL–auxin cross talk is expected to unveil
mechanisms underlining the regulation of root
development.

OTHER BENEFICIAL FUNCTIONS OF SLs
IN THE RHIZOSPHERE

SLs positively affect not only AM fungi but also
rhizobia. Application of GR24 promoted nodule
formation in Medicago sativa. Since GR24 did
not affect bacterial growth and nod gene expres-
sion, this positive effect of SL on Nod would be
attributed to the regulation of SL biosynthesis
and metabolism or other plant hormone levels
in plants (Soto et al. 2010). In fact, SL-deficient
pea mutants have less nodules than wild types
(WTs) and GR24 elevates nodule number in the

mutants (Foo and Davies 2011). McAdam et al.
(2017) showed that no major differences in the
profile or level of flavonoids in SL-deficient pea
mutants and the mutants also display a similar
ability to induce root hair curling but signifi-
cantly fewer infection thread formation as com-
pared with WT plants. These results indicate
that SLs are involved in the formation of infec-
tion thread (Fig. 1).

Ethylene has a role in infection thread for-
mation (Ferguson et al. 2019). De Cuyper et al.
(2015) found that GR24 promotes Nod ofMed-
icago truncatula but not affect ethylene-insensi-
tive mutants, suggesting that ethylene signaling
is required for the regulation of Nod by SLs.
However, SL-deficient and ethylene-insensitive
double mutants display essentially additive phe-
notypes, suggesting that SLs influence Nod in-
dependently of ethylene action (McAdam et al.
2017). Rehman et al. (2018) also showed that SL
biosynthetic gene knockdown transgenic hairy
roots of soybean (Glycine max) display de-
creased nodule numbers and expression levels
of several genes required for nodule develop-
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Figure 4. The roles of strigolactones (SLs) in plant development. SLs promote (blue arrows) or inhibit (red bars)
various plant growth and developmental processes. These roles have been mainly shown in pea (A), Arabidopsis
(B), and rice (C) with SL-deficientmutants. The SL-deficientmutants display a reduced cambiumactivity (Agusti
et al. 2011), delayed leaf senescence (Snowden et al. 2005; Yamada et al. 2014), reduced internode length (de Saint
Germain et al. 2013), round leaf shapes (Scaffidi et al. 2013), and enhanced adventitious rooting (Rasmussen et al.
2012). In root growth, SL-deficient mutants show enhanced lateral root formation (Kapulnik et al. 2011), short
primary root length (Ruyter-Spira et al. 2011) and short crown root (Arite et al. 2012). These phenotypes are
rescued by GR24 treatment.
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ment. In addition, levels of abscisic acid (ABA)
and jasmonic acid (JA) increased but that of
auxin significantly decreased. These studies sug-
gest that SLs influence Nod via cross talk with
other plant hormones (Fig. 1).

Many of the AM symbiosis-impaired mu-
tants identified from legumes are also defective
in rootNod and it was shown that AM symbiosis
and Nod share the common symbiotic signaling
pathway (Parniske 2008). NSP1 (nodulation sig-
naling pathway1) and NSP2 are transcription
factors downstream from this signaling pathway,
essential for rhizobia Nod factor-induced nod-
ulation (Fig. 1). NPS1 and NPS2 are also indis-
pensable for SL biosynthesis in legumes as well
as nonlegume rice; nsp1 and nsp2mutants show
reduced SL levels (Liu et al. 2011). Furthermore,
expression of SL biosynthetic genes is elevated
by application of rhizobiumNod factors and this
elevation is not observed in signaling mutants
(van Zeijl et al. 2015). In SL-deficient pea mu-
tants, expression of these signaling genes was
down-regulated (McAdam et al. 2017). These
results suggest that symbiotic common signals
are indispensable for SL biosynthesis and Nod
factors may induce SL biosynthesis.

Plants always encounter attacks of patho-
genic microbes. SLs have been shown to posi-
tively or negatively influence the growth of
pathogenic microbes, although there are confus-
ing inconsistencies in effects ofGR24 application.
Different concentrations ofGR24 anddifferent in
vitro growth conditions may cause conflicting
results. However, experiments with SL biosyn-
thetic knockdown/knockout mutants clearly
showed that SLs are related to resistance against
pathogenic fungi; SL-deficient tomato (Torres-
Vera et al. 2014) and moss (Physcomitrella pat-
ens) (Decker et al. 2017) were more infected by
pathogenic fungi as compared with their WTs
and the application of GR24 increased the resis-
tance of the mutants andWT to the fungi (Tor-
res-Vera et al. 2014; Decker et al. 2017).

STRUCTURAL DIVERSITY

To date, more than 30 natural SLs have been
identified and can be classified into two struc-
turally distinct groups: canonical and nonca-

nonical SLs (Al-Babili and Bouwmeester 2015;
Yoneyama et al. 2018b). Canonical SLs contain
the ABCD ring system as in the first isolated SL
strigol, and noncanonical SLs lack the A, B, or C
ring but have the enol ether–D ring moiety (Fig.
2), which is essential for biological activities (see
Fig. 3). This enol ether–Dring structure is chem-
ically unstable and easily decomposes, which is
suitable forAM fungi and root parasitic plants to
find their living host roots in the vicinity.

Canonical SLs can be further divided into
two groups according to the C-ring stereochem-
istry, strigol-type and orobanchol-type (Fig. 2),
which have a β- and α-oriented C-ring, respec-
tively (Xie et al. 2013; Al-Babili and Bouw-
meester 2015; Yoneyama et al. 2018b). All plant
species examined so far have been shown to ex-
ude mixtures of several SLs and, in general,
plants produce either strigol- or orobanchol-
type SLs as their major SLs. For example, pea
plants produce orobanchol-type SLs including
orobanchol, orobanchyl acetate, and fabacyl ac-
etate (Fig. 2). In contrast, major SLs produced
and exuded by Chinese milk vetch (Astragalus
sinicus) are strigol-type SLs, sorgomol, and 5DS
(Fig. 2). So far, orobanchol-type SLs appear to be
more widely distributed in the plant kingdom
(Yoneyama et al. 2018b), although only limited
number of plant species have been examined for
characterization of their SLs. The reason why
plants produce strigol- and/or orobanchol type
SLs remains elusive.

Orobanchol and orobanchyl acetate are
widely distributed in Fabaceae plants including
red clover, soy, alfalfa, etc. (Yoneyama et al.
2008), and also in the Asteraceae plants includ-
ing lettuce, marigold, safflower, etc. (Yoneyama
et al. 2011). These SLs are also found from rice
(Poaceae) but not in Chinese milk vetch (Faba-
ceae) or cosmos (Asteraceae). Fabacyl acetate
was first isolated from root exudates of pea
(Xie et al. 2009) and this SL is not detected
from the other Fabaceae plants except for fava
bean. Solanacol was originally isolated from root
exudates of tobacco (Xie et al. 2007) and was
detected in other Solanaceae plants including
tomato, potato, and eggplant but not in the other
plant species. Noncanonical SLs, avenaol (Kim
et al. 2014), heliolactone (Ueno et al. 2014), and
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zealactone (Charnikhova et al. 2017; Xie et al.
2017) were isolated from root exudates of oat,
sunflower, and maize, respectively (Fig. 2), and
these SLs have not been detected from the other
plants examined so far. Therefore, some SLs are
specific to particular plant species and plant
families. It is intriguing to understand why
plants produce and exude mixture of SLs.

Interestingly, SL compositions sometimes
differ among cultivarswithin the sameplant spe-
cies (Yoneyama et al. 2011). In sorghum, large
differences in SL compositions have been ob-
served between cultivars resistant and suscepti-
ble to the root parasite Striga hermonthica. Striga
resistant cultivars exude orobanchol as a major
SL, whereas 5DS is the major SL produced by
susceptible cultivars (Mohemed et al. 2016). It
was also shown by these same investigators that
5DS is highly active Striga germination stimu-
lant, whereas orobanchol is a very weak one.
These results suggest that qualitative differences
of SLs determine the susceptibility/resistance to
the root parasitic weed. In contrast, although the
distinctive difference in SL composition was
observed between Striga resistant/susceptible
maize cultivars, the levels of AM colonization
and the community compositions were not dif-
ferent between the cultivars (Yoneyama et al.
2015). The same phenomenon was observed in
sorghum cultivars (Gobena et al. 2017). These
results imply that the traits involved in Striga-
resistancewouldnotnecessarily be accompanied
by the reduction in compatibility to AM fungi.

SL BIOSYNTHETIC PATHWAY

The genes of SL biosynthesis and perception/
signaling were namedMAX (MOREAXILLARY
GROWTH) in Arabidopsis, D (DWARF) in rice,
RMS (RAMOSUS) in pea, and DAD (DE-
CREASED APICAL DOMINANCE) in petunia
(Dun et al. 2009; Beveridge and Kyozuka 2010;
Al-Babili and Bouwmeester 2015).

As shown in Figure 5, the core pathway of SL
biosynthesis starts from all-trans-β-carotene,
which is converted into 9-cis-β-carotene by an
isomerase D27. 9-cis-β-carotene is converted by
sequential reactions of carotenoid cleavage di-
oxygenase7 (CCD7) and CCD8 into carlactone

(CL), the first SL-backbone molecule (Alder
et al. 2012).

D27 was first cloned from rice as a gene-
encoding an iron-binding protein with un-
known catalytic function (Lin et al. 2009) and
AtD27 was identified as an ortholog of rice D27
inArabidopsis (Waters et al. 2012a), which func-
tions as an isomerase. Shoot branching pheno-
type of d27 mutants in rice and Arabidopsis is
milder than the other SL-related mutants (Lin
et al. 2009; Waters et al. 2012a). Other D27-like
proteins exist in rice, Arabidopsis, and the
other plant species (Waters et al. 2012a; Jia
et al. 2018). These results suggest that D27 ho-
mologs function in the formation of 9-cis-β-car-
otene or other precursors for the later steps of SL
biosynthesis.

CCD7 genes identified are single copy,
whereas rice, maize, and sorghum have four,
two, and six copies of CCD8, respectively (Val-
labhaneni et al. 2010). CCD8 copies can be
divided into two groups CCD8a and CCD8b
by phylogenetic tree analysis. The conversion
of 9-cis-β-10-carotenal into CL is catalyzed by
CCD8a. The function of CCD8b remains elusive
and Arabidopsis does not have CCD8b (Wang
and Bouwmeester 2018).

CL was originally discovered in an Escheri-
chia coli in vitro system (Alder et al. 2012) and
later shown to be an endogenous precursor of
canonical and noncanonical SLs in Arabidopsis
and rice (Seto et al. 2014). In Arabidopsis,max1
mutants with highly shoot branching phenotype
significantly accumulate CL, indicating CL is
just an intermediate of SL biosynthesis but not
a true shoot branching inhibitor (Abe et al. 2014;
Seto et al. 2014). Moss CCD7 and CCD8 in vitro
convert 9-cis-β-carotene into CL, suggesting
that this early stage of SL biosynthesis is evolu-
tionarily conserved between lower and higher
plants (Decker et al. 2017).

In Arabidopsis, cytochrome P450 monoox-
ygenase MAX1 (CYP711A in the P450 family)
catalyzes the oxidation of the C-19methyl group
of CL to produce carlactonoic acid (CLA), and
CLA is converted by unknown methyl transfer-
ase into methyl carlactonoic acid (MeCLA)
(Abe et al. 2014). AmongCL, CLA, andMeCLA,
only MeCLA can interact with the SL receptor
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D14, suggesting that MeCLA may be a true
shoot branching inhibitor. However, LATERAL
BRANCHING OXIDOREDUCTASE (LBO), a
gene encoding an oxidoreductase-like enzyme
of the 2-oxoglutarate and Fe(II)-dependent di-
oxygenase superfamily was identified by using
reverse genetics; LBO was found to be coex-
pressed with other SL biosynthetic genes and
lbo mutants display enhanced shoot branching
(Brewer et al. 2016). LBO was found to convert
MeCLA into a compound with (MeCLA+ 16)
Dawhose structure remains elusive as a result of
its instability (Brewer et al. 2016).

Among four MAX1 homologs, one MAX1
homolog CYP711A2/Os900 catalyzes the B-C
ring closure and stereoselective conversion of
CL into 4DO, a major SL in rice (Zhang et al.

2014). Subsequently, another MAX1 homolog,
CYP711A3/Os1400 catalyzes the hydroxylation
of 4DO into orobanchol (Zhang et al. 2014).
Both of these rice MAX1s also convert CL to
CLA as does Arabidopsis MAX1 (Yoneyama
et al. 2018a).

The later steps of SL biosynthetic pathway
remain elusive.MAX1 and LBO appear to be key
enzymes for the production of structurally di-
verse SLs. The biochemical functions of MAX1
and LBO may vary with plant species.

SL PERCEPTION AND SIGNALING

SLs function for at least three classes of organ-
isms, plants, root parasitic plants, andAM fungi,
and perception of SLs and signaling pathway
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Figure 5. The biosynthetic pathway of strigolactones (SLs). Genes and their encoded proteins are shown.
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have been extensively studied in plants and root
parasitic plants.

The SL receptor in plants, D14 in rice (Arite
et al. 2009), Atd14 in Arabidopsis (Waters et al.
2012b), DAD2 in petunia (Hamiaux et al. 2012),
and RMS3 in pea (de Saint Germain et al. 2016)
were characterized (Fig. 3A). The receptor D14,
having a strictly conserved Ser-His-Asp catalytic
triad, belongs to α/β-hydrolase superfamily and
unusually functions not only as a receptor but
also as a hydrolysis enzyme (Hamiaux et al.
2012; Nakamura et al. 2013). Yao et al. (2016)
and de Saint Germain et al. (2016) suggested by
crystallographic studies that D14 cleaves SLs
into the ABC-ring and D-ring moieties, and
the D-ring covalently binds to the receptor
pocket and triggers the association of the recep-
tor with the F-box protein. In contrast to this
mechanism, Seto et al. (2019) recently suggested
that intact SL molecules trigger the D14 active
signaling state and D14 deactivates bioactive SLs
by the hydrolytic degradation after signal trans-
mission.

SL signal transduction proceeds in a mech-
anism similar to that occurs in other plant hor-
mones; SL responses require the F-box protein
MAX2 whose gene was first cloned inArabidop-
sis (Stirnberg et al. 2002; see Fig. 3A for MAX2
orthologs in other species). Intriguingly, MAX2
also mediates responses to karrikins (KARs), a
family of butenolide compounds found in
smoke, which induce seed germination after
fire (Flematti et al. 2004; Nelson et al. 2011).
Furthermore, KAR responses in Arabidopsis re-
quire KARRIKIN INSENSITIVE 2 (KAI2), a
paralog of D14. In the root parasitic weed Striga,
KAI2 and KAI2 paralogs function as the SL re-
ceptors (Conn et al. 2015; Toh et al. 2015; Tsu-
chiya et al. 2015).

The SL receptor in AM fungi is not known.
AM fungus Rhizophagus irregularis appears to
contain no clear homologs of either D14 or
MAX2 (Tisserant et al. 2013; Waters et al.
2017), suggesting that mycorrhizal SL receptor
is different from that in plants. Although all
canonical SLs except 5DS have been isolated as
germination stimulants for root parasites and
are active as hyphal branching factors for AM
fungi (Akiyama et al. 2010), structural require-

ments of SLs appear to be similar but not iden-
tical in each biological activity (Fig. 3B). GR5
lacking the A- and B-ring of GR24 is almost
inactive in hyphal branching of G. margarita
(Akiyama et al. 2010), whereas GR5 is as active
as GR24 in shoot branching inhibition of pea
(Boyer et al. 2012). In hyphal branching, nonca-
nonical SLs are generally less active than canon-
ical SLs except for CLA (Mori et al. 2016). These
results suggest that the ABC-ring moiety is im-
portant for hyphal branching activity of SLs in
AM fungi (Fig. 3B).

Orobanchol and strigol are canonical SLs
with a hydroxyl group at different positions
and opposite C-ring stereochemistry (Fig. 2).
In the hyphal branching of G. margarita, oro-
banchol is 100-fold more active than strigol
(Akiyama et al. 2010). Further studies are need-
ed to clarify the effects of SLs on various species
of AM fungi and on their colonization of plant
roots in the fields.

REGULATION OF SL PRODUCTION AND
EXUDATION BY NUTRIENT AVAILABILITY

N deficiency and especially phosphorus (P) de-
ficiency significantly promote SL production/
exudation. Plants under nutrient deficiencies
enhance SL production and exudation to pro-
mote mycorrhizal symbiosis for better nutrient
acquisition and suppress lateral shoot branching
to save the growth energy.

As described earlier, orobanchol was isolat-
ed as a germination stimulant of Orobanche mi-
nor, clover broomrape, from root exudates of red
clover (Yokota et al. 1998). It took 8 years to
isolate pure orobanchol in amounts enough
for structural determination. These investi-
gators grew many red clover seedlings to collect
root exudates containing germination stimu-
lants. Red clover plants grew well under nutri-
ent-rich conditions; however, germination
stimulant activity of root exudates significantly
reduced (Yoneyama et al. 2001). Then, it was
found that deficiency of P but not N, potassium,
calcium, or magnesium significantly promotes
orobanchol exudation in red clover (Yoneyama
et al. 2007b). Now it is widely accepted that P
deficiency enhances SL production and exuda-
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tion. In rice, a negative correlation between SL
levels in roots and the numbers of tillers was
observed (Umehara et al. 2010).

In the case of sorghum, N deficiency as well
as P deficiency remarkably promotes SL produc-
tion and exudation (Yoneyama et al. 2007a).
Such a difference in response of SL production
and exudation to nutrient deficiencies between
red clover and sorghum is owing to their differ-
ent reliabilityonAMfungi forNacquisition.Red
clover is a leguminous plant and can obtain N
from symbiosis with root nodule bacteria. In
contrast, nonlegume sorghum depends on AM
fungi for the supply of both N and P, although
contribution of AM fungi is significantly larger
inP supply than in that ofN (Govindarajulu et al.
2005). As expected, a legume alfalfa (M. sativa)
enhanced SL production and exudation only un-
der P deficiency, whereas nonlegume lettuce
(Lactuca sativa) and marigold (Tagetes patula)
responded to both N and P deficiencies. Howev-
er, unexpectedly, a legume Chinese milk vetch
(A. sinicus) enhanced SL production and exuda-
tion under N deficiency as well as P deficiency
and the nonlegume tomato (Solanum lycopersi-
cum) did not respond to N deficiency (Fig. 6;
Yoneyama et al. 2012). From these results, re-
sponses in SL production and exudation to nu-
trient availability are not directly related to the
plant’s ability to form symbiotic relationships
with rhizobia.

Although canonical SLs were detected from
root exudates of a legume white lupin (Lupinus
albus), a host of rhizobia but nonhost of AM
fungi, neither P nor N deficiency increased SL
exudation in this plant (Yoneyama et al. 2008).
It is reasonable that nonhost plants of AM fungi
do not promote SL exudation under nutrient
deficiency. However, even nonhost plants would
enhance SL production to regulate shoot and
root architecture under nutrient deficiency.
Kohlen et al. (2011) showed in Arabidopsis, a
nonhost of AM fungi, that P deficiency pro-
moted SL production and suppressed shoot
branching.

Expression of SL biosynthetic genes, D27,
D10, D17, and CYP711 is up-regulated in rice
roots by P deficiency (Umehara et al. 2010).
Sulfur (S) deficiency also promotes SL produc-
tion and exudation and only D27 is strongly
expressed (Shindo et al. 2018). S is also supplied
by AM fungi (Smith and Read 2008). These
results suggest that D27 may play an important
role in effective S acquisition via AM symbiosis
(Shindo et al. 2018). AM fungi supply other
mineral nutrients including zinc, copper, etc.
So far, there are no reports if these mineral de-
ficiencies affect SL production and exudation.
Different plant species may respond to different
nutrient deficiencies. The detailed mechanisms
of regulation of SL production/exudation by nu-
trients need to be elucidated in the future.

Red clover

Alfalfa

Tomato

Solanaceae

Asteraceae

Fabaceae

White lupin

Neither –N nor –P enhanced SL exudation

–N as well as –P
enhanced SL exudation

–P enhanced
SL exudation

Pea

Chinese milk vetch

Marigold

Rice

Maize

Sorghum

Wheat

Poaceae

Lettuce

Figure 6. Summary of strigolactone (SL) responses to nutrient availabilities. Plants are classified into three groups
according to their responses in SL exudation to nutrient deficiencies.
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APPLICATION OF SLs TO AGRICULTURAL
PRODUCTION

Recent reports shed a new light on the manage-
ment of serious problems caused by root para-
sitic weeds. Gobena et al. (2017) identified the
gene responsible for regulating Striga resistance
in sorghum, LOW GERMINATION STIMU-
LANT1 (LGS1). Sorghum plants with loss-of-
function mutations in LGS1 produce and exude
orobanchol instead of 5DS, a major SL of Striga
susceptible WT sorghum varieties. The Striga
resistant sorghum genotype SRN39 carrying
the mutated LGS1 allele (lgs1-1) supports fewer
parasites in field plots, whereas LGS1 WT sor-
ghum is heavily infested. LGS1 seems to be a
good marker for breeding and genome editing
for other crops to obtain Striga resistance.

Suicidal germination, induction of germina-
tion of root parasites in the absence of host
plants, is one of the effective methods used to
suppress the root parasitic weeds. Uraguchi et al.
(2018) developed a femtomolar-range suicidal
germination stimulant for S. hermonthica, sphy-
nolactone-7 (SPL7), which is inactive in other
SL-related biological functions including hyphal
branching of AM fungi or inhibition of shoot
branching. Soil treatment with SPL7 at >100 pM
before maize planting could reduce emergence
of Striga and protected the crop from senescence
caused by parasitism. This compound would be
a good lead for the development of suicidal ger-
mination inducers, which effectively reduce
seed bank of Striga and other root parasitic
weeds but not affect shoot and root architectures
or AM fungi colonization.

SLs may be used to promote root coloniza-
tion by symbionts including AM fungi. For this,
it is better to develop SL agonists active only in
hyphal branching of AM fungi. On the other
hand, SL agonists active only in the regulation
of shoot architecture may be used to control
number of flowers and fruits.

CONCLUDING REMARKS

To gain further knowledge on the topics dis-
cussed in this review, please refer to excellent
reviews on biology andmanagement of root par-

asites (Joel et al. 2007), whole SL story (Xie et al.
2010), shoot branching functions of SL (Dun
et al. 2009; Beveridge and Kyozuka 2010), SL
biosynthesis (Al-Babili and Bouwmeester
2015; Jia et al. 2018), and SL perception and
signaling (Waters et al. 2017; Takahashi and
Asami 2018; Tsuchiya 2018). Many important
questions on biosynthesis, functions, and bio-
logical roles of SLs remain to be solved: Which
are key genes or enzymes determining diverse
structures of SLs? Why do plants produce and
exude mixture of SLs? These mysteries of SLs
keep attracting us. Furthermore, are root para-
sitic weeds and AM fungi rivals or friends under
nutrient-deficient conditions? Are there any
possibilities that root parasitic weeds help their
host plants, AM fungi, or the other organisms?
Further studies from different scientific ap-
proaches, for example, studies with various SL
modulators (inhibitors of perception, biosyn-
thesis, and function of SLs, SL agonists, and SL
antagonists) (Yoneyama et al. 2019) may open
the way to answer these questions.
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