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Introduction

Strigolactones: New Plant Hormones and Much More. . .

Plants produce and release various chemicals into the environment, as well as
primary and secondary metabolites. Abiotic and biotic stresses affect the composi-
tion and the amount of these compounds by promoting or suppressing their biosyn-
thesis and/or efflux.

Strigolactones (SLs) are typical examples of such signalling molecules. Plants
release only very small amounts of SLs into the soil, and these molecules decompose
rapidly in the rhizosphere. SLs can only be analysed and quantified using recently
developed highly sensitive mass spectrometry methods and were originally isolated
as germination stimulants for seeds of parasitic weeds of the family Orobanchaceae.
Therefore, these compounds were regarded as harmful secondary metabolites since
they were detrimental to the producing plant. It has been subsequently shown that
SLs act as indispensable chemical signals for root colonization by symbiotic
arbuscular mycorrhizal (AM) fungi and then became recognized as beneficial plant
metabolites.

However, only recently they were recognized as plant hormones that regulate
different aspects of plant development, among others as mediators of plant response
to abiotic conditions. This recognition led to a dramatic increase in the interest in
these new plant hormones, and to thriving research on different biological aspects of
these hormones, from different disciplinary fields including their signal transduction,
reception and biosynthesis, evolution and genetic regulation. This blooming research
unveiled both already existing and new biological concepts, such as redefinition of
plant hormones and their crosstalk, new functional diversity of receptors, evolve-
ment of plants to parasitic life habit, smoke and hormone mirrors, core signalling
pathways and even phloem transport of receptor protein. Another important aspect
of SLs is their developed synthetic chemistry and the opening of a variety of
potential applications in agriculture and medicine.
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Yet, despite the thriving scientific activity on SLs, our and other scientists’
experience suggested that many university and college students and lecturers of
plant sciences are not fully aware of SL-related sciences. As a result, these subjects
are not being properly conveyed to the next-generation scientists in many different
countries.

The above considerations led to the idea of composing a supplementary graduate
textbook that addresses teachers, lecturers and biology and agronomy students. The
challenge in undertaking the project of writing a textbook on SLs was to write a book
whose structure develops around ideas from very different disciplinary fields, rather
than presenting a sequence of facts.

We decided to organize the book into six chapters, from SL biosynthesis and
perception, to the role of SLs as plant hormones, as parasitic weed germination and
hyphal branching inducers respectively, to the chemistry and the stereochemical
aspects of natural and synthetic SLs. A full chapter has been dedicated to the
involvement of SLs in evolution aspects. Each chapter has been conceived to
stand by itself with its general introduction, which enables the reader to look deeply
into the specific aspects addressed by every single chapter. Each chapter conveys a
certain topic to allow a broad view on each of the presented subjects. Authors and
co-authors are the leading scientists in these subjects from around the world and
were able to give an accurate, deep and comprehensive view of the subjects.
Glossary and synopses that may ease comprehension of the related terms and
concepts are also included in each chapter. Given that SLs are a cutting-edge topic
nowadays and the literature updates every day, the most relevant literature references
embedded in the text enable even non-expert readers to go directly to the focus of
their interest. Illustration and figures are provided to better demonstrate the presented
topics.

Chapter 1: Strigolactone Biosynthesis and Signal
Transduction

Kun-Peng Jia, Changsheng Li, Harro J. Bouwmeester, and Salim Al-Babili

In this chapter, the authors provide an overview on the enormous progress that has
been recently made in elucidating SL biosynthesis and signal transduction. They
described the tailoring pathway from the carotenoid precursor to the central inter-
mediate carlactone, highlighting the stereo-specificity of the involved enzymes, the
all-trans/9-cis-β-carotene isomerase (D27), the 9-cis-specific CAROTENOID
CLEAVAGE DIOXYGENASE 7 (CCD7) as well as CCD8 and its unusual catalytic
activity. They then outline the oxidation of carlactone by cytochrome P450 enzymes,
such as the Arabidopsis MORE AXILLARY GROWTH 1 (MAX1), into different
SLs and the role of other enzymes in generating this diversity, and discuss why
plants produce many different SLs. This is followed by depicting hormonal and
nutritional factors that regulate SL biosynthesis and release and by a description of
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transport mechanisms. In the second part of the chapter, the authors focus on SL
perception and signal transduction, describing the SL receptor DECREASED API-
CAL DOMINANCE 2 (DAD2)/DWARF14 (D14) and its unique features, the
central function of protein degradation mediated by the F-box protein MAX2 and
its homologues. They also discuss the latest advances in understanding how SLs
regulate the transcription of target genes and the role of SMXL/D53 transcription
inhibitors.

Chapter 2: Strigolactones as Plant Hormones

Catherine Rameau, Sofie Goormachtig, Francesca Cardinale, Tom Bennett,
and Pilar Cubas

This chapter presents SL activity as a new class of plant hormones. The authors
present evidence to support a role for SLs in regulating aerial and underground plant
architecture: they repress shoot branching, promote internode elongation and height,
affect gravitropic setpoint angle, control secondary growth in stems and affect leaf
shape and leaf serration, reproductive organ size, control of flowering time, leaf
morphology and tuberization. SLs also regulate root architecture, adventitious root
development and root hair development. SLs are involved in plant response to
abiotic stress, including nutrient deprivation and osmotic stress. Also, SL crosstalk
with other plant hormones is introduced and discussed. An emphasis is being put on
“direct” interactions between SLs and other hormones, and this is rationalized in
terms of SL functionality. SLs and interacting hormones are characterized as a
systemically acting platform that regulates development and responses to soil con-
ditions. It is stated that the impact of SLs on key developmental processes, such as
plant architecture and their involvement in the acclimation of plants to environmen-
tal stresses, raises the possibility of using these hormones and signalling pathways as
agricultural tools to optimize crop plant architecture and resilience to abiotic stress.

Chapter 3: Strigolactones and Parasitic Plants

Maurizio Vurro, Angela Boari, Benjamin Thiombiano, and Harro Bouwmeester

A parasitic plant is a flowering plant that attaches itself morphologically and
physiologically to a host (another plant) by a modified root (the haustorium). Only
about 25 out of the 270 genera of parasitic plants have a negative impact on
agriculture and forestry and thus can be considered weeds. Among them, the most
damaging root-parasitic weeds belong to the genera Orobanche and Phelipanche
(commonly named broomrapes) and Striga (witchweeds) (all belonging to the
Orobanchaceae family). Considering the aim of the book, this chapter focuses only
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on this group of parasitic weeds, as in these plants SLs have a key role both in their
life cycle and in management strategies to control them. Distribution, agricultural
importance and life cycle of these parasitic weeds are briefly introduced, after which
the authors focused on the role of SLs in seed germination, parasite development,
host specificity, plant nutrition and microbiome composition. Furthermore, some
weed control approaches involving SLs are discussed.

Chapter 4: The Role of Strigolactones in Plant–Microbe
Interactions

Soizic Rochange, Sofie Goormachtig, Juan Antonio Lopez-Raez,
and Caroline Gutjahr

Plants associate with an infinite number of microorganisms that interact with their
hosts in a mutualistic or parasitic manner. Evidence is accumulating that SLs play a
role in shaping these associations. The best described function of SLs in plant–microbe
interactions is in the rhizosphere, where, after being exuded from the root, they activate
hyphal branching, enhanced growth and energy metabolism of symbiotic arbuscular
mycorrhizal fungi (AMF). Furthermore, an impact of SLs on the quantitative devel-
opment of root nodule symbiosis with symbiotic nitrogen-fixing bacteria and on the
success of fungal and bacterial leaf pathogens is beginning to be revealed. Thus far, the
role of SLs has predominantly been studied in binary plant–microbe interactions. It
can be predicted that their impact on the bacterial, fungal and oomycetal communities
(microbiomes), which thrive on roots, in the rhizosphere and on aerial tissues, will be
addressed in the near future.

Chapter 5: Evolution of Strigolactone Biosynthesis
and Signalling

Sandrine Bonhomme and Mark Waters

In this chapter, the authors present the current knowledge on when and how SLs
originated and what functions they have in non-seed plants. Although this field is
still much in its infancy, rapid advances are being made in the acquisition and
interpretation of data and information. These advances lead to several emerging
concepts that are conveyed in this chapter. The evolution of land plants is suggested
to be associated with increases in developmental complexity, brought about by
diversification of gene families and hormone signalling pathways. Good model
species for the study of early diverging land plants are the moss Physcomitrella
patens and the liverwort Marchantia polymorpha. Also, with minor exceptions, the
core enzymes for SL biosynthesis via carlactone are present in all land plants. This
suggests that SLs, or SL-like compounds, are common to all land plants. However,
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while SLs have a clear developmental/hormonal role in angiosperms, the function of
SLs in early land plants is equivocal. Some receptor enzymes that perceive SLs
and/or SL-like compounds predate land plants and have undergone substantial
duplication throughout land plant evolution, whereas others essential for SL percep-
tion in angiosperms are not required in moss. It is also presented and discussed that
parasitic weeds demonstrate evolution in action.

Chapter 6: The Chemistry of Strigolactones

Cristina Prandi and Christopher S. P. McErlean

SLs are a group of small molecules which were first reported after isolation from the
root exudates of cotton in 1966. These compounds were potent germination stimu-
lants of the parasitic witchweed (Striga lutea Lour.), which has an economically
devastating effect on many important crops. As such, SLs captured the attention of
chemists who sought to (1) determine the structures of these molecules, (2) synthe-
size the molecules and (3) synthesize molecules that mimic the biological actions of
natural SLs. This chapter highlights the progress that has been made in each of these
areas, which can collectively be categorized as “the chemistry of SLs”.
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Chapter 1
Strigolactone Biosynthesis and Signal
Transduction

Kun-Peng Jia, Changsheng Li, Harro J. Bouwmeester, and Salim Al-Babili

Abstract Strigolactones (SLs) are a group of carotenoid derivatives that act as a
hormone regulating plant development and response to environmental stimuli. SLs
are also released into soil as a signal indicating the presence of a host for symbiotic
arbuscular mycorrhizal fungi and root parasitic weeds. In this chapter, we provide an
overview on the enormous progress that has been recently made in elucidating SL
biosynthesis and signal transduction. We describe the tailoring pathway from the
carotenoid precursor to the central intermediate carlactone, highlighting the stereo-
specificity of the involved enzymes, the all-trans/9-cis-β-carotene isomerase (D27),
the 9-cis-specific CAROTENOID CLEAVAGE DIOXYGENASE 7 (CCD7), as
well as CCD8 and its unusual catalytic activity. We then outline the oxidation of
carlactone by cytochrome P450 enzymes, such as the Arabidopsis MORE AXIL-
LARY GROWTH 1 (MAX1), into different SLs and the role of other enzymes in
generating this diversity, and discuss why plants produce many different SLs. This is
followed by depicting hormonal and nutritional factors that regulate SL biosynthesis
and release, and by a description of transport mechanisms. In the second part of our
chapter, we focus on SL perception and signal transduction, describing the SL
receptor DECREASED APICAL DOMINANCE 2 (DAD2)/DWARF14 (D14) and
its unique features, the central function of protein degradation mediated by the F-box
protein MAX2 and its homologs. We also discuss the latest advances in understand-
ing how SLs regulate the transcription of target genes and the role of SMXL/D53
transcription inhibitors.

Keywords Strigolactone biosynthesis · Carotenoids · D27 · CCD7 · CCD8 ·
Carlactone · MAX1 · Strigolactone signaling · Strigolactone perception
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1.1 Introduction

1.1.1 Strigolactones: An Overview

Plants use chemical signals, such as hormones, to coordinate growth and develop-
mental processes as well as responses to environmental stimuli. In addition, chem-
ical signals are the major means in the communication of plants with other organisms
in their environment. Strigolactones (SLs) are an exceptional example because of
their dual activity as plant hormone with various developmental and stress-related
functions and as communication signal in the rhizosphere (Akiyama et al. 2005;
Cook et al. 1966; Gomez-Roldan et al. 2008; Siame et al. 1993; Umehara et al.
2008). Interestingly, it was the latter activity that led to the discovery of SLs. Strigol,
the first identified SL, was isolated as a C19H22O6 compound in 1966 from root
exudates of cotton as seed germination stimulant of the root parasitic weed Striga
lutea (Cook et al. 1966), but its structure was only elucidated 6 years later (Cook
et al. 1972). Since then, a series of structurally related compounds have been isolated
from root exudates of different plant species, based on their capability to trigger seed
germination in root parasitic plants, i.e., Striga, Orobanche, Alectra, and
Phelipanche spp. (Yoneyama et al. 2013; Xie et al. 2010). The collective name
strigolactone was coined almost 30 years after the discovery of strigol to designate
this group of intriguing compounds (Butler 1995). Figure 1.1 briefly introduces a
timeline of discovery of SLs and of their various biological functions.

Root parasitic plants are obligate parasites that have partially or completely lost
their photosynthetic capacity during the evolution toward parasitism (Bouwmeester
et al. 2003). These weeds produce enormous numbers of tiny seeds containing few
reserves that can ensure survival of the seedlings after germination for only few days.
Hence, seed germination in Striga and related root parasitic species is tightly
regulated and takes place only if a host root is present in close vicinity. This
synchronization is brought about by the strict germination dependency on host
released chemical signals, in most cases SLs. Following germination, seedlings
develop a haustorium to connect to the host root and siphon off water and minerals
and assimilate (Bouwmeester et al. 2003; Delavault et al. 2002; Xie et al. 2010). This

Fig. 1.1 Timeline of discovery of SLs and their biological functions. AMF arbuscular mycorrhizal
fungi
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parasitism stunts the growth of the host. Thus, infestation of crops by root parasitic
plants is a severe problem for agriculture in warm and temperate zones of Europe,
Asia, and Africa, causing enormous yield losses in crops, such as cereals, legumes,
rapeseed, tomato, and sunflower (Parker 2009).

The question why plants release SLs into the rhizosphere, though they provoke
thereby the attack of parasitic weeds, had been bothering plant scientists for decades.
In 2005, Akiyama et al. provided the answer to this problem by showing that SLs are
a crucial factor in establishing the symbiosis of roots with beneficial arbuscular
mycorrhizal (AM) fungi (Akiyama et al. 2005). SLs induce branching of hyphae
(threadlike filaments) in AM fungi, allowing them to grow toward and colonize the
host root. AM symbiosis is an important support for the growth and survival of land
plants, as evidenced by its presence in around 80% of them (Bonfante and Genre
2015; Gutjahr and Parniske 2013). This symbiosis plays a key role in supplying the
host plant with minerals absorbed by the fungal hyphae that extend the plant’s roots
system, enabling the exploitation of a much larger soil volume. In return, the
heterotrophic fungal partner obtains reduced carbon in the form of sugars that are
produced by photosynthesis and which are used as energy and carbon source
(Bonfante and Genre 2015; Gutjahr and Parniske 2013). The tremendous benefits
of AM symbiosis in natural ecosystems explain why plants, particularly under
phosphorus deficiency, release SLs into soil (Gutjahr 2014; Khosla and Nelson
2016). It can be assumed that root parasitic weeds, which evolved much later than
the AM symbiosis, have coopted the SL signal as reliable indicator for host presence,
by evolving a highly sensitive SL detection system coupled with the induction of
seed germination.

The function of SLs as plant hormone was reported 3 years after revealing their
role in AM symbiosis (Gomez-Roldan et al. 2008; Umehara et al. 2008). This
discovery became possible due to the availability of increased shoot branching and
high-tillering mutants from several plant species. Genetic analysis and grafting
studies enabled the classification of these mutants into two groups. The first one is
deficient in the synthesis of a postulated mobile shoot branching inhibitory signal,
while the second one is affected in the perception of this signal. The lack of SLs in
mutants from the first group and the capability of the SL analog GR24 to rescue their
high-branching/high-tillering phenotype suggested that SLs are the long sought-after
shoot branching inhibitory signal. This conclusion was further confirmed by the lack
of response to GR24 in the supposed perception mutants (Gomez-Roldan et al. 2008;
Umehara et al. 2008). Nowadays, SLs are recognized as a plant hormone that
mediates the adaptation to nutrient deficiency and is involved (beyond attracting
AM fungi as helpers in nutrient acquisition) in different aspects of plant growth and
development, such as root development, stem secondary growth, and senescence
(Al-Babili and Bouwmeester 2015; Brewer et al. 2013; Jia et al. 2018; Koltai 2011;
Ruyter-Spira et al. 2013; Waters et al. 2017). In addition, several lines of evidence
suggest a role of SLs in plant response to biotic and abiotic stresses (Decker et al.
2017; Liu et al. 2015; Torres-Vera et al. 2014; Van Ha et al. 2014) (Fig. 1.2
illustrates the major biological functions of SLs).
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Fig. 1.2 Biological functions of SLs. SLs inhibit the outgrowth of axillary buds, which prevents
the formation of tillers/branches. SLs also accelerate leaf senescence, promote the growth of
internode elongation and stem secondary growth, and determine root growth and architecture.
Released into the rhizosphere, SLs induce seed germination of root parasitic weeds, such as Striga
spp. and induce hyphal branching in symbiotic arbuscular mycorrhizal fungi (AMF)
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1.1.2 SL Examples, Structures, and Nomenclature

So far, there are around 25 characterized natural SLs, and it can be expected that this
number will increase in the future (Xie 2016). The structure of strigol as the first-
discovered SL was also the first-elucidated (Cook et al. 1972, Fig. 1.3). This
compound was also later identified as the major Striga seed germination stimulant
in maize root exudates (Siame et al. 1993) and shown to be present in moonseed root
culture filtrate (Yasuda et al. 2003). Interestingly, maize also produces
5-deoxystrigol, sorgomol (Fig. 1.3), and, as recently shown, two novel SLs that
were designated as zealactone and zeapyranolactone (see Sect. 1.2.5) (Yoneyama
et al. 2015; Charnikhova et al. 2017; Xie et al. 2017). Similarly, sorghum produces
and exudes various structurally different SLs, including strigol, sorgolactone,
5-deoxystrigol, and sorgomol that were identified in root exudates (Siame et al.
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Fig. 1.3 Structures and classification of SLs and analogs. Canonical SLs are characterized by the
presence of a tricyclic lactone (ABC-ring) connected to a second lactone (D-ring) in R-configuration
(20 R). They are divided into strigol- and orobanchol-like SLs based on the stereochemistry of the
B-/C-ring junction, with the C-ring in β orientation (up) and α orientation (down) in strigol-like and
orobanchol-like SLs, respectively. Non-canonical SLs contain different structural elements instead
of the tricyclic lactone. rac-GR24 is the most commonly used SL analog; CN-debranone and methyl
phenlactonoate 3 (MP3) are two SL analogs with a simple structure; KAR1, KAR2, and KAR3 are
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1993; Awad et al. 2006; Xie et al. 2008; Jamil et al. 2013; Motonami et al. 2013).
Heliolactone (Fig. 1.3) is a further example for a natural SL, which was isolated as
seed germination stimulant for both Orobanche cumana and Striga hermonthica
from root exudates of sunflower (Ueno et al. 2014). Orobanchol (Fig. 1.3), the first
discovered seed germination stimulant for Orobanche minor, was isolated together
with its acetate, alectrol, from red clover (Yokota et al. 1998). Fabacyl acetate,
identified in pea root exudates, is the first identified SL containing an epoxide group
(Xie et al. 2009). Solanacol, which was identified in tobacco and tomato, is the first
natural strigolactone equipped with a benzene ring (Xie et al. 2007).

These and other natural SLs are defined as carotenoid derivatives characterized by
a structure consisting of a conserved butenolide ring (D-ring, Fig. 1.3) that is linked
in a defined stereochemical configuration (R-configuration) to a second, variable
moiety (Jia et al. 2018). Based on the structure of the second part, SLs are considered
as canonical if they contain a conserved tricyclic lactone (ABC-ring, Fig. 1.3) or
non-canonical if they have a different structure instead. Canonical SLs are divided
based on the stereochemistry of the BC-ring junction into the orobanchol-type SLs
with the C-ring in α-orientation (8bR-configuration) and the strigol-type SLs, with
the C-ring in β-orientation (up; 8bS-configuration) (Jia et al. 2018, Fig. 1.3). Strigol
and orobanchol were named according to their activity in triggering seed germina-
tion in Striga and Orobanche species and derive from the corresponding precursors
5-deoxystrigol and ent-20-epi-5-deoxystrigol (4-deoxyorobanchol, see Sect. 1.2.5),
respectively (Cook et al. 1972; Siame et al. 1993; Yokota et al. 1998). Strigol and
orobanchol act as references to designate other structurally related SLs that differ by
substitution (s) or in the stereo-configuration of chiral center at the C20 atom and/or
the B/C junction. The stereo-configuration is usually described by the abbreviations
ent- and epi- referring to enantiomer (a mirror image of the reference) and epimer
(opposite orientation at a single C atom), respectively. However, the usage of these
abbreviations may in some cases be confusing. Therefore, there is a tendency to
replace complicated names by simple ones, e.g., 4-deoxyorobanchol instead of ent-
2’-epi-5-deoxystrigol. Non-canonical SLs are distinguished by the presence of
different structures as a second moiety instead of the ABC-ring characteristic for
all canonical SLs (Al-Babili and Bouwmeester 2015; Jia et al. 2018). Methyl
carlactonoate (Abe et al. 2014), heliolactone (Ueno et al. 2014), zealactone and
zeapyranolactone (Charnikhova et al. 2017, 2018; Xie et al. 2017), and avenaol
(Kim et al. 2014) are examples for this type of SLs (Fig. 1.3). The variability of
non-canonical SLs and modifications of the A- and B-ring in canonical SLs, which
include hydroxylation, methylation, epoxidation, and ketolation, give rise to the
diversity of natural SLs (Jia et al. 2018; Wang and Bouwmeester 2018).

Synthesis of natural SLs is laborious because of their complex structure and the
presence of chiral centers. In addition, plants release SLs in minute concentrations,
which make the isolation of large quantities of these compounds from natural
sources almost impossible. Therefore, SL research and application have been
depending on synthetic analogs, such as the widely used GR24 (Fig. 1.3) that
contains an ABC-ring (with a phenolic A-ring) coupled to the characteristic
D-ring. However, in the meanwhile there are more simple analogs with considerable
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biological activity. CN-debranone (Fukui et al. 2011), nitro-phenlactone (Jia et al.
2016), and methyl phenlactonoates (MP3, Jamil et al. 2017) are examples for such
compounds (Fig. 1.3).

There is a different class of signaling molecules, the karrikins that share the
butenolide ring as a conserved structural element with SLs (Fig. 1.3). They are
perceived by a homologous signal transduction pathway with some common signal
transduction components (Waters et al. 2013). Karrikins were first isolated from the
smoke of burning plant material as compounds triggering seed germination in
pioneer plants that emerge after forest and bush fires (Nelson et al. 2009). However,
karrikins do not induce seed germination in root parasitic plants, in which the
karrikin receptor gene has been presumably subjected to repeated duplication during
the evolution of parasitism, accompanied by changing the ligand specificity toward
SLs (Conn et al. 2015; Tsuchiya et al. 2015). Karrikins are supposed to mimic a yet
unidentified signaling molecule that regulates developmental processes, such as seed
dormancy and photomorphogenesis different from those governed by SLs (Flematti
et al. 2015; Nelson et al. 2010). It should be mentioned here that the common SL
analog GR24 is usually available as a racemic mixture of the two enantiomers GR24
and ent-GR24, which bind to the SL receptor D14 and the karrikin receptor D14-like
1 (KAI2), respectively (Scaffidi et al. 2014). Therefore, rac-GR24 activates both SL
and karrikin signaling pathways.

1.2 SL Biosynthesis

1.2.1 Sesquiterpenes or Carotenoid Derivatives?

For almost 40 years after the discovery of the first SL, there was no progress in
elucidating SL biosynthesis because of the uncertainty regarding the metabolic
origin of these compounds. SLs were supposed to be sesquiterpene lactones
(Fig. 1.4) (Butler 1995; Yokota et al. 1998), a class of secondary metabolites with
medical importance, which originate from the cytosolic C15 compound farnesyl
diphosphate (de Kraker et al. 1998). However, the structural similarity of the
A-ring of SLs with the ionone rings in carotenoids led to the hypothesis that SLs
may originate from carotenoids, like the plant hormone abscisic acid (ABA)
(Fig. 1.4, Bouwmeester et al. 2003; Parry and Horgan 1992; Tan et al. 1997).
Both carotenoids and sesquiterpenes are isoprenoids, i.e., they derive from the
universal C5 building block isopentenyl diphosphate (IPP) (Fig. 1.4). However,
plants utilize two different pathways for IPP synthesis: the mevalonate pathway
that leads to sesqui- (C15) and triterpenes (C30), steroids and other cytosolic
isoprenoids, and the plastid 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway
that provides the IPP precursor for the biosynthesis of plastid isoprenoids, such as
mono- and diterpenes (C20), chlorophylls, carotenoids, and tocopherols. To answer
the question on the SL metabolic origin, Matusova et al. 2005 applied mevastatin
and fosmidomycin to maize seedlings, which are isoprenoid biosynthesis inhibitors
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Fig. 1.4 Plant isoprenoid biosynthesis pathways (adapted fromMatusova et al. 2005). Plants utilize
two different IPP and DMAPP biosynthesis routes: the mevalonate pathway and the MEP pathway
(also called as non-mevalonate pathway). The two pathways are present in different compartments
and are used to produce the IPP building block for diverse classes of isoprenoids, such as carotenoids
and sesquiterpene lactones. Structures of examples of these two classes are shown in the inset next to
the structure of strigol. Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; MVA,
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specific for the mevalonate and MEP pathway, respectively (Fig. 1.4, Matusova et al.
2005). In addition, they used fluridone, an inhibitor of carotenoid biosynthesis (Fig.
1.4). After treatment, Matusova et al. 2005 investigated the Striga hermonthica seed
germination stimulating activity of root exudates collected from treated seedlings, as
proxy for the content of SLs. Intriguingly, the Striga seeds germination stimulating
activity was greatly decreased in root exudates of fluridone-treated maize (Matusova
et al. 2005). Similar results were also obtained for fluridone-treated cowpea and
sorghum root exudates that induced much lower germination of seeds of Orobanche
crenata and Striga hermonthica, respectively. Because fluridone inhibits the enzy-
matic activity of phytoene desaturase, which catalyzes an early step in carotenoid
biosynthesis, root exudates of several maize carotenoid biosynthesis-deficient
mutants (lw1, y10, al1y3, vp5, y9, and vp14-2274) were tested for their parasitic
plant seed germination stimulating activity. Indeed, root exudates of all these
mutants induced lower germination of Striga seeds than those of wild-type seedlings
(Matusova et al. 2005). Taken together, these results indicated that SLs likely derive
from carotenoids or apocarotenoids (carotenoid cleavage products) rather than
sesquiterpene lactones.

1.2.2 Carotenoids: An Overview

The attractive colors of many fruits and flowers are the result of carotenoid accumu-
lation. However, these widespread isoprenoid pigments also fulfill more important
and vital functions in plants and other photosynthetic organisms (DellaPenna and
Pogson 2006;Walter and Strack 2011). Carotenoids are indispensable constituents of
the photosynthetic apparatus, protecting chlorophyll and other cellular components
from photooxidation and contributing to the light-harvesting process (Hashimot et al.
2016). Carotenoids are split into two classes: the oxygen-free carotenes and the
xanthophylls that carry oxygen-containing functional groups (Fig. 1.5). Besides
this classification, carotenoids are distinguished by the type of their end groups
(acyclic or linear, monocyclic, and bicyclic) and by the stereo-configuration of their
double bonds. In plants, carotenoid biosynthesis takes place in plastids and is initiated
by the condensation of two molecules of geranylgeranyl diphosphate (C20) to 15-cis-
phytoene (C40), which is catalyzed by the key enzyme phytoene synthase. Phytoene
contains only three conjugated double bonds and is, hence, colorless. Phytoene is

⁄�

Fig. 1.4 (continued) mevalonic acid; MVP, mevalonate-5-phosphate; MVPP, mevalonate-5-pyro-
phosphate; FPP, farnesyl pyrophosphate; GA-3P, D-glyceraldehyde-3-phosphate; DXP, 1-deoxy-
D-xylulose 5-phosphate; MEP, 2-C- methyl-D-erythritol 4-phosphate; CDP-MEP, CDP-ME
2-phosphate; MEcPP, 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate; HMBPP, 1-hydroxy-2-
methyl-2-butenyl 4-pyrophosphate; GPP, geranyl pyrophosphate; GGPP, geranylgeranyl pyrophos-
phate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate
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transformed in the next steps by a sequence of desaturation and cis/trans isomeriza-
tion reactions into the red linear all-trans-lycopene that is equipped with 11 conju-
gated double bonds (Fig. 1.5). Cyclization reactions convert all-trans-lycopene into
all-trans-β-carotene (Fig. 1.5), which carries two β-ionone rings, and
all-trans-α-carotene (Fig. 1.5) equipped with an ε- and a β-ionone ring, dividing the
pathway into the α- and β-branches. Hydroxylation of the two ionone rings in α- and
β-carotene leads to all-trans-lutein and all-trans-zeaxanthin, respectively (Fig. 1.5).
Epoxidation of the ionone rings in zeaxanthin forms violaxanthin (Fig. 1.5) via the
mono-epoxidated antheraxanthin. All-trans-violaxanthin is the precursor of
all-trans-neoxanthin (Fig. 1.5), the final product of the β-branch in plant carotenoid
biosynthesis, which contains an allenic double bond (DellaPenna and Pogson 2006;
Fraser and Bramley 2004; Moise et al. 2014; Walter and Strack 2011). The compo-
sition and amounts of carotenoids in different tissues are variable and depend on the
type of plastids (Howitt and Pogson 2006; Ruiz-Sola and Rodríguez-Concepción
2012). Chromoplasts, which contain specialized structures to accommodate high
amounts of carotenoids, accumulate certain types of carotenoids, such as lutein in
daffodil flowers or lycopene in tomato fruits (DellaPenna and Pogson 2006; Fraser
and Bramley 2004), while the photosynthetically active chloroplasts have more
defined carotenoid composition consisting of about 45% lutein, 25–30%
β-carotene, and 10–15% of each of violaxanthin and neoxanthin (Goodwin 1988;
Lakshminarayana et al. 2005). Root leucoplasts contain only low amounts of

Fig. 1.5 Representative examples of the two classes of carotenoids: the oxygen-free carotenes and
the xanthophylls that carry oxygen-containing functional groups
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carotenoids composed of around 30% lutein, 25% β-carotene, and 45%
β-xanthophylls, as was shown for Arabidopsis (Britton 1995; Maass et al. 2009).

The conjugated double-bond system of carotenoids, which is responsible for their
color and functions in photosynthesis, makes them prone to oxidation (Fig. 1.6).
This process leads to cleavage of carotenoids into smaller molecules that carry
carbonyl groups and which are generally called apocarotenoids (Giuliano et al.
2003; Nisar et al. 2015; Walter and Strack 2011). Carotenoid cleavage can occur

Fig. 1.6 Carotenoids are susceptible to oxidative cleavage that leads to a wide range of different
compounds generally called apocarotenoids. The cleavage reaction is mediated by carotenoids
cleavage dioxygenases (CCDs) but can also occur spontaneously triggered by reactive oxygen
species. The structure of all-trans-β-carotene depicts the numbering of the C atoms, which is used to
designate the cleavage site and the resulting apocarotenoid
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at each double bond in the carotenoid backbone, triggered by reactive oxygen
species (ROSs) that arise particularly under stress conditions. However, plants and
other organisms, including humans, utilize an enzymatic cleavage of defined double
bonds in specific carotenoids to generate particular apocarotenoids that exert impor-
tant biological functions. Prominent examples of such apocarotenoids are the vision
chromophore and vitamin A precursor retinal (Moise et al. 2005) and precursors for
the fungal pheromone trisporic acid as well as the plant hormones ABA and SLs
(Alder et al. 2012; Medina et al. 2011; Schwartz et al. 1997, Fig. 1.6). The synthesis
of these compounds is catalyzed by a ubiquitous family of non-heme iron enzymes
called carotenoid cleavage dioxygenases (CCDs). CCDs utilize molecular oxygen to
break C–C double bonds, splitting their substrates into two products that carry either
an aldehyde or a ketone functional group. Members of this enzyme family show
different substrate specificities with regard to the type and stereo-configuration (cis/
trans) of the carotenoid substrate and the position of the double bond that is cleaved.
In addition, some CCDs convert apocarotenoids instead of intact carotenoids.
Carotenoid cleavage leads to a plentitude of products with different physicochemical
properties, ranging from volatiles and scents with short-chain lengths, such as citral
(C10) in citrus fruits or β-ionone (C13) in roses (Chhikara et al. 2018; Huang et al.
2009), to long-chain, lipophilic pigments, such as the fungal neurosporaxanthin and
the citrus fruit pigment citraurin (C30) (Estrada et al. 2008; Rodrigo et al. 2013).

There are five major plant CCD subfamilies: CCD1, CCD4, CCD7, CCD8, and
the nine-cis-epoxy-carotenoid dioxygenases (NCEDs) (Auldridge et al. 2006; Walter
and Strack 2011). NCEDs are responsible for ABA biosynthesis, catalyzing the
stereospecific cleavage of 9-cis-violaxanthin and 90-cis-neoxanthin at the C11–C12
(for carbon numbering of carotenoids, see Fig. 1.6) double bond to produce the ABA
precursor xanthoxin (C15) (Giuliano et al. 2003; Schwartz et al. 1997). CCD1
enzymes cleave different cyclic and acyclic all-trans-carotenoids as well as
apocarotenoids at several positions, leading to a wide range of products. It has been
assumed that the primary function of CCD1 is the scavenging of damaged caroten-
oids, allowing their replacement by intact ones (Ilg et al. 2010; Scherzinger and
Al-Babili 2008). However, CCD1 has also been implicated in the synthesis of special
pigments formed upon colonization of plant roots by symbiotic mycorrhizal fungi
(Floss et al. 2008;Walter 2013). CCD4 enzymes catalyze the cleavage of the C70–C80

or the C90–C100 double bond in bicyclic all-trans carotenoids, leading to C10- or C13-
volatiles and C30 or C27 apocarotenoids (Bruno et al. 2015, 2016; Ma et al. 2013;
Rodrigo et al. 2013). The CCD4-mediated cleavage of the C90–C100 double bond in
all-trans-bicyclic carotenoids determines the carotenoid content in different plant
tissues, such as Arabidopsis seeds (Gonzalez-Jorge et al. 2013), Chrysanthemum
flowers (Ohmiya et al. 2006), and potato tubers (Campbell et al. 2010; Bruno et al.
2015). In addition, the Arabidopsis CCD4 is supposed to mediate the formation of a
hitherto unidentified signal from acyclic cis-configured desaturation intermediates,
which regulates leaf and early chloroplast development (Avendano-Vazquez et al.
2014). CCD7 and CCD8 (Alder et al. 2012) are responsible for SL biosynthesis and
will be discussed below.
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1.2.3 Genetic Identification of Key SL Biosynthetic Genes

Matusova et al. (2005) demonstrated that carotenoids are the precursor of SLs. This
conclusion was drawn from lack of SL activity in root exudates obtained from
carotenoid deficient maize mutants and from maize, cowpea, and sorghum plants
treated with carotenoid biosynthesis inhibitors. The presence of two moieties in SLs
and their connection by an enol ether bridge led to the assumption that each of these
moieties (ABC- and D-ring in canonical SLs; non-canonical SLs were unknown at
that time) is synthesized separately, followed by a coupling reaction to form a parent
SL molecule (5-deoxystrigol or 4-deoxyorobanchol). Because of lack of knowledge
about the involved enzymes, Matusova et al. (2005) proposed that the ABC-ring,
consisting of a C14 skeleton, arises from a C15-apocarotenal (it is not possible to
generate a C14-apocarotenal from direct cleavage of a C¼C double bond in carot-
enoids), which would subsequently be converted by a series of hypothetical reac-
tions into a tricyclic lactone (ABC-ring) that is then linked in a final step to a D-ring
of unknown origin. The C15-apocarotenal was supposed to be xanthoxin, the pre-
cursor of ABA, or 9-cis-β-apo-11-carotenal that can be formed by cleaving
9-cis-β-carotene. The proposed biosynthesis route consisted of nine steps, implying
a quite complicated biosynthetic pathway involving many enzymes.

At about the same time, plant developmental biologists from different research
groups were trying to identify a putative plant growth regulator that is transported
from roots to the shoot to limit the number of branches by inhibiting the outgrowth of
axillar buds. The presence of this inhibitory signal was proposed upon the discovery
of mutants with increased numbers of shoot branches/tillers and was supported by
grafting studies showing that a wild-type rootstock can rescue the more branching/
high-tillering phenotype of mutant scions. These mutants were called more axillary
growth (max) in Arabidopsis (Booker et al. 2004, 2005; Sorefan et al. 2003;
Stirnberg et al. 2007), ramosus (rms) in pea (Beveridge et al. 1996; Foo et al.
2005; Morris et al. 2001; Sorefan et al. 2003), dwarf (d )/high-tillering dwarf (htd)
in rice (Arite et al. 2007, 2009; Ishikawa et al. 2005; Lin et al. 2009; Zhou et al.
2013), and decreased apical dominance (dad) in petunia (Drummond et al. 2009,
2011; Hamiaux et al. 2012; Simons et al. 2007; Snowden et al. 2005). Table 1.1
gives an overview of these mutants and the function of the corresponding genes.
Mapping of the two mutants groups max3, rms5, dad3, and d17/htd1 on the one
hand, and max4, rms1, dad1 and d10 on the other, identified CCD7 and CCD8 as the
respective corresponding genes, suggesting a carotenoid origin of the branching
inhibitory signal. Identification of the loci corresponding to further mutants demon-
strated that the synthesis of the inhibitory signal also required a cytochrome P450 of
the clade 711 (MAX1 in Arabidopsis), a small iron-containing protein (DWARF27
in rice) and an oxoglutarate-dependent oxidoreductase (Lateral branching Oxidore-
ductase; (LBO) in Arabidopsis) (Booker et al. 2005; Brewer et al. 2016; Lin et al.
2009). The breakthrough discovery that SLs are identical with the postulated
inhibitory signal (Gomez-Roldan et al. 2008; Umehara et al. 2008) enabled
deciphering the SL biosynthesis step by step, leading, in a relatively short time, to
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an almost complete picture of the core of this pathway and showing that it needs
much less enzymes than initially assumed.

1.2.4 From β-Carotene to Carlactone

Engineered E. coli strains that accumulate carotenoids are powerful tools to inves-
tigate the activity of carotenoid biosynthesis and modifying enzymes. These strains
are usually generated through introducing carotenoid gene clusters from the bacteria
Pantoea agglomerans and Pantoea ananas (formerly known as Erwinia herbicola
and Erwinia uredovora, respectively), which confer E. coli cells with colors of
accumulated all-trans-carotenoids. Transformation of these strains with CCDs
leads to decolorization due to shortening of the chromophore (conjugated double-
bond system) upon cleavage, given that the CCD can cleave the substrate produced
by the particular strain. HPLC, GC-MS, and LC-MS analysis of carotenoids and
apocarotenoids can subsequently identify substrate and product(s) of the introduced
CCDs. Booker et al. (2004) used this in vivo system to characterize the activity of the
Arabidopsis AtCCD7. The authors transformed the corresponding cDNA in
phytoene, ζ-carotene, lycopene, δ-carotene (a monocyclic carotene that carries a
ε-ionone ring), β-carotene, and zeaxanthin (for structures, see Fig. 1.5) accumulating
E. coli cells. GC-MS analysis detected C13 volatiles as AtCCD7 products produced
in β-, ζ-, δ-carotene and zeaxanthin strains. The formation of these volatiles implies
that AtCCD7 cleaves the C9–C10 and/or C90–C100 double bond(s). This activity
must also lead to a second product, a C27-apocarotenal (plant carotenoids are C40

compounds), in case of a single cleavage reaction, and a C14-diapocarotenal, in case
of double cleavage. However, the authors did not provide data on the nature of the
second product. Therefore, the question whether AtCCD7 catalyzes a single or
double cleavage reaction remained unanswered. In the same year, Schwartz et al.
(2004) published a study on the enzymatic activity of AtCCD7 and AtCCD8. The
authors confirmed the AtCCD7 activity, in β-carotene- and lycopene-accumulating
E. coli cells, which leads to C13-volatiles. Moreover, they showed that the second
product is a C27-apocarotenal (β-apo-100-carotenal in case of β-carotene accumulat-
ing E. coli cells), suggesting a single cleavage reaction. In addition, Schwartz et al.
(2004) investigated the activity of AtCCD7 in vitro. They expressed the enzyme in
normal E. coli cells, purified and incubated it with different carotenoid substrates.
Assays were then analyzed by HPLC. The in vitro incubation with β-carotene
isolated from spinach leaves led to the formation of a C27-apocarotenal. In a second
experiment, AtCCD7 and AtCCD8 were simultaneously introduced in β-carotene
accumulating cells, followed by HPLC analysis of the apocarotenoid content. This
analysis unraveled a C18-apocarotenoid (β-apo-13-carotenone, also called
D’orenone (Schlicht et al. 2008)) as a product of combined AtCCD7/AtCCD8
activity (Schwartz et al. 2004). This result indicated that AtCCD7 and AtCCD8
catalyze a sequential cleavage of all-trans-β-carotene into β-apo-13-carotenone and
that AtCCD8 cleaves the AtCCD7 product β-apo-100-carotenal at the C13–C14
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double bond (for carbon numbering of carotenoids, see Fig. 1.6). Indeed, an in vitro
study by Alder et al. (2008) showed that CCD8 enzymes from Arabidopsis and pea
catalyze the conversion of all-trans-β-apo-100-carotenal (C27) into β-apo-13-
carotenone (C18). However, the authors did not identify the second product, a
presumed C9-dialdehyde that is expected to arise together with β-apo-13-carotenone
(C18). These results led to the assumption that β-apo-13-carotenone is the precursor
of the shoot inhibitory signal that was later demonstrated to be SL. However, there
were two reasons that raised doubts in this biosynthesis scheme. The first one is the
many structural differences between β-apo-13-carotenone (C18) and SLs, which
would require an even more complicated pathway than the one proposed to start
with a C15-apocarotenal (see Sect. 1.2.3). The second reason was the failure of
β-apo-13-carotenone to rescue the high-tillering phenotype of the rice ccd8 mutant
(d10) (Alder et al. 2012), which contradicts the presumed role of this compound as
SL precursor. Hence, there was a need for revisiting CCD7 and CCD8 enzymatic
activities.

1.2.4.1 Stereospecificity of CCD7

cis/trans isomerization is a major feature of carotenoids and apocarotenoids, which
plays a crucial role in biological processes, such as light perception (also in vision!)
and the formation of the plant hormone ABA that arises from a specific, cis-
configured precursor (9-cis-violaxanthin or 90-cis-neoxanthin) (Schwartz et al.
1997). However, this aspect had been overlooked in the course of investigating
AtCCD7 and AtCCD8 activity. By virtue of conjugated double-bond systems,
carotenoids and apocarotenoids are prone to photo- and thermo-induced cis/trans
isomerization. This sensitivity impedes conclusions about the isomeric state of CCD
substrates and products, if suitable analytical methods that can distinguish the cis/
trans isomers are missing. For instance, carotenoid-accumulating E. coli strains
contain traces of cis-configured carotenoids that arise by physical (photo- or
thermo-) isomerization of the all-trans isomers formed by the introduced biosyn-
thetic genes. In addition, β-carotene, isolated from plant material without further
separation, is a mixture of different isomers, though all-trans-β-carotene is the major
constituent. Taking these considerations into account, Alder et al. (2012) revisited
the proposed AtCCD7 activity, by employing in vitro assays and using pure
β-carotene stereoisomers. Analysis of incubations with CCD7 from Arabidopsis,
rice, and pea demonstrated a clear substrate stereospecificity of these enzymes. They
cleaved 9-cis-β-carotene, but not all-trans-, 13-cis-, or 15-cis-β-carotene. The cleav-
age reaction led to β-ionone and a β-apo-100-carotenal isomer different from the
all-trans-one, as demonstrated by HPLC analysis (Fig. 1.7). Hence, it was concluded
that the β-apo-100-carotenal produced by CCD7 is 9-cis-configured, which was
supported by comparison to a tentative 9-cis-β-apo-100-carotenal and later by
NMR analysis (Alder et al. 2012; Bruno et al. 2014).

In vitro incubation with further 9-cis-configured carotenoids confirmed the strict
stereo- and regiospecificity of the CCD7 enzymes. CCDs from Arabidopsis, pea, and
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the moss Physcomitrella patens converted 9-cis-zeaxanthin and 9-cis-lutein into
9-cis-3-OH-β-apo-100-carotenal and 9-cis-3-OH-ε-apo-100-carotenal, respectively
(Bruno et al. 2014; Decker et al. 2017). An in vitro study of AtCCD7 activity on
acyclic carotenoids led to similar results (Bruno et al. 2016). The enzyme converted
9-cis-ζ-carotene, 90-cis-neurosporene, and 9-cis-lycopene, producing the
corresponding 9-cis-configured products 9-cis-ζ-apo-100-carotenal and 9-cis-apo-
100-lycopenal, respectively (Bruno et al. 2016). AtCCD7 and PsCCD7 showed
higher affinity to 9-cis-β-carotene than to other substrates, such as 9-cis-zeaxanthin,

Fig. 1.7 SL biosynthesis. The 9-cis/all-trans-β-carotene isomerase D27 catalyzes the reversible
conversion of all-trans-β-carotene (C40) into 9-cis-β-carotene that is cleaved by the stereospecific
carotenoid cleavage enzyme CCD7 at the C90–C100 double bond into 9-cis-β-apo-100-carotenal
(C27) and β-ionone (C13). In the third step, CCD8 converts 9-cis-β-apo-100-carotenal into carlactone
(C19) and the C8 compound ω-OH-(4-CH3)heptanal. The C-skeleton of carlactone corresponds to
the shaded part of 9-cis-β-apo-100-carotenal. D27, CCD7, and CCD8 are all localized in the plastids.
Carlactone is the central metabolite of SL core pathway, which is catalyzed by cytochrome P450
enzymes, such as the Arabidopsis MAX1 and the rice carlactone oxidase (CO) and orbanchol
synthase (OS), into carlactonoic acid and canonical SLs. Other enzymes, such as the lateral
branching oxidoreductase are involved in later steps of SL biosynthesis, which contribute to SL
diversity
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which is consistent with the assumption that 9-cis-β-carotene is the precursor of SLs
(Bruno et al. 2016). However, the cleavage of other carotenoids points to the
possibility that some SLs may have a different origin. Indeed, a very recent study
on CCD8 from different plant species showed the formation of 3-OH-carlactone
from 9-cis-3-OH-β-apo-100-carotenal and confirmed the presence of this product in
plants (Baz et al. 2018).

1.2.4.2 CCD8, an Unusual CCD Producing Carlactone from a cis-
Substrate

The identification of 9-cis-β-apo-100-carotenal as the product of CCD7 raised the
question on whether this apocarotenal can be converted by CCD8 and, if yes, into
which product. To answer this question, Alder et al. (2012) incubated heterologously
generated CCD8 enzymes from Arabidopsis, rice, and pea with CCD7-produced
9-cis-β-apo-100-carotenal. This incubation led to an unexpected product that was
called carlactone and which differed from known carotenoid/apocarotenoid cleavage
products (Fig. 1.7). Carlactone showed surprisingly common structural features with
SLs and is identical with them in the number of C atoms (C19). It is a non-carbonyl,
tri-oxygenated compound that already contains a lactone ring identical to the D-ring
of SLs. Moreover, the two moieties of carlactone are connected by an enol ether
bridge that is present in all SLs. Carlactone also shares with natural SLs the same
stereo-configuration (R-configuration) at the C20 atom, as shown later by Seto et al.
(2014). Moreover, application of carlactone restored the wild-type tillering pheno-
type of the rice ccd8 (d10) mutant and induced the germination of Striga seeds.
These results suggested that carlactone is the intermediate of SL biosynthesis, which
is formed by CCD8, although this compound was initially identified only as an
in vitro product. Indeed, the presence of carlactone in rice and Arabidopsis was later
demonstrated by a different group (Seto et al. 2014).

The formation of carlactone by CCD8 from 9-cis-β-apo-100carotenal and the
previously reported cleavage of all-trans-β-apo-100carotenal into β-apo-13-
carotenone suggest that this enzyme is an unusual CCD that catalyzes different
types of reactions, depending on the stereochemistry of the substrate. When forming
β-apo-13-carotenone, it is assumed that CCD8 utilizes a common dioxygenase
mechanism, i.e., introduction of molecular oxygen into a C¼C double bond,
which leads to the formation of a dioxetane that breaks down into two carbonyl
products (Fig. 1.8a), while the structure of carlactone implies different types of
reactions and repeated oxygenations (Fig. 1.8b). To get insight into the reaction
mechanism used by CCD8 to form carlactone, Bruno et al. (2017) applied a
derivatization reagent to catch the second product expected to arise simultaneously
with carlactone (C19) from 9-cis-β-apo-100-carotenal (C27) and which had not been
detected before. This approach identified ω-OH-(4-CH3)-hepta-2,4,6-trien-al as a
further, unusual CCD product formed by CCD8, which carries an aldehyde and an
alcohol functional group (Fig. 1.8B). The authors also used 18O2 and

13C labeling,
which demonstrated that the three O atoms of carlactone derive from atmospheric
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Fig. 1.8 A proposal for the mechanism of CCD8-catalyzed reactions (modified from Jia et al.
2018 and Bruno et al. 2017). (a) A proposal for the formation of β-apo-13-carotenone by CCD8
from all-trans-β-apo-100-carotenal, the second substrate converted by CCD8 (though at much
lower rate). R1 and R2 correspond to the structures present in the same color, respectively. The
reactive FeIII-O–O. species attacks the C14 of all-trans-substrate, forming an instable dioxetane
intermediate at the C13–C14 double bond. The dioxetane breaks into two carbonyl products,
β-apo-13-carotenone and a yet unconfirmed dialdehyde. (b) A simplified proposal for the mech-
anism of the formation of carlactone (c) from 9-cis-β-apo-100-carotenal (a). The C numbering in
b-d corresponds the C numbering in (a). R3 and R4 correspond to the β-ionone moiety and the
C17–C21 chain of the substrate (a), respectively. Oxygen atoms are depicted in red. It is proposed
that the formation of carlactone (c) is initiated (step I) by converting the transoid configuration of
the bonds depicted in magenta into a cisoid one, by rotating at C12–C13 in (a). The attack of FeIII-
O–O� species, formed by the activation of atmospheric O2 by the ferrous iron in CCD8 active
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oxygen and that the C11 atom in carlactone (C20 atom in SLs) corresponds to the
C11 atom in 9-cis-β-apo-100-carotenal. Based on these results, Bruno et al. (2017)
developed a proposal for the mechanism of carlactone formation, which includes a
series of reactions composed of isomerization, repeated oxygenation, and intramo-
lecular rearrangements. Furthermore, it is proposed that the stereo-configuration of
the C9–C10 double bond determines whether the enzymes build a dioxetane inter-
mediate, leading to β-apo-13-carotenone, or a cyclic endoperoxide intermediate, to
form carlactone (Bruno et al. 2017). However, further experimental and structural
data are still needed to confirm this proposed mechanism.

1.2.4.3 Dwarf27, a 9-cis/all-trans β-Carotene Isomerase

The stereospecificity of CCD7 and CCD8 suggests that SL biosynthesis relies on
9-cis-β-carotene as precursor. 9-Cis-β-carotene is a natural compound that may be
formed from all-trans-β-carotene, the isomer produced by the plant carotenoid path-
way, by photo- or thermo-isomerization. However, Alder et al. (2012) assumed that
hormone synthesis would need a more regulated precursor supply and, hence, that
9-cis-β-carotene is formed from the all-trans isomer by an enzymatic activity. Some
years before, the iron-containing OsDWARF27 (OsD27) rice protein was identified as
a plastidial enzyme required for SL biosynthesis, but with unknown enzymatic activity
(Lin et al. 2009). The role of D27 in SL biosynthesis was also further confirmed by
investigating the corresponding Arabidopsis mutant (Waters et al. 2012a). Hence, it
was tempting to hypothesize that OsD27 might be the first described enzyme with an
all-trans/9-cis-β-carotene isomerase activity. To test this hypothesis, Alder et al.
(2012) expressed OsD27 in a β-carotene accumulating E. coli strain and analyzed
the β-carotene pattern. This experiment showed that the introduction of OsD27
resulted in an increase in the 9-cis-/all-trans-β-carotene ratio, indicating an isomerase
activity. In vitro assays performed with heterologously expressed and purified OsD27
confirmed this activity and showed that OsD27 catalyzes the isomerization of
all-trans- into 9-cis-β-carotene and vice versa, resulting in an isomer equilibrium
(Fig. 1.7). The mechanism of the D27-catalyzed β-carotene isomerization is still
unknown. However, OsD27 activity is inhibited in the presence of silver acetate,
indicating the involvement of an iron-sulfur cluster in the catalysis (Lin et al. 2009).
OsD27 also isomerizes other carotenoids, such as the mono-hydroxylated β-carotene
derivative β,β-cryptoxanthin (leading to 9-cis-β,β-cryptoxanthin) and α-carotene
(leading to 9-cis-α-carotene and 90-cis-α-carotene), which have at least one unmodified
β-ionone ring (Bruno and Al-Babili 2016). While 9-cis-β, β-cryptoxanthin,

Fig. 1.8 (continued) center, at C14 in (b), followed by repeated oxygenation and intramolecular
rearrangements, leads to the production of carlactone (c) and an extensively conjugated
ω-OH-aldehyde group (d). C11 in carlactone (c) corresponds to C11 in 9-cis-β-apo-100-carotenal
(a), as confirmed by using accordingly 13C-labeled 9-cis-β-apo-100-carotenal (a)

20 K.-P. Jia et al.



9-cis-α-carotene, and 9-cis-β-carotene can be converted by CCD7 into the same SL
biosynthesis intermediate 9-cis-β-apo-100-carotenal, the question about the biological
significance of 90-cis-α-carotene produced by CCD7 remains open.

In both rice and Arabidopsis, d27 mutants display less severe tillering/branching
phenotype, compared to ccd7 or ccd8 mutants (Lin et al. 2009; Waters et al. 2012a).
This difference might be explained by spontaneous isomerization of all-trans-β-carotene
that can partially compensate lack of D27 activity. However, it is also possible that the
D27 homologs (D27-LIKE 1 and D27-LIKE 2) present in Arabidopsis, rice, and other
plant species also contribute to the formation of 9-cis-β-carotene. It should also be
mentioned that 9-cis-β-carotene is not only a precursor of SLs but is also a structural
component of the photosynthetic cytochrome b6f complex (Cramer et al. 2006).

1.2.5 From Carlactone to Canonical and Non-canonical SLs

Cytochrome P450 (CYP) enzymes are heme-containing monooxygenases that form
a large enzyme superfamily in plants, animals, fungi, and bacteria. CYPs catalyze
different types of reactions, such as C-hydroxylation, dealkylation, and epoxide
formation (Isin and Guengerich 2007; Werck-Reichhart and Feyereisen 2000), and
are involved in a wide range of biochemical pathways including lipids, alkaloids,
terpenoids, and phenylpropanoids, as well as plant hormones (Chapple 1998;
Werck-Reichhart and Feyereisen 2000).

The Arabidopsis max1 mutant is disrupted in a gene encoding a CYP of the
711 clade (CYP711A1; MAX1) and shows a high-branching phenotype similar to
that of max2, max3, and max4 mutants (Booker et al. 2005; Stirnberg et al. 2002).
Genetic analysis and reciprocal grafting experiments suggested that MAX1 catalyzes a
reaction downstream of MAX3 (CCD7) and MAX4 (CCD8) to produce the shoot
branching inhibitory signal (SLs, Booker et al. 2005). This order of reactions is
supported by the plastid localization of D27, CCD7, and CCD8 that act on caroten-
oids/apocarotenoids precursor(s) present in plastids and by the cytosolic localization of
MAX1. The similarity of carlactone to SLs suggested that only a few steps would be
required to convert carlactone into real SLs (Alder et al. 2012). In the absence of
further candidate enzymes, it was assumed that carlactone may be a direct substrate of
MAX1. Supporting this assumption, it was reported that the content of carlactone in
the Arabidopsis max1 mutant is approximately 700-fold higher than in wild-type
plants (Seto et al. 2014). In addition, feeding experiments of max4 and max1max4
mutants with 13C-labeled carlactone confirmed the role of MAX1 in carlactone
conversion. The direct evidence for the role of MAX1 in this process was provided
by in vitro studies using yeast as expression system. Incubation of yeast microsomes
expressing MAX1 with carlactone showed the consecutive oxidations of the C19
atom, leading to a molecule designated by Abe et al. (2014) as carlactonoic acid (CLA)
(Fig. 1.9). The authors confirmed the in vitro results by feeding max4 and max1max4
mutants with 13C-labeled carlactone, which showed the formation of 13C-labeled CLA
in max4 but not in max1max4 double mutant. CLA is an intermediate in the
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Arabidopsis SL biosynthesis pathway and is methylated by an unidentified
methyltransferase into methyl carlactonoic acid (MeCLA) (Fig. 1.9, Abe et al. 2014).

Recently, transcriptomic studies led to the identification of a further Arabidopsis
SL biosynthesis enzyme. The enzyme LATERAL BRANCHING OXIDOREDUC-
TASE (LBO), a member of the 2-oxoglutarate and FeII-dependent dioxygenase
family, is co-expressed with MAX3 (Brewer et al. 2016), and an lbo loss-of-function
mutant showed a more branching phenotype, which is, however, less pronounced
than in max3 and max4mutants. Further grafting and genetic analysis suggested that
LBO acts downstream of MAX1 in the SL biosynthetic pathway (Brewer et al.
2016). Moreover, investigation of the activity of heterologously produced LBO
in vitro showed the conversion of MeCLA into an unidentified product with a
molecular weight equal to MeCLAþ16 Da, suggesting the introduction of an
oxygen atom in this substrate (Fig. 1.9, Brewer et al. 2016).

The rice genome encodes five MAX1 homologs including a truncated,
nonfunctional one (Challis et al. 2013). Zhang et al. (2014) investigated the activity
of the four functional rice MAX1 homologs, aiming at the identification of
carlactone-metabolizing enzymes. For this purpose, the authors expressed the four
MAX1 enzymes in yeast and isolated the corresponding microsomes for in vitro
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studies utilizing carlactone as substrate (Zhang et al. 2014). In addition, they used the
Nicotiana benthamiana transient expression system, by simultaneous introduction of
genes encoding the carlactone biosynthetic genes alone, as a control, and together with
each of the functional riceMAX1s. Leaves of transformed N. benthamiana plants were
then analyzed by LC-MS to determine carlactone conversion and identify any product
(s) formed. The two approaches led to the identification of the rice MAX1 homolog
Os900 (carlactone oxygenase, CO) as the enzyme that converts carlactone into
4-deoxyorobanchol (4DO; or ent-20-epi-5-deoxystrigol), the parent molecule of the
orobanchol-type, canonical SLs (Zhang et al. 2014). The conversion of carlactone into
4DO possibly involves a series of reactions resulting in oxidation, ring closure, and
B/C lactone moiety formation, all catalyzed by Os900 (Figs. 1.9 and 1.10). Intrigu-
ingly, simultaneous transient expression ofOs900,Os1400,Os5100, andOs1900with
the carlactone biosynthetic genes caused a significant decline in 4DO and an increase
in orobanchol, compared with co-expression of Os900 (Zhang et al. 2014). This
suggested that one of the other MAX1s (Os1400, Os5100, or Os1900) oxidizes
4DO to form orobanchol. Further analysis in N. benthamiana and in vitro assays
using yeast microsomes showed that Os1400 is an orobanchol synthase that hydrox-
ylates 4DO to form orobanchol (Fig. 1.9, Zhang et al. 2014).

Tomato, like Arabidopsis, contains only one CYP711A1 (SlMAX1, Zhang et al.
2018). A Slmax1 mutant showed several SL deficiency phenotypes in plant archi-
tecture and development and displayed significantly reduced production of SLs.
Transient expression of SlMAX1 together with SlD27, SlCCD7, and SlCCD8 in
N. benthamiana leaves demonstrated that SlMAX1 catalyzes the conversion of
carlactone to CLA, just as Arabidopsis MAX1. Intriguingly, in contrast to the
situation in rice, orobanchol (one of the major SLs in tomato) and its direct precursor
4DO were not directly produced from carlactone by SlMAX1. Plant feeding assays
indicated that CLA, but not 4DO, is a precursor of orobanchol, which in turn is the
precursor of the other known SLs in tomato (Zhang et al. 2018).

The investigation of the activity of AtMAX1 and homologs from rice and tomato
unraveled differences in their substrates and formed products. However, feeding of
fluridone-treated plants from different species, including sorghum, cotton, moon-
seed, cowpea, and sunflower, with 13C-labeled carlactone resulted in the formation
of 13C-CLA, indicating that the synthesis of CLA is a common step in SL

Fig. 1.10 Proposed mechanism for the formation of 4-deoxyorobanchol (4-DO) from carlactone
oxidase (CO) (adapted from (Zhang et al. 2014)). The enzyme catalyzes three oxygenation
reactions, with carboxylation of the C19, and hydroxylation of the C18 atom. Abstraction of a
proton from the carboxyl group by an active center base (~B|) results in the formation of C-ring, and
synchronously the addition of a proton to the hydroxyl group at C18 triggers the stereospecific
B-ring closure and the release of water to form the canonical SL, 4-DO
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biosynthesis (Fig. 1.9, Iseki et al. 2018). A recent, comparative study on AtMAX1
and homologs from rice, maize, tomato, poplar, and the lycophyte Selaginella
moellendorffii, which used different heterologous systems to determine the substrate
specificities, revealed the presence of three groups. The first one, called A1-type
MAX1s, includes AtMAX1 and homologs from Arabidopsis, tomato, and poplar,
which convert carlactone into CLA. A2-type MAX1s, represented by the rice Os900
and the Selaginella SmMAX1a/b, produce 4DO from carlactone. The A3 type of
MAX1s, which includes the maize the maize ZmMAX1b and the rice Os1400, forms
both CLA and 4-deoxyorobanchol from carlactone in vitro (Yoneyama et al. 2018).
However, it can be speculated that A3-type MAX1s may have different catalytic
activities in vivo. For instance, there is some evidence for the formation of
orobanchol from 4-deoxyorobanchol by Os1400 in planta.

1.2.6 The Biological Significance of Diversification in SLs

So far, around 25 different SLs have been characterized in different plant species, and
even a single plant species can usually produce many different SLs (Abe et al. 2014;
Awad et al. 2006; Charnikhova et al. 2017; Kohlen et al. 2013; Xie 2016; Yoneyama
et al. 2015). This is likely a consequence of the different biological functions exerted by
SLs and indicates that structurally diversified SLs might be active in some biological
functions but not in others (Wang and Bouwmeester 2018). Moreover, there is likely a
selection pressure for plants producing SLs with minor alterations in the structure,
which could maintain the interactions with AM fungi but avoid the infestations of
parasitic weeds. Indeed, different parasitic species show divergent responses to the root
exudates from different host species. For instance, sorgomol, a SL found in root
exudates of sorghum, is much more active in inducing seed germination in Striga
hermonthica, compared to Orobanche minor (Xie et al. 2008). Ent-20-epi-orobanchol
and its acetylated derivative are two SLs found in both cowpea and red clover. It has
been shown that acetylated ent-20-epi-orobanchol has higher germination-inducing
activity toward Orobanche minor and Striga hermonthica than its non-acetylated
form (Ueno et al. 2011), suggesting that a small change in SL structure can influence
its biological activity in inducing seed germination in root parasitic plant. Worth to
mention that Samodelov et al. developed a rapid and efficient biosensor with high
sensitivity and specificity to different SLs, which may facilitate understanding the
biological significance of SL diversity (Samodelov et al. 2016).

Recently, LGS1 (LOW GERMINATION STIMULANT 1), which encodes an
enzyme annotated as a sulfotransferase, was identified as a gene that determines
the stereochemistry of canonical SLs released by sorghum roots (Gobena et al.
2017). Functional loss of LGS1 altered the pattern of released SLs in sorghum,
replacing the major SL 5-deoxystrigol by orobanchol. This alteration led to
increased resistance to Striga, as 5-deoxystrigol is a more potent inducer of Striga
seed germination than orobanchol (Gobena et al. 2017). Most intriguingly, this
alternation in SL composition did not affect the other essential SL biological
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functions, such as the capability to promote AM fungi colonization and the inhibi-
tion of tillering (Gobena et al. 2017). Although the mechanism underlying the effects
of LGS1 is still elusive, this discovery demonstrates the possibility of changing the
pattern of SLs and opens up new possibilities for generating resistance to Striga.

1.3 Regulatory Control of SL Production

1.3.1 Regulation by Nutrient Availability

During evolution, plants have acquired the ability to sense the availability of soil
nutrients and to respond accordingly. Nitrogen and phosphorus are two major
nutrients required for plant growth and development; however, both are quite
limiting nutrients in soil due to their low availability or low mobility. Therefore,
plants modulate their root architecture and recruit symbiotic partners, such as AM
fungi to increase the soil volume available for nitrogen and especially for phosphate
uptake (Gutjahr 2014). SLs have a critical role in both processes. Accordingly, SL
biosynthesis and production are promoted when nitrogen and particularly when
phosphate supply are insufficient, as shown for rice (Jamil et al. 2011; Umehara
et al. 2010), Arabidopsis (Kohlen et al. 2011), sorghum (Jamil et al. 2013), maize
(Jamil et al. 2012), and red clover (Yoneyama et al. 2007). Similarly, root exudates
of tomato plants grown under low-phosphate conditions showed increased activity in
inducing seed germination in Orobanche ramosa, compared to control plants
(Lopez-Raez et al. 2010). LC-MS/MS analysis confirmed the increased production
of several SLs, including orobanchol, solanacol, and didehydro-orobanchol isomers
under phosphate starvation. Similarly, the release of heliolactone by sunflower roots
is induced upon phosphate starvation (Ueno et al. 2014). Recently, the effect of
phosphate availability on germination stimulating activity of Physcomitrella patens
exudate was examined also using O. ramosa seeds (Decker et al. 2017). It was
demonstrated that SLs are released by Physcomitrella as confirmed by seed germi-
nation bioassay and that this release is increased by phosphate deficiency indicating
the evolutionarily conserved role of SLs as well as their regulation by phosphate
availability in plants (Decker et al. 2017).

The upregulation of SL content and release upon nutrient deficiency and during the
AM symbiosis is mainly a result of increased transcript levels of SL biosynthesis
genes, as shown for rice,Medicago truncatula, and tomato (Bonneau et al. 2013; Sun
et al. 2014; Wen et al. 2016; Stauder et al. 2018). Accordingly, sufficient phosphate
availability reduces transcript levels of SL biosynthesis and transporter genes, as
shown for petunia DAD1/CCD8 and the SL transporter gene PDR1 (Breuillin et al.
2010; Kretzschmar et al. 2012). Recently, it was shown that even the supply of
carotenoid precursors (β-carotene) for SL production is upregulated by phosphate
starvation and during root colonization by AM fungi. This supply is mediated by a
distinct symbiosis-inducible isoform of phytoene synthase, and precursor supply can
be limiting for SL production in dicot roots (Stauder et al. 2018).
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1.3.2 SL Homeostasis and Regulation by Other Hormones

Like other plant hormones, SL biosynthesis is regulated within complex networks
built by other hormones. In addition, SL biosynthesis is governed by a negative
feedback mechanism maintaining SL homeostasis. For instance, application of the
SL analog GR24 to Arabidopsis plants led to a decrease of CCD7 and CCD8
transcript levels (Mashiguchi et al. 2009). Consistently, SL biosynthesis and per-
ception mutants in Arabidopsis, pea, rice, and petunia all showed elevated transcript
levels of SL biosynthetic enzymes. This increase was observed with CCD8 transcript
in pea, rice, and petunia and with MAX1, CCD7, CCD8, and LBO transcripts in
Arabidopsis (Arite et al. 2007; Brewer et al. 2016; Hayward et al. 2009; Simons et al.
2007; Snowden et al. 2005). In rice, the negative feedback signal is transduced via
the SL signaling repressor D53, as shown by a gain of function d53 mutant that
displayed increased transcript levels of SL biosynthesis genes and elevated SL
contents (Jiang et al. 2013; Yao et al. 2016).

The plant hormone auxin is a major regulator of plant growth and development.
The feedback inhibition of SL biosynthesis is dependent on auxin levels and
signaling. On the other hand, auxin is a major regulator of SL biosynthesis at the
transcriptional level, as shown for pea, rice, Arabidopsis, Chrysanthemum, and
tomato. In pea, removing the auxin source by decapitation or reducing polar auxin
transport (PAT) by 1-N-naphthylphthalamic acid (NPA) treatment, an auxin trans-
port inhibitor, significantly decreased the transcript levels of RMS5 and, particularly,
RMS1 in the upper part of stems, which could be restored by auxin application (Foo
et al. 2005; Johnson et al. 2006). Similar results were reported for transcript levels of
DgD27 in Chrysanthemum and MAX3 in Arabidopsis (Hayward et al. 2009). Auxin
also positively regulates the expression of MAX4 and D10 in Arabidopsis and rice,
respectively (Arite et al. 2007; Wen et al. 2016). In Arabidopsis, the induction of
MAX3 and MAX4 transcripts by auxin is dependent on AUXIN RESISTANT 1
(AXR1), a subunit of the RUB1-activating enzyme that regulates auxin receptor
complex (Hayward et al. 2009). In tomato, silencing of the gene encoding the auxin
signaling component AUX/IAA protein Sl-IAA27 resulted in downregulation of SL
biosynthetic genes, D27 and MAX1 (Guillotin et al. 2017).

ABA is an important plant hormone regulating various processes in plants and is
mainly known for its role in the response to abiotic stresses (Sah et al. 2016;
Vishwakarma et al. 2017). Several studies have shown that SLs are involved in stress
response. In Lotus, osmotic stress decreased the SL content in tissues and root exudates
by reducing transcript levels of SL biosynthetic and transporter genes (Liu et al. 2015).
In tomato, it was shown that inhibition of NCED, a key enzyme in ABA biosynthesis,
by applying AbaminSG decreased SLs levels, indicating that ABA maybe a positive
regulator of SL biosynthesis (Lopez-Raez et al. 2010). Accordingly, ABA-deficient
mutants, such as notabilis, showed reduced transcript levels of the SL biosynthetic
genes LeCCD7 and LeCCD8 and released lower SL amounts (Lopez-Raez et al. 2010).
A positive role ofABA in regulating SL biosynthesis inmaize is indicated by decreased
SL content in root exudates of the ABA-deficient mutant viviparous14 (Lopez-Raez
et al. 2010). In addition, recent studies indicated interference between ABA and SL
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biosynthesis in both rice and Arabidopsis, which is caused by an involvement of the SL
biosynthesis enzyme D27 in determining ABA level (Abuauf et al. 2018; Haider et al.
2018). Analysis of Osd27 mutant unraveled lower ABA content shoot and higher
susceptibility to drought, compared to wild type (Haider et al. 2018).

Gibberellins (GAs) are plant hormones that regulate a series of developmental
processes, such as germination, stem elongation, dormancy, and flowering. A recent
investigation of the effect of GAs on SL biosynthesis in rice suggested a role as a
negative regulator of SL biosynthesis. Treatment with GA1, GA3, or GA4 resulted
in decreased 4-deoxyorobanchol levels in root tissues and exudates. The decrease in
SL biosynthesis is caused by downregulation ofD27,D10,D17,Os900, andOs1400
transcript levels (Ito et al. 2017).

1.4 SL Transport and Exudation

Grafting is a commonly used technique for investigating metabolite and hormone
fluxes between shoots and roots. SL-deficient mutants display an obvious “more
branching/high-tillering” phenotype. However, the “bushy” phenotype could be
fully rescued when mutant scions were grafted onto WT rootstocks, indicating that
SLs are transported from roots to shoots (Kohlen et al. 2010). On the other hand,
grafting wild-type scions onto rootstocks of SL-deficient mutants did not lead to
increased branching, which suggests that SLs can be synthesized in aerial tissues as
well (Kohlen et al. 2010). Grafting studies also indicated that SL biosynthesis
intermediates can be transported from roots to shoots. Grafting of max3 or max4
scions onto max1 rootstocks restored wild-type branching to max3 and max4 shoots,
which suggests that carlactone or its derivative(s) accumulated in max1 rootstocks is
transported into max3 or max4 carlactone-deficient shoots where it can be further
metabolized into SLs that inhibit the shoot branching (Booker et al. 2005).

The question on how SLs are transported from roots to shoots is still largely
elusive. It has been assumed that SLs are transported through the xylem (Kohlen
et al. 2010). However, upon feeding rice roots with labeled orobanchol and
4-deoxyorobanchol, both compounds were detected in the shoot, but not in the
xylem sap (Xie et al. 2015). This experiment provided further evidence in favor of
a different transport mechanism. Time kinetic studies showed that the transport of
labeled SLs was much slower than expected for xylem-mediated movement (Xie
et al. 2015). Thus, further studies are still required to understand the transport of SLs
between organs.

In addition to root/shoot transport, SLs are released into the rhizosphere to
facilitate the symbiosis with AM fungi, which is supported by the presence of
specific transporters. In petunia, P. hybrida PLEIOTROPIC DRUG RESISTANCE
1 (PhPDR1), a member of the ATP-binding cassette (ABC) transporter superfamily,
was shown to mediate the release of SLs from the roots into the soil (Kretzschmar
et al. 2012). Localization studies indicated that PhPDR1 is predominantly present in
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the plasma membrane of individual subepidermal cells in lateral roots which largely
correspond to hypodermal passage cells that act as entry points for AM fungi
hyphae. This may suggest that the PhPDR1 activity leads to a local SL maximum
guiding the hyphae of AM fungi hyphae to the hypodermal passage cells. PaPDR1, a
PhPDR1 ortholog from P. axillaris, exhibits a cell-type-specific asymmetric local-
ization in different root tissues (Sasse et al. 2015). This transporter is localized at the
apical membrane of root hypodermal cells in root tips, which may explain the shoot-
ward transport of SLs. Above the root tips, in the hypodermal passage cells, PaPDR1
is localized in the outer-lateral membrane, consistent with its postulated function to
transport SLs from the roots into the rhizosphere.

1.5 SL Perception and Signaling

1.5.1 Perception of SLs

Perception and signal transduction of various plant hormones including SLs share a
number of common features, of which the regulation via the ubiquitin 26S
proteasome system (UPS) of the receptor protein complex including transcriptional
repressors is the most-intensely studied part (Hershko and Ciechanover 1998). This
main proteolytic pathway in eukaryotic cells is involved in ABA, auxin,
brassinosteroid, cytokinin, ethylene, GAs, and jasmonic acid and also in SL percep-
tion (Dharmasiri et al. 2005; Jiang et al. 2013; Katsir et al. 2008; Kepinski and
Leyser 2005; Mockaitis and Estelle 2008; Santner and Estelle 2009; Yao et al. 2016).
UPS sequentially utilizes three types of ligases, E1, E2, and E3, to attach multiple
units of ubiquitin to protein substrates, marking them for degradation by the 26S
proteasome. There are five types of E3 ligases, including the SCF (SKP1, CULLIN,
and F-BOX) type that plays an essential role in the signal transduction of plant
hormones. SCF E3 ligase is a complex consisting of a conserved SKP1, a CULLIN
protein, and a specific F-BOX protein that determines the substrates recognized by
the E3 ligase (Shu and Yang 2017). In Arabidopsis, the F-box protein MAX2 (rice
ortholog is DWARF3, D3) is a signal transduction component for both SLs and
karrikins. Accordingly, max2 mutants show all phenotypes related to SL deficiency
but also reduced photomorphogenesis and decreased seed germination, two karrikin-
regulated processes (Shen et al. 2012; Waters et al. 2014).

However, a special feature of SL perception is the involvement of DWARF14
(D14), a α/β-fold hydrolase that binds and catalyzes the hydrolysis of the hormone
signal, in this case of SLs (Fig. 1.11) (Hamiaux et al. 2012; Yao et al. 2016). The
capability to hydrolyze the ligand is an intriguing feature of D14, which distin-
guishes it from other hormone receptors, such as the gibberellin receptor GID1
(Ueguchi-Tanaka and Matsuoka 2010), and which has been demonstrated to be
required for transducing the SL signal (Yao et al. 2016). SL hydrolysis is mediated
by a conserved Ser/His/Asp catalytic triad and results in the formation of 5-hydroxy-
3-methylbutenolide (D-ring) and a tricyclic lactone. However, when applied to
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plants, none of the two products showed any SL activity, suggesting that the purpose
of SL hydrolysis is not to release an active final SL product. Hence, it was assumed
that a conformational change in D14, which accompanies hydrolysis, is critical for
SL signal transduction. Indeed, the SL analog GR24 promotes the physical interac-
tion between D14 and MAX2 and triggers the consequent degradation of D14 by

Fig. 1.11 SL perception and signaling pathway. In the absence of SL, the transcriptional repressors
SMXLs/D53 together with the corepressor TPL/TPR interact with SPL transcription factors,
inhibiting their transcriptional activity and repressing the expression of target genes. Binding of
SL to the receptor D14 leads to the hydrolysis of the ligand, which releases the SL D-ring that
covalently binds to the receptor. This process is accompanied by a simultaneous open-to-closed
state conformational change that facilitates the interaction with the F-box protein D3 or MAX2.
CLIM-D14-D3 further interacts with SMXLs/D53 to form a ternary complex, which will result in
the polyubiquitination of D14 and SMXLs/D53 and, finally, in their degradation by the 26S
proteasome. The degradation of D14 could desensitize SL signaling, and the degradation of
SMXLs/D53 will relieve the repression of SPL by SMXLs/D53-TPL/TPR, which activates
SL-elicited responses
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MAX2, which require the active Ser/His/Asp catalytic triad in D14 protein
(Hamiaux et al. 2012).

The crystal structure of the SL-induced rice AtD14-D3-ASK1 complex explained
how the conformational change of AtD14 mediates SL signal transduction (Yao
et al. 2016). Following binding and hydrolysis, the D-ring of SLs forms a covalently
linked intermediate molecule (CLIM) with the receptor D14, while D14 undergoes
an open-to-closed state conformational change to facilitate the interaction with D3
(Fig. 1.11) (Yao et al. 2016). Furthermore, it was demonstrated that the Ser in the
Ser/His/Asp catalytic triad is responsible for docking of SLs into D14 (Zhao et al.
2013). The four helices near the active site pocket of D14 are also important for its
activity, as corresponding mutations resulted in SL insensitivity due to a reduction in
the aperture size of the active site pocket (Kagiyama et al. 2013; Nakamura et al.
2013). The formation of CLIM by D14 was also shown for pea D14 (de Saint
Germain et al. 2016) and the Striga SL receptor ShHTL7 (Yao et al. 2017).

Karrikin-Insensitive2 (KAI2) andDWARF14-LIKE2 (DLK2) are two close homo-
logs of AtD14 in Arabidopsis (Waters et al. 2012b). Despite its high similarity to
D14, KAI2 shows different ligand specificity, binding karrikin and mediating the
plant response to this compound that regulates photomorphogenesis and leaf devel-
opment (Nelson et al. 2010; Soundappan et al. 2015; Waters et al. 2013). KAI2 has
the conserved Ser/His/Asp triad that is required for karrikin response and possesses a
smaller ligand-binding pocket than D14, indicating that this receptor recognizes
ligands smaller than SLs (Zhao et al. 2013). However, the crystal structure of KAI2-
KAR1 (KAR1 is a karrikin) complex indicates that KAI2-KAR1 creates a contigu-
ous interface that allows the binding of signaling partners in a ligand-dependent
manner and likely does not transduce the ligand signal by hydrolysis and CLIM
formation, in contrast to D14 (Guo et al. 2013). There is not much information about
the biological functions of DLK2, because Arabidopsis dlk2 mutants do not show
any obvious phenotype (Waters et al. 2012b). Root parasitic plants contain D14
paralogs termed Striga hermonthica HYPO-SENSITIVE TO LIGHT/KARRIKIN
INSENSITIVE2 proteins (ShHTLs/ShKAI2s) that perceive SLs to induce seed
germination (Conn et al. 2015; Tsuchiya et al. 2015). By experimental evidences,
it was demonstrated that ShHTL7, similar to D14, is a non-canonical receptor that
hydrolyzes SLs and generates a CLIM, which enhances the interaction between
ShHTL7 and ShMAX2 to trigger Striga seed germination (Yao et al. 2017).

1.5.2 Transduction of the SL Signal

As described above, SCF E3 ligase-regulated UPS plays a central role in the signal
transduction of plant hormones. The transduction of the SL signal uses the SCFMAX2

complex that contains the F-box protein MAX2 and the SCF subunits ASK1 and
AtCUL1. A study of a rice high-tillering gain-of-function mutant led to the identi-
fication of SMXLs/D53 proteins as the SCFMAX2/D3 substrates in the SL signaling
pathway (Fig. 1.11) (Jiang et al. 2013; Yao et al. 2016). In rice, D14 directly interacts
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with D53 and D3 in a SL-dependent manner, leading to polyubiquitination and
degradation of D53. A small deletion in the C-terminal of D53 stabilizes this protein,
preventing its degradation, which results in phenotype similar to those of
SL-deficient mutants (Jiang et al. 2013; Yao et al. 2016). This mutation and the
resulting phenotype suggest that D53 is a negative regulator of SL signaling. In
Arabidopsis, the D53 orthologues, SMXL6, SMXL7, and SMXL8, also interact with
AtD14 and MAX2 and are negatively regulating shoot branching (Wang et al. 2015).
There are eight members in the SMXLs/D53 family in rice and Arabidopsis,
respectively (Stanga et al. 2013). It is assumed that SCFMAX2/D3 may have different
substrate preferences and hence regulate different SL responses. In Arabidopsis, it
was shown that SMAX1 and SMXL2, two members of the SMXLs/D53 protein
family, are involved in SL-independent processes, i.e., karrikin-dependent photo-
morphogenesis and seed dormancy (Soundappan et al. 2015; Stanga et al. 2013).
Moreover, SMXL3, SMXL4, and SMXL5 were demonstrated to regulate phloem
development, independent of both SLs and karrikins (Wallner et al. 2017). Sequence
analysis showed that all SMXLs/D53 proteins contain a conserved D2 ATPase
domain (Zhou et al. 2013). This D2 domain includes a conserved ethylene-
responsive element binding factor-associated amphiphilic repression motif of
Phe-Asp-Leu-Asn-Leu, which has been assumed to interact with TOPLESS/TOP-
LESS RELATED PROTEIN2 (TPL/TPR2) (Fig. 1.11) (Ke et al. 2015; Pauwels
et al. 2010; Soundappan et al. 2015; Zhou et al. 2013). Members of the TPL/TPR2
family usually act as transcription corepressors that inhibit the expression of genes
related to plant hormones by repressing the transcriptional activity of interacting
transcriptional factors (Ke et al. 2015). Indeed, it was also shown that D53, SMXL6,
and SMXL8, all directly interact with TPL or TPR2 in vivo (Wang et al. 2015),
suggesting that SMXLs/D53 proteins likely act as transcriptional repressors in SL
signal pathway.

1.5.3 Downstream Transcription Factors in SL Signaling

Although the D3–D14-SMXLs/D53 regulatory module has been well characterized,
the direct downstream transcriptional factors that regulate SL responsive gene
expression are still largely unknown. One class of transcription factors (TFs), termed
the TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR1
(TCP) family, has been shown to act downstream of SMXLs/D53 in SL signaling,
such as FC1/OsTB1 in rice (Takeda et al. 2003), BRC1 and BRC2 in Arabidopsis
(Aguilar-Martinez et al. 2007), TB1 in maize (Doebley et al. 1997; Guan et al. 2012),
and PsBRC1 in pea (Braun et al. 2012). These genes are mainly expressed in axillary
buds, and corresponding loss-of-function mutants showed an increased branching/
tillering phenotype that could not be recovered by exogenous SL application. In
Arabidopsis, the expression level of BRC1 was shown to be decreased in max3 and
max2 but enhanced in smxl6/7/8 (Soundappan et al. 2015; Wang et al. 2015).
Similarly, expression of HB53, one of the known target genes activated by BRC1,
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was also increased in smxl6/7/8 triple mutants (Wang et al. 2015). Moreover, the
expression of BRC1 and PsBRC1 was induced by SL treatment in Arabidopsis and
pea, respectively (Braun et al. 2012). However, in monocots, such as rice and maize,
SL signaling and the expression of TB1 seem to be uncoupled; the expression of
FC1/OsTB1 and TB1 is not induced by SLs (Guan et al. 2012; Minakuchi et al.
2010). In addition, even though BRC1 works downstream of SMXLs/D53 in
Arabidopsis SL signaling, there is no direct interaction between BRC1 and members
of the SMXLs/D53 family. Hence, the connection between SMXLs/D53 and BRC1 is
still missing.

Ideal Plant Architecture 1 (IPA1) (Jiao et al. 2010; Miura et al. 2010), a
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) transcription factor
(Wang and Wang 2015), is a key regulator of the plant architecture in rice that
triggers the expression of D53 (Song et al. 2017). Interestingly, IPA1 also interacts
physically with D53, as shown by in vivo and in vitro studies. This interaction
suppresses the transcriptional activity of IPA1, generating a negative feedback loop
that controls D53 expression, which is regulated by SLs (Song et al. 2017). IPA1 is
the first example that shows how the SMXLs/D53 transcriptional repressors directly
regulate downstream transcriptional factors (Fig. 1.11).

1.6 Conclusion

Strigolactones (SLs) are carotenoid-derived plant hormones and rhizosphere signal-
ing molecules mediating the communication with symbiotic mycorrhizal fungi,
which have been coopted by root parasitic weeds as seed germination signal.

The core pathway of SL biosynthesis is strictly stereospecific and leads from
all-trans-β-carotene to the central intermediate carlactone, catalyzed by the sequen-
tial action of three enzymes, the all-trans/9-cis-β-carotene isomerase (D27), the
9-cis-specific CCD (CCD7), and the unusual CCD, CCD8, which catalyzes a
combination of reactions on the 9-cis-product of CCD7.

CYP enzymes of the clade 711 (the Arabidopsis MAX1 and homologs) catalyze
the conversion of carlactone to various canonical and non-canonical SLs, including
carlactonoic acid, a supposed intermediate in the synthesis of both SL classes.

Plants produce different SLs, as observed in exudates of single plants. In addition,
different plant species produce diverse SL compositions.

A set of largely unknown enzymes, including the recently identified oxoglutarate-
dependent oxidoreductase, LBO, is responsible for the structural diversity of SLs.
The elucidation of the biosynthesis routes behind this diversity will require combin-
ing multiple omic approaches, i.e., genomics, transcriptomics, and targeted
metabolomics.

SL biosynthesis and release are regulated by the availability of nutrients, mainly
phosphate, and governed by other plant hormones.

SL perception and signal transduction proceed via the ubiquitin 26S proteasome-
based pathway that is used by other plant hormones. An SCF complex composed of
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Skp, Cullin, and the F-box protein (MAX2 or D3) in combination with the
α/β-hydrolase fold receptor (D14 or DAD2) catalyzes the ubiquitination of tran-
scriptional repressors, such as D53 and SMXL6/7/8, upon binding of the SL ligand
to the receptor; this results in the degradation of these repressors by the 26S
proteasome, and subsequent activation of the transcription of SL responsive genes.
The SL receptor differs from receptors of other plant hormones, as it acts as an
enzyme that hydrolyses the SL ligand and binds covalently to the released D-ring
moiety.

It can be assumed that the structural diversity of SLs is a result of an evolution
toward particular functions in the communication with other organisms and in
regulating plant development and stress response. Hence, the identification of this
functional specificity and the elucidation of the biosynthesis routes leading to the
different SLs are expected to open up new possibilities in developing crops with
optimized architecture, increased resistance to root parasitic weeds, and/or higher
mycorrhization rates. Knowledge about particular functions of different SLs may
also pave the way for designing SL analogs with specific applications.

1.7 Application Potential for SLs

The diversity of the functions predestines SLs, SL analogs/mimics, and antagonists
for application in agriculture and horticulture and makes the biosynthesis, release,
and perception of this hormone an excellent target for genetic engineering and
breeding toward crops with improved performance.

Optimal plant architecture is essential for exploiting the production and yield
potential of crops. SLs are a key regulator of shoot and root architecture, as
suggested by the effect of SL deficiency on shoot branching and plant height.
Therefore, modulation of SL biosynthesis and perception holds promise for gener-
ating crops and ornamental plants with the architecture, e.g., tiller/branch number,
pattern of roots types, etc., desired for different agriculture and horticulture systems.
Moreover, the recently discovered role of SLs in plant response to biotic and abiotic
stress opens up a further possibility of enhancing crop productivity by manipulating
SL biosynthesis and response toward increasing drought, salt, and/or pathogen
resistance. In this context, application of SL analogs and antagonists might be a
promising, more straightforward approach to improve the resilience and architecture
of plants in agriculture and horticulture.

The root parasitic weed S. hermonthica is a major threat to global food security,
affecting many regions in the world, particularly sub-Saharan Africa. SLs are a
major factor in the Striga/host plant interplay and a key component in dealing with
this threat. Recent data indicate that pattern and amount of released SLs determine
the susceptibility to Striga. Strigol-type SLs seem to be much better germination
stimulants, compared to the orobanchol-like ones. Related Phelipanche and
Orobanche spp. have also adapted to certain type of SLs. Hence, alteration of SLs
pattern is an attractive possibility to alleviate the infestation by root parasitic weeds.
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This alteration can be approached either by breeding or by genetic engineering.
Better knowledge on late steps of SL biosynthesis as well as on release mechanisms,
which determine type and of released SLs, is required to achieve this target.

Considering the essential role of SLs in establishing the mycorrhizal symbiosis
and the different efficiency of various SLs in this process, understanding the
biological reason for SL diversity and the mechanism of their release will also
help in increasing the mycorrhization, which improves the growth of host plants
and reduce the demand for fertilizers.

Root parasitic plants produce very large amounts of seeds that can remain viable
for more than a decade in the soil. Thus, seed banks of Striga and other root parasitic
plants, which have accumulated over decades in infested soils, are major constraints
in combating these weeds. The application of SL analogs to induce seed germination
of these obligate parasites in the absence of a host is a promising approach that can
significantly reduce or even eliminate accumulated seed bank. This method, suicidal
germination, can be combined with other approaches, such as planting varieties with
increased resistance, in an integrated strategy to successfully control root parasitic
weeds.
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Glossary

ABC transporter ATP-binding cassette transporters, consisting of multi-subunits
including transmembrane proteins and membrane-associated ATPases, with
especially important roles in transport of plant secondary metabolites and
hormones.

α/β-fold Hydrolase A large, diverse superfamily of hydrolytic enzymes character-
ized by a core alpha-/beta-sheet, which contains eight beta strands connected by
six alpha helices and a catalytic triad.

Apocarotenoids The oxidative cleavage products of carotenoids by CCDs or
spontaneous oxidation.

Arbuscular mycorrhizal (AM) fungi A class of symbiotic fungi of the phylum
Glomeromycota, characterized by the formation of unique intracellular structures
called arbuscules that receive organic carbon from the host and assist the plant in
the acquisition of mineral nutrients through their associations with roots.

Butenolide A lactone with a four-carbon heterocyclic ring structure. It is a common
moiety in all SLs.

Canonical SLs A subfamily of SLs characterized by the presence of a tricyclic
lactone (ABC-ring) connected to a conserved butenolide ring (D-ring) via an enol
ether bridge in R-configuration.
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Carlactone A core intermediate in the biosynthesis of SLs, generated by the
sequential action of D27, CCD7, and CCD8 from all-trans-β-carotene.

Carotenoids A class of terpenoid pigments produced in plants, algae, and some
bacteria. They fulfill essential functions in photosynthesis and serve as precursors
of hormones and signaling molecules.

Carotenoid cleavage dioxygenases (CCDs) A large family of non-heme iron (II)-
dependent enzymes which break C¼C double bonds in carotenoid or
apocarotenoid backbone, leading to two carbonyl products.

Catalytic triad A set of three coordinated amino acids comprising an acid, a base,
and a nucleophile (often Asp, His, and Ser, respectively) found in the active site
of hydrolases.

F-box protein A component of the SCF-type E3 ubiquitin-protein ligase com-
plexes, which are responsible for substrate recognition, polyubiquitination, and
eventually protein degradation.

HPLC High-performance liquid chromatography, an analytical chemistry tech-
nique used to separate, identify, and quantify different compounds in a sample
mixture, which relies on pumps to pass a pressurized liquid solvent containing the
sample mixture through a column filled with a solid adsorbent material. Due to
the slightly different interaction of each substance in the sample with the adsor-
bent material, different substances have different flow rates when flowing out of
the column therefore leading to their separation.

LC-MS Liquid chromatography-mass spectrometry, a commonly used technique in
analytical chemistry to identify a chemical by combining liquid chromatography
(LC) or high-performance liquid chromatography (HPLC) with the mass analysis
capabilities of mass spectrometry (MS).

MEP pathway 2-C-Methyl-D-erythritol 4-phosphate pathway, a route for the bio-
synthesis of the isoprenoid precursor isopentenyl pyrophosphate (IPP), which
starts with the condensation of pyruvate with D-glyceraldehyde phosphate. The
MEP pathway is responsible for the synthesis of the isoprenoid building block
IPP in bacteria and plastids.

Mevalonate pathway A pathway for the synthesis of isopentenyl pyrophosphate
(IPP) in the cytoplasm of eukaryotic cells, archaea, and some bacteria. The
mevalonate pathway is initiated by the condensation of two molecules acetyl-
CoA and is the source of IPP in the cytoplasm of eukaryotic cells.

MS Mass spectrometry, an analytical technique that ionizes chemical species by
electrons, ions or photons, energetic neutral atoms, or heavy cluster ions and sorts
the ions based on their mass-to-charge ratio (m/z) and to detect them qualitatively
and quantitatively by their respective m/z and abundance.

Rhizosphere The region of soil surrounding the roots, which is directly affected by
root secretions and is enriched in soil microorganisms.

Rootstock The lower part of the combined grafted plant.
Scion The upper part of the combined grafted plant.
Sesquiterpenes A class of terpenes formed by the condensation of three isoprene

units and consisting of a C15 skeleton.
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Non-canonical SLs Subfamily of SLs that contain a variable second moiety instead
of the tricyclic lactone connected to a conserved butenolide ring (D-ring) via an
enol ether bridge in R-configuration.
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Chapter 2
Strigolactones as Plant Hormones

Catherine Rameau, Sofie Goormachtig, Francesca Cardinale, Tom Bennett,
and Pilar Cubas

Abstract In the last decade strigolactones have been recognized as a novel type of
plant hormones. They are involved in the control of key developmental processes
such as lateral shoot outgrowth and leaf and root development, among others. In
addition, strigolactones modulate plant responses to abiotic stresses like phosphate
starvation and drought. Here we summarize the current knowledge of the widely
conserved functions of strigolactones in the control of plant development and stress
responses as well as some of their reported species-specific roles. In addition, we will
review their known genetic and functional interactions with other phytohormones.
The newly discovered activities of strigolactones as plant hormones raise the possi-
bility of using these compounds and their signalling pathways as tools to optimise
species of agronomical importance.
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2.1 Introduction

Plants adjust their growth and development to changing environmental and endogenous
conditions. This plasticity is partly achieved by their capability to perceive external and
internal cues in various plant organs and to convey this information over long distances
to coordinate adaptive responses throughout the plant. This communication is primarily
mediated by a small group of chemical messengers, the ‘phytohormones’, which are
transported systemically within the plant body. Inside cells, phytohormones act at low
concentrations; after binding to their receptors, they activate signalling cascades, trigger
changes in gene expression and ultimately activate developmental and metabolic pro-
grams that allow plants to adapt to local environmental conditions.

Until 2008, eight classes of phytohormones were recognized: auxin, cytokinin
(CK), abscisic acid (ABA), gibberellic acid (GA), ethylene, brassinosteroids, jasmonic
acid and salicylic acid. Strigolactones (SL) had been known for the previous 50 years as
root-exuded compounds that stimulated the germination of parasitic plant seeds (Cook
et al. 1966). Much later, SLs were reported to promote branching of arbuscular
mycorrhizal (AM) fungi, providing a convincing explanation for their exudation by
plants (Akiyama et al. 2005; Parniske 2008). Finally, it became clear in 2008 that SLs
also acted as long-distance endogenous signals within the plant (Gomez-Roldan et al.
2008; Umehara et al. 2008), controlling plant architecture and mediating adaptive
responses to stress. SLs thus became recognized as a novel class of phytohormones.

The molecular mechanisms of SL signalling resemble those of other phytohor-
mones such as jasmonic acid, auxin and GA: binding of a SL molecule to its receptor
triggers polyubiquitination and proteasomal degradation of the pathway repressors.
Key components of SL perception and signalling have been characterized (reviewed in
Waters et al. 2017). The SL receptor is an α–β hydrolase (D14, in rice, Arite et al.
2009), widely conserved in flowering plants (e.g. Hamiaux et al. 2012; Chevalier et al.
2014). Upon SL binding and hydrolysis, D14 undergoes conformational changes that
facilitate its interaction with an F-box protein, MAX2 in Arabidopsis (Stirnberg et al.
2007), component of an SKP1-CUL1-F-box-protein (SCF)-type ubiquitin ligase com-
plex. Upon interaction with D14, MAX2 promotes recognition, ubiquitination and
degradation of the SL pathway repressors: D53 in rice (Jiang et al. 2013; Zhou et al.
2013), the D53 orthologs SMXL6, SMXL7 and SMXL8 in Arabidopsis (Soundappan
et al. 2015; Wang et al. 2015). D53-like repressors contain domains that allow them to
interact with transcriptional corepressors like TOPLESS, which in turn interact with
the histone deacetylase complex and promote chromatin remodelling and gene silenc-
ing. In summary, SL signalling leads to degradation of D53-like corepressors, which
elicits SL-related transcriptional responses. In parallel, in response to SL the D14
receptor is also ubiquitinated and degraded in Arabidopsis and rice, although at a
slower rate than D53 proteins (Chevalier et al. 2014; Hu et al. 2017).

SLs have now been implicated in controlling a wide range of morphological traits,
including shoot branching; leaf shape; leaf senescence; internode growth; shoot branching
angle and stem secondary growth (Sect. 2.2); growth of primary, lateral and adventitious
roots; and growth of root hairs (Sect. 2.3). SLs are also involved in the adaptation of plants
to abiotic stresses such as phosphate starvation and drought (Sect. 2.4). Although some of

48 C. Rameau et al.



these roles have been confirmed in a large number of species (e.g. thale cress, garden pea,
petunia, rice) which indicates that their functions are widely conserved across angio-
sperms, other functions seem to be specific to just a few species analysed so far.

SLs do not regulate these processes alone, but in concert with other hormones,
either antagonistically or synergistically (Sect. 2.5). In addition, SLs can cross-
regulate the activity of some phytohormones, by controlling their biosynthesis,
stability and signal transduction. To understand how SL signalling interacts with
the activity of other plant hormones is a current challenge essential to elucidate their
role in the control of plant growth and stress responses.

2.2 SLs and the Regulation of Shoot Architecture

2.2.1 SLs Repress Shoot Branching

Shoot branching results from the outgrowth of axillary buds formed in the axils of
many leaves (Fig. 2.1). During postembryonic development, axillary meristems are
initiated, and many will go on to develop a few leaves before arresting to form an
axillary bud. These buds may either remain dormant or grow to generate a branch,
which is a secondary shoot axis with similar features to the main stem. Different
patterns of shoot branching can be observed depending on environmental, genetic
and developmental factors. For example, at floral transition, axillary buds that were

Fig. 2.1 SLs suppress branch outgrowth. Node of a pea SL-deficient mutant ramosus1, in which an
axillary bud has grown out into a branch. In wild-type pea plants (not shown), axillary buds remain
dormant
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dormant may start to grow out. Each axillary bud integrates many endogenous and
external signals to take a decision on whether to activate or not. SLs are one of the
key signals that repress the outgrowth of axillary buds.

Shoot branching was intensively studied during the ‘golden era’ of plant physiology
in the 1920s and 1930s, leading to the development of the classical theory of apical
dominance (Box 2.1). Auxin was known to be a key signal regulating apical domi-
nance, but its mechanism of action remained unclear for many years. In the 1990s and
early 2000s, a genetic approach to understanding shoot branching developed in several
labs led to the isolation of high shoot branching mutants in pea (Pisum sativum,
ramosus (rms) mutants), petunia (Petunia x hybrida, decreased apical dominance
(dad) mutants), thale cress (Arabidopsis thaliana (Arabidopsis), more axillary growth
(max) mutants (Figs. 2.1, 2.2)) and rice (Oryza sativa, dwarf (d) or high-tillering dwarf
(htd) mutants) (Simons et al. 2006; Beveridge et al. 2009; Wang and Li 2011; Waldie
et al. 2014). Most of the genes identified through these mutants were subsequently
shown to be components in the SL biosynthesis or signalling pathways (see below).

Box 2.1 The Classical Theory of Apical Dominance
Apical dominance is the term used to describe the control of the shoot tip over
axillary bud outgrowth. Removal of the shoot tip (decapitation) is a technique
well known by gardeners to make a plant bushier as it stimulates axillary bud
outgrowth. This technique was also commonly used to study axillary bud
outgrowth. The shoot tip being the main source of auxin, it was postulated that
auxin synthesized in the shoot apex and transported rootwards acted indirectly
by regulating the transport or the levels of other signals (‘second messengers’)
moving shootwards. Auxin negatively regulates cytokinin levels and posi-
tively SL levels. Thus cytokinin and SL could be considered as second
messengers by which auxin represses axillary bud outgrowth. Auxin might
also act in the main stem to repress auxin export from the axillary bud and
consequently, its outgrowth. More recently, the involvement of sugars acting
as signalling molecules in apical dominance was proposed. Using plants with
long internodes, it was shown that after removal of the shoot apex, the
decrease in auxin content along the stem was too slow to explain the early
growth of axillary buds located at basal nodes. The strong demand for sugar by
the shoot tip may participate in the apical dominance. After decapitation,
sugars are redistributed very rapidly to trigger bud outgrowth (Mason et al.
2014). The relationship between sugars and SLs is still unclear.

In pea, these high shoot branching mutants were first characterized using simple
grafting experiments. These experiments led to the conclusion that some mutants
were deficient in a novel branching inhibitor and others were not responding to the
branching inhibitor (Box 2.2). A major clue for the discovery of this unknown
branching inhibitor came from the cloning of the MAX3 and MAX4 genes from
Arabidopsis, which both encoded CAROTENOID CLEAVAGE DIOXYGENASE
enzymes (CCD7 and CCD8, respectively) (Sorefan et al. 2003; Booker et al. 2004)
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(Fig. 2.2a). These results suggested that the branching inhibitor was very likely a
carotenoid-derived compound. At the same time, a group working on parasitic plants
showed that SLs, molecules already known to stimulate seed germination of these
plants, were carotenoid derived (Matusova et al. 2005). Demonstration that SLs were
also the elusive branching inhibitor involved exogenous applications of racemic-
GR24 (rac-GR24), a synthetic SL (Box 2.3), to test whether it inhibited shoot
branching. Indeed, rac-GR24 applications inhibited axillary bud outgrowth in SL
synthesis mutants but not in response mutants, establishing that SLs were indeed the
mystery branching regulators (Gomez-Roldan et al. 2008; Umehara et al. 2008). It is
worth mentioning that rac-GR24 consists of a mixture of enantiomers, one of which
is a structural analogue of natural SLs, but another activates a different signalling
pathway (Box 2.4) (Scaffidi et al. 2014).

Fig. 2.2 Phenotypes of SL-synthesis mutants. (a) Shoot branching phenotype of Arabidopsis wild-
type plant (left) and SL-synthesis mutant max4 (right). (b) The wild-type pea plant (left) has fewer
branches with larger branch angles than those of the SL-deficient rms1mutant, which displays more
vertical branches. (c) Petunia SL-deficient mutant dad1-1 (right) is bushier and later flowering than
wild type (left) (Photo kindly provided by Kim Snowden)
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Box 2.2 Characterization of High Branching Mutants Using Grafting:
Evidence of a Novel Branching Inhibitor
A branching inhibitor can move from the wild-type root to the shoot to inhibit
the branching phenotype of the synthesis mutant (Graft 1), but not of the
response mutant (Graft 2). The branching inhibitor also stimulates the height
of the plant (Graft 1). The branching inhibitor is synthesized in the wild-type
root and also in the wild-type shoot (Graft 3). The branching inhibitor can only
move in a root-to-shoot direction (Graft 4) as the branching inhibitor from the
wild-type shoot cannot inhibit the branching of the synthesis-mutant shoot.
Colours indicate the genotype of the plant.

Box 2.3 Rac-GR24, a Widely Used Synthetic SL Analogue

Legend: Left-hand structures: The racemic solution of GR24, the most
commonly used synthetic analogue of SL, is composed by the equimolar
mixture of the two enantiomers GR245DS and GR24ent-5DS. Right-hand:
Molecular structures of strigol and orobanchol, two naturally occurring SLs
characterized by beta and alpha orientation of the C ring, respectively. They
are representative of the two main molecular types of natural strigolactones;
both share the R configuration at the C-20. GR245DS is a structural analogue of
strigol, but GR24ent-5DS is not an analogue of either strigol- or orobanchol-
type SLs.

Box text: The influence of a particular hormone on plant development is
often studied by using synthetic analogues, since naturally occurring

(continued)
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Box 2.3 (continued)
phytohormones are often difficult to obtain at high quantities. For SL research,
the most commonly used analogue is racemic-GR24 (rac-GR24). GR refers to
the initials of the chemist Gerald Roseberry, who originally synthesized the
molecule. It is important to keep in mind that rac-GR24 consists of a mixture of
enantiomers, of which only GR245DS, mimics the stereochemistry of the
natural SLs, while GR24ent-5DS activated a separate signalling pathway, the
KAI2 pathway (Box 2.4) (Scaffidi et al. 2014). In several early studies, the use
of rac-GR24 led to erroneously propose a role for SLs in processes probably
controlled by the yet unknown ‘KAI2 ligand’ (KL) (Box 2.4).

Box 2.4 SLs and ‘KAI2 Ligand’

Wild type plant Synthesis

mutant

Response

mutant

Graft 1 Graft 2 Graft 3 2-shoot Graft 4

One of the most unexpected aspects of the SL story is that its discovery led
to the fortuitous finding of a second signalling pathway, which appears to act
in the perception of another novel phytohormone. The max2 SL signalling
mutant from Arabidopsis was known for some time to have additional and
unexplained phenotypes relative to SL synthesis mutants. Eventually it
became clear that these other phenotypes were related to a second signalling
pathway that uses the SCFMAX2 ubiquitin ligase to degrade target proteins
(Nelson et al. 2011). The KAI2 α/β hydrolase protein was identified as the
receptor for this second pathway and is a close homologue of the D14 protein
that acts as a SL receptor (Waters et al. 2012) (Chap. 1). KAI2 perceives
exogenous smoke-derived molecules (karrikins) but is also inferred from a
number of approaches to perceive an endogenous phytohormone currently
referred to as ‘KAI2 ligand’ (KL) (Conn and Nelson 2016; Sun et al. 2016a).
The probable proteolytic targets of KAI2 signalling (SMAX1 and SMXL2 in
Arabidopsis) are also close homologues of the proteolytic targets of SL

(continued)
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Box 2.4 (continued)
signalling (SMXL6, SMXL7 and SMXL8 in Arabidopsis, D53 in rice).
Intriguingly, the KAI2 signalling pathway appears to be much more ancient
that the SL signalling pathway, even though SL synthesis itself is ancient
(Bythell-Douglas et al. 2017; Walker and Bennett 2017). SL signalling thus
appears to have arisen by duplication and divergence of KL signalling com-
ponents (Walker and Bennett 2017).

In a further coincidence, the most widely used synthetic SL analogue,
GR24 (Box 2.3), transpired to a racemic mixture of four molecules two of
which trigger D14 signalling and two of which trigger KAI2 signalling
(Scaffidi et al. 2014). The use of racemic-GR24 (rac-GR24) thus leads to
effects that may not be SL related, causing considerable problems for inter-
pretation of data. In many early studies, the use of rac-GR24 led to erroneous
conclusions about the roles of SLs in several processes (which may actually
rather be controlled by KL). These problems were often confounded by the use
of max2 mutants, which are not specifically SL signalling mutants but also KL
signalling mutants and which were again used to conclude that SL controlled
various processes. Throughout this chapter, we have tried to highlight where
there is doubt about the involvement of SLs in a given process due to these
rac-GR24/max2 issues.

Two main hypotheses, not mutually exclusive, have been developed to explain
the mechanisms by which SL interacts with auxin to regulate axillary bud outgrowth
(Waters et al. 2017). One mechanism proposes that SLs regulate auxin transport
(Box 2.5, Sect. 2.5). The other mechanism proposes that SLs promote expression of
the BRANCHED1 (BRC1) gene, a growth suppressor that encodes a TCP transcrip-
tion factor expressed in the axillary buds of many plant species (e.g. Aguilar-
Martínez et al. 2007; Martín-Trillo et al. 2011; Braun et al. 2012). BRC1 is a
homologue of the maize Teosinte branched1 (Tb1) gene, known for its role in
maize domestication (Doebley et al. 1997). BRC1- and TB1-related genes partly
mediate the SL signalling pathway in the control of axillary bud growth. For
instance, rac-GR24 treatments do not inhibit axillary bud outgrowth in the pea
brc1 or Ostb1 mutants (Minakuchi et al. 2010; Braun et al. 2012). However, genetic
analysis in Arabidopsis shows that the effects of BRC1 and SLs are also partially
independent (Seale et al. 2017). In pea, BRC1 expression was shown to be repressed
by cytokinin and sucrose, both of which act antagonistically with SLs in the control
of axillary bud outgrowth (Braun et al. 2012; Mason et al. 2014).
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Box 2.5 Auxin Transport and Shoot Branching

Legend: Schematic diagram illustrating the polar auxin transport stream
(PATS) and connective auxin transport (CAT) in a plant stem. The PATS
(pink arrows) occurs through the vascular cambium and xylem parenchyma
cells within the vascular bundles (dark blue) (but not in xylem or phloem
vessels). Auxin from other tissues in the stem connects to the PATS through
CAT (green arrows), and auxin in the PATS can be dispersed to other tissues
through CAT. Buds that are beginning to grow and export auxin also connect
to the PATS through CAT.

(continued)
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Box 2.5 (continued)
Text: Plants have highly specific mechanisms for the regulated transport of

auxin around the plant body, a process that strongly enhances the informational
nature of the auxin signal. Auxin is predominantly uncharged at apoplastic pH
and can move freely into cells through the plasma membrane. However, at
cellular pH, auxin is predominantly negatively charged and can only exit cells
by being actively exported by efflux proteins of the ABCB or PIN families.
Thus, the direction of auxin transport can be controlled at the level of cellular
efflux and can range from non-polar to highly polarized, depending on the
subcellular localization of efflux proteins. Transport can range in scale from
localized flux within tissues to broader flux between tissues. Systemic bulk
auxin transport, connecting all parts of the plant, also occurs in a predominantly
shoot-to-root direction. This high-conductance ‘polar auxin transport stream’
(PATS) is associated with vascular tissues but does not occur in the vasculature
itself. Tissues are connected to the PATS through ‘connective auxin transport’
(CAT), which is less polar and lower conductance in nature. Regulation of CAT
and PATS is important for determining information flow in the plant and, as
such, is important for controlling various aspects of development. For instance,
as new shoot branches activate, they begin to export large amounts of auxin,
which is correlated with their ability to grow. Indeed, there is substantial
evidence that sustained auxin transport is necessary for branch outgrowth.
Thus, shoot branching can ultimately be controlled by altering the strength
and polarity of both CAT and PATS.

2.2.2 SLs Promote Internode Elongation and Height

If a high shoot branching is the most striking phenotype of SL-deficient and
signalling mutants, another remarkable phenotype of these mutants is their
semidwarfism and short internodes. To investigate whether this phenotype resulted
from the diversion of energy from the main stem to lateral shoots, axillary buds or
branches of pea plants were manually removed in SL-deficient mutants. This
treatment had no significant effect on internode length: SL mutants remained
dwarf even when the plants had only one main stem. These results indicated that
the reduced stature of SL-deficient mutants was not simply a consequence of their
increased branching (de Saint Germain et al. 2013). Furthermore, in barrel medic
(Medicago truncatula, Medicago), in which wild-type plants are already highly
branched, SL-deficient mutants still have shorter internodes despite no further
increase in shoot branching (Lauressergues et al. 2015).

The molecular mechanisms involved in SL action on the internode elongation are
not yet clearly understood. The phytohormone GA promotes internode elongation
and acts both on cell division and cell elongation. In pea, it was shown that SLs
stimulate internode elongation by affecting cell division but not cell elongation and
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that they acted independently of GA. Consistently, when mutants with altered SL
and GA levels were combined, additive effects were observed on internode elonga-
tion (de Saint Germain et al. 2013).

2.2.3 Effect of SLs on Gravitropic Set Point Angle

The angle between branches and the main stem is an important component of shoot
architecture and yield. In crops, a compromise has to be found between a broad-
spreading plant that occupies too much space in the field and a very compact plant,
which will be less efficient in light harvesting and more susceptible to pathogen
attacks. SL mutants in pea and Arabidopsis have strongly reduced branch angles
(Fig. 2.2b) (Liang et al. 2016). Shoot organs naturally display negative gravitropism
(i.e. reorientation away from gravity), and maintenance of branch angles at
non-vertical angles requires ‘offsetting’ the gravitropic stimulus. This results in a
gravitropic set point angle (GSA), which an organ will return to when gravi-
stimulated (Box 2.6).

Box 2.6 Plant Gravitropism
Plants are able to sense gravity, and their shoots generally grow away from
gravitropic stimuli (negative gravitropism), while their roots generally grow
towards gravity (positive gravitropism). Gravity is perceived in specific cells
in the shoot and root (statocytes), by the sedimentation of starch-accumulating
amyloplasts (statoliths). This process leads to redistribution of the phytohor-
mone auxin and a differential growth between the lower and upper sides of the
shoot or root.

It is currently unclear where SLs fit into the regulation of GSA. Several genes are
known to control GSA, such as members of the LAZY1 gene family. The lazy1
mutants in rice and Arabidopsis have defective shoot gravitropism and display a
spreading phenotype with large branch angles. In Arabidopsis, three LAZY genes,
acting in specific endodermal cells in the shoots (the statocytes), have a key role in
the generation of the asymmetric distribution of auxin between the lower and upper
sides of the stem, which is required for gravitropic response (Taniguchi et al. 2017).
In rice, a genetic screen aimed at finding suppressors of lazy1, led to the identifica-
tion of mutants affected in SL biosynthesis or SL signalling (Sang et al. 2014).
However, SL regulation of shoot gravitropism was proposed to be LAZY1-indepen-
dent. While LAZY1 stimulates lateral auxin transport to generate an asymmetric
distribution of auxin, SLs attenuate this auxin asymmetric distribution by repressing
auxin levels in the lower side of the shoot (Sang et al. 2014). This repressing effect of
SLs on auxin biosynthesis was also recently demonstrated in pea (Ligerot et al.
2017).
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2.2.4 SLs Control Secondary Growth in Stems

Another key phenotype of SL-related mutants is their reduced stem diameter in
comparison to wild type. Stem width results from secondary growth due to the
activity of the cambium, a cylindrical meristematic tissue that divides radially to add
thickness to the stem. The cambium comes in two major forms: vascular cambium,
in which the vascular bundles of xylem and phloem vessels form (Box 2.7), and
interfascicular cambium, which occurs between the vascular bundles. Arabidopsis
SL mutants have a reduced cambium activity compared to wild type: cambium-
specific genes are expressed at lower levels, and the stems display reduced lateral
extension of tissue derived from the interfascicular cambium (Box 2.7). Local
treatment of stems with rac-GR24 stimulates cell division in interfascicular regions,
suggesting a direct effect of SLs on cambium activity (Agusti et al. 2011). Interest-
ingly, experiments of plant decapitation not only induced axillary bud outgrowth but
also reduced stem secondary growth, suggesting that regulation of branching and
secondary growth are linked.

Box 2.7 Cambium and Vascular Tissue

Legend: Vascular bundle of a pea stem (photo kindly given by JP. Pillot).

(continued)
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Box 2.7 (continued)
Text: Cambium is a specialized, undifferentiated layer of cells that allows

the radial growth of shoot and roots. In the vascular bundles, vascular cam-
bium forms a layer of meristematic cells located between the xylem and
phloem vessels. This meristematic tissue extends between vascular bundles
to form the interfascicular cambium. The resulting ring of meristematic tissue
is very clearly observed in woody plants but can also be seen in herbaceous
plants like Arabidopsis.

2.2.5 SLs Affect Leaf Shape and Leaf Serration

In Arabidopsis, SL-deficient and response mutants exhibit rounder rosette leaves
with shorter petioles (Stirnberg et al. 2002). This phenotype is restored to wild type
in plants lacking the repressors of the pathway (smxl6,7,8 triple mutants,
Soundappan et al. 2015). Furthermore, treatment with rac-GR24 of SL-deficient
mutants grown in hydroponic culture restores leaf shape (Scaffidi et al. 2013). The
compound leaves of some Medicago ecotypes such as R108 have serrated margins.
In SL mutants the degree of serration is reduced. To test whether this serration
phenotype was linked to SLs, rac-GR24 was applied to the main shoot apex of the
SL-deficient mutant, and, indeed, rac-GR24-treated leaflets displayed deeper serra-
tions than mock-treated leaflets (Lauressergues et al. 2015). However, in other
ecotypes, e.g. Jemalong A17, rac-GR24 treatments did not give deeper leaf serra-
tions, although the root phenotype responded to the treatment. This suggests that the
effect of SLs on leaf serration is not a general property in Medicago.

2.2.6 SLs and Reproductive Organ Size

The role of SLs during reproductive development is still unclear although SL
synthesis genes are strongly expressed in reproductive tissues. For example, MAX4
is expressed in the Arabidopsis siliques (Bainbridge et al. 2005), CCD7 is highly
expressed in tomato fruits (Vogel et al. 2010) and mRNA levels of ZmCCD8 are
particularly high in the ear (female inflorescence) of maize plants (Guan et al. 2012).
Flowers, fruits and seeds of SL-deficient mutants are often smaller than those of the
wild type. For instance, tomato antisense CCD8 lines showed reduced size of flowers
and fruits (Kohlen et al. 2012). However, it is yet unclear whether this reduced size is
due to the high branching phenotypes, which in turn result in a higher number of
flowers per plant, or a direct effect of lack of SL signalling in the fruits.
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2.2.7 Other Roles of SLs: Control of Flowering Time
and Tuberization

In many different species, mutants and transgenic lines with reduced mRNA levels
(RNA interference lines, RNAi) of SL-biosynthesis genes (usually CCD7 or CCD8
orthologs) have been studied. Some of them display species-specific phenotypes
additional to the general ones described above. In petunia, for instance, reduced SL
synthesis leads to late flowering phenotypes. The dad1-1 mutant, which has a trans-
poson insertion in PhCCD8, has a delayed flowering time relative to wild type, as do
RNAi lines of DAD1 (Snowden et al. 2005) (Fig. 2.2c). This strong phenotype is not
observed in the corresponding mutants of Arabidopsis, pea or rice; only a short delay
in flowering time is detectable in some of these mutants. A SL-defective tomato and
bird’s-foot trefoil (Lotus japonicus) plants display severe defects in flower and fruit
setting (Kohlen et al. 2012; Liu et al. 2013; Vogel et al. 2010).

Potato StCCD8 RNAi lines provided new insights in the diversity of SL func-
tions. These RNAi lines have altered phenotypes similar to those observed in other
species (i.e. more branching, reduced height), but, in addition, they displayed
additional phenotypes in tuber formation and development. Potato tubers originate
from underground shoots called stolons, by swelling of the stolon tips. Stolons
usually grow diageotropically, that is, perpendicular to gravity. Interestingly, stolons
of the RNAi lines with reduced function of StCCD8 tend to emerge from the soil and
form aerial shoots (Pasare et al. 2013). Further investigation is needed to test whether
this effect is related to the mechanism by which SLs control branching angle (see
above). In addition these RNAi lines do not form flowers. Instead, basal nodes of
these plants develop miniature tubers that also produce shoots. Underground, the
tubers of these lines have an elongated and knobby shape and new tubers are formed
directly from the mother tuber. Tubers are higher in number but smaller in size, so
that the total tuber yield of the StCCD8 RNAi plants is up to threefold lower than that
of control plants. During storage, when tubers are normally dormant, StCCD8 RNAi
tubers have a higher degree of sprouting than controls (Pasare et al. 2013).

2.3 SLs and the Regulation of Root Architecture

2.3.1 SLs and Root Length

SLs have been proposed to regulate the growth of the primary root (Ruyter-Spira
et al. 2011). Various SL mutants from different species, such as Arabidopsis, rice
and barley (Hordeum vulgare) have a slightly shortened main root. Studies in
Arabidopsis have suggested that this decreased length was due to a smaller root
meristem than in wild-type plants. Consistent with these data, treatments with rac-
GR24 increase the main root length in wild-type plants of several plant species.
However, it is worthwhile noting that, for instance, in rice, this effect is influenced
by the concentrations of phosphate or nitrate in the medium (Sun et al. 2014, see also
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Sect. 2.4). Furthermore, this effect is not general for all plant species. In Medicago
and tomato, rac-GR24 has no impact on the main root length. Moreover, in Lotus
japonicus, transgenic lines in which the SL biosynthesis gene CCD7 was silenced
had longer primary roots than those of the wild type (Koltai et al. 2010; Liu et al.
2013; De Cuyper et al. 2015). It is currently unclear why there are differences
between species. The impact of SLs on the main root length is subtle, in contrast
to the much more pronounced effect of other plant hormones, such as auxins,
through which SLs probably act (Matthys et al. 2016). Hence, because several
other hormones control the length of the main root, the effect of SLs might become
masked due to differences in the general hormone landscape between different plant
species or when grown under different nutrient conditions.

2.3.2 Strigolactones in Lateral Root Development

SLs have also been proposed to exert an effect on the development of lateral roots in
many species (e.g. Ruyter-Spira et al. 2011; Kapulnik et al. 2011a; Sun et al. 2014; De
Cuyper et al. 2015). Arabidopsis max2 mutants, with impaired SL (but also KAI2-
related) signalling, have a phenotype of enhanced lateral root density (i.e. number of
lateral roots divided by total root length). This phenotype is reduced in smxl6,7,8
triple mutants lacking the SL signalling repressors (Soundappan et al. 2015), which
supports a role of SL in this process. However, whereas in rice SL biosynthesis
mutants consistently have an enhanced lateral root density phenotype, Arabidopsis
max3 and max4 biosynthesis mutants do not display clear defects on lateral root
development (Sun et al. 2014; Kapulnik et al. 2011a, b; Ruyter-Spira et al. 2011).

In addition, in Arabidopsis and rice, treatments with rac-GR24 cause reduced
lateral root density in wild-type plants (Fig. 2.3). In Arabidopsis this response has
been shown to be mainly due to inhibition of the lateral root outgrowth in the upper
part of the root (Jiang et al. 2016). This phenotype could be due to signalling through
either the SL or the KL pathway (Box 2.4). Indeed not only the GR245DS enantiomer
– which mimics the endogenous SL – but also the GR24ent-DS,which mimics
karrikins, leads to reduced lateral root density (Box 2.4), suggesting a role for both
SL and KL in the control of lateral root development (Li et al. 2016).

2.3.3 SLs in Adventitious Root Development

SLs have also been implicated in the development of adventitious roots that originate
from non-root tissues in Arabidopsis and pea (Rasmussen et al. 2012) and also in rice
crown roots (which are developmentally equivalent). Interestingly, the effect observed
was opposite in Arabidopsis and rice: whereas in Arabidopsis SL biosynthesis and
signalling mutants have an enhanced capacity for adventitious rooting and the number
of adventitious roots is decreased by rac-GR24 treatments, in rice, SL-biosynthesis
mutants had shorter and fewer crown roots than the wild type (Sun et al. 2015).

2 Strigolactones as Plant Hormones 61



2.3.4 SLs in Root Hair Development

A fourth root developmental process in which SLs might be involved is root hair
density and elongation. Under nutrient-limiting conditions, root hair densitywas lower
in SL signalling and biosynthesis mutants (max2 and max4, respectively) than in the
wild type (Mayzlish-Gati et al. 2012) (see Sect. 2.4). Furthermore, in phosphate-
deprived conditions, both SL signalling and biosynthesis mutants (max2 and max1,
respectively) displayed shorter root hairs than wild-type plants (Ito et al. 2015).

Consistently, rac-GR24 treatments cause root hair elongation in wild-type tomato
and Arabidopsis, although not in Medicago (Koltai et al. 2010; Kapulnik et al.
2011a, b; De Cuyper et al. 2015). Detailed analyses using different enantiomers of
synthetic SLs showed that compounds resembling SLs had a stronger effect on root
hair growth than those expected to act through the KAI2 pathway (Box 2.4).
Nevertheless, the latter also had an effect on root hair development (Artuso et al.
2015; Li et al. 2016). All these pieces of evidence support a role of SLs but probably
also of the KAI2-dependent signalling pathway in root hair development.

2.3.5 Mechanism of SL Action in Roots

What do we presently know about the molecular effects caused by SLs in roots?
Since SLs-auxin interactions have been demonstrated in the control of shoot
branching (see Sect. 2.5), these interactions have also been studied in roots. It has
been found that each hormone influences the expression of genes involved in the
biosynthesis or signalling of the other. For instance, exogenous auxin treatments

Fig. 2.3 Effects of rac-GR24 on the roots of Arabidopsis plants. Left panel: Schematic represen-
tation of the effects of rac-GR24 on the Arabidopsis root. Adapted from Matthys et al. (2016).
Middle and right panels: example of Arabidopsis plants grown on agar plates for 8 days without
(middle panel) or with (right panel) 1 μM of rac-GR24. Size bar is 1 cm. The effect of rac-GR24 on
lateral root growth is illustrated. LRD, lateral root development
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lead to increased transcript levels of the SL biosynthesis genes MAX3 and MAX4 in
Arabidopsis. Conversely, treatments with rac-GR24 decrease the expression of the
auxin-responsive gene INDOLE-3-ACETIC ACID INDUCIBLE 1 (IAA1) (Foo et al.
2005; Hayward et al. 2009; Mashiguchi et al. 2009). The influence of SLs on PIN
auxin transporters (Box 2.5) in the root has also been investigated. In general, as with
the physiological effects of SLs, the impact of SL on PIN expression is not as clear as
that observed during shoot branching (see also Sect. 2.5). In root tips, prolonged
treatment with rac-GR24 resulted in a downregulation of PIN1, PIN3, and PIN7
expression (Ruyter-Spira et al. 2011). In root epidermal cells (of the elongation
zone), rac-GR24 treatments resulted in increased PIN2 expression and enhanced
PIN2 polarization in the plasma membrane (Pandya-Kumar et al. 2014). Further
investigations revealed that, in contrast to the findings in the shoot, short rac-GR24
treatments did not induce PIN1 endocytosis from the plasma membrane, nor did they
cause a reduction in the total PIN1 levels in roots cells (Shinohara et al. 2013).

In common with shoot branching, endogenous auxin levels seem to influence the
impact of SLs on root development. Indeed, the auxin status of the plant greatly
affects the effect of rac-GR24 on lateral root density: the negative effect of rac-
GR24 could be modified into no effect or even a positive effect when the auxin levels
were increased (Ruyter-Spira et al. 2011). The underlying basis for these observa-
tions is still not entirely clear (Shinohara et al. 2013).

SLs may also interrelate with CKs in the control of lateral root development. The
CK receptor Arabidopsis Histidine Kinase 3 (AHK3) and the downstream regula-
tors, the Arabidopsis Response Regulator 1 (ARR1)/ARR2 proteins, have been
shown to interact with rac-GR24 to impact on lateral root development. Mutants
in this CK signalling module were insensitive to rac-GR24, probably because of the
negative effect of this module on the auxin pathway (Jiang et al. 2016). No
interaction of SLs with auxin or CK has been found to affect the adventitious root
development (Rasmussen et al. 2012).

Besides the interaction with other hormones, what do we know about the molec-
ular aspects of SL signalling in the root? A study to investigate the effects of rac-
GR24 treatment on the root proteome revealed that strongly upregulated proteins
were involved in the production of various specialized metabolites, among them
flavonols (Walton et al. 2016). However, the consequences of this upregulation are
currently unclear.

In summary, SLs influence the development of root architecture at different
stages, but the particular molecular mechanisms underlying these effects still need
to be elucidated.

2.4 SLs and Plant Response to Abiotic Stress

Plants are sessile organisms that cannot avoid a changing and often challenging
environment. The most frequent abiotic constraints (Box 2.8) that impact on plant
growth and yield are limitations in mineral nutrients and water. The most limiting
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mineral nutrients are phosphorus (P) and nitrogen (N), normally absorbed from soil
in the phosphate and nitrate forms, respectively. Water deprivation and high soil
salinity lead to osmotic stress and reduced soil water potential (Box 2.9), which
makes it harder for root tissues to extract water from the ground. This in turn, may
lower the relative water content of plant tissues, thus affecting growth and develop-
ment, and in extreme cases causing death. Plants have evolved a number of mor-
phological and molecular strategies to escape, avoid or tolerate stress (Box 2.10).
Phytohormones are central components of these responses.

Box 2.8 Abiotic Constraint
In biology, abiotic components are chemical and physical environmental
factors that affect living organisms and their biological functions. All
nonliving components of an ecosystem required for living organisms and
that become limiting for growth—such as suboptimal atmospheric conditions,
water or mineral nutrient resources—can be considered abiotic constraints.

Box 2.9 Water Potential
Water potential, usually represented by the Greek letter ψ , is the potential
energy of water per unit volume relative to pure water in reference conditions.
It quantifies the tendency of water to move from one area to another in a given
system. This parameter has proven useful in understanding and computing
water movements within soil, plants and atmosphere, as water will always
move from areas of high ψ to areas of low (usually more negative) ψ .

Box 2.10 Stress Escape, Avoidance and Tolerance

Legend: Main coping strategies of plants under stress, the example of
drought. Adapted from Bodner et al. (2015) with the permission of the Editors
in chief of Agronomy for Sustainable Development.

(continued)
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Box 2.10 (continued)
Text: “Stress escape” is the ability of plants to complete their life cycle before

the onset of stress. For example, plants do not experience drought stress if they
are able tomodulate their vegetative and reproductive growth according towater
availability, through rapid developmental progression and plasticity (e.g. setting
seeds before water is scarce). “Stress avoidance” is the ability of plants to reduce
strain (i.e. the negative effects of stress) by maintaining a relatively normal
metabolism and physiology under adverse environmental conditions. For
instance, water content is kept at acceptable levels in plant tissues despite
reduced water content in the soil, through a variety of adaptive mechanisms
that allow for minimization of water loss or optimization of water uptake.
“Stress tolerance” is the ability of plants to endure strain through adaptive traits.
In the case of drought tolerance, these traits include maintenance of cell turgor
through osmotic adjustment and other strategies (Basu et al. 2016).

Did you know that in most natural soils, bioavailable mineral nutrients are
not sufficient to sustain the growth of high-yielding crop varieties and high-
intensity agricultural management typical of industrialized countries. Thus, the
green revolution had to rely on chemical fertilizers containing mostly N and P
(Andreo-Jimenez et al. 2015), whose demand is projected to increase by an
annual 3% worldwide. However, fertilizer production is energetically costly,
while resources are limited and unevenly distributed. In the case of P, for
instance, production rates are expected to reach their limit in a few decades
due to depletion of rock phosphate stocks. In addition, the cost of N and P
fertilizers has more than tripled in the last 15 years. Only 30–50% of the applied
N fertilizer and around 45% of P fertilizer is taken up by crops, and a significant
amount is lost from agricultural fields. In European agriculture, for example, N
and P fertilizer applications average out at 150 and 90 kg/ha, respectively.
However, soil leaching can affect 60% of this, leading to microbial and algal
growth in water reservoirs and a negative impact on water quality and biodi-
versity (Tilman et al. 2002). It is generally considered that N limitation has
greater impact on biomass formation, directly followed by P. However, with
increasing soil age P limitation tends to become the major limiting factor of
plant productivity (Czarnecki et al. 2013; Lambers et al. 2008).

Did you know that more than 800 million hectares of arable land globally is
adversely affected by salinity, which is equivalent to approximately 20% of
the world’s cultivated land area and 50% of all irrigated lands (Sairam and
Tyagi 2004). Drought is possibly the major constraint on plant growth and
productivity in rain fed areas, brought about by infrequent rain and insufficient
irrigation (Chaves et al. 2003).

SLs were first proposed to participate in the orchestration of stress responses
based on the observation that their synthesis and exudation into soil is induced by
abiotic cues. Later, a causative link between SL action and abiotic stress responses
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was established by the study of plants defective in SL synthesis, exudation or
perception. Other experiments that used exogenous treatments with rac-GR24
seemed to confirm this hypothesis, but again, these must be interpreted with caution
(see Box 2.4).

2.4.1 SLs and Response to Nutrient Deprivation

Nutrient availability has a strong influence on SL metabolism and distribution. In
almost all plant species analysed, low P availability in the soil strongly induces SL
synthesis and exudation. In some species, SL accumulation has also been observed
in low N soils (Andreo-Jimenez et al. 2015; Lopez-Raez et al. 2017), but this
response is thought to be due to the fact that N deprivation can induce fluctuations
in the shoot P content, which in turn triggers SL accumulation and exudation at the
root level (Yoneyama et al. 2012).

As SLs are known to promote beneficial symbioses (i.e. arbuscular mycorrhizal
fungi and nodulating bacteria) (Lanfranco et al. 2018; Lopez-Raez et al. 2017),
nutrient-responsive SL synthesis was initially thought to facilitate root colonization
by symbiotic microorganisms and thus boost nutrient capture. Accordingly, it was
proposed that SL synthesis in non-nodulating plants (i.e. nonlegumes) would
respond to low P but not to low N. However, analysis of a wide range of plant
species showed that SL induction by low N did not correlate with the plant’s ability
to host N-fixing bacteria; and indeed, even non-mycorrhizal plants (e.g. Arabidopsis)
showed increased SL synthesis and exudation under low P conditions (Czarnecki
et al. 2013; Mostofa et al. 2018). This implies that attracting symbiotic partners from
the rhizosphere cannot be the only reason for SL accumulation under nutrient
scarcity.

Plants tightly control the symbioses formed with AM fungi and rhizobia in
response to external nutrient availability: under high P there is a strong suppression
of mycorrhization and, under high N, suppression of nodulation. However, it must
be noted that SLs are not essential for such nutrient-induced regulation of symbiosis
(Lanfranco et al. 2018). For example, suppression of mycorrhization by high P
cannot be overturned by rac-GR24 treatment (Balzergue et al. 2011; Breuillin
et al. 2010). Thus, while SLs participate in the regulation of beneficial root symbi-
oses, they are certainly not alone in this task (as discussed in Chap. 4). The extent to
which SL metabolism is in turn regulated by root symbioses is also debated, because,
depending on the timing after infection, extent of colonization and concurring
stresses, the results differ (Lanfranco et al. 2018; Lopez-Raez et al. 2017).

What are then the biological functions of SL induction by nutritional stress?
These hormones seem to mediate morphological, molecular and biochemical
responses that, on one hand improve mineral uptake to avoid stress, and on the
other, help the plant acclimate to nutrient deprivation independently of symbioses.
For instance, SLs control shoot architectural changes in response to low nutrients. In
rice and Arabidopsis plants grown under nutritional stress, the root/shoot biomass
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ratio generally increases, so that more resources are allocated to soil exploration.
This reallocation is partly achieved by a decrease of shoot branching, which requires
intact SL signalling (de Jong et al. 2014; Ito et al. 2015, 2016; Kohlen et al. 2011;
Sun et al. 2014; Umehara et al. 2010). In addition, low P and low N promote leaf
senescence and nutrient reallocation, processes also induced by SLs (Sect. 2.2)
(Ueda and Kusaba 2015; Yamada et al. 2014).

Under low-nutrient conditions, root morphology is altered in a species- and
nutrient-dependent way. In rice, for instance, reduced P or N lead to increased
main root length and decreased lateral root density. This response is similar to that
observed in plants treated with rac-GR24 and is compromised in SL-related mutants
(Sect. 2.3) (Sun et al. 2014). In Arabidopsis, N deficiency leads to similar responses.
In contrast, P deficiency induces a reduction of the primary root growth and an
enhancement of lateral root density (Linkohr et al. 2002) that favours topsoil
foraging to explore more nutrient-rich soil layers (Lynch and Brown 2001).
Arabidopsis SL mutants grown under low P do not display increased lateral root
density although they do have shorter primary roots (see also Sect. 2.3).

Other typical responses to P starvation are root hair elongation, anthocyanin
accumulation, activation of phosphate transporters and acidic phosphatases (needed
for efficient mobilization of soil P) and reduced plant weight. In Arabidopsis, rac-
GR24 treatments induce these same responses (Sect. 2.3); and more specifically,
GR245DS leads to increased root hair density under low P (Madmon et al. 2016).
Conversely, plants defective in SL perception or synthesis may display delayed
increase in root hair density (see above), do not accumulate anthocyanins and show
reduced induction of many P-responsive genes as compared to wild type, including
phosphate transporters and acidic phosphatases. These observations indicate that
SLs are required for a full response to low P (de Jong et al. 2014; Ito et al. 2015;
Mayzlish-Gati et al. 2012; Sun et al. 2014, 2016b, c). In rice, it was also shown that
SLs are needed for proper N distribution and reallocation to different plant tissues
under low-nutrient stress (Luo et al. 2018). This, together with the aforementioned
role of SLs in nutrient capture, led to the proposal that SLs have a dual role in plant
nutrition: on one hand, a role in direct and indirect nutrient acquisition and, on the
other, a role in optimization of resource allocation (Fig. 2.4).

2.4.2 SLs and Responses to Osmotic Stress

Most of the available information on the role of SLs in responses to osmotic stress
has been obtained from SL synthesis or signalling mutant plants exposed to drought,
osmotic stress and/or mild salinity and from the study of the effects of treatment with
exogenous SLs (rac-GR24) on stomata functioning. Plants with altered SL synthesis
or perception are hypersensitive to both drought and osmotic stress triggered by high
ionic concentration in the soil (e.g. salinity). This is due to their higher stomatal
conductance (i.e. loss of gaseous water from stomata on their leaf surface) both in the
absence and presence of stress, as observed in Arabidopsis, tomato and Lotus
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japonicus mutants. This phenotype is due, at least in part, to lower sensitivity to
ABA and/or impaired transport of ABA. This conclusion is based on the observation
that stomatal closure in response to treatments with exogenous ABA is much slower
and incomplete in SL mutants, relative to their respective wild types (Ha et al. 2014;
Liu et al. 2015; Visentin et al. 2016; Lv et al. 2018). However, the molecular
mechanisms underpinning this are currently unknown.

Endogenous ABA content is lower in SL-deficient tomato plants. Under drought,
ABA levels are even more severely reduced, which may contribute to the drought-
hypersensitive phenotype of these plants (Torres-Vera et al. 2013; Visentin et al.
2016). However, in other species, SL mutants do not have reduced ABA levels: for
example, SL-insensitive and SL-deficient genotypes of Arabidopsis and Lotus,
respectively, contain as much ABA as the wild type (Bu et al. 2014; Liu et al. 2015).

Fig. 2.4 A dual function for SLs in nutrient acquisition and allocation. Under nutrient deficiency,
plants need to minimize the production of new branches to direct the limited resources to existing
shoots and to maximize nutrient acquisition from soil. P (and in some species, N) deficiency
stimulates SL synthesis in roots and exudation to soil. Elevated SLs (acting as endogenous
hormones) act locally by modifying the architecture of the root system to increase root coverage
(to explore larger soil volumes) and provide more surface (to allow for higher uptake rate). SLs are
also transported shootwards to suppress shoot branching and accelerate senescence, which opti-
mizes resource utilization. SL exudation to soil also serves as a rhizosphere signal for potential
symbiotic partners, such as AM fungi and, where applicable, nodulating bacteria. This is an indirect
strategy to increase nutrient acquisition. Adapted with permission from Czarnecki et al. (2013)
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Consistent with a positive role for SLs in water stress responses, when
Arabidopsis, tomato or fava bean plants are treated with rac-GR24, their stomata
will close, leading to lower gas conductance and water loss from the leaf surface
(Ha et al. 2014; Visentin et al. 2016; Zhang et al. 2018). Since stomata closure in
response to this mixture is disrupted both in d14 and kai2 mutants of Arabidopsis, it
is clear that not only SLs (perceived by D14) but also the endogenous KL (perceived
by KAI2) promotes acclimatization of Arabidopsis plants exposed to drought
(Li et al. 2017). This explains why the drought-sensitive phenotype of max2 is
more severe than SL synthesis mutants (Box 2.4). Indeed, in early experiments, SL
signalling mutants were classified as non-hypersensitive to drought compared to
max2 (Bu et al. 2014). Furthermore, stomata closure in response to rac-GR24 is
independent of ABA signalling: ABA-related mutants respond like wild-type plants
(Lv et al. 2018).

The only genes and events proven indispensable for rac-GR24-triggered stomata
closure are, so far, MAX2, D14, Slow Anion Channel-Associated1 (SLAC1) and an
ABA-independent H2O2/NO burst in guard cells (Lv et al. 2018). In summary, while
the effects of rac-GR24 on stomatal closure are largely ABA independent, the effect
of exogenous ABA on the same feature is at least partially dependent on SLs and KL
signalling (Cardinale et al. 2018).

If endogenous SLs are needed for full stomatal closure, their levels in leaves
might be expected to rise in response to stress. In agreement with this, leaves treated
with ABA, or under drought or osmotic stress display higher transcript levels of SL
signalling and synthesis genes (Ha et al. 2014; Lv et al. 2018; Visentin et al. 2016).
However, those levels are still much lower than in roots (for SL synthesis genes), and
quantitative changes in SL levels cannot be detected (Visentin et al. 2016).

While all this is occurring in the leaves, what is happening in the roots, the main
site of SL production? In tomato, Lotus and lettuce, osmotic stress decreases SL
production and exudation from the roots (Aroca et al. 2013; Liu et al. 2015; Ruiz-
Lozano et al. 2016; Visentin et al. 2016). Together with the parallel induction in
shoots, this observation may mean that in these species, when the soil dries out, SL
synthesis shifts partly from roots to shoots. It has been suggested that this shift may
carry intrinsic signalling properties. Locally, in roots, it seems necessary for ABA
accumulation. Indeed, ABA content of Lotus roots does not increase after osmotic
stress if pretreated with rac-GR24, as it does in non-pretreated tissues (Liu et al.
2015). Systemically, a reduction of SLs flowing shootwards apparently signals to the
shoot (directly or indirectly, i.e. through a second messenger) that the root is
experiencing a problem. This was shown to trigger local expression of SL synthesis
genes in the shoot, leading to stomatal closure (Visentin et al. 2016). This working
model of organ-specific dynamics and action of SLs in response to drought has been
proposed in tomato (Fig. 2.5) and is consistent with data from other dicots. However,
it remains to be tested in other plant species; for example, the SL-ABA pathways
seem to interact in a different way in rice under drought (Haider et al. 2018). In this
species, drought increases root SL content and exudation. Additionally, SL synthesis
mutants of rice contain more ABA than wild-type plants and are more, not less
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Fig. 2.5 Aworking model for SL action under osmotic stress in dicot plants. The main connections
between SL (or SL-like molecules) and ABA in roots and shoots under drought stress are
highlighted. SL may have a negative effect on osmotic stress-induced ABA levels in roots,
suggesting that a drop in SL synthesis in this organ under osmotic stress may be required (but not
sufficient) to let ABA levels rise [1]. The shootwards flow of SL molecules represses the transcrip-
tion of SL/SL-like synthesis genes in shoots. This repression is stronger under normal conditions,
when more SLs are produced in roots and translocated to the shoot [2] than under drought/osmotic
stress (see below). SL synthesis is inhibited in roots under osmotic/drought stress, and, as a positive
consequence for acclimatization, shootwards SL flow is decreased [3]. The transcription of SL
synthesis genes is thus derepressed in shoots, likely increasing the SL levels [4] (dotted inhibition
arrow indicates lower repression than in [2]). Shoot-produced SL molecules may induce SLAC1-
dependent stomatal closure directly, by triggering the production of H2O2 and NO in guard cells [5].
They could also impact stomatal closure indirectly, by positively regulating ABA sensitivity or
transport in guard cells [6]. Adapted with permission from: Cardinale et al. (2018) based on data by
Liu et al. (2015), Li et al. (2017), Lv et al. (2018) and Visentin et al. (2016)
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tolerant to drought (Haider et al. 2018). It may be that monocots and dicots exploit
the regulatory mechanisms in a rather different fashion.

To further complicate the picture, it must be noted that if roots are colonized by
AM fungi the effect of drought on SL production is reversed, and an increase in SLs
occurs in roots (Aroca et al. 2013; Ruiz-Lozano et al. 2016). The benefit from this
increase is yet unclear. It has been suggested that it may help to increase colonization
of the roots by AM fungi, which supply water, and thus to alleviate drought stress
(Lopez-Raez 2016). However if this was the underlying reason, SL synthesis should
also increase in the absence of AM fungi, in order to increase the chances of
recruiting symbiotic partners under drought, but this is not the case in most species.
Clearly, more work is needed to disentangle the complexity of this system. Finally, it
may be worth pointing out that, as different abiotic stresses (e.g. low nutrient versus
drought) are associated to distinct changes in SL profiles in different organs, the
changes in metabolite content displayed in response to combined stresses must be
determined experimentally. For example, in Lotus roots, the SL decrease triggered
by osmotic stress overrides the SL increase induced by P deprivation, when both
stresses are applied together (Liu et al. 2015).

2.5 Interactions of SLs with Other Hormones

Over the past decade, it has been suggested that interactions occur between SLs and
most other major plant hormones. This is often characterized as ‘crosstalk’, but this
term has a rather specific definition, referring to interaction of signal transduction
pathways. This is seldom the case in interactions between plant hormones. Instead,
‘direct’ interactions between plant hormones tend be ‘cross-regulatory’; hormone A
regulates the synthesis/transport/degradation/signalling of hormone B. There are
also a plethora of ‘indirect’ interactions, where hormone A and B regulate the
same process, or where long-term development responses to hormone A alter levels
of hormone B. Here, we will focus on ‘direct’ interactions between SLs and other
hormones. In doing so, it is important to consider whether a suggested interaction
can be rationalized in terms of SL functionality. We can broadly characterize SLs as
a systemically acting system that regulates responses to soil conditions, and it is
through this prism that potential interactions between SLs and other hormones are
best understood.

2.5.1 SLs and KL

Given the shared evolutionary history of SL and KL signalling, the molecular
components shared between the pathways and the likely similarity of the ligands
(Box 2.4), it would scarcely be surprising if there was true crosstalk between these
pathways. For instance, it is easy to imagine KAI2 being able to target SMXL7 for
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SCFMAX2-mediated degradation, or D14 targeting SMAX1 for degradation. Indeed,
in gymnosperms, there is no SMXL7 homologue, and it is plausible that both SL and
KL signalling target SMAX1 for degradation (Walker and Bennett 2017). However,
in angiosperms, there is very little indication of crosstalk between these pathways,
nor is there clear evidence for other direct interactions. In the shoot, D14 and KAI2
activities seem to be completely separable, with D14 only targeting SMXL7 (and
co-orthologues) and KAI2 only targeting SMAX1 (Soundappan et al. 2015). The
majority of known SL effects can thus be explained by D14-mediated degradation of
SMXL7. Even in tissues where both KAI2 and D14 are active, such as leaves, there
is very little evidence for interaction between the pathways (Soundappan et al.
2015). In roots, the genetic evidence suggests that there could be crosstalk between
the pathways. For instance, the max2 phenotype of increased lateral root density
(Sect. 2.3) seems to arise from combined lack of KAI2 and D14 signalling, but
co-mutation of SMXL6, SMXL7 and SMXL8 completely suppresses the max2 root
phenotype (see also Sect. 2.3, Waters et al. 2017). This tentatively suggests that
KAI2 might target SMXL6/SMXL7/SMXL8 for degradation in the root. However,
since SMXL6/SMXL7/SMXL8 are completely epistatic to MAX2, this data is only
consistent with the idea of crosstalk and not direct evidence of it. Ultimately, to test
this idea, and possible SL/KL cross-regulation more broadly, more work will be
needed.

2.5.2 SLs and Auxin

The best-characterized interactions are those between SL and auxin; indeed these
regulatory interactions were already apparent even when the molecular identity of
SLs was still unclear. There are direct interactions between SLs and auxin in both
directions (Fig. 2.6). Auxin positively regulates expression of SL synthesis genes
through its canonical signalling pathway, in both shoots and roots, in all species
examined (Bainbridge et al. 2005; Foo et al. 2005; Johnson et al. 2006; Zou et al.
2006; Arite et al. 2007; Hayward et al. 2009). The consequences of this upregulation
are not entirely clear. In heterozygous bodenlos auxin signalling mutants of
Arabidopsis, MAX3 and MAX4 expression is strongly decreased. This appears to
cause a high branching phenotype (similar to that of SL mutants themselves), which
can be rescued by grafting to a wild-type (but not max4) root, or by rac-GR24
treatment (Hayward et al. 2009). However, SL mutant-like branching is not a general
feature of auxin mutants, and expression of SL synthesis enzymes is rarely rate-
limiting. Nevertheless, in the context of shoot branching, auxin upregulation of SL
makes a great deal of sense. When active auxin-exporting shoots are present,
upregulation of SL synthesis helps to repress further shoot branching and maintain
the dominance of those shoots. Conversely, if auxin-exporting shoots are lost, SL
synthesis declines, allowing easier activation of new branches.

In the other direction, SLs mainly appear to regulate the expression and activity of
auxin transport proteins, particularly PIN-family auxin efflux carriers (Box 2.5). The
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phenotypic significance of this regulation has been endlessly debated (Bennett et al.
2006; Brewer et al. 2009, 2015; Shinohara et al. 2013; Waters et al. 2017), but there
is a wealth of evidence to suggest that it does occur. SLs seem able to regulate both
the transcription of PIN genes and of PIN proteins dynamics in both shoot and root,
though the exact effects are dependent on context and tissue. For instance, in the
cambium and xylem parenchyma of stems, SLs promote endocytosis of PIN1 from
the plasma membrane, in a fast and apparently transcriptionally independent manner
(Crawford et al. 2010; Shinohara et al. 2013). In this way, SLs act to limit auxin
transport through stems, and SL-deficient mutants have increased PIN protein levels
and increased auxin transport (Beveridge et al. 2000; Bennett et al. 2006, 2016;
Crawford et al. 2010; Shinohara et al. 2013), while mutants lacking SMXL6,
SMXL7 and SMXL8 have decreased PIN levels and auxin transport (Soundappan
et al. 2015; Liang et al. 2016). SLs may also have effects on transcription of PIN
genes in the shoot, although this seems less consistent between tissues and species
(Bennett et al. 2006; Young et al. 2014). By reducing auxin transport in the stem,
SLs make it more difficult for shoot branches to export auxin. This appears to be one
mechanism by which SLs regulate shoot branching, but it is likely that SLs also act
directly in buds to repress branching as well (Brewer et al. 2015; Seale et al. 2017;
Waters et al. 2017). Expression of SL synthesis genes is strongly upregulated in SL

Fig. 2.6 SL-auxin cross-regulation. Auxin (IAA) is synthesized by actively growing shoot apices
and transported through stems in the polar auxin transport stream (blue arrows). Auxin positively
regulates synthesis of SLs in both the shoot and root. SL is transported shootwards (red arrows) and
inhibits the activation of new shoot apices, reducing the total pool of auxin exported into the shoot
system. SL also negatively regulates polar auxin transport through the shoot, which contributes to
its inhibition of bud outgrowth. Thus SL action ultimately limits upregulation of SL synthesis
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mutants, which might be caused by the increased auxin export from branches
promoting expression of those genes. There is some evidence for this idea, but it is
not currently conclusive (Hayward et al. 2009). Recent evidence suggests that SLs
also regulate auxin synthesis gene expression in shoots over short timescales
(30 min–1 h) possibly indicating direct regulation (Ligerot et al. 2017). This obser-
vation may explain the very high auxin levels observed in SL mutants (Prusinkiewicz
et al. 2009).

In the root, SLs may also regulate auxin transport, though the evidence is less
conclusive, partly because of the use of max2 mutants and rac-GR24, which make it
difficult to conclude the effects are due to SL and not KL signalling (Box 2.4). In the
root meristem, long-term rac-GR24 treatment appears to affect PIN protein levels
(Ruyter-Spira et al. 2011), but this appears to be a long-term developmental effect,
rather than a direct effect of SL on PIN gene expression (Shinohara et al. 2013). In
the epidermis, rac-GR24 seems to promote exocytosis of PIN2 to promote root hair
elongation (Pandya-Kumar et al. 2014). Similarly, rac-GR24 seems to repress
expression of PIN1 in the shootwards part of the root, which affects lateral root
emergence in this zone (Jiang et al. 2016).

2.5.3 SLs and CKs

SLs and CKs are fundamentally antagonistic hormones. Both are synthesized in the
root and convey information to the shoot about nutritional status, but they carry
opposite messages. CKs generally relay positive information and promote shoot
growth; SLs generally relay negative information and inhibit shoot growth. Thus,
CK promotes branching, while SL represses it; SL promotes leaf senescence, while
CK delays it. A reasonable expectation might therefore be that SL and CKs cross-
regulate each other’s synthesis, in order to strengthen their own effect on develop-
ment. A variety of observations are consistent with this idea; for instance, pea SL
mutants have significantly reduced CKs levels in xylem (Beveridge et al. 2000).
Furthermore, branching in pea SL mutants is hypersensitive to CKs treatment,
suggestive of cross-regulation. However, direct evidence of cross-regulation is
limited, certainly for SL on CKs. The reduced CKs in SL mutants seem to arise
from long-term developmental feedback, rather than from any effect of SL signalling
on CKs biosynthesis itself (Young et al. 2014). Similarly, the hyper-sensitivity of SL
mutants to CKs seems to arise from their antagonistic co-regulation of the
BRANCHED1 transcription factor in buds, rather than from any effect of SL on
CKs signalling itself (Dun et al. 2012). In rice there is evidence that CKs treatment
can downregulate SL synthesis genes over short timescales (Xu et al. 2015).
However, the phenotypic consequences of this are unclear, because expression of
SLs synthesis genes is rarely rate-limiting. Overall, since CKs synthesis in the roots
is primarily responsive to soil nitrate levels, and SL synthesis generally responsive to
phosphate levels, plants might use the CKs–SL ratio as an indicator of overall soil
quality. This could explain the relative lack of cross-regulation between CKs and SL;
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even though they are directly antagonistic in function, both signals are needed
‘unmodified’ in order for shoots to correctly gauge growth responses to soil resource
availability.

2.5.4 SLs and GA

SLs and GAs overlap in certain developmental effects, such as leaf and internode
elongation. There is also a clear analogy between the molecular mechanisms of SL
and GA signalling, with α/β hydrolase proteins (D14 and GID1, respectively)
triggering degradation of target proteins (SMXL7/D53 and DELLAs, respectively)
in response to hormonal signals, mediated by SCF-type ubiquitin ligases (Wallner
et al. 2016). It has thus been proposed that there may regulatory interactions between
SL and GAs leading to their common effects. For instance, Nakamura et al. (2013)
proposed that SL signalling targeted DELLA proteins for degradation, and Ito et al.
(2017) proposed that GA regulates SL biosynthesis. However, currently, these
findings have not been validated, and there is little evidence to support direct SLs
and GAs interactions. For instance, there is very little phenotypic overlap between
SL and GA mutants suggesting the hormones largely regulate separate processes
(Bennett et al. 2016). Furthermore, in the case of stem elongation, the genetic
evidence is clear that SLs and GAs act independently (de Saint Germain et al.
2013; Lantzouni et al. 2017). The direct effects of SLs and GAs on transcription in
seedlings are almost entirely additive, again suggesting that these hormones act
independently. Contrary to suggestions, SLs signalling also does not have any effect
on DELLA stability (Bennett et al. 2016; Lantzouni et al. 2017). In rice, there does
appear to be a long-term negative effect of GAs treatment on SLs biosynthesis gene
expression and exudation of SLs from the root system (Ito et al. 2017). However, this
only occurs after 24 h of GA treatment and is clearly not a direct response to GA
treatment (Ito et al. 2017; Lantzouni et al. 2017). Overall, the functions of SLs and
GAs in development are largely opposite, and in general, it would make little sense
for them to interact in the manner previously proposed.

2.5.5 SLs and ABA

SLs and ABA have clear commonalities; both are carotenoid-derived signals and
have overlapping roles in drought stress, particularly with respect to the impact of
mycorrhization on water scarcity (Lopez-Raez 2016). Rather like the situation with
GAs, this has prompted speculation about possible SLs and ABA interactions, but
there is currently little hard evidence of direct interactions. The evidence for this is
discussed above (Sect. 2.4). There are thus some indications of SL–ABA interac-
tions may occur, but it is not clear that these are direct interactions between the
hormones as opposed to more long-term homeostatic changes.
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2.5.6 SLs and Brassinosteroids

A potential interaction between SLs and BR has been suggested by Wang et al.
(2013), who proposed that BES1, a transcription factor that mediates BR responses,
is a proteolytic target of SL/SCFMAX2 signalling. This argument is partly based on
increased branching in the original bes1-dmutant in which BES1 is stabilized (Wang
et al. 2013). However, reanalysis of a backcrossed bes1 mutant lines suggests that
BES1 activity has no relevance for SL phenotypic effects and does not confer SL
insensitivity (Bennett et al. 2016). Thus, although it cannot be ruled out that SL
signalling (or indeed KL signalling) does alter the stability of BES1, if this does
occur, it seems to have little relevance for the well-defined effects of SLs on plant
development.

2.5.7 Summary

Although many interactions have been proposed between SLs and other hormones,
most of these do not represent true regulatory interactions, but rather more indirect
processes. This includes joint regulation of downstream targets by SLs and other
hormones, and changes in SL homeostasis caused by altered development down-
stream of other hormones. Other proposed interactions have not been successfully
validated. Indeed, only in the case of auxin–SL interactions is there a solid body of
evidence for meaningful direct interactions. It is not a coincidence that those auxin–
SL interactions are the interactions that are most easily rationalized as part of SL
functionality.

2.6 Future Outlook

SLs are now universally accepted as a new class of phytohormones. In spite of the
growing knowledge about their structure and molecular mechanisms of action, there
are still many open questions about their role as plant hormones. First, it is of major
interest to discern the functional specificity of SL signalling and its potential
crosstalk with KL signalling during plant development and acclimation responses.
Second, it is still not fully understood how the systemic action of SL signalling
regulates shoot and root development, and whether these two processes are
interconnected. Third, the molecular basis of the divergent roles of SLs across
angiosperms remains to be established. Nevertheless, the impact of SLs on key
developmental processes such as plant architecture, and their involvement in the
acclimation of plants to environmental stresses, raises the possibility of using these
hormones and signalling pathways as agricultural tools to optimize crop plant
architecture and resilience to abiotic stress.
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2.7 Conclusions

– SLs are a new class of plant hormones.
– SLs control aerial and underground architecture.
– Some SL functions are widely conserved across angiosperms; others seem to be

species-specific or detectable only under stress conditions.
– Under nutrient (P or N) deprivation, SLs help the plant improve mineral uptake

and optimize resource allocation.
– SLs, probably in coordination with KL, contribute to the plant acclimation

responses to water stress.
– Direct regulatory interactions occur between SL and auxin, which determine

shoot branching patterns and perhaps also root architecture.

Glossary

Abscisic acid (ABA) Carotenoid-derived phytohormone that regulates many
aspects of plant growth, development and cellular signalling. ABA controls
seed dormancy, seed maturation, vegetative growth and responses to various
environmental stimuli such as stomatal closure during drought.

Acclimation Relatively fast and reversible changes that individual organisms
undergo in response to environmental changes.

Adaptation Evolutionary process that affects species (or groups of individuals) and
leads to better fitting to the habitat via genetic, physical and chemical adjustments.

Amyloplasts Organelles found in some plant cells responsible for the synthesis and
storage of starch granules, through the polymerization of glucose. Sedimentation
of amyloplasts is associated with gravity perception in specialized gravity-
sensing cells.

Anthocyanins Plant pigments of the flavonoid family synthesized via the
phenylpropanoid pathway. They are found in all tissues of higher plants.
Depending on cellular pH, anthocyanins may appear red, purple or blue.

Apical dominance Phenomenon whereby actively growing ‘dominant’ shoot
branches prevent the outgrowth of new branches. Removal of the apices of
dominant shoots allows the outgrowth of previously inhibited branches.

Arbuscular mycorrhiza Type of mycorrhiza in which the symbiotic fungus
(AM fungi or AMF) penetrates into plant cells and forms characteristic exchange
bodies known as arbuscles.

Auxins Phytohormone with a huge array of roles in the coordination of plant
growth and development. Endogenous auxin is indole-3-acetic acid, but a range
of additional auxin-like molecules and synthetic auxin analogues with related
structures also exist.
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Brassinosteroids Polyhydroxysteroid phytohormones. They promote stem elonga-
tion, cell division, root development and stress responses. Brassinolide is the
most common brassinosteroid.

Cambium Vascular-associated tissue layer that can undergo divisions to allow the
radial expansion of plant tissues (‘secondary growth’).

Crosstalk Interaction of signal transduction pathways.
Cytokinins (CKs) Class of phytohormones with a range of structural forms. Cyto-

kinins act as both root-to-shoot and shoot-to-root signals and are involved in
various aspects of development including promoting shoot branching, inhibiting
leaf senescence and promoting meristematic activity.

Ethylene Gaseous hydrocarbon with the formula H2C¼CH2. It is a natural phyto-
hormone that stimulates fruit ripening, flower opening and abscission (or shedding)
of leaves. It is also used in agriculture to promote ripening of certain fruits.

Flowering time The time taken for a flowering plant to pass through the vegetative
phase and enter the reproductive phase. Typically measured either in absolute
time or as number of nodes a plant produces before formation of the first flower.

Gibberellic acid (GA) Phytohormone involved in breaking seed dormancy, pro-
moting seed development, stimulating stem and root growth, inducing mitotic
division in the leaves of some plants and promoting vegetative and floral growth.

Gravitropism Process of differential growth in response to gravity. It is a general
feature of all plants. Roots show positive gravitropism (i.e. they grow in the
direction of gravitational vector, i.e. downwards), while stems show negative
gravitropism.

Karrikins Butenolide compounds found in the smoke of burnt plant material,
which act as plant growth regulators and stimulate the germination of seeds.
Karrikins act through the KAI2 receptor but are not an endogenous ligand for
KAI2 (KAI2-ligand, KL).

Meristems Specialized areas of tissue in which the vast majority of cell divisions in
plant occur. Meristems generate new cells that allow the growth of the plant in
various dimensions. In flowering plants, the embryonic root and shoot apical
meristems give rise to the entire root and shoot system, respectively. Axillary
meristems are secondary shoot meristems formed in the leaf axils. Cambial meri-
stems are responsible for the radial growth and thickening of the stem.

Mycorrhiza Symbiotic association between a fungus and a plant. Mycorrhizas play
important roles in soil biology and soil chemistry. Mycorrhizas may involve
colonization of the extracellular space (ectomycorrhizas) or intracellular coloni-
zation (arbuscular mycorrhizas). The association is generally mutualistic, but in
particular species or in particular circumstances, either partner can parasitize the
other.

Nitrogen fixation Nitrogen fixation is a process by which atmospheric nitrogen
(N2) is converted into ammonia or other organic molecules. Nitrogen fixation is
carried out naturally in the soil by nitrogen-fixing bacteria. Certain nitrogen-
fixing bacteria have symbiotic relationships with plant groups. Especially notable
is the association between legumes (Fabaceae) and Rhizobia spp.
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Nodulation In legumes, root nodules are specialized structures that host the sym-
biotic nitrogen-fixing bacteria. They are typically formed under nitrogen-limited
conditions.

Osmotic pressure Minimum pressure required to be applied to a solution to
prevent the inward flow of its pure solvent across a semipermeable membrane.
It is also defined as the measure of the tendency of a solution to take in pure
solvent by osmosis. This process is of vital importance in biology as the cell’s
membrane is semipermeable.

Plant phenotypic plasticity The ability of a plant genotype to generate different
phenotypes in response to varying environmental conditions.

Phloem Vascular plant tissue that transports the soluble organic compounds made
during photosynthesis, photosynthates, in particular sucrose, to parts of the plant
where needed.

Racemic-GR24 (rac-GR24) One of the most commonly used synthetic
strigolactone analogues.

Rhizobia Bacteria that fix nitrogen after becoming established inside root nodules
of legumes (Fabaceae).

Rhizosphere The soil surrounding and directly influenced by plant roots.
RNA interference (RNAi) Biological process in which RNA molecules inhibit

gene expression or translation, by neutralizing targeted mRNA molecules. The
generation of RNAi transgenic lines is an approach commonly used in plant
research to cause precise and efficient gene suppression (knock-down).

Root exudates Chemicals that are exported by the roots into the rhizosphere, which
play a variety of roles in communication with microorganisms and manipulation
of the physical and chemical properties of the soil.

Senescence A process of deliberate organ breakdown, allowing recycling of nutri-
ents to growing and storage organs of the plant. Senescence typically occurs in
older organs, to fuel the development of new organs. Senescence may be
increased under stress conditions.

Stolons Stems, often called runners, which grow at the soil surface or just below
ground that form adventitious roots at the nodes and new plants from the buds.
They support vegetative propagation.

Stomata Pores found in the plant epidermis that facilitate gas exchange. They are
bordered by a pair of specialized epidermal cells known as guard cells that are
responsible for regulating the size of the stomatal opening.

Stomatal conductance It is the measure of the rate of passage of gases through the
stomata of a leaf, mostly carbon dioxide entering, and water vapour exiting
through the stomata of a leaf. It is directly related to the absolute concentration
gradient of water vapour from the leaf to the atmosphere.

Tuberization The process by which some plant species develop tubers, enlarged
modified stems used as underground storage organs for nutrients.

Vasculature Continuous tissue system that allow transport of water and nutrients
around the plant body. There are two main types of vascular element, xylem and
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phloem. Vascular elements typically occur in ‘vascular bundles’, which also
include supporting and protective tissues.

Xylem One of the two types of transport tissue in vascular plants. Its main function
is to transport water and mineral nutrients from roots to shoots and leaves.

Water potential Potential energy of water per unit volume relative to pure water in
reference conditions.
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Chapter 3
Strigolactones and Parasitic Plants

Maurizio Vurro, Angela Boari, Benjamin Thiombiano,
and Harro Bouwmeester

Abstract A parasitic plant is a flowering plant that attaches itself morphologically
and physiologically to a host (another plant) by a modified root (the haustorium).
Only about 25 out of the 270 genera of parasitic plants have a negative impact in
agriculture and forestry and thus can be considered weeds. Among them, the most
damaging root parasitic weeds belong to the genera Orobanche and Phelipanche
(commonly named broomrapes) and Striga (witchweeds) (all belonging to the
Orobanchaceae family). Considering the aims of the book, this chapter will focus
only on this group of parasitic weeds, as in these plants strigolactones have a key role
both in their life cycle, and in management strategies to control them. Distribution,
agricultural importance and life cycle of these parasitic weeds are briefly introduced,
after which we focus on the role of strigolactones in seed germination, parasite
development, host specificity, plant nutrition and microbiome composition. Further-
more, some weed control approaches involving strigolactones are discussed.

Keywords Parasitic weeds · Orobanche · Phelipanche · Striga · Germination
stimulants

3.1 Parasitic Plants

A parasitic plant is an angiosperm (flowering plant) that attaches itself morpholog-
ically and physiologically to its host (another plant) by a modified root (the hausto-
rium). Depending on the host organ it is attached to, two main types of parasitic
plants can be distinguished: stem parasites and root parasites. Stem parasites occur in
several families and include mistletoes (Viscum spp.) and dodders (Cuscuta spp.),
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whereas root parasites are more common and belong to diverse taxonomic groups.
Considering the aims of the book, attention will be given only to root parasites, and
in particular to the root parasitic weeds of the Orobanchaceae, as strigolactones play
a key role in their life cycle and in control strategies.

Parasitic plants can also be differentiated into obligate and facultative parasites.
The former depend completely on their host, while the latter are capable of com-
pleting their life cycle without host contact and only attach to a suitable host if it is
available. A further distinction can be made between holoparasites, which lack
chlorophyll (and thus are non-photosynthetic), derive all their nutrition from their
host and, therefore, are completely dependent upon the host to complete their life
cycle; and hemiparasites, which contain chlorophyll (and hence are photosynthetic)
and thus absolutely need the connection with the host only during part of their life
cycle. All holoparasites are also obligate parasites. Although these definitions imply
absolute categories, some parasitic plants display an intermediate behaviour between
hemi- and holoparasitism, e.g. Cuscuta (dodder).

Many of the photosynthetic root hemiparasites are green with fully formed leaves,
such as Striga spp. As the degree of parasitic dependence increases (i.e. the evolution
from hemiparasitism to holoparasitism), profound changes occur in the morphology
of the parasitic plant. In general, holoparasites tend to have leaves reduced to scales,
succulent stems and primary (derived from the seedling radicle) and lateral (from
developed roots) haustoria, whereas facultative parasites tend to have normal leaves
and stems, and only lateral haustoria.

Only about 25 out of the 270 genera of parasitic plants have a negative impact on
agriculture and forestry and thus can be considered weeds. Among them, the most
damaging root parasitic weeds belong to the genera Orobanche and Phelipanche
(commonly named broomrapes), Striga (witchweeds) and, to a lesser extent, Alectra
and Rhamphicarpa (all of them belonging to the Orobanchaceae family). Among the
weedy stem parasites, the most important genera are Cuscuta (dodder) of the
Convolvulaceae family and Arceuthobium (dwarf mistletoe), Viscum and
Phoradendron spp. (leafy mistletoes) of the Santalaceae family.

3.1.1 Importance

Witchweeds and broomrapes are responsible for enormous losses in major crops.
Seven broomrape species are considered serious weeds, mainly in Europe, North
Africa and Asia: Phelipanche ramosa (L.) Pomel, Phelipanche aegyptiaca (Pers.)
Pomel, Orobanche crenata Forsk., Orobanche cumana Wallr., Orobanche foetida
Poir., Orobanche cernua Loefl. and Orobanche minor Sm. With regard to the
witchweeds, four species are considered very important weeds, present almost
exclusively in Africa: Striga hermonthica (Del.) Benth., Striga asiatica (L.) Kuntze,
Striga aspera Willd. and Striga gesnerioides (Willd.) Vatke (Parker 2013). Despite
the large number of studies on their distribution and impact, in some countries losses
and presence of parasitic weeds are probably underestimated because of the lack of
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data on minor crops or because farmers simply prefer to abandon risky crops in
contaminated areas. Below follow brief descriptions of host range, distribution and
severity of the main Orobanchaceae root parasitic weed species (see also Box 3.1).

Box 3.1 Some Key Features of the Most Troublesome Parasitic Weeds

Flower colour
Stem height
(cm) Host range Distribution

Orobanche
crenata
Forsk.

Generally whit-
ish with purple
veins

Up to 100 Wide. Many
species mainly
in Fabaceae and
Apiaceae. Some
Cucurbitaceae,
Solanaceae,
Lamiaceae,
Ranunculaceae
and Asteraceae

Predominantly
around the
Mediterranean
including North
Africa and into
the Near East
and Western
Asia, with quite
recent introduc-
tions into Sudan
and Ethiopia

Orobanche
cumana
Wallr.

From white to
pale blue

40–65 Specific to
sunflower

SE Europe, Mid-
dle East and SW
Asia. It is also
present in China

Orobanche
foetida Poir.

Dark red, yel-
lowish or white
at the base,
shining dark red
inside

20–70 Restricted to
Fabaceae, wide
within that fam-
ily, mostly wild
species but also
faba bean,
chickpea and
vetch

Western Medi-
terranean:
Morocco, Tuni-
sia, Algeria and
Libya in North
Africa; Spain,
Portugal and the
Balearic Islands
to the north. The
weedy
populations
occur in Tunisia
and Morocco

Orobanche
cernua
Loefl.

Whitish/pale
yellow at the
base, with deep
blue/purple lips

Up to 35 Solanaceous
crops, especially
tomato, egg-
plant and
tobacco, and,
less commonly,
potato

Southern
Europe, Middle
East, South Asia
and Northern
Africa, with pos-
sibly introduced
infestations fur-
ther south in
Africa, in Niger,
Sudan, Ethiopia,
Kenya and Tan-
zania. On sandy
beaches of South
Australia

(continued)

3 Strigolactones and Parasitic Plants 91



Box 3.1 (continued)

Flower colour Stem height
(cm)

Host range Distribution

Orobanche
minor Sm.

Mainly pale,
whitish, with
varying
amounts of pur-
ple in the veins

Up to 50. In
Ethiopia may
exceed 100

Very wide.
Many Fabaceae
species
(e.g. Trifolium,
Medicago,
Arachis spp.),
Asteraceae
(Lactuca,
Carthamus
spp.) and
Apiaceae
(Daucus, Apium
spp.),
Solanaceae and
other families.
Usually herba-
ceous but even
woody hosts

Widely distrib-
uted. Native
throughout most
of Europe, other
than the far
north, Western
Asia and North-
ern Africa, as far
south as Ethio-
pia and Somalia.
Sporadically
introduced to
Japan,
New Zealand,
Australia and
several coun-
tries in North
and South
America

Phelipanche
ramosa (L.)
Pomel

From white at
the base to pale
blue or mauve to
blue/purple on
the lobes

Usually 10–30,
occasionally 50

Many
Solanaceae
crops, especially
tomato, egg-
plant and
tobacco but also
pepper and
potato, and also
Brassicaceae
(rapeseed),
Cannabaceae
(hemp),
Fabaceae
(e.g. chickpea,
clovers, ground-
nut, faba bean),
Apiaceae (car-
rot, celery) and
Asteraceae (let-
tuce, sunflower
and ornamental
species). Wild
hosts in many
families.
Reported on
onion but not on
other monocots

Native distribu-
tion: Europe,
Middle East,
West Asia and
North Africa
south to Ethio-
pia and Somalia.
New infesta-
tions recorded,
e.g. Australia

(continued)
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Box 3.1 (continued)

Flower colour Stem height
(cm)

Host range Distribution

Phelipanche
aegyptiaca
(Pers.)
Pomel

See P. ramosa The same host
range as
P. ramosa, in
particular
Solanaceae,
Fabaceae,
Apiaceae and
Asteraceae.
Wider range of
Brassicaceae
species and
more important
on
Cucurbitaceae
than P. ramosa.
Occasionally on
woody species

Distribution
overlapping
P. ramosa in
South Europe,
the Mediterra-
nean and North
Africa. Much
further extended
eastwards into
South Asia and
China

Striga
hermonthica
(Del.) Benth.

Pink (very
occasionally
white)

Up to
100, especially
in Eastern
Africa; about
50 in Western
Africa

Most of the
major tropical
and subtropical
cereals, espe-
cially sorghum,
Pennisetum,
millet and
maize, but also
upland rice,
sugar cane and
finger millet
(Eleusine
coracana)

Mainly northern
sub-Saharan
Africa from
Senegal and
Gambia in the
west and to
Sudan, Ethiopia
and Kenya in
the east. Except
the Arabian
Peninsula
restricted to
Africa

Striga
asiatica (L.)
Kuntze

Scarlet, occa-
sionally yellow
(or brick red in
Ethiopia).
White-flowered
forms attack
crops in South
Asia

Usually 15–30 Host range as
S. hermonthica,
most notably
maize and
sorghum

Markedly dif-
fering from
S. hermonthica,
being predomi-
nantly in East-
ern and
Southern Africa.
The two species
overlap in
Kenya and Tan-
zania but rarely
occur together

(continued)
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Box 3.1 (continued)

Flower colour Stem height
(cm)

Host range Distribution

Striga
aspera
Willd.

Resembling S. hermonthica in
general appearance and flower
colour, usually somewhat smaller

Most of the
warm-climate
cereals. Less
common on sor-
ghum and pearl
millet and more
common on rice
and sugar cane
than
S. hermonthica

Mainly in West
Africa but also
eastwards to
Sudan and south
to Malawi

Striga
gesnerioides
(Willd.)
Vatke

From white to
mauve to purple

12–30 Only dicotyle-
dons; cowpea is
the main host

Mainly in Africa
(West in partic-
ular) but also
South and SE
Asia

Alectra
vogelii Benth

Yellow, some-
times with pur-
ple streaks

30–45 Various
Fabaceous
crops: cowpea is
the main,
groundnut, soy-
bean and other
legumes

A number of
West African
countries (espe-
cially Nigeria
and Burkina
Faso) and in
other countries
of Southern and
Eastern Africa

3.1.2 Main Orobanchaceae Root Parasitic Weeds

Phelipanche ramosa (L.) Pomel. The host range of P. ramosa is extremely wide. It
preferably parasitizes Solanaceae species (tomato, potato and tobacco in particular),
Asteraceae (e.g. lettuce and sunflower), Brassicaceae (cabbage, rapeseed),
Cannabaceae (hemp), Fabaceae (e.g. chickpea and faba bean) and Apiaceae (carrot,
celery). Rapeseed, cabbage and hemp are now increasingly affected (Parker 2013).
P. ramosa is native around the Mediterranean basin and originally infested crops
only in Europe, the Middle East, West Asia and North Africa, but new infestations
have been reported, e.g. in Australia (Warren 2006). The most severe yield losses in
tomato vary between 30 and 50% in Slovakia (Cagáň and Tóth 2003) to over 80% in
Chile (Díaz et al. 2006). In Sudan, heavy infestations caused the closure of tomato
juicing factories (Babiker et al. 2007). Other countries in which tomato and/or
eggplant have been seriously affected include, among others, Italy, Greece, Iran,
Hungary and Cuba (Parker 2013). P. ramosa also attacks tobacco in Moldova
(Timus and Croitoru 2007), Cuba and Italy (Zonno et al. 2000), and rapeseed in
France (Gibot-Leclerc 2003).
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Phelipanche aegyptiaca (Pers.) Pomel. Phelipanche aegyptiaca has a host range
similar to that of P. ramosa, attacking in particular the Solanaceae tomato, potato,
eggplant and tobacco, and crops in the Fabaceae, Apiaceae and Asteraceae, too. It
seems to have a wider range of Brassicaceae and to be more important on
Cucurbitaceae than P. ramosa, being also occasionally occurring on woody species
(Eizenberg et al. 2002). Compared to P. ramosa, it has almost the same geographical
distribution in the Mediterranean countries, South Europe and Northern Africa, but it
extends much further eastwards into South Asia and China. The effects of
P. aegyptiaca on the host are the same of those caused by P. ramosa. Damage can
be very severe, as advised on lentil in Turkey (Bülbül et al. 2009) or on Eruca sativa
in India (Bedi et al. 1997), amounting to around 40%. In Iran over 70% yield loss
was reported in potato (Motazedi et al. 2010) and severe losses in water melon
(Parker and Riches 1993).

Orobanche crenata Forsk. Orobanche crenata has a moderately wide host range
including species in the Fabaceae and Apiaceae but also some in the Cucurbitaceae,
Solanaceae, Lamiaceae, Ranunculaceae and Asteraceae (Musselman and Parker
1982). Its native distribution is predominantly around the Mediterranean Sea includ-
ing North Africa and into the Near East and Western Asia. O. crenata is especially
important all around the Mediterranean Sea where it infests the most important
legume crops, particularly faba bean (Fig. 3.1), lentil and chickpea but also carrot.
Around 180,000 ha were estimated to be infested in Morocco, Portugal, Spain and
Syria, representing 50–70% of the areas of these crops grown in those countries.
Yield losses amounting to 33% in Egypt, from 50 to 100% in Malta, and up to 70%
in Turkey were estimated to occur (Sauerborn 1991).

Orobanche cumana Wallr. Orobanche cumana is one of the most important
biological constraints of sunflower production and is particularly important in
Russia, Ukraine, Moldavia, Romania, Turkey, Bulgaria, Spain, Israel and Hungary
but occurs also in Syria and Egypt and along the North African coast (Parker 1994).
Areas of sunflower affected have been estimated at 40,000 ha in Greece and
20,000 ha in China, with around 60% and 20–50% losses, respectively. In Turkey,
over 50% of the crop area was moderately infested in spite of the use of resistant
varieties. Earlier studies estimated a reduction by 37% of the area where sunflower
was grown because of heavy infestation in the former Yugoslavia before the
introduction of resistant varieties (Sauerborn 1991). O. cumana in sunflower has
been the subject of extensive research for the breeding of resistant varieties, which
has provided only a temporary alleviation of the problem, as this resulted in the
development of more virulent races shortly after the introduction of the resistant
varieties.

Orobanche foetida Poir. The native range of O. foetida is limited to the Western
Mediterranean countries, e.g. Morocco and Tunisia in North Africa and Spain and
Portugal in Europe. Although O. foetida occurs on a number of wild leguminous
hosts, it is only a significant problem in faba bean, chickpea and vetch, for example,
in Tunisia, since the last couple of decades (Román et al. 2007). This should be
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particularly worrying in the other countries around the Western Mediterranean,
where it still occurs only on wild hosts. Damage to faba bean can be severe, resulting
in losses of over 90% of seed yield (Abbes et al. 2007).

Orobanche cernua Loefl. Orobanche cernua is almost exclusively a parasite of
Solanaceae, especially tomato, tobacco and eggplant. Its distribution extends from
Southern and Eastern Europe to North Africa but also from Asia to Australia.
O. cernua is a very serious problem on tobacco in Asian countries, e.g. Pakistan,
Iran and India. In the latter country, on thousands of hectares, severe infestation in
tobacco has been reported causing large qualitative and quantitative yield losses. In
tomato, severe infestations have been reported in countries such as Ethiopia, Israel
and Kenya (Parker 1994).

Orobanche minor Sm. Orobanche minor is a smaller problem compared to the
other broomrapes. It is broadly distributed throughout most of Europe (except the
Northern countries) and the Middle East and also along the western coast of North
Africa. It has also been sporadically introduced to other countries, e.g. Japan or
North- and South-American countries. Clover and alfalfa are the main crops
affected, although not severely. Hosts are usually herbaceous but can also be

Fig. 3.1 Orobanche
crenata plant attacking
faba ben
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woody, e.g. pecan. Reductions in total host weight up to 50% were reported (Lins
et al. 2006), with problems for the quality of the crop, that cannot be sold due to the
contamination with seeds of the parasite (Mallory-Smith and Colquhoun 2012).

Striga hermonthica (Del.) Benth. This is the most damaging of the Striga species
(Fig. 3.2), occurring mainly in northern sub-Saharan African countries such as
Senegal, Sudan, Ethiopia, Mali, Benin, Nigeria and Kenya. It occurs in the Arabian
Peninsula but is otherwise restricted to Africa. S. hermonthica is considered the most
serious worldwide parasitic weed, with an estimated affected area amounting to
many millions of hectares (Sauerborn 1991; Parker 2009, 2013). Most of the major
tropical and subtropical cereals are affected, in particular sorghum, millet and maize
but also upland rice and sugar cane. S. hermonthica is a photosynthetic species,
although not very efficient (Press et al. 1987). The effects of an infection are visible
well before emergence and consist in stunting of the host shoot (Parker 1994) and
chlorotic blotching of its foliage. The overall effect on the host can be devastating
and lead to total crop failure. Losses of maize in Kenya may reach 80% in case of
heavy infestation (Manyong et al. 2007). Estimates for all cereals in 1991 varied
from 40 to 50% in Ghana, Cameroon and Nigeria to over 70% in Benin and Gambia
(Sauerborn 1991; Gressel et al. 2004; Labrada 2007; Ejeta 2007; Scholes and Press

Fig. 3.2 Striga
hermonthica

3 Strigolactones and Parasitic Plants 97



2008). In countries such as Togo, Mali and Nigeria, the infested area is estimated to
be around 40%, reaching over 60% in Benin (De Groote et al. 2008), and even over
80% in north-east Nigeria (Dugje et al. 2006). Across the whole of Africa between
50 and 300 million ha are estimated to be infested by the parasite.

Striga asiatica (L.) Kuntze. Striga asiatica attacks the same crops as
S. hermonthica and in particular maize and sorghum. It is distributed predominantly
in Eastern and Southern Africa, with an overlap of the two species in Kenya and
Tanzania. However, they rarely occur together. Although the damage caused by
S. asiatica is similar to S. hermonthica, it represents a lower economic problem
worldwide compared to the latter. The physiological effects on the host are stunting,
a change in host root-to-shoot ratio, reduction of host photosynthesis and wilting
even under moist conditions. Crop losses between 10 and 40% are common. Up to
80% losses were estimated to occur in maize in several Southern African countries
(De Groote et al. 2008).

Striga asperaWilld. Striga aspera resembles S. hermonthica in the general appear-
ance and the effects on the parasitized crops. It can attack most of the warm-climate
cereals, but it is less common on sorghum and pearl millet and somewhat more
common on rice and sugar cane than S. hermonthica (Parker and Riches 1993).
S. aspera occurs mainly in West Africa but also more to the east in Sudan and to the
south in Malawi. A reduction of around 50% in rice yield as a consequence of
S. aspera infection has been recorded (Johnson et al. 1997).

Striga gesnerioides (Willd.) Vatke. This autogamous species has different races,
differing from each other in host species and/or genotype range and to some extent in
morphology (e.g. number of branches, colour of stem and corolla). Among the
Striga species, it is the most widely distributed (Mohamed et al. 2001), being
particularly important on cowpea in West Africa, where crop losses can exceed
50%. Sweet potato, tobacco and a number of other wild species can also be attacked
by S. gesnerioides races.

Alectra vogelii Benth. As the related Striga spp., A. vogelii is an obligate
hemiparasite having green foliage. Cowpea represents its main host, but a number
of other legume crops, such as groundnut and soybean, can be attacked, too. This
species occurs across much of Africa, with cowpea seriously affected in several West
African countries, especially Nigeria and Burkina Faso. Damage can be very severe,
and even complete yield losses have been reported (Emechebe et al. 1991).

Consideration. Parasitic weeds may represent an increasing problem in agricul-
ture, due to changes in crop production and rotations, in response to global warming,
and due to socioeconomic and political changes. For example, changes in the dietary
wishes of consumers and more attention for the environment and the preservation of
soil fertility are favouring the increase in legume production area in Western Europe,
which in combination with a warmer climate could increase the risk of O. crenata
establishment.
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The production of biofuels all over the world is dramatically increasing in this last
decade. Some of the crops used for biofuel production, i.e. oilseed rape and
sunflower, are broomrape hosts and have started to be grown in new areas, thus
increasing the potential area of broomrape hosts and therefore the risk of an increase
in the infested area.

Other problems could be represented both by the introduction of new crops,
where traditional non-host crops potentially are replaced by host crops, and by the
introduction of parasitic weeds in noninfested areas, due to global warming changes
and international (sometimes not checked or tracked) trading and traffic.

3.1.3 Life Cycle

Although Orobanche and Phelipanche spp. are obligate holoparasites, whereas
Striga spp. are obligate hemiparasites, the species of these three genera share
many similarities. Their flower shoots have a spike, bearing from 10 to 20 flowers
in most species, to even 100 or more. Fruits are capsules, each producing between
around 500 extremely small (200–400 μm) seeds (Joel et al. 2007). Each plant can
produce several tens of capsules and thus up to 1 million seeds. The life cycle of
these parasites starts with seed germination, followed by the attachment to the host,
which represents the beginning of the parasitic life phase (Fig. 3.3).

Some preparatory metabolic processes take place before the seed can react to
stimuli and germinate. This preparatory phase, known as “conditioning”, is a
complex metabolic and developmental process that consists of a series of events,
each crucial for achieving germination. When a ripe seed comes in contact with
water, it imbibes in less than 1 day; however, a moist environment is required for
several days together with a suitable temperature in order to make the imbibed seed
ready to perceive a chemical stimulus to germinate (see next sections). If conditioned
seeds are not exposed to a germination stimulant and germination does not occur,
their sensitivity gradually decreases again, and the seeds enter into secondary
dormancy (Matusova et al. 2004). Upon germination, the radicle emerges from the
seed reaching a length of a few mm up to 1 cm long (Fig. 3.4). Upon contact with a
host root, the radicle develops intrusive cells that penetrate the root (Losner-Goshen
et al. 1998) forming the haustorium, a physiological bridge between the vascular
system of the host and that of the parasite. In Striga spp., the haustorium establishes a

Fig. 3.3 Striga developmental cycle (PP parasitic plant, HP host plant)
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xylem–xylem connection with the host from where it can withdraw water and
nutrients. Phelipanche and Orobanche spp. form connections with both phloem
and xylem (Westwood 2013). If the germinating seed fails to reach a host, it will die.
The haustorium first serves as an attachment organ and structure to penetrate the host
tissues and then becomes an organ that absorbs water and nutrients from the host, the
real beginning of the parasitic phase. Therefore, this phase is essential and crucial to
any further development of the parasite. After the establishment of the haustorium,
the parasite develops a tubercle, which is the juvenile parasite that accumulates water
and nutrients. Subsequently, the parasite develops a shoot that emerges from the soil,
produces flowers and set seeds that can remain vital over decades in the soil, thus
completing its life cycle.

The production of many tiny seeds increases the dispersion of the parasite into the
soil profile, and therefore the chance to meet the roots of a suitable host that will
induce germination and allow attachment. Host plant density and root shape can
result in improved reproduction conditions for the parasites, increasing the proba-
bility of infecting the crop. This supports the build-up of enormous seed banks,
which represent one of the main problems in parasitic weed management, as the
seeds may remain dormant in the soil for many years, also if a host is not grown.

In Orobanche and Phelipanche spp. the reduction in biomass of infected hosts
can be largely explained by the biomass accumulation of the parasite. However, the
strong depression of the host growth caused by Striga spp. is only partially correlated
with the increase in parasite biomass. The negative impact on host growth in Striga-
infected plants can already be observed even before the parasite has emerged from
the soil, suggesting that Striga spp. have a pathological or phytotoxic effect on the
host plant.

Fig. 3.4 Germinated seeds of Phelipanche ramosa
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3.2 Role of SLs in Seed Germination and Parasite
Development

3.2.1 SLs and Seed Germination

Several different compound classes have been described acting as germination
stimulants in many different roots parasitic plant species. Examples are isothiocya-
nate, which stimulates the germination of P. ramosa that infects rapeseed, and
dehydrocostus lactone and tomentosin (Fig. 3.5) which stimulate the germination
of O. cumana that infects sunflower (Pérez-de-Luque et al. 2000; Auger et al. 2012).
Strigolactones (SLs)—which are biosynthetically derived from the carotenoids
(Matusova et al. 2005)—are, however, the major class of germination stimulants
and have been shown to induce the germination of many of the Orobanchaceae root
parasitic plants (Bouwmeester et al. 2003; Yoneyama et al. 2010). SLs are actively
transported into the rhizosphere by a range of plant species and were—decades after
their discovery as germination stimulants—shown to play an important role also in
the interaction of plants with arbuscular mycorrhizal (AM) fungi. On top of that, they
also have an endogenous signalling role in plants and are a new class of plant

Fig. 3.5 Chemical structures of some of the SLs mentioned in the chapter
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hormones controlling shoot branching and root development (Domagalska and
Leyser 2011; Koltai 2011; Ruyter-Spira et al. 2013). Root exudate analysis of
parasitic plants hosts shows that they may contain different classes of SLs (Wang
and Bouwmeester 2018). Whereas in exudates of sorghum, the main SLs are
5-deoxystrigol, strigol, sorgomol and sorgolactone (all strigol-type strigolactones)
(Fig. 3.5), those in tomato are orobanchol-type strigolactones such as orobanchol,
solanacol and didehydro-orobanchol isomers (Fig. 3.5) (Wang and Bouwmeester
2018). In addition to these canonical SLs, species such as maize and sunflower also
produce so-called noncanonical SLs, such as zealactone, zeapyranolactone and
heliolactone (Fig. 3.5) (Ueno et al. 2014; Charnikhova et al. 2017, 2018) (Also see
Chap. 1). In some species and/or genotypes, these different categories also occur
together, such as in certain sorghum genotypes that produce orobanchol as well as
5-deoxystrigol (Gobena et al. 2017).

These exuded SLs are essential signalling molecules in the parasitic plant life
cycle as their detection by responsive (conditioned; see above) parasitic plant seeds
results in the induction of germination (Fig. 3.4). In general, the configuration of SLs
is determining their germination stimulatory activity towards the different species of
parasitic plants. For example, seeds of S. gesnerioides are more sensitive to
orobanchol-type SLs, while S. hermonthica generally is more responsive to
strigol-type SLs (Ueno et al. 2011a, b; Gobena et al. 2017).

3.2.2 SLs and Parasitic Plant Development

As described above, after germination of the parasite the infection process of the host
plant continues with the formation of the haustorium, induced by haustorium
inducing factors released by the host root (Riopel and Timko 1995), which results
in a connection between the parasitic plant and the host plant. At this stage the host
plant becomes a source of nutrients for the parasitic plant, as well as the exchange of
signalling molecules between the two (Press et al. 1987; Těšitel et al. 2010; Liu et al.
2014; Lei 2017; Spallek et al. 2017).

Plant hormones such as auxin have been suggested to play a role in the successful
establishment of the connection between parasite and host (Bar-Nun et al. 2008) and
defence hormones such as salicylic acid and jasmonic acid have been implicated as
possible defence inducers (Letousey et al. 2007; Dita et al. 2009; Torres-Vera et al.
2014). As SLs are also a plant hormone, a possible role of SLs from the host on
parasitic plant development would not be unlikely. Indeed, a number of studies have
shown the importance of host plant SLs, also after germination, in the infection
process. Silencing of CCD8, one of the core SL biosynthesis pathway genes, in
tomato resulted in a stronger infection by P. ramosa upon infection with
pre-germinated seeds (Cheng et al. 2017). The authors proposed that this may be
caused by a modification in the auxin levels as a result of the lower SL production in
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the mutant, which would facilitate the formation of a vascular connection with the
host or by a reduction in the levels of defence-related hormones such as salicylic acid
and jasmonic acid. Also in rice, it seems that lower SL production results in
decreased induction of germination but in increased impact of the infection (lower
tolerance) after attachment (Cardoso et al. 2014).

Although SLs—with the exception of host SLs (Liu et al. 2014)—have not been
detected in any of the root parasitic plant species so far, there are strong indications
that they can produce them as they have and express all the SL biosynthetic genes
(Liu et al. 2014; Das et al. 2015). Clear evidence of the involvement of endogenous
SLs of parasitic plants in the infection comes from the work of Aly et al. They
showed that trans-silencing CCD7 and CCD8 genes using VIGS in P. ramosa
resulted in a strong reduction in the formation of tubercles (by more than 90%)
during the infection process (Aly et al. 2014). In addition to their own SLs, there is
evidence that host SLs are transported from the host to Striga (Liu et al. 2014). It is
unknown whether these also have an effect on the development of the parasite.

3.3 SLs and Host Specificity

Among parasitic plants, a certain degree of host specificity can be observed (see
Sect. 3.1.2). For some parasitic plant species, the host range is very narrow, such as
O. cumana on sunflower. For others the host range is very wide. For example,
P. ramosa can infect Solanaceae including tomato and potato and Brassicaceae
including cabbage and oilseed rape (Gibot-Leclerc et al. 2016; Perronne et al.
2017). This broad host range does, however, seem to coincide with host specificity
in ecotypes of one species. For example, even if they are able to colonize different
hosts, the exposure of P. ramosa seeds to exudates from different host species led to
different germination rates (Perronne et al. 2017). The same holds for
S. hermonthica. This species can infect a large variety of cereals (maize, sorghum,
millet, rice), but there are ecotypes of the species which are more successful on millet
than on sorghum and maize and vice versa (Kim et al. 1994; Mohemed et al. 2018).
The question whether this host specificity (including in ecotypes) is due to germi-
nation stimulants is intriguing. In sunflower this seems to be the case, as O. cumana
preferentially germinates with dehydrocostus lactone (Fig. 3.5), a molecule present
in the exudate of sunflower and not in response to SLs (Auger et al. 2012). For
S. hermonthica, SLs seem to be the major germination stimulant, and there are
indications that SL composition plays a role in host specificity. The S. hermonthica
sorghum ecotype germinates much less well with a millet exudate and vice versa
(Mohemed et al. 2018). Work on sorghum, maize and rice aiming at the identifica-
tion of varieties resistant to S. hermonthica points to a higher susceptibility for
cultivars producing more 5-deoxystrigol (Jamil et al. 2011a; Yoneyama et al. 2015;
Mohemed et al. 2018). Conversely, sorghum genotypes that produce more
orobanchol than 5-deoxystrigol are much less sensitive to S. hermonthica (Gobena
et al. 2017; Mohemed et al. 2018).
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The individual evaluation of SLs for their ability to induce parasitic plant seed
germination has confirmed that seeds of different species differentially respond to
different SLs (Wang and Bouwmeester 2018). For example, O. minor germination
can be achieved with about 200 times less ent-20-epi-orobanchol when compared to
S. hermonthica (Ueno et al. 2011b). In a similar way, exposure of S. gesnerioides
and S. hermonthica to the same concentration of 5-deoxystrigol induced only
germination of the latter (Ueno et al. 2011a).

3.4 Role of SLs in Belowground Interactions of the Host

3.4.1 Plant Nutrition (Phosphate, Nitrogen)

When plants are subjected to stress such as phosphate or nitrogen deficiency, they
use several adaptation strategies, of which the most important are the modification of
the root and shoot architecture, the establishment of favourable interactions with
microorganisms and the modification of the rhizosphere pH (Bouwmeester et al.
2007; Péret et al. 2011; Yoneyama et al. 2012; Kumar et al. 2015). All these
mechanisms aim to increase the proportion of nutrients available for the plants.
Interestingly, when plants are grown on nitrate, but especially phosphate, deficient
media, an increase in the production of SLs is induced (López-Ráez et al. 2008;
Yoneyama et al. 2012, 2015; Marzec et al. 2013; Ito et al. 2016). There are several
indications that this upregulation of SL production plays a role in the adaptation of
plants to the low nutrient conditions. In the absence of phosphate, for example,
plants favour the production of lateral roots (Péret et al. 2011) in order to increase the
surface in contact with the soil. Auxin has been shown to play an important role in
this adaptation as it is implicated in the initiation of lateral root primordia and the
emergence of lateral roots (Chiou and Lin 2011; Sun et al. 2014). In addition to
auxin, more and more work is also pointing to a role for SLs in the adaptation of root
architecture to phosphate deficiency (Ruyter-Spira et al. 2011; Sun et al. 2014;
Kumar et al. 2015). Under phosphate deficiency, a cross talk between SLs and
auxin is taking place which results in an increase in lateral root density (Ruyter-
Spira et al. 2011). This change in root architecture may also have an effect on
parasitic plant infection, as it seems to increase the chance of a host root to come into
the vicinity of seeds of the parasite. The increased production and exudation of SLs
under these conditions also trigger the improved colonization of the roots by
symbiotic microorganisms (see Sect. 3.4.2) but also results in increased germination
of parasitic plant seeds and therefore in higher infection (Jamil et al. 2012, 2013,
2014a, b).
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3.4.2 Microorganisms

SLs are also actors in the structuring of the biotic environment around the roots of
plants. They promote the effectiveness of colonization by arbuscular mycorrhizal
fungi (AM fungi), as hyphal branching factors (Akiyama et al. 2005; Besserer et al.
2006). In addition to the symbiotic interaction with AM fungi, SLs have also been
shown to play a role in nodulation. A pea rms1 mutant showing undetectable SL
levels in roots tissue and in root exudates displayed a strongly reduced nodule
number that was 40% lower than in the wt (Foo et al. 2013). In soybean a decrease
in nodulation was observed inGmMAX3b knockdown lines, while overexpression of
the same gene in transgenic hairy roots displayed an increased nodule number (Haq
et al. 2017). It is yet unclear whether this is due to a signalling function of the SLs or
their hormonal effect. SLs are not the only chemicals that are exuded by plants. The
rhizosphere is a zone surrounding the plant roots, which has a very large chemical
diversity. The exuded molecules serve not only as a carbon source for microorgan-
isms but also play a role as signalling molecules. This chemical diversity is likely the
engine of recruitment and selection of specific microorganisms. One of the most
studied cases today remains that of phenylpropanoids that are involved in both
symbiotic (Abdel-Lateif et al. 2012; Liu and Murray 2016) and allelopathic mech-
anisms (Bais et al. 2006).

Do SLs also play a role in microbiome recruitment? Recent work on sorghum
demonstrates the ability of different genotypes to recruit different bacterial commu-
nities from the soil in which they are grown. The Striga-resistant genotype SRN39
has a different SL profile as other sorghum genotypes (Gobena et al. 2017) and
recruited a microbiome that was different from that of the others (Schlemper et al.
2017). An intriguing question is if these changes at the microbiome level have an
effect on the infection of the host by parasitic plants. Indeed, from a Kenyan Striga,
suppressive soil bacteria could be isolated that induced up to 45% of decay in Striga
seeds (Neondo et al. 2017). Other mechanisms by which soil microorganisms could
suppress parasitic plants include the production of germination inhibiting factors,
inhibitors of radicle growth and haustorium formation, strengthening the vigour of
the host plant by activating plant defence mechanisms or competitive utilization of
signalling molecules inducing parasitic plant seed germination.

3.5 SLs and Parasitic Weed Management

The main difficulties in controlling parasitic Orobanchaceae weeds are on the one
hand related to the intrinsic characteristics of the parasitism (i.e. the physic and
physiological connection between host and parasite) and on the other hand to the
properties of their seeds (i.e. the enormous number produced by each plant, the
minute size, their longevity and the easy dispersal). The first characteristics hamper
all the classical interventions attempting to control the weed without damaging the
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host (e.g. mechanical, physical and chemical). This causes a rapid increase in the soil
seed bank, even when the original infested area is very limited, or even when only a
few plants are left after effective management practices. Containment of infested
areas and prevention of seed distribution should therefore be a major objective of
parasitic weed management strategies, in addition to direct control interventions
against the parasites (Rubiales et al. 2009). In this chapter, we will not review all
possible control and management strategies of parasitic weeds but focus on
methods—which are already used or can potentially be developed—that are based
on the importance of SLs in the life cycle of these parasites. Indeed, there are several
strategies of weed management focussing on the SLs, trying to avoid the stimulation
of germination, or conversely to favour it, in the absence of a host. These practices
are briefly considered in the next sections.

3.5.1 Trap and Catch Crops

The aim of the use of trap and catch crops is not to directly control the parasitic weeds,
but rather to reduce the infestation over time, by reducing the seed bank in the soil.
Trap crops are non(false)-host crops of which the roots release strigolactones, thus
stimulating parasitic plant seed germination, but—since they are not a host—without
allowing further development of the parasite, by impeding a viable connection of the
haustorium to the host root (Parker and Riches 1993). This effect is also defined as
“suicidal” germination. Trap crops can be used both for intercropping, i.e. by growing
it in between the main crop, and as a main crop on itself. Besides its main effect, the
induction of seed germination, a non-host crop can potentially also contribute to
parasitic weed control by providing shade and reducing soil temperature (as a
cover crop).

One of the best examples of an effective intercrop species with proven success in
S. hermonthica suppression is Desmodium uncinatum Jacq. (Pickett et al. 2010;
Hooper et al. 2010). This forage legume not only improves the soil fertility but also
causes suicidal seed germination and inhibition of the parasite attachments to the
host roots, by producing simultaneously both stimulatory and inhibitory flavonoid
compounds in their root exudates (Khan et al. 2010). Striga may also be controlled
by rotating or intercropping the cereal crop with other plant species, e.g. groundnut
(Arachis hypogea) (Carson 1989), pigeon pea (Cajanus cajan) (Oswald and Ransom
2001) or cotton (Gossypium spp.) (Swanton and Booth 2004).

Several trap crops have been reported to reduce broomrape seed banks (even if
some of them were effective only under controlled conditions), such as, sorghum
(Sorghum bicolor), flax (Linum usitatissimum) and soybean (Glycine max)
(Al-Menoufi 1989; Saxena et al. 1994; Kleifeld et al. 1994; Abebe et al. 2005).
Other examples of effective broomrape trap crops include flax against O. crenata;
different wheat cultivars against O. minor, radish, linseed, fennel and cumin against
P. aegyptiaca; and hybrid maize against O. cumana (Gbèhounou and Adango 2003;
Acharya 2014; Aksoy et al. 2015).
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Conversely, catch crops are host plants that also produce strigolactones but do
allow attachment by the parasite. In this case, the crop is simply removed from the
field after the parasite seeds have germinated (and possibly attached), but before
flowering and seed dispersal of the parasite are initiated. Important crops reported as
potential catch crops for broomrape control are faba bean (Vicia faba), field mustard
(Brassica campestris), white mustard (Sinapis alba), lentil (Lens culinaris), berseem
clover (Trifolium alexandrinum) and fenugreek (Trigonella foenum-graecum)
(Sauerborn and Saxena 1986; Parker and Riches 1993; Kleifeld et al. 1994;
Dhanapal et al. 1996; Acharya et al. 2002; Fernández-Aparicio et al. 2008, 2010).

3.5.2 Suicidal Germination by SLs, Analogues and Mimics

As an alternative to trap and catch crops, which require that they are grown for a
certain period of time on the contaminated field, suicidal germination can potentially
also be provoked by applying compounds with stimulatory activity directly to the
field. The parasitic seeds would germinate in the absence of a host and would hence
not survive. Generally, the most active molecules inducing seed germination are the
naturally occurring SLs, including 5-deoxystrigol and orobanchol. Unfortunately,
the structures of these natural SLs are rather complex. As a result, synthesis of these
SLs for effective field applications is not feasible. Therefore, alternative approaches
to produce germination stimulants have been explored. Examples are the synthesis
of simpler and cheaper SL analogues, the use of more easily available, natural
compounds from other sources and the use of other compounds from whatever
origin with stimulatory activity.

The first encouraging attempts to achieve suicidal germination with synthetic SLs
in the field were obtained by using GR7 (Babiker and Hamdoun 1982) (this is GR24
(Fig. 3.5) lacking the aromatic A-ring, see Chap. 6). Interesting results in field
experiments were also reported using Nijmegen-1 as SL analogue in tobacco
infested by O. cumana (Zwanenburg et al. 2009). Although they proved to work
effectively in reducing the parasitic seed load and protecting the host plants subse-
quently grown in the affected field, problems regarding their production cost,
potential off-target effects in the soil and low stability remain to be solved
(Zwanenburg and Pospíšil 2013; Zwanenburg et al. 2016). Some SL analogues
have been used with promising results in pot experiments (Kgosi et al. 2012)
formulated in an emulsion, which prevented hydrolysis and leaching down to
lower soil layers.

Natural products that have similar activity as SLs have been isolated from a
variety of sources. For example, dihydrosorgoleone was identified in the root
exudate of sorghum and was shown to have germination stimulating activity for
S. asiatica (Chang et al. 1986); dehydrocostus lactone (Fig. 3.5) was identified in the
root exudates of sunflower as the natural germination stimulant forO. cumana, a root
parasite specific of sunflower (Joel et al. 2011). Peagol and peagoldione, which bear
some structural similarities to the SLs, were isolated from pea (Pisum sativum) root
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exudates and exhibited germination stimulatory activity in particular on O. foetida
(only peagol) and P. aegyptiaca (Evidente et al. 2009), whereas soyasapogenol B
and trans-22-dehydrocampesterol were isolated from common vetch (Vicia sativa)
exudates and stimulated germination of different broomrape species (Evidente et al.
2011). However, most of these compounds proved to have only a modest stimulatory
activity only under lab conditions. Thus, their use for controlling parasitic weeds is
very far from being put into practice.

In recent years, a group of compounds not having the SL bioactiphore has been
described. These compounds are based on the D-ring with an appropriate substituent
at C-5. These compounds are referred to as SL mimics. Currently, two types of SL
mimics are available. The first has a substituted phenyloxy group at C-5. Para-
bromo-phenyloxy butenolide is weakly active on S. hermonthica. This group of
phenoxy-substituted butenolides are also called debranones (debranching
furanones). Synthetically, these SL mimics are very easy to prepare from either
bromo butenolide or hydroxy butenolide, opening up new possibilities for a practical
use of these compounds for clearing of parasitic weed infested fields (Zwanenburg
et al. 2016). The second group of compounds, which was reported almost at the same
time, contains an aroyloxy group at C-5. These SL mimics are modestly active as
germination agents for S. hermonthica seeds but are remarkably active for O. cernua
seeds (Zwanenburg et al. 2016). A carbamate with moderate germination-inducing
activity and facile preparation, named T-010, formulated as a 10% wettable powder,
was evaluated for germination-inducing activity towards the purple witchweed
(S. hermonthica) in greenhouse and field experiments showing very promising
preliminary effects (Samejima et al. 2016).

A compound not related to SLs, used for control of Striga spp., is ethylene
(Rodenburg et al. 2005). It is injected into the soil and provokes seed germination
of Striga spp. and successive death due to the absence of a suitable host. Although
ethylene application has been successfully employed as part of the Striga eradication
programme in the USA (Tasker and Westwood 2012), the practice is very expen-
sive—so not suitable for use in the developing world—and its use not a guarantee for
total eradication.

3.5.3 SL Degradation

A different approach for controlling root parasitic weeds would be the degradation of
the SLs soon after they are released into the soil by the host roots, and before the
stimulatory signal reaches the seeds of the parasite. The ultimate goal of this
approach would not be a reduction of the seed bank over time, but rather to enable
growing susceptible crops on infested fields. To achieve this, both chemical and
biological approaches were explored. For the chemical approach, borax was used, an
inexpensive and eco-friendly salt. It was successfully demonstrated under laboratory
conditions that borax can be used to decompose germination stimulants prior to their
interaction with seeds of parasitic weeds (Kannan and Zwanenburg 2014). For
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practical field applications, formulation of borax would be necessary, and the
method would require optimization because in the long run, its continued use
could give rise to too high boron concentrations in the soil, resulting in undesirable
soil intoxication. The possibility to prepare a film of borax emulsion, formulated
with a salt, around the seeds of the parasites has been suggested (Kannan and
Zwanenburg 2014). This would ensure that no active stimulant would reach the
seeds even if some of the stimulants would escape decomposition after being
exuded. This would be an example of double gatekeeping: decomposition of the
stimulant when exuded from the roots and when approaching the seeds of the
parasite. Another agent for rapid decomposition of SLs could be a renowned
nucleophilic agent, namely thiourea, acting in a similar way as borax. It can be
easily formulated, is an inexpensive eco-friendly compound, a bio-regulatory mol-
ecule for plant growth stimulation, and also acts as an antioxidant in plant protection
(Kannan and Zwanenburg 2014).

SLs have been reported to be present in the root exudates of a wide range of
different plant species (see above), and thus it would not be surprising if these
compounds also act as signals for microorganisms other than AM fungi that could be
beneficial to the host (e.g. ectomycorrhizal fungi, biocontrol agents, biofertilizers,
resistance inducers) and phytopathogenic to the parasites (also see above). These
aspects could be highly interesting from a practical point of view, allowing novel
approaches for parasitic plant management. For example, the potential of some
beneficial microorganisms to metabolize SLs and to be rhizosphere competent
(i.e. able to grow along the root system of the crop plants) has been hypothesized.
They could be applied to the soil as biofertilizers together with the crop, persist
seasonally and avoid signal recognition by the seeds of the parasitic plants, thus
preventing parasite seed germination and successive attachments to the host root
(Boari et al. 2016). So far, these control methods have only been investigated in lab
experiments and are thus, still far from practical field application.

3.5.4 Host Tolerance Through Low-SL Exudation

As discussed above SLs are the main germination stimulants for root parasitic plants.
In studies that evaluated the induction of parasitic plant seed germination by
exudates from different genotypes and cultivars of several crop species, a positive
correlation was demonstrated between the SL concentration in the root exudate and
the germination rate (Jamil et al. 2011a; Fernández-Aparicio et al. 2014; Yoneyama
et al. 2015; Mohemed et al. 2018).

An approach for the management of parasitic plants in agricultural crops could
thus be to reduce germination of the parasitic plant seeds by reducing the exudation
of the germination stimulants. Several studies explored natural variation in germi-
nation stimulant production, for example, in the New Rice for Africa (NERICA) rice
cultivars. This work showed that several NERICA cultivars (1, 2, 5, 10 and 17)
displayed post-germination resistance to S. hermonthica and S. asiatica unlike
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NERICA 7, 8 and 11, which were susceptible (Rodenburg et al. 2015). In parallel,
variation in SL production in the NERICA genotypes was demonstrated, resulting in
differences in Striga germination induction (Jamil et al. 2011b). The combination,
by breeding, of germination-related resistance with post-germination resistance
could result in better durable Striga resistance (Cissoko et al. 2011; Jamil et al.
2011b).

Also in pea there is evidence for a relationship between the total amount of SLs
exuded and sensitivity to O. crenata infection (Pavan et al. 2016). A genotype with
reduced SL exudation displayed partial field resistance. Evidence about this positive
correlation does exist in sorghum as well. For example, sorghum-resistant genotype
SRN39 produced much less 5-deoxystrigol than the susceptible Tabat (Yoneyama
et al. 2010). Later, SRN39 proved to produce more orobanchol, instead of
5-deoxystrigol—due to a tentative modification in the SL biosynthetic pathway
(Gobena et al. 2017). This mechanism occurs broader than just in SRN39 and was
also observed in a number of other Striga-resistant sorghum genotypes (Mohemed
et al. 2018). The same can be observed in maize where a modification in the SL
composition seems to cause resistance. The Striga-susceptible cultivar (Pioneer
3253) produced mostly 5-deoxystrigol, whereas the Striga-resistant (KST 94) pro-
duced mostly sorgomol. Interestingly, the differences in SL composition in maize
and sorghum did not affect the level of AM colonization (Yoneyama et al. 2015;
Gobena et al. 2017).

Aside of exploiting natural variation, biotechnological approaches aiming to
generate low SL exuding plants could be a strategy to reduce infestation by parasitic
plants (López-Ráez et al. 2008). Indeed, it was demonstrated that tomato in which
SL biosynthesis was knocked down through genetic modification was more resistant
to O. ramosa infection (Kohlen et al. 2012). A reduction in SL production to obtain
parasitic weed resistance was also achieved unintentionally. Dor and co-workers by
using fast-neutron mutagenesis developed a tomato mutant (Sl-ORT1) resistant to
various broomrape species (Dor et al. 2010). The Sl-ORT1 tomato was then discov-
ered to be a SL-deficient mutant, and the resistance was thus associated to the low
amount of strigolactones exuded (Dor et al. 2010). Breeding—through conventional
or biotechnological approaches—for a reduction in the SL amount in exudates
potentially also has negative consequences given their importance for the control
of shoot and root architecture and the acquisition of nutrients through AM fungi
(López-Ráez et al. 2008). This could possibly be prevented by approaches that
reduce transport of SLs into the rhizosphere, which is facilitated by an ABC
transporter, PDR1 (Borghi et al. 2015). However, under certain abiotic stress
conditions, this could still negatively affect the adaptive capacity of plants by
hampering AM fungi colonization. Particularly the example of sorghum and of
maize shows that solutions in which the composition rather than the level of the
SLs is changed may be the best solution (Yoneyama et al. 2015; Gobena et al. 2017).
Nevertheless, several examples show that a reduction in SL production results in an
acceptable level of resistance without large consequences for the plant phenotype
(Jamil et al. 2011a; Pavan et al. 2016). In order to prevent that this partial
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germination-based resistance is overcome, a combination of pre- and post-
attachment resistance mechanisms is necessary.

3.5.5 Parasitic Plant Seed Germination Bioassay

Plant seeds germinate when they are exposed to appropriate temperature, humidity,
oxygen and, often, light. In case of seeds of parasitic plants, these conditions except
light are also required, but SLs have a pivotal role in the regulation of germination.
As said above, seeds of these root parasites will only germinate if they perceive the
presence of the stimulants, which in the field means they are within the host
rhizosphere and thus after germination they have a better chance to rapidly attach
to the host root.

Considering the extreme biotic and abiotic complexity of the rhizosphere, a
simple bioassay for studying SLs has been used extensively since the discovery of
the stimulating compounds. This assay (Mangnus et al. 1992), with a number of
adaptations and variants, is based on the reproduction, in vitro, of the steps necessary
for parasitic seeds to germinate. Thus, seeds are first kept in a moist environment
(i.e. on wet paper discs in Petri dishes), at a constant temperature (around 22–25 �C),
for some days depending on the species. This mimics the so-called conditioning
phase (see above). After that, seeds are placed in contacts with the stimulant in a
proper concentration (usually at ppm or ppb levels) in order to induce germination.
This happens a few days after stimulant application. Several observations can be
then performed, e.g. percentage of germination, shape and length of the germination
tubes, seed viability. More recently, high-throughput germination bioassays have
been developed based on a standardized 96-well plate test coupled with spectropho-
tometric reading of tetrazolium salt (MTT) reduction (Pouvreau et al. 2013). These
bioassays can be useful for different purposes, e.g. to guide the purification steps for
the identification of novel stimulants; to test dose-response effectiveness of SLs,
derivatives and analogues; to evaluate SL selectivity/specificity in parasitic species/
strains; to bioassay germination inhibitors; and to study the physiology of the first
stages of the parasitism.

3.6 Prospects

The research on SLs and parasitic plants has received an enormous attention in the
last one to two decades, both because of the discovery of other important roles of the
SLs (see above), and because of the extraordinary technological progresses, which
made available equipment and tools unimaginable just a few years ago. High-
throughput bioassays allow a faster and more accurate evaluation of the compound
bioactivity, purification and analytical procedures, and structure determination has
been simplified by more sophisticated, sensitive and automated equipment; “omics”
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approaches allow an easier understanding of the mechanisms of action of stimulants
and inhibitors. Considering the key role of SLs in plant parasitism, parasitic weed
management strategies should be developed in this perspective. Indeed, the level of
success in controlling these parasites is very often still inadequate. The factors
influencing the parasitic weed cycle have not yet been completely deciphered and
thus the capability of predicting their infectiveness and infestation is still limited.
The only option for success in such a difficult field of research is to bring together
scientists representing a wide spectrum of disciplines, advanced research approaches
and geographical representation of parasitic plant research. Assembling specialists
with different perspectives, all focused around the common theme of plant parasit-
ism, could provide a stimulating opportunity for finding widely usable, novel
strategies for parasitic weed management.

Glossary

ABC transporter (ATP-binding cassette transporter) Transport protein,
consisting of a transmembrane domain and membrane-associated ATPase, that
utilizes the energy of ATP to transport substrates across cellular membranes.

Allelopathy The phenomenon that plants release molecules (called
allelochemicals) that affect seed germination, plant physiology, growth and
survival of other plants.

Arbuscular mycorrhizal (AM) fungi A group of obligate fungal root biotrophs
that engage in symbiosis with 80% of all land plants. They penetrate the cortical
cells of the roots of a vascular plant, forming unique structures, arbuscules, that
help plants to capture nutrients such as phosphorus, sulphur, nitrogen and
micronutrients from the soil and get photoassimilates of the plant in return.

Aromatic ring A cyclic (ring-shaped), planar (flat) molecule with a ring of reso-
nance bonds that confers high stability to the molecule. The simplest aromatic
compound is benzene, and the most common aromatic compounds are derived
from it.

Bioactiphore The active part of a molecule responsible for the biological activity of
the compound.

Biofuel Fuel derived directly from plants or indirectly from agricultural, commer-
cial, domestic and/or industrial waste.

Carotenoids Organic pigments produced by plants and algae, in which they play an
important role as accessory pigments in photosynthesis, as well as by several
bacteria and fungi. Carotenoids are also precursors for cell signalling molecules,
e.g. abscisic acid, which regulates plant growth, seed dormancy, embryo matu-
ration and germination, cell division and elongation, floral growth and stress
responses.
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Seed dormancy A process that prevents germination of an intact viable seed in a
specified period of time under any combination of normal physical environmental
factors that are otherwise favourable for its germination.

Gene silencing Interruption or suppression of the expression of a gene at the
transcriptional or translational level.

Intercrop A crop grown between the rows of another crop.
Isomer A molecule with the same molecular formula as another molecule but with

a different chemical structure.
Nodulation The process of forming root nodules containing symbiotic, nitrogen

fixing and bacteria.
Noncanonical SLs SLs lacking the A, B or C ring but still retaining the enol ether-

D ring moiety, which is essential for biological activity.
Nucleophilic agent A reagent that forms a bond to its reaction partner (the electro-

phile) by donating both bonding electrons.
Phloem The living tissue that transports the soluble organic compounds made in the

leaves during photosynthesis to all other parts of the plant.
Rhizosphere The zone of soil surrounding a plant root where the biology and

chemistry of the soil are directly affected by a plant’s root system, associated
root secretions and microorganisms.

Xylem Plant vascular tissue that conveys water and dissolved minerals from the
roots to the rest of the plant and also provides physical support.
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Chapter 4
The Role of Strigolactones in Plant–Microbe
Interactions

Soizic Rochange, Sofie Goormachtig, Juan Antonio Lopez-Raez,
and Caroline Gutjahr

Abstract Plants associate with an infinite number of microorganisms that interact
with their hosts in a mutualistic or parasitic manner. Evidence is accumulating that
strigolactones (SLs) play a role in shaping these associations. The best described
function of SLs in plant–microbe interactions is in the rhizosphere, where, after
being exuded from the root, they activate hyphal branching and enhanced growth
and energy metabolism of symbiotic arbuscular mycorrhiza fungi (AMF). Further-
more, an impact of SLs on the quantitative development of root nodule symbiosis
with symbiotic nitrogen-fixing bacteria and on the success of fungal and bacterial
leaf pathogens is beginning to be revealed. Thus far, the role of SLs has predomi-
nantly been studied in binary plant–microbe interactions. It can be predicted that
their impact on the bacterial, fungal, and oomycetal communities (microbiomes),
which thrive on roots, in the rhizosphere, and on aerial tissues, will be addressed in
the near future.
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4.1 The Role of Strigolactones in Arbuscular Mycorrhiza
Symbiosis

Although invisible to the naked eye, the arbuscular mycorrhiza (AM) symbiosis is
one of the most widespread symbiotic associations on Earth. The symbiotic partners
are a group of microscopic soil fungi from the subphylum Glomeromycotina and the
vast majority of land plants. A plant taken randomly in a natural or agricultural
ecosystem is much more likely to be colonized by AM fungi (AMF) than not.
Glomeromycotina are obligate biotrophs, meaning that they need to colonize a
plant to complete their life cycle. They can penetrate the roots of host plants and
colonize the root cortex while simultaneously extending their mycelium far into the
soil. In root cortical cells, they develop highly branched structures called arbuscules,
at which exchange of nutrients takes place (Smith and Read 2008). Thanks to their
long, fine hyphae and excellent mineral uptake capacities, AMF can provide their
host plants with water and mineral nutrients (especially phosphate), which would
otherwise be inaccessible to the roots (Smith and Smith 2011). In return, plants
provide AMF with organic carbon in the form of sugars and lipids for their growth
and development (Roth and Paszkowski 2017; Keymer and Gutjahr 2018).

The development of the symbiosis requires communication and coordination
between the two partners. As obligate biotrophs, AMF need to sense the presence
of a host plant before they commit themselves to extensive growth and energy-
consuming processes. In addition, host plants need to recognize symbiotic partners
among a large range of soil microorganisms, and to adjust the extent of root
colonization to their nutritional needs, in order to maintain a suitable cost/benefit
ratio. Soil-diffusible compounds released by the two partners contribute to the early
steps of this communication and mutual recognition. Among these, strigolactones
(SLs) have been identified as important symbiotic signals of plant origin.

4.1.1 Discovery of SLs as Signals in Arbuscular Mycorrhiza
Symbiosis

AM fungal spores germinate in the soil and form hyphae that can grow for only a few
days in the absence of a host plant. In the vicinity of host plants, hyphae display a
typical branching response and their growth continues. This phenomenon has been
known for a long time and is also observed when the host plant is replaced by its root
exudates, indicating the involvement of plant-released diffusible compounds (Buée
et al. 2000). It took many years, however, to purify enough of these active com-
pounds for their identification. Starting from root exudates of Lotus japonicus,
Akiyama et al. (2005) identified the SL 5-deoxystrigol as a potent inducer of AM
hyphal branching (Fig. 4.1a). After the discovery of the germination stimulant
activity of SLs on seeds of root parasitic plants back in the 1960s (Cook et al.
1966), this revealed a second important function of SLs in the rhizosphere and
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provided an explanation as to why plants have persisted through evolution to secrete
compounds that stimulate harmful parasites.

4.1.2 Cellular and Molecular Effects of SLs on AMF

In addition to hyphal branching, SLs also stimulate spore germination, hyphal
growth, and mitosis in AMF. From a metabolic perspective, these events are
concomitant with a stimulation of respiration and mitochondrial biogenesis
(Besserer et al. 2006, 2008). These observations may reflect a metabolic switch of
the fungus to an active state compatible with root colonization. Treatment with SLs
also triggers a rapid increase in cytosolic calcium concentration in AM hyphae
(Moscatiello et al. 2014). The gene expression response to SLs includes, but is not
limited to, an upregulation of genes associated with respiration. Interestingly, the
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Fig. 4.1 Role of strigolactone in root AM symbiosis. (a) Strigolactones (SL) exuded by roots
induce hyphal branching of arbuscular mycorrhiza fungi (AMF) (Akiyama et al. 2005; Besserer
et al. 2006). (b) SL biosynthesis and transport mutants are less colonized by AMF than wild-type
plants (reviewed in Waters et al. 2017). Rice d3 and d14l mutants impair hyphopodium formation
and are not colonized (Gutjahr et al. 2015)
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expression of several genes encoding putative secreted proteins is also stimulated by
SLs (Tsuzuki et al. 2016; Kamel et al. 2017). At least one of the corresponding
proteins, SIS1, is important for the symbiosis (Tsuzuki et al. 2016). Finally, SLs
stimulate the release of short chitin oligosaccharides by AMF (Genre et al. 2013).
These compounds are part of the fungal signals required for recognition of AMF by
their host plants. This highlights the role of SLs as key components of the molecular
dialog between the plant and fungal partners of AM symbiosis.

Some AM species host endosymbiotic bacteria. In these species, increased
bacterial division and increased transcript accumulation of some bacterial genes
are observed upon SL treatment (Salvioli et al. 2016), but it is not known whether
these effects of SLs are direct or mediated by the fungus.

4.1.3 Strigolactone Perception by Arbuscular Mycorrhiza
Fungi

The activity of SLs on AMF can be detected at extremely small concentrations
(down to 10�13 M in some AM species) (Besserer et al. 2006). This supports the
existence of a highly sensitive perception mechanism in these fungi, but to date no
receptor(s) or components of the SL signaling pathway in the fungus have been
identified. This identification will be a difficult task, because AMF are not amenable
to classical genetics, and it is difficult to obtain large amounts of fungal biomass for
biochemical approaches. Searches in AM genomic sequence data have so far failed
to identify obvious homologs of the α/β-fold hydrolases known as plant SL receptors
(Waters et al. 2017). If we consider the issue from a ligand perspective, the structural
requirements for an SL-like compound to be active on hyphal branching are quite
different from those reported for shoot branching repression activity in pea
(Akiyama et al. 2010a; Boyer et al. 2012; Mori et al. 2016). The D ring seems
essential for the different bioactivities of SLs (germination of parasitic seeds, hyphal
branching of AMF, and repression of shoot branching in angiosperms), while the
requirements on the ABC moiety differ between the three types of target organisms.
This suggests some degree of divergence between the corresponding receptors but
does not rule out the possibility that the AM fungal receptor(s) belong(s) to the
α/β-fold hydrolase family. Alternatively, fungal and plant receptors could have
arisen through convergent evolution and be structurally unrelated.

4.1.4 Importance of Strigolactones in the AM Symbiosis

SL-deficient plant mutants have been used to assess the importance of SLs in the AM
symbiosis. Although the extent to which they are affected in root colonization differs
between plant species, they generally display low levels of root colonization
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(Fig. 4.1b), while intraradical fungal structures including arbuscules appear mor-
phologically normal (Gomez-Roldan et al. 2008; Kohlen et al. 2012; Kretzschmar
et al. 2012; Yoshida et al. 2012; Kobae et al. 2018). Therefore, SLs are necessary for
a quantitatively normal level of root colonization but do not seem to be absolutely
essential for the symbiosis to be established. The residual level of root colonization
observed in the mutants could be attributed either to undetectable, residual amounts
of SLs in these mutants or to additional active compounds present in the root
exudates.

In addition to being external symbiotic signals, SLs act as phytohormones in the
host plant (see Chap. 2). One might wonder whether these hormonal functions are
also involved in the AM symbiosis. In contrast to SL-deficient mutants, plant
mutants defective in the SL receptor D14 are not impaired in their ability to form
AM. This is an indication that SLs are important in the symbiosis as rhizospheric
signals targeting the fungus, rather than plant internal regulators in further stages of
the symbiosis within the host.

4.1.5 Control of Strigolactone Synthesis and Exudation

Like other plant hormones, SLs are subject to a finely tuned regulation of synthesis
and transport. Because SLs are also signals to soil microorganisms contributing to
plant nutrition, their release must be coordinated with the host’s nutritional needs. In
this respect, SLs are important integrators at the crossroads of mineral nutrition,
development, and plant–microbe interactions.

Consistent with the nutritional benefits of the AM symbiosis, SL biosynthesis and
exudation are strongly activated under phosphate deprivation (reviewed in
Carbonnel and Gutjahr 2014). This regulation occurs at a whole-plant level rather
than in response to local phosphate availability. In some species, starvation in other
nutrients like nitrogen also enhances SL production. Reduced SL production likely
contributes to, but is not solely responsible for, the decreased rate of root coloniza-
tion observed under high phosphate supply (Balzergue et al. 2010; Breuillin et al.
2010; Carbonnel and Gutjahr 2014). Reciprocally, the colonization of roots by AMF
often triggers a decrease in SL production, possibly as a result of better phosphate
nutrition (López-Ráez et al. 2010a, b). Alternatively, SL levels could be regulated
via symbiotic signaling itself, to contribute to keeping the fungus under control and
avoid excessive levels of root colonization. The reduction in SL biosynthesis could
also be involved in the regulation of root architecture by AMF (Fusconi 2014;
Lanfranco et al. 2018).

SL contents can also be affected by other plant hormones. The best documented
example is that of gibberellins, which negatively affect SL synthesis in rice and
Lotus japonicus (Ito et al. 2017). Indirect evidence suggests a positive effect of auxin
on SL synthesis through enhanced expression of key biosynthetic genes (Foo et al.
2005). Interestingly, these effects mirror those of gibberellins and auxin on AM
symbiosis (respectively, an inhibition and a stimulation of the symbiosis). Evidence
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for interaction between SL and abscisic acid (ABA) signaling has also been reported
(reviewed in Lopez-Raez 2016) with tomato ABA biosynthesis mutants producing
reduced amounts of SLs and SL biosynthesis mutants of Arabidopsis being
hyporesponsive to ABA (López-Ráez et al. 2010a, b; Ha et al. 2014). ABA is also
involved in regulating arbuscule development and quantity of root colonization
(Herrera-Medina et al. 2007; Charpentier et al. 2014). It can thus be hypothesized
that modulation of SL synthesis contributes to the well-known effects of these three
hormones on AM interactions.

SL translocation in host plants involves PDR1, a member of the ATP-binding
cassette (ABC) family of transporter proteins. PDR1 is involved in the upward
transport of SLs from the root apex and in the exudation of SLs to the rhizosphere
(Kretzschmar et al. 2012; Sasse et al. 2015). Similar to SL deficiency, mutations in
PDR1 decrease the level of root colonization, but do not impair qualitatively the
formation of arbuscules. In Petunia, PDR1 is expressed in hypodermal passage cells.
These non-suberized cells are found in plant species with a dimorphic hypodermis,
and in these species, they are the preferred route taken by AMF to reach the cortex
(Sharda and Koide 2008). It has been hypothesized that the localized secretion of
SLs by these cells could “guide” AM hyphae through the roots.

4.1.6 Significance of Strigolactone Diversity

There is some structural diversity among the >20 SLs identified to date (see
Chap. 1), and each plant species usually produces several different SL forms. The
functional relevance of this diversity has barely been explored. As far as the AM
symbiosis is concerned, most tests for bioactivity have been carried out on
Gigaspora species and based on the hyphal branching response. Interestingly, the
hyphal branching pattern induced by different SLs can vary qualitatively, i.e.,
branches of varying order can be produced (Akiyama et al. 2010a). This suggests
that several fungal signaling pathways could be recruited, but the link between
hyphal branching patterns and the ability to colonize a host plant remains unclear.
Future work will probably evaluate the activity of different SL forms on other
biological responses in AMF, as well as on other AMF species.

To date, there is no clear indication for a role of SL diversity on the determination
of host range in the AM symbiosis. In laboratory studies, this interaction does not
display a high degree of host specificity. Nonetheless, AM fungal species are not
functionally or ecologically equivalent. It would therefore be of interest to investi-
gate whether the blend of SLs released by a given plant facilitates the recruitment of
particular AMF species. Unfortunately, this question will remain beyond reach until
appropriate tools are generated, for example, plant varieties producing tailor-made
sets of SLs.

As for plant species that are nonhosts for AMF, hyphal branching inducers were
long thought to be absent from their root exudates, but this assumption no longer
holds true. Canonical SLs can be found in root exudates of Lupinus albus, for
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example, although their activity in inducing hyphal branching is masked by the
presence of inhibitors (Kaori et al. 2008; Akiyama et al. 2010b). Arabidopsis
thaliana produces carlactone derivatives such as carlactonoate and methyl-
carlactonoate, which can induce hyphal branching in AMF (Mori et al. 2016). In
any case, a reduced presence or activity of SLs does not account for the inability of
such species to become mycorrhiza: symbiotic capacity cannot be restored in
AM-incompetent plant species by exogenous SL application, and several key
genes essential for the symbiosis are absent from their genomes (Delaux et al.
2014; Favre et al. 2014; Bravo et al. 2016).

4.1.7 Toward the Identification of Novel Symbiotic Signals

Mutants in the plant SL signaling component MAX2 (see Chap. 1) are severely
affected in their mycorrhiza capacity (Yoshida et al. 2012). In contrast, root coloni-
zation levels are similar to WT, or even higher, in the SL receptor d14 mutants
(Fig. 4.1b) (Yoshida et al. 2012). These observations indicate that the roles of the SL
receptor and of MAX2 in mycorrhiza symbiosis are not overlapping. This discrep-
ancy can be explained by the fact that MAX2 is involved not only in SL perception
but also in the perception of karrikins and/or unknown ligands of the KAI2 receptor
(see Chap. 5). Indeed, rice plants mutated in KAI2 are defective in colonization by
AMF (Gutjahr et al. 2015). Thus, there seems to be an SL-independent but MAX2-
dependent pathway essential for the AM symbiosis. The signal triggering this
pathway may be of plant or fungal origin and remains to be identified. Based on
the strength of the mycorrhiza phenotypes in rice, this novel signal could be even
more important than SLs in the symbiosis. Its identification will be a major chal-
lenge, but the potential outcomes reach beyond the symbiosis per se, since KAI2 is
also known to perceive endogenous plant signals associated with seedling develop-
ment. This is a perfect illustration of how AM symbiosis and plant development are
intimately intertwined.

In conclusion, it cannot be stressed enough that being colonized by mycorrhiza
fungi is the normal status of most plants. The dual role of SLs as phytohormones and
symbiotic signals places them in a unique position to coordinate many aspects of
plant development and nutrition in AM host species. To the scientist, this dual role
represents great challenges and opportunities: on one hand, it is sometimes difficult
to disentangle symbiotic from hormonal effects of SLs, and on the other hand, new
insight is likely to arise at the intersection of these two research fields.
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4.2 The Role of Strigolactones in Root Nodule Symbiosis

Plants need reduced nitrogen compounds in the form of nitrate or ammonia to
synthesize essential macromolecules. When the availability of these compounds in
the soil is scarce, which often happens in natural environments, plants grow slowly.
Hence, to compensate for this lack of nutrients, large amounts of chemical nitrogen
are used as fertilizer in agriculture. However, this procedure imposes a pressure on
the environment and is not sustainable because nitrogen fertilizers, produced by the
Haber–Bosch process, require a large energy input. Additionally, by the current
applications, a lot of fertilizer is wasted. Very often the nitrogen compounds are
converted into nitrogen gas through microbial soil activity before the plant roots can
take them up, or they leach inside the groundwater reservoir, leading to decreased
quality of drinking water.

Some plant species circumvent the shortage in nitrogen compounds by
establishing a mutualistic collaboration with soil bacteria. Indeed, in nature, nitrogen
exists predominantly as an inert gas, N2, that is unavailable for plants but that can be
reduced to ammonia by bacteria that contain the nitrogenase enzyme in a process
known as nitrogen fixation (Dos Santos et al. 2012). Most of these so-called
diazotrophic bacteria or diazotrophs fix nitrogen for their own consumption, but
some bacteria transfer the fixed ammonia to the plant roots, where it can be used for
growth. In return, the bacteria obtain plant-derived carbon sources and a specific
ecological niche inside the plant.

One such example of a nitrogen-fixing symbiosis is the interaction between
legume plants and bacteria from diverse species that are collectively designated
rhizobia. The outcome of this symbiosis is the formation of new root organs, the
nodules, inside which the rhizobia find excellent conditions to fix nitrogen for the
plant (Oldroyd and Downie 2008; Oldroyd et al. 2011). When plants sense nitrogen
deprivation, they initiate molecular communication with neighboring rhizobia. To
this end, legume roots secrete a particular blend of various structurally different
secondary metabolites, mainly flavonoids and isoflavonoids, which function as
signals to activate the so-called nodulation (Nod) genes inside the rhizobia
(Broughton et al. 2000). As a result, Nod genes are induced and Nod proteins
produced that together generate the Nod factors, short-chained
lipochitooligosaccharides that are decorated with strain-specific chemical groups at
one or both ends of the molecule. Subsequently, Nod factors are perceived by the
plant roots, upon which the plant initiates the development of the nodule organ and
allows rhizobial colonization (Gough and Cullimore 2011). Nodulation is charac-
terized by strong host specificity, such that in many cases, only certain legumes can
enter into a symbiotic association with specific rhizobial strains. For instance, the
legume Medicago truncatula (barrel medic) relates with the bacterium
Sinorhizobium meliloti, but not with, for instance, Azorhizobium caulinodans that
is the symbiont of the tropical legume Sesbania rostrata. This narrow host range is
determined by the specificity of the abovementioned molecular dialog: a particular
rhizobial strain only activates its Nod genes when flavonoids with a particular
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structure are available, whereas legume plants will only trigger the nodulation
program when they perceive Nod factors with a specific structure (Radutoiu et al.
2007; Fliegmann and Bono 2015; Liu and Murray 2016).

As soon as perfect match is made, the rhizobia will enter the roots, very often
through the root hairs. The root hairs will curl to entrap the rhizobia. Through the
invagination of the root cytoplasmic membrane, an infection thread forms and
guides the bacteria toward the cortical root cells. Simultaneously, the cortical cells
start to divide to form a nodule primordium, and inside these cells, the infection
threads release the rhizobia in the form of symbiosomes, i.e., bacteria that are
surrounded by a host-derived membrane (Oldroyd and Downie 2008). In these
symbiosomes, nitrogen fixation takes place. Likewise, mature nodules, which can
be determinate or indeterminate, are formed. Determinate nodules are round-shaped,
such as those that develop on Lotus japonicus, Phaseolus sp. (bean), and Glycine
max (soybean), and they are fully occupied by infected cells interspersed by some
uninfected cells. Indeterminate nodules are elongated, and the meristem develops at
the apical side of the nodule, which continuously provides new cells for infection.

4.2.1 Strigolactones Modulate the Quantity Nodulation

Bacterial infection and nodule organ development need to be strictly coordinated by
an interplay between various plant hormones. Once the Nod factors are perceived by
the Nod factor receptors, spatiotemporal patterns of gene expression occur to initiate
rhizobial infection and cortical cell division. Almost all classical plant hormones
have been shown to be involved in the development of a functional nodule and to be
intertwined in a complex interaction network (Ferguson and Mathesius 2014). One
group of important plant hormones regulating nodule organ development is cytoki-
nins, as evidenced by mutant analysis: knockout mutants in a cytokinin receptor
abolish nodulation, whereas spontaneous nodules appear on gain-of-function cyto-
kinin receptor mutants (Murray et al. 2007; Tirichine et al. 2007).

First results suggest that SLs as well play a role in the nodulation process (Fig. 4.2).
In many legume species, application of the synthetic SL rac-GR24 positively affects
the nodule number, as forMedicago sativa (alfalfa), Pisum sativum (pea), and soybean
(Fig. 4.2a) (Soto et al. 2010; Foo and Davies 2011; Rehman et al. 2018). Additionally,
whenSL biosynthesis genes are silenced ormutated, as shown forLotus japonicus, pea,
and soybean, fewer nodules are produced (Fig. 4.2b) (Foo and Davies 2011; Foo et al.
2013; Liu et al. 2013; Haq et al. 2017). These data imply that SLs play a positive role in
nodulation. However, the picture might not be that clear, because not all data obtained
in various legume species support thismodel. For instance, in contrast towhat would be
expected, the nodule number increased in the SL-insensitive ramosus4 (rms4) mutant
(Fig. 4.2b), which is affected in the ortholog of the Arabidopsis thaliana MORE
AXILLARY BRANCHES 2 (MAX2), which is part of the SL receptor complex (Foo
et al. 2013). Furthermore, treatment with rac-GR24 affected the nodule number in a
concentration-dependent manner inM. truncatula, with a stimulating effect at very low
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rac-GR24 concentrations and a negative effect at higher concentrations (De Cuyper
et al. 2015). Hence, these data demonstrate that SLs modulate the nodulation process.
However, the SL action on the nodulation may depend on its concentration and the
specific SL sensitivity of the legume species. Moreover, it must be kept in mind that
MAX2/RMS4 is also involved in the perception of the smoke-derived karrikin and the
unknown endogenous ligand together with KARRIKIN-INSENSITIVE 2 (KAI2)
(Waters et al. 2017). Thus, it cannot be excluded that other carotenoid-derived mole-
cules perceived by a complex of KAI2 and MAX2/RMS4 might play a role during
nodulation. Furthermore, rac-GR24 consists of two diastereoisomers, of which two
seem to be recognized by KAI2 in Arabidopsis (Scaffidi et al. 2014; Flematti et al.
2016). Hence, future research should carefully dissect the role of SL and karrikin
signaling and integrate detailed metabolite studies to find strict correlations between
plant mutants, metabolites, and function.

One hint for SL function in nodule formation might come from the tissue-specific
expression patterns of the SL-related genes during nodulation (Liu et al. 2011; van
Zeijl et al. 2015; Haq et al. 2017; McAdam et al. 2017). Several SL biosynthesis
genes have been found to be upregulated during nodulation in an expression pattern
that is controlled by the Nod factor signaling pathway. Tissue-specific analysis
revealed that the promoters were active in nodule primordia, nodule meristems,
and the early infection zone of mature indeterminateM. truncatula nodules. Because
the activity occurred at the cell division sites, this expression pattern would fit with a
role in the control of cell division in interplay with auxin and cytokinin. However, no

low
rac-GR24
high
rac-GR24

WT ccd8
(SL deficient)

rsm4
(SL and KAR 

perception mutant)

a baaaa

222222
lowlow
racrac GGR-GR222

Fig. 4.2 Role of strigolactones in root nodule symbiosis. (a) Addition of rac-GR24 to
M. truncatula roots increases nodule numbers at low concentrations but decreases nodule numbers
at high concentrations (De Cuyper et al. 2015). (b) The pea strigolactone (SL) biosynthesis mutant
ccd8 carries a lower number of nodules than wild type, whereas the SL and karrikin (KAR)
perception mutant rms4 (max2) displays more nodules (Foo et al. 2013). Note that only one mutant
allele was available precluding confirmation of the phenotype
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changes in nodule structure have been observed in various SL mutants in different
legume species, indicating that such a role might not be of major importance. This
expression pattern could also be symptomatic of a role in autoregulation of nodula-
tion (AON), the process used by legume plants to control the number of nodules per
plant regulating the amount of fixed nitrogen. Nevertheless, studies with AON
mutants could so far not confirm this hypothesis (Foo et al. 2014; De Cuyper et al.
2015).

SLs may already act at earlier stages of the root nodule symbiosis establishment.
In M. truncatula, addition of rac-GR24 had a negative effect on the infection thread
development and on the expression of an infection-related marker gene, whereas this
negative effect was abolished in an ethylene perception mutant that causes massive
infection (Breakspear et al. 2014; De Cuyper et al. 2015). On the contrary, a SL
biosynthesis mutant of pea had fewer infection threads than the wild type (McAdam
et al. 2017). Therefore, these data would suggest a role for SLs in the control of
infection thread development. However, the contrasting results from the rac-GR24
treatment and the mutant analysis indicate either that the karrikin receptor complex is
involved in nodulation or that a tight control of SL concentrations is required for the
desired outcome of the legume–rhizobia interaction. It might also be that different
legumes display a different sensitivity to SLs. In addition, the sites of hormone
biosynthesis and action may not necessarily be the same. Hence, SLs might be
produced in the dividing cells but act at the rhizobial infection level. A detailed cell-
specific expression analysis of the genes involved in SL perception might give better
insights into the validity of this hypothesis. In general, more research is needed to
understand the role of SLs in nodulation.

4.2.2 Strigolactones May Additionally Stimulate Rhizobia

In addition to an endogenous function, SLs might also act as rhizosphere signals, i.e.,
not inside the plant cells but rather after their secretion into the soil environment.
Certainly, SLs do not play such an important rhizosphere role in nodulation as they
do in AM formation, because treatment with rac-GR24 had no effect on the bacterial
growth or the Nod factor production (Soto et al. 2010). However, SLs, being present
in the rhizosphere, might still affect the rhizobia, the outcome of which is only
important under ecologically relevant conditions and, hence, difficult to observe in
the laboratory. For instance, the use of the active SL analog 20-epi-GR24 revealed
that SLs stimulated the swarming motility of Rhizobium leguminosarum, i.e., the
rapid coordinated movement of bacteria across a surface, through the activation of
the flagellin ( flaA) gene (Peláez-Vico et al. 2016). However, whether this effect
causes the observed changes in nodule numbers needs further investigation.
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4.3 The Role of Strigolactones in Plant–Pathogen
Interactions

In addition to their role in beneficial interactions between plants and microbes, SLs
have also been proposed to influence interactions with pathogenic fungi and bacteria.
However, information about this topic is still scarce and sometimes controversial
(López-Ráez et al. 2017). In this section, we will try to summarize what is known so
far and try to convey a general idea about the potential role of SLs in pathogenic
plant–microbe interactions.

4.3.1 Pathogenic Fungi

The first indication of the involvement of SLs in defense responses against patho-
gens appeared in 2014 (Torres-Vera et al. 2014). It was shown that leaves of the
SL-deficient tomato line Slccd8 were more susceptible than those of the
corresponding wild-type plant to the airborne necrotrophic fungus Botrytis cinerea,
a pathogen causing gray mold on a number of important agronomic crops (Fig. 4.3).
Slccd8 was also more susceptible to Alternaria alternata, another necrotrophic
fungus which causes leaf spot disease on many plant species (Torres-Vera et al.
2014). Interestingly, ccd7 and ccd8 knockout mutants of the moss Physcomitrella
patens were also more susceptible to the necrotrophic pathogenic fungus Sclerotinia

Fig. 4.3 Example for a role of strigolactones in plant–pathogen interactions. A tomato
strigolactone biosynthesis mutant (ccd8) is more susceptible to the necrotrophic fungus Alternaria
alternata than the wild type (Torres-Vera et al. 2014). Note that only one mutant allele was
available precluding confirmation of the phenotype. Image credit: Rocio Torres-Vera
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sclerotiorum (Decker et al. 2017), responsible of the white mold disease. However, it
currently appears that P. patens can only produce carlactone, the precursor of SLs
(Yoneyama et al. 2018). Therefore, it is possible that resistance to S. sclerotiorum in
P. patens is mediated by carlactone and not by SLs.

Conversely, in root–pathogen interactions, no effect of SLs on resistance to
fungal pathogens has been reported. No differences in disease development were
observed between the SL-deficient pea mutant ramosus1 (ccd8) and its
corresponding wild type after root infection with the soilborne hemibiotrophic
fungus Fusarium oxysporum (Foo et al. 2016), which causes vascular wilt. Similarly
no differences were observed for the pathogenic oomycete Pythium irregulare,
another soilborne pathogen causing damping off and root rot in many plant species,
in SL-deficient and SL-insensitive pea mutants (Blake et al. 2016). Therefore, as for
other phytohormones, the role of SLs in defense responses against pathogenic fungi
depends on the pathosystem examined. It seems that SLs exert their defensive role
against fungal pathogens with a necrotrophic lifestyle, or alternatively, that the
involvement of SL differs among plant organs (leaf vs. root). More studies must
be carried out to examine these hypotheses. In addition to the plant-pathosystem and
the plant organ or tissue, the experimental conditions used for the assays need to be
taken into account and carefully monitored in experiments, as they can greatly affect
the results.

Given the role of SLs in regulating metabolism and development of AMF, it is
important to ascertain whether they exclusively influence constitutive plant defense
or the plant immune response or if they also act directly on the growth of pathogenic
fungi. Direct effects of SLs on hyphal growth and/or branching have been reported
for a number of air- and soilborne pathogenic fungi and oomycetes when grown
in vitro (Steinkellner et al. 2007; Dor et al. 2011; Torres-Vera et al. 2014; Blake et al.
2016; Foo et al. 2016; Belmondo et al. 2017). However, there are inconsistencies
between the different reports. For instance, rac-GR24 application was reported to
promote hyphal branching and to inhibit the radial growth in B. cinerea (Dor et al.
2011; Belmondo et al. 2017), while no effect was observed in other studies
(Steinkellner et al. 2007; Torres-Vera et al. 2014). Divergent responses were also
reported for A. alternata, showing a negative or no effect of rac-GR24 in fungal
growth (Dor et al. 2011; Torres-Vera et al. 2014). An inhibitory effect on fungal
growth of rac-GR24 and other synthetic SL mimics was also observed for
S. sclerotiorum, although this was accompanied by an intense hyphal branching,
similar to other fungal plant pathogens (Dor et al. 2011; Oancea et al. 2017).
Different concentration ranges of rac-GR24 and in vitro growth conditions might
explain the variability observed among the studies described above. Furthermore, as
for other studies, the use of rac-GR24 is problematic because it contains two
diastereoisomers, which based on genetic analyses seem to target to different
receptors in Arabidopsis: one seems to target the SL receptor D14 and the other
one the karrikin receptor KAI2 (Scaffidi et al. 2014). It is possible that also fungi
possess receptors for both diastereoisomers and it is unclear if the observed fungal
responses are true SL responses or whether they are caused by the diastereoisomer,
which targets KAI2 in Arabidopsis (Scaffidi et al. 2014). It would be interesting to
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see whether natural SLs used at physiological amounts are also able of affecting the
development of these fungal pathogens.

4.3.2 Pathogenic Bacteria

Even less information than for plant interactions with pathogenic fungi exists about
the potential effect of SLs in plant interactions with pathogenic bacteria (López-Ráez
et al. 2017). A recent study analyzed the involvement of SLs in the leafy gall
syndrome in Arabidopsis (Stes et al. 2015), a disease caused by the biotrophic
actinomycete Rhodococcus fascians. This syndrome affects a wide range of plant
species and is characterized by delayed senescence, loss of apical dominance, and
activation of dormant axillary meristems, leading to a stunted and bushy plant
appearance (Stes et al. 2013). Both SL biosynthesis (max1, max3, and max4) and
signaling (max2) mutants were hypersensitive to Rhodococcus fascians (Stes et al.
2015). The same effect was observed when a SL biosynthesis inhibitor (D2) was
used. Interestingly, exogenous rac-GR24 application reduced leafy gall formation,
suggesting that the efficiency of syndrome development depends on SL levels (Stes
et al. 2015). The Arabidopsis signaling mutant max2 was also reported to be more
susceptible to the airborne necrotrophic bacterium Pectobacterium carotovorum and
the hemibiotroph Pseudomonas syringae (Piisilä et al. 2015). These bacteria cause
disease in a wide host range, including many agriculturally important plant species.
They enter the host via stomata; thus stomatal closure is an important mechanism of
plant defense. Interestingly, P. syringae-induced stomatal closure was disrupted in
the max2 mutant (Piisilä et al. 2015). max2 has been shown to be hyposensitive to
abscisic acid (ABA), displaying more open stomata in the absence of the pathogen
(Ha et al. 2014). The increased susceptibility correlated with an accumulation of
ABA and salicylic acid (SA) and increased sensitivity to reactive oxygen species
(Piisilä et al. 2015). Therefore, the open-stomata phenotype could be a reflection of
the disease progression or the reduced ABA sensitivity of the mutant. Since the SL
signaling element MAX2 also operates in a SL-independent signaling pathway in
with the karrikin receptor KAI2 (Smith and Li 2014) and the kai2 mutant has been
shown to be hyposensitive to ABA for stomatal closure (Li et al. 2017), it is possible
that the hypersusceptibility of max2 to P. syringae is caused by a defect in karrikin
signaling. To assign stomatal defense against P. syringae to the correct signaling
pathway, a careful comparison of P. syringae infection of kai2, with the SL-specific
receptor mutant d14 and with SL biosynthesis mutants or specific SL inhibitors,
needs to be carried out.
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4.3.3 Cross Talk of Strigolactone with Other Plant Defense
Hormones

Most studies described above suggest that SLs, instead of having a direct effect on
pathogen growth or disease development, might exert an indirect role through cross
talk with other defense-related phytohormones. Actually, there are a number of
reports indicating that SLs interact with other plant hormones, although these seem
to depend on the developmental process, tissue type, and environmental/experimen-
tal conditions (Al-Babili and Bouwmeester 2015; López-Ráez et al. 2017). For
instance, reduced levels of the hormones jasmonic acid (JA), SA, and ABA were
found in leaves of the SL-deficient tomato line Slccd8, and this was correlated with
an increased susceptibility to B. cinerea and A. alternata (Torres-Vera et al. 2014).
In addition, an in silico analysis suggested that the expression of different SL
biosynthesis genes in Arabidopsis and rice is regulated by these defense hormones
(Marzec and Muszynska 2015). As mentioned, a relationship between MAX2 and
ABA has been proposed in the interaction between Arabidopsis and P. syringae
(Piisilä et al. 2015). max2 has been shown to be less drought tolerant than the
corresponding wild type, probably due to a decreased stomatal sensitivity to ABA
(Ha et al. 2014; Visentin et al. 2016). Since the same effect has been observed for SL
biosynthesis mutants (Ha et al. 2014) and for the karrikin receptor kai2 (Li et al.
2017), it seems that both SL- and KAI2-mediated signaling may cross talk with ABA
signaling. It still needs to be investigated whether MAX2 plays a direct role in
pathogen responses or an indirect one, although the increased susceptibility of the
max2mutant to P. syringae suggests an involvement in stomatal function rather than
in defense responses per se.

Future studies should investigate SL cross talk with defense phytohormones
and/or their signaling pathways in order to better understand how plants cope with
biotic stresses, with the aim to design new and more effective control strategies
against plant diseases.

4.4 Conclusion and Perspectives

The best characterized role of SLs in plant–microbe interactions is the activation of
germination, growth, and hyphal branching of AMF in the rhizosphere. The release
of SLs to stimulate the beneficial symbiont can also have negative effects for the
plant, as SLs in the rhizosphere also activate seed germination of parasitic weeds.
Breeding efforts aim at reducing SL exudation from crop plants to avoid parasitic
plant infestation. It will be important to understand in how far this affects AM
symbiosis negatively. Other approaches may aim at mutating changing the set of
SL biosynthesis genes to synthetically switch SL types (Waters et al. 2017). Since
AMF respond to a range of SL molecules (Akiyama et al. 2010a), it may be possible
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to design plants, which exude SL types that stimulate AMF but do not induce
germination of adapted parasitic weeds.

It is still unknown, how SLs regulate nodulation and whether the effect of
rac-GR24 application on infection thread formation and nodulation is caused by
D14- or KAI2-mediated signaling. It will be possible to dissect this, once legume
mutants in each receptor gene become available. Changing SL concentrations in
roots genetically or pharmacologically resulted in partially contrasting outcomes in
M. truncatula and pea. It is possible that the two species have a different sensitivity
to SLs. Alternatively, the growth conditions could be responsible for the variation,
as, for example, light intensity or nutrient concentration influences SL biosynthesis
(Yoneyama et al. 2012; Nagata et al. 2015) and also the biosynthesis and signaling
pathways of other hormones. Therefore, the variations in SL effects may be caused
by differences in balance and/or interaction of several hormones. Systematic side-
by-side comparisons of SL effects on nodulation under different growth conditions
can address this hypothesis.

A role of SLs in plant–pathogen interactions is just emerging, and it still remains
to be shown how far SLs affect the plant and/or the invading microbe. It will also be
important to determine whether SLs improve pathogen resistance directly or via
influencing physical barriers (e.g., the leaf cuticle), plant reactions to the environ-
ment (e.g., stomata closure), or the action of other plant hormones.

So far, the role of SLs has mainly been studied in binary plant–microbe associ-
ations. However, plant interactions with myriads of microorganisms at the same time
and the plant genotype can influence the composition of this microbiome. Since SLs
are exuded to the rhizosphere, their molecular composition and amount could have
an impact on the composition of the rhizosphere community of microbiota. A first
hint for a connection between SL exudation and microbiome structure was provided
by Schlemper et al. (2017), who investigated the bacterial microbiome composition
in a range of Sorghum cultivars grown in different soils. In one soil the rhizosphere
microbiome of the cultivar SRN-39 was very different from all other cultivars.
SRN-39 exuded large amounts of orobanchol into the rhizosphere, whereas the
other cultivars exuded mainly 5-deoxistrigol and sorgomol at relatively lower
amounts (Schlemper et al. 2017). Although a causal relationship between the
bacterial community composition and the SL exudate quantity and type composition
was not established, it is possible that orobanchol favored a different set of bacteria
than 5-deoxistrigol and sorgomol. It will also be interesting to learn, whether SLs
influence the community of the leaf microbiota. This may happen through their
interaction with other hormones and/or their influence on plant physiology or cuticle
properties.
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Glossary

ABC transporters Members of a transmembrane transporter family. They often
consist of multiple subunits comprising transmembrane domains and membrane-
bound ATPases. Hydrolysis of ATP by the ATPases fuels energy-dependent
translocation of substrates across membranes.

Actinomycete Diverse order of Gram-positive, anaerobic bacteria, which have a
mycelium-like, filamentous, and branching growth habit. Some species form root
nodule symbiosis with plants of the Fagales, Rosales, and Cucurbitales.

Arbuscules Tree-shaped hyphal structure, formed by arbuscular mycorrhiza fungi
in root cortex cells. These structures release mineral nutrients to apoplast between
arbuscule and host cell and take up lipids, delivered by the host.

Arbuscular mycorrhiza Ancient symbiosis between most land plants and fungi of
the Glomeromycotina. Endomycorrhiza, in which the fungus penetrates root
cortex cells to form tree-shaped arbuscules. The fungus improves plant mineral
nutrition and receives lipids and carbohydrates stemming from photosynthesis in
return.

Biotroph Parasite or symbiont, which colonizes a living host cell and exploits the
living cell for. Example for nutrients.

Chitin N-acetyl-glucosamine polymer, which is the main component of fungal cell
walls.

Flavonoids Family of chemical compounds with several phenyl-rings often
containing a keto group. They are widespread in the plant kingdom and act, for
example, as flower colors, as toxic deterrents of pathogens, or as attractants of
rhizobia in the rhizosphere.

Haber–Bosch process An industrial process producing ammonium from molecular
nitrogen and hydrogen. The process requires a catalyst (e.g., iron) and high
temperature and pressure (400–500 �C; 15–25 MPa). It is named after its inven-
tors Fritz Haber and Carl Bosch.

Hemibiotroph Plant pathogen, which first colonizes the plant in a biotrophic
manner and then turns into a necrotroph.

Hyphae Thread-like structures, which form the body of fungi.
Microbiome The term microbiome describes the community of microbes coloniz-

ing certain niche including bacteria, archaea, protists, fungi, and viruses or their
collective genomes.

Mutualism Interaction between a minimum of two organisms, in which both
organisms profit from the collaboration.

Nectrotroph Parasite, which kills the cell of the host and feeds on the dead
material.

Nodule primordia Root nodule in its earliest recognizable stage, from when cell
division has started to a visible small white nodule, before the nodule is mature
and functional.

Oomycetes Oomycota is a group of filamentous protist with c. 500 species. The
name derives from their oversized oogonia, which contain the female gametes.
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Parasitism Relationship between at least two species, in which one of the two lives
on the cost of its host and causes harm to it.

Spore Unit of asexual reproduction of fungi used for dispersal and survival (e.g. for
plant-interacting fungi through winter, when hosts are unavailable). Spores are an
integral part of the fungal life cycle.

Rhizosphere Narrow region of the soil, which is directly attached to the root and
influenced by root exudates and sloughed-off plant cells. The rhizosphere hosts a
specific set of microbes, which are influenced by the root activity.

Root nodule symbiosis Symbiosis between plants of most legumes and bacteria
belonging to the rhizobia or less frequent members of the Fagales, Cucurbitales,
and Rosales and actinomycetes. The bacteria are hosted in membrane-surrounded
compartments in cells of root nodules, which are lateral organs derived from cell
division. The bacteria fix atmospheric nitrogen and provide the plant with ammo-
nium in exchange for organic carbon.
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Chapter 5
Evolution of Strigolactone Biosynthesis
and Signalling

Sandrine Bonhomme and Mark Waters

Abstract Studying evolutionarily primitive organisms with simpler genomes can pro-
vide information about the core genetic machinery required for any biological process,
including hormone production and perception. In this chapter, we present findings on
strigolactone biology based on work with two model byrophytes, the moss
Physcomitrella patens and the liverwort Marchantia polymorpha. We summarise the
existing knowledge of strigolactone biosynthesis in primitive plants, and discuss the role
of strigolactones in regulating growth in response to competition from neighbouring
plants. We then turn to strigolactone perception and signal transduction, with a focus on
the diversity among putative strigolactone receptors in the KAI2/DWARF14 family of α/
β-hydrolases. We speculate on the “original” role for strigolactones for early land plants
as a rhizosphere signal, before they were adopted as hormones to regulate development.
Finally, we summarise discoveries that explain how strigolactones released by plant
roots came to be exploited as germination signals by root-parasitic weeds.

Keywords Moss · Physcomitrella · Liverwort · Marchantia · Hormone

5.1 Introduction

The origin of land plants was a defining event in the evolution of life on Earth, paving
the way for animal life to emerge from the water shortly afterwards. Land plants are a
monophyletic group: the successful invasion of land happened about 450–500 million
years ago in a single lineage whose descendants include all extant land plants. As a
result, all land plants have common genomic ancestry, which also implies shared
molecular mechanisms for developmental regulation of plant growth. Since the
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emergence onto land, plants have become increasingly more complex in terms of
structural diversity of organs, vascularisation, reproductive strategies, biosynthetic
pathways, and so on. Accordingly, the underlying molecular pathways that bring
about these changes have also become more complex. The number of transcription
factor families within land plants, for example, typically increases with organismal
complexity and is dramatically higher in land plants than in aquatic algal relatives.

Land plants are typically split up into eight major monophyletic groups (Fig. 5.1).
The precise phylogenetic relationship between the first three, the liverworts, the
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hornworts, and the mosses (collectively known as the bryophytes), is contentious
and unresolved, but these plants are recognised as being representatives of the oldest
land plant groups. They are characterised by their small growth habit, intolerance to
desiccation, no vascular tissue for conducting water, a simple rooting system known
as rhizoids, and by spending most of their life cycle in the gametophytic (haploid)
stage. All other plants—the tracheophytes—have vascular tissue, an innovation that
took place about 400 million years ago, and a life cycle in which the diploid
sporophyte is dominant. Within this group are the clubmosses (or lycophytes), the
true ferns (or monilophytes), the gymnosperms, and most recently the angiosperms
or flowering plants, which can be split up into monocotyledons and dicotyledons.
Each of these groups is distinguished by key evolutionary innovations that have
accompanied and driven an increase in diversity and complexity. Modern angio-
sperms dominate nearly every biome on Earth and constitute 250,000 to 400,000
species, or around 94% of all land plant species.

Plant hormones are a crucial means for plants to co-ordinate growth and devel-
opment with external environmental conditions, allowing local stimuli to be trans-
lated into responses elsewhere on the plant body. Some degree of hormonal control
of growth is common to all land plants. The recent analysis of the complete genome
of the liverwort Marchantia polymorpha has shown that even early land plants had
the necessary parts for producing and detecting auxin, gibberellin, cytokinin, and
ethylene, among others (Bowman et al. 2017). The discovery of strigolactones as a
plant hormone in 2008 soon prompted questions about the evolutionary origins of
these compounds. When during plant evolution did strigolactone production occur?
How did a carotenoid cleavage product become a systemic signalling molecule?
Were strigolactones always a hormone, or did they originally have some other
functions? And where did the receptor protein and other signalling machinery
come from?

Much of what we know about strigolactone function comes from genetic studies
in angiosperms such as rice (Oryza sativa), garden pea (Pisum sativum), petunia
(Petunia hybrida), and the model plant Arabidopsis thaliana. Angiosperms form the
basis of agriculture and constitute the dominant source of primary energy in most
terrestrial ecosystems. Nevertheless, a great deal about plant development can be
learned from studying simpler, more primitive plants such as mosses and liverworts
and their algal relatives. Comparative genomics allows us to distinguish between
conserved, “core” genetic elements that control growth of all land plants and those
that are innovations of more recent plant taxa. Doing so allows us to infer the
evolutionary steps that took place during the diversification of land plants. It also
provides a framework for interpreting the direction of change during evolution and
linking this to changes in genomic content. Both mosses and liverworts are amenable
to genetic manipulation, including the production of targeted knockouts, which
allows us to study gene function and test hypotheses relating to plant evolution.

In this chapter, we present the current knowledge on when and how strigolactones
originated and what functions they have in non-seed plants. This field is still much in
its infancy, but rapid progress in the acquisition and interpretation of genomic
information is helping to unravel a number of mysteries.
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5.2 Model Systems

The moss Physcomitrella patens (P. patens) has long served as a model for studies of
plant development in bryophytes. A major reason for the popularity of P. patens is its
high rate of homologous recombination, allowing gene-targeting experiments and
thus making reverse genetic approaches (i.e. knockout/knock-down) relatively
straightforward. The genome sequence of P. patens was published in 2008.
P. patens is easily cultivated in laboratory conditions on Petri dishes, and, as the
majority of its life cycle is haploid, mutant phenotypes are directly observed in the
first generation following mutagenesis. Physcomitrella spores germinate and pro-
duce filaments called protonema, which are a single cell in thickness and elongate by
tip growth in a single plane. In this way, growth at the protonemal stage is limited to
two dimensions across the substrate. The youngest protonemata are rich in chloro-
plasts and hence are called chloronema. These filaments subsequently differentiate
into caulonema, which can branch to produce new tips that grow in a new direction.
The branching of caulonema and an increased growth rate are responsible for the
radial expansion of the plant. After a period of radial growth, buds and then leafy
shoots (gametophores) develop upon the caulonema, enabling the plant to grow
vertically and, therefore, in three dimensions. Under favourable environmental
conditions (e.g. reduction in temperature), male and female reproductive organs
will appear at the apex of gametophores, producing motile gametes that will fuse in a
diploid zygote. The sporophyte, which develops from mitotic divisions of the zygote
cells, is a small capsule in which meiosis will occur, leading to spores and the next
haploid generation.

More recently and along with P. patens, the liverwort Marchantia polymorpha
has emerged as another model for the study of plant development in basal land
plants. The Marchantia genome sequence was released in 2017, and therefore our
functional understanding of the genome is somewhat further behind that of
Physcomitrella. Interestingly, the number of gene copies is often lower in March-
antia compared to Physcomitrella or other mosses, which have undergone whole-
genome duplication events in their evolutionary past and therefore show extensive
paralogy in some gene families. Depending on the genes in question, this difference
may favourMarchantia as a model for the systematic analysis of gene function using
reverse genetics. Like P. patens, Marchantia is haploid for the majority of its life
cycle, and the use of CRISPR-Cas9 technology efficiently yields targeted knock-
down mutants. Although these species are not fully representative of all bryophytes,
genetic analyses in Physcomitrella and Marchantia continue to yield powerful
insights into the early evolutionary events relating to strigolactones in plants.
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5.3 Strigolactone Biosynthesis and Functions in Primitive
Plants

Like other plant hormones, strigolactones are present in very tiny amounts in plants,
and therefore detection and quantification of strigolactones are challenging. Early
reports of the presence of strigolactones in charophyte algae, liverworts, and mosses
have been questioned as quantification methods have become more sensitive
(Yoneyama et al. 2018b). As such, it is easier to infer the production of
strigolactones using indirect approaches. Such evidence includes biological assays,
where plant exudates or extracts are tested for the ability to induce germination of
parasitic plant seeds or hyphal branching of arbuscular mycorrhizal fungi. In addi-
tion, the presence of genes encoding the key enzymes for strigolactone biosynthesis
in genomes or transcriptomes provides indirect evidence for strigolactone biosyn-
thesis. Genes encoding the enzymes for the first steps of strigolactone biosynthesis
are present in all land plants. Related (ancestral) sequences have been found in algae
that may encode proteins with different structures and different enzymatic roles. As
relatively few complete genome sequences for algae are available, strigolactone
production is still ambiguous in these clades (Table 5.1).

The first genetic evidence that bryophytes produce a strigolactone-like compound
that affects plant development came in 2011 with the knockout of the CCD8 gene in
P. patens (Proust et al. 2011). Mutants in orthologous genes in pea, Arabidopsis,
rice, and petunia (i.e. seed plants) show a common strigolactone-deficient phenotype
typified by increased shoot branching and reduced plant height. The moss Ppccd8
mutant, isolated through homologous recombination, showed several phenotypes,
compared to its wild-type counterpart: first, the spores germinated earlier, and then
the caulonema filaments expanded quicker and branched more frequently than the
wild-type filaments, leading to a plant of a larger diameter (Fig. 5.2). The evidence
that these phenotypes were due to a deficiency in strigolactones came from a
“chemical complementation” experiment in which GR24, a synthetic strigolactone,
was added to the growth medium. This treatment restored the size of Ppccd8 mutant
back to wild-type size. Moreover, genetic complementation of the mutant phenotype
was obtained by expressing the pea CCD8 sequence, under the control of a strong
promoter, in the Ppccd8 mutant. This further demonstrated that SL deficiency was
responsible for the mutant phenotype and that PpCCD8 is functionally orthologous
to CCD8 from seed plants.

Interestingly, some features observed in strigolactone-deficient mutants of seed
plants were also found in the Ppccd8 mutant. First, the PpCCD7 gene showed
evidence of transcriptional feedback, in which CCD7 transcripts are overexpressed
in SL-deficient plants relative to wild type. Second, the Ppccd8mutant showed more
branching at the base of the gametophore compared to WT, a phenotype that is
reminiscent of the increased axillary branching phenotype of ccd8 mutants in
angiosperms. Recent research in moss has indicated that this form of gametophore
branching involves a complex interplay between auxin and cytokinin hormones, and
a similar relationship between these two hormones also regulates shoot branching in
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angiosperms. Although the exact mechanisms relating to the control of auxin
transport may differ between moss and angiosperms, it is noteworthy that
strigolactones may affect this process in a similar manner in such diverse taxa.
This is all the more surprising given that branching of gametophores in moss and
shoot branching via axillary meristems in angiosperms are not homologous pro-
cesses, as they occur at different stages of the life cycle (gametophyte in moss and
sporophyte in angiosperms).

A striking phenotype was observed in the Ppccd8 mutant that implied a special
role for SL in communication between individuals. In wild-type P. patens, and in
mosses generally, the density of plants determines the overall size of each plant, such
that the plants on a crowded Petri dish are much smaller than those on a sparsely
populated dish. Thus, moss plants can regulate their growth according to
neighbouring competition. This phenomenon is reminiscent of bacterial quorum
sensing, a cell-to-cell communication system based on secreted low-molecular-
weight molecules that influence various cellular behaviours in response to popula-
tion density. In contrast to wild-type plants, the Ppccd8 mutant did not show an
ability to control its size: plants continued to expand on the medium, such that
filaments overlapped those of neighbours, regardless of their proximity (Fig. 5.2).
Crucially, the presence of a wild-type moss plant could inhibit the growth of Ppccd8
mutants towards it, suggesting that the mutants lacked the production of a signal, but
not the ability to respond to it. Overall, the study of CCD8 function in moss has
revealed that strigolactones (or strigolactone-like compounds derived from
carlactone) have an endogenous, developmental function in basal land plants. This
finding suggests that a hormonal signalling function for strigolactones may be a very
ancient feature common to all land plants and one that has been elaborated upon
during plant evolution.

WT Ppccd8

Fig. 5.2 Regulation of plant size in moss by strigolactones. Phenotype of the Physcomitrella
patens Ppccd8 mutant deficient in strigolactone synthesis (right), compared to that of wild type
(left). Plants shown are 5 weeks old and grown on sterile nutrient medium. Scale bar ¼ 1 cm
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Finally, the structural diversity of strigolactones presents an additional compli-
cation for concluding whether or not a particular taxon produces these compounds.
There is now a distinction between canonical strigolactones (those with a four-ring,
ABC-D structure) and noncanonical strigolactones, which lack the ABC tri-cycle but
retain the bioactive enol ether butenolide moiety (Yoneyama et al. 2018b). Although
both types are derivatives of the biosynthetic intermediate compound carlactone (and
hence carotenoids), the various steps that account for the two types of strigolactone
are not fully deciphered. Functional analysis of MAX1 homologues in non-seed
plants has extended only as far back as the lycophyte Selaginella moellendorffii.
The two MAX1 enzymes from S. moellendorffii can generate both canonical
strigolactones (4-deoxyorobanchol) and noncanonical strigolactones (carlactonoic
acid), suggesting that MAX1 performs an early step in the production of both classes
(Yoneyama et al. 2018a). Furthermore, one of these MAX1 genes can complement
the Arabidopsis max1mutant phenotype, suggesting that the function of this enzyme
is highly conserved over 400 million years (Challis et al. 2013). Currently, it is
unclear if this evolutionary conservation extends further back in time: although
carlactone has been detected in P. patens (Yoneyama et al. 2018b), it is possible
that canonical strigolactones are not made by this species, because MAX1 appears to
be absent from the P. patens genome. Nevertheless, P. patens itself may be unusual
among mosses, given that its relatives do have MAX1 homologues (Table 5.1). As
discussed above, it is clear that some strigolactone-like, carotenoid-derived com-
pound regulates the development of P. patens, even if it is generated in a MAX1-
independent manner. Therefore, the biosynthetic steps and the final synthesised
(signalling) molecules still need to be identified and characterised for many species,
in particular the bryophytes.

5.4 Evolution of Strigolactone Signalling Mechanisms

Through extensive genetic and molecular studies, mostly in angiosperms, a good
deal is now understood about how plants perceive and respond to strigolactones.
Mutants defective in strigolactone perception and/or response show growth pheno-
types similar to biosynthetic mutants—typically reduced overall height and
increased shoot axillary growth—with the crucial distinction that they are also
insensitive to exogenously supplied strigolactone. This criterion allowed the early
identification of MAX2 in Arabidopsis, followed by D14 and then D53 in rice over
the space of about a decade. Orthologues of each of these components have been
found in diverse angiosperm species, consistent with a highly conserved mechanism
of strigolactone response. In brief, MAX2 is an F-box protein that forms one part of
the tripartite SKP1-CULLIN-F-BOX (SCF) E3 ubiquitin ligase complex. max2
mutants of Arabidopsis are insensitive to strigolactones but also show several
strigolactone-independent phenotypes because MAX2 is also a component of
other signalling pathways (i.e. karrikins; see below). The strigolactone receptor,
D14, is an α/β-fold hydrolase that was discovered by studying another strigolactone-
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insensitive mutant of rice called dwarf14 (Arite et al. 2009). Orthologous mutants in
Arabidopsis (Atd14), pea (rms3), petunia (dad2), and more are all fully insensitive to
strigolactones. Finally, because SCF complexes are associated with targeting pro-
teins by polyubiquitination for proteasomal degradation and several SCFs are
integral parts of other plant hormone signalling mechanisms, it was predicted that
strigolactone response might involve turnover of a protein(s). In 2013, another
strigolactone-insensitive rice mutant called dwarf53 was described. This mutant
had the notable feature of having a dominant pattern of inheritance. Subsequent
cloning of the affected gene led to the discovery of a gain-of-function insertion-
deletion (indel) in the coding sequence that rendered the mutant D53 protein stable,
whereas the wild-type protein is rapidly degraded in the presence of strigolactone
(Jiang et al. 2013; Zhou et al. 2013). The current mechanistic model holds that D53
(and its three Arabidopsis homologues SMXL6, SMXL7, and SMXL8) is targeted
for degradation in a MAX2- and D14-dependent manner, through ubiquitination by
the SCF complex (Fig. 5.3; see also Chap. 1). It is this reduction of D53/SMXL
levels that results in physiological changes in the plant, such as repression of bud
outgrowth. Many of the events downstream of D53 are not yet fully characterised,
but a popular hypothesis is that D53 functions as a transcriptional corepressor
through associations with TOPLESS/TOPLESS-related proteins and transcription
factors within the SQUAMOSA promoter-binding protein-like (SPL) family (Wang
et al. 2015; Soundappan et al. 2015). It is also possible that D53 and related proteins
have modes of action that do not involve the regulation of transcription.

With regard to plant evolution, when did these components appear, and what can
we infer about the order of events? For example, did strigolactone biosynthesis
predate perception by a receptor, or was the receptor already in place? By answering
these questions, we can also draw conclusions about the importance of strigolactones
in shaping the development of plant form over time.

5.4.1 Strigolactone Receptor Proteins: D14 and Its
Homologues

To date, functional genetic analysis of D14 proteins has only been performed in
angiosperms. D14 and its bona fide orthologues belong to a larger family of related
α-/β-fold hydrolases that has members throughout the embryophytes and in algal
sister groups. This family also includes a related receptor protein called karrikin-
insensitive2 (KAI2). In Arabidopsis, kai2 mutants show a range of developmental
phenotypes including delayed seed germination and abnormal seedling and leaf
development (Waters et al. 2012). In rice, KAI2 is required for establishing symbi-
otic interactions with arbuscular mycorrhizal fungi (Gutjahr et al. 2015). KAI2 is the
likely receptor for karrikins, a collection of small butenolide compounds produced
from partial combustion of plant material. Karrikins promote seed germination in
many species, especially those subjected to natural fire regimes. This activity has
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strigolactone-like compounds bind to the open form of the D14 receptor. Hydrolysis of the bound
strigolactone ligand by the enzymatic activity of D14 triggers a conformational change in the
protein, which presumably is necessary to recruit and stabilise an interaction with MAX2 and
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receptor is also degraded. Removal of SMXL7 proteins leads to physiological and developmental
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of this activity is assumed to happen in the cell nucleus based on the nuclear localisation of MAX2
and SMXL proteins. Note that the pathway depicted here describes the mechanism as understood in
angiosperms but may differ in non-seed plants. Figure reproduced and modified from Waters et al.
(2017). Annual Review of Plant Biology 68, 291–322

152 S. Bonhomme and M. Waters



been hypothesised to result from karrikins mimicking an endogenous butenolide
compound (KAI2 ligand, or KL) that all plants produce as a plant growth regulator
and that is perceived by KAI2. KL is not thought to be derived from strigolactones or
to have a common biosynthetic origin, as strigolactone-deficient mutants do not
share kai2 mutant phenotypes. Nevertheless, KAI2 can mediate responses to
strigolactone-like compounds, suggesting that KAI2 and D14 perceive similar
types of small molecule with a butenolide moiety (Scaffidi et al. 2014).

Early analyses concluded that KAI2 is present in all land plant genomes, but D14
emerged only during the evolution of seed plants, because mosses and liverworts do
not contain unambiguous D14 sequences (Waters et al. 2012; Delaux et al. 2012).
This led to the inference that D14 evolved from KAI2, probably as a result of a gene
duplication event prior to the emergence of seed plants. Given that strigolactones are
present and biologically active in mosses, this would imply that in non-seed plants,
which lack D14 orthologues, KAI2-like proteins likely serve as strigolactone recep-
tors. However, more extensive phylogenetic analysis with over 300 sequences from
a wide range of taxa—comprising algae and all major land plant groups—has
recently attempted to resolve the relationship between KAI2 and D14, and the
picture that emerges is, predictably, a more complex and realistic one (Walker and
Bennett 2017).

The identity of the closest sister group to land plants is contentious, but several
orders in the charophyte algae (Klebsormidiales, Charales, Coleochaetales, and
Zygnematales) are good candidates. Sequences with superficial similarity to KAI2
are present in all four of these groups, suggesting that KAI2 was present before land
plants evolved. Analyses suggest that there was a very ancient split in the D14/KAI2
family, an event that occurred concomitantly with the emergence of the land plants.
This split gave rise to two major clades (Fig. 5.4). The first contains the bona fide
KAI2 members (“eu-KAI2”) with highly conserved sequences from angiosperms,
gymnosperms, monilophytes, lycophytes, mosses, and liverworts. This clade is
especially invariant compared with the second clade (“DDK”), a comparatively
diverse group comprised of multiple subclades that exhibit substantial sequence
divergence relative to eu-KAI2 members. In contrast to the early analyses in which
D14 was thought to have evolved during seed plant evolution and thus could be
considered a subclade of eu-KAI2, this more extensive analysis places D14 within
the DDK clade (Bythell-Douglas et al. 2017). This clade also contains a large
number of D14-like (DLK) sequences, whose functions are not yet known and are
relatively divergent compared with eu-KAI2 and D14 but are sufficiently widely
distributed to suggest that they are not mere pseudogenes. Like the eu-KAI2 clade,
the DDK clade also has members from the gamut of land plant taxa, most notably
mosses, liverworts, and monilophytes. It is not yet clear what function the eu-KAI2
members and DDK members have in these basal land plant taxa, but species such as
P. patens andM. polymorpha are excellent model systems for asking such questions.
Marchantia in particular is a very promising candidate for investigation, because it
contains just two sequences in this family: one is a member of the eu-KAI2 clade and
the other of the DDK clade.
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In summary, the current picture indicates that the split in the gene family that
ultimately resulted in divergence between KAI2 and D14 in derived angiosperms
actually took place very early in plant evolution. Therefore, with respect to
strigolactone perception, it is tempting to conclude that land plants have maintained
a distinct set of strigolactone receptors, possibly predating strigolactone production
via CCD8. This would also imply that eu-KAI2 proteins have long been receptors
for KL, and not for strigolactones. However, as discussed below, there are much
more recent and significant exceptions to this rule. Irrespective of subsequent
evolutionary events, the extensive conservation of eu-KAI2 proteins raises the
exciting possibility that KL is another ancient hormonal signal that is possibly at
least as old as strigolactones.
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Fig. 5.4 Simplified phylogeny of KAI2 and D14 receptor proteins in land plants. Two super-
clades, eu-KAI2 (“true KAI2”) and DDK (“D14, DLK2 and KAI2”), diverged early in land plant
evolution. All major land plant groups are represented in both clades, with the exception of
hornworts, whose sequences either fit within the eu-KAI2 clade or as a sister group to all other
land plant sequences (not shown). True D14 sequences are present only in seed plants and are a
sister group to DLK2 and DLK3 sequences also found in seed plants (collectively termed “DLK”
here). Some DDK members in mosses and liverworts have previously been assigned as KAI2
sequences and hence are labelled as “KAI2” here, even though they are not placed within the
eu-KAI2 clade. While D14 proteins and some other DDK proteins are most probably genuine
strigolactone receptors, the role of DLK proteins is unknown. Therefore strigolactone receptors are
only a small subset of a much wider family of homologous proteins with ancient origins. Phylogeny
based on data from Bythell-Douglas et al. (2017). BMC Biol 15, 52
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5.4.2 The Function of MAX2 in Basal Land Plants

MAX2 orthologues are found in Charales and in all known genomes of embryophytes;
therefore, MAX2 probably emerged at around the same time as other components of
the SL signalling pathway (Fig. 5.1). In most plant genomes, including bryophytes,
MAX2 is present as a single gene copy, but occasionally there are two copies
(e.g. petunia, Populus tremula, Selaginella moellendorffii), likely as a result of
lineage-specific and relatively recent whole-genome duplication events. In angio-
sperms such as Arabidopsis, MAX2 has multiple functions, both SL-related and
SL-independent. In angiosperms, plants lacking MAX2 function have enhanced
shoot branching phenotypes similar to D14 mutants. However, max2 mutants also
have additional phenotypes that reveal the SL-independent functions of MAX2.
Among these is the regulation of photomorphogenesis, or light-dependent develop-
ment: Arabidopsis max2 seedlings have elongated hypocotyls relative to wild-type
seedlings, indicative of an impaired response to light (Nelson et al. 2011; Shen et al.
2012). SL-deficient mutants (e.g. ccd8) do not exhibit such defects. Therefore a crucial
question regarding the evolution of plant development relates to the acquisition of the
distinct functions of MAX2. Until very recently, it was not known whether MAX2 in
basal land plants functions in SL perception, photomorphogenesis, or both.

Targeted gene knockout experiments were used to generate mutations in the
single homologue of MAX2 in P. patens. In an unexpected outcome, Ppmax2
mutants were still able to perceive racemic GR24 (a synthetic strigolactone ana-
logue) and did not show the expanded and branched filament phenotype of Ppccd8
SL synthesis mutants (Lopez-Obando et al. 2018). Indeed, the Ppmax2 mutant
exhibits a phenotype that is quite the opposite, with much shorter filaments and
rapidly differentiating gametophores that are larger and fewer in number relative to
wild type. Crucially, the Ppmax2 mutant gametophores are elongated in red light, a
phenotype that is reminiscent of the hypocotyl of Arabidopsis max2 seedlings. These
findings prompt two conclusions: first, that strigolactone signalling is independent of
MAX2 in moss and second that the original role for MAX2 was in photomorpho-
genesis and early development rather than SL perception. Our knowledge of
strigolactone perception and signalling pathway is still very fragmentary in bryo-
phytes, and even more so in Charales, but it should become clearer in the future, at
least for Physcomitrella and Marchantia.

5.4.3 SMXL Proteins

The pattern of SMXL gene distribution through the land plants is complex; however,
it is clear that SMXL sequences are present in all land plant groups and absent from
charophyte algae (Table 5.1). A recent phylogenetic analysis indicates that, unlike
many SL biosynthetic enzymes that are typically present in single copies in plant
genomes, SMXL proteins show extensive duplication and diversification. The

5 Evolution of Strigolactone Biosynthesis and Signalling 155



overall trend is one of increasing SMXL diversity with time. Although bryophyte,
lycophyte, and monilophyte genomes typically only contain a single variety of
SMXL gene, seed plants contain between two and four distinct types, with each
type exhibiting extensive paralogy; some genomes (e.g. Arabidopsis) contain up to
eight SMXL genes across four major clades. Accordingly, there seems to have been a
core SMXL gene present in the last common ancestor of all land plants, and this was
maintained until the evolution of the seed plants. At this point, gene duplication and
neofunctionalisation seem to have increased the variety of SMXL sequences. Most
importantly, the class of SMXL proteins specific to strigolactone signalling in
angiosperms (SMXL6, SMXL7, and SMXL8 in Arabidopsis; D53 in rice) do not
arise in land plants until the evolution of the angiosperms (Fig. 5.1) (Walker and
Bennett 2017). This innovation neatly coincides with the evolution of bona fide D14
proteins in the seed plants. Notably, and as is the case with many regulatory gene
families in plants, these evolutionary duplications and diversifications coincide with
the increased developmental complexity observed in seed plants.

To date, no functional information is available for SMXL proteins outside of
angiosperms, and therefore the role of SMXL proteins with respect to strigolactone
signalling in most land plant groups is unknown. Although MAX2 is unlikely to
have a role in strigolactone signalling in moss, it is still possible that moss SMXL
proteins are involved in the process, perhaps through direct interaction with KAI2/
DDK proteins. In angiosperms at least, D14 is capable of direct interaction with
SMXL7 and D53, independently of MAX2. Thus, while MAX2 is absolutely
required for strigolactone signalling in seed plants, there is a possibility that a
more simplified “noncanonical” signalling mechanism exists in basal land plants
that relies upon SMXL proteins but bypasses regulation by MAX2. Since nothing is
currently known about how SMXL proteins function in bryophytes, we can only
speculate. But suppose that in bryophytes, rather than being degraded, SMXLs are
sequestered and rendered non-functional by forming a complex with a KAI2/DDK
protein. As outlined above, this relatively primitive mechanism could be improved
upon by the introduction of MAX2 to remove SMXL activity through protein
degradation rather than simply sequestration.

5.5 Strigolactones in Non-seed Plants: Hormones or
Rhizosphere Signals?

A role for strigolactones as a plant hormone in angiosperms is supported by
numerous genetic and physiological studies. In many species, strigolactones also
act as a signal secreted by the roots into the rhizosphere, which helps to recruit
arbuscular mycorrhizal fungi and thereby improve plant nutrient availability (see
Chap. 4). Arbuscular mycorrhizal (AM) associations are evolutionarily ancient,
forming in all major land plant groups, including the bryophytes. This raises the
question of whether the ancestral role for strigolactones was one of hormonal
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regulation of development, or as a rhizosphere signal. Many non-seed plants lack
key strigolactone signalling components, especially D14 and SMXL7-type proteins,
which would mean another perception and response mechanism would be needed in
such species. Indeed, M. polymorpha has also lost the ability to synthesise
strigolactones because it has lost CCD8 and MAX1 enzymes (Table 5.1) (Walker
and Bennett 2017). If strigolactones were primarily a developmental/hormonal
signal in this species, loss of the ability to synthesise this signal would presumably
not be tolerated and would be selected against. Perhaps not coincidentally,
M. polymorpha has also lost the ability to recruit AM fungi, whereas other March-
antia species have retained AM associations.

But what about strigolactones in moss? As discussed above, we know that
P. patens produces carlactone and therefore probably SL-like compounds. We also
know that P. patens requires carlactone biosynthesis for normal development.
However, what if P. patens is unusual? The apparent role of strigolactones in this
species is to limit plant growth in a quorum sensing-like manner, which could be
considered a limited developmental response to what is, in essence, a rhizosphere
signal. As P. patens has also lost the ability to form AM associations (unlike its close
relatives), it is possible that the recruitment of strigolactones as a developmental
signal in this species is an independent innovation unique to this species or close
relatives. While it is premature to draw firm conclusions, it seems reasonable that the
ancestral function of strigolactones was as a means for plants to signal to nearby
organisms in the rhizosphere. More research into the functional requirement for
strigolactone biosynthesis in a wider range of non-seed plants would help to support
or refute this hypothesis.

5.6 Evolution of Strigolactone Receptors in Parasitic Weeds

As outlined in Chap. 3, strigolactones were discovered by virtue of their capacity to
stimulate seed germination of root parasitic weed species in the Orobanchaceae, such
as Striga hermonthica. Several species within the Orobanchaceae are obligate para-
sites that can cause devastating crop losses. The seed of these species are adapted to
long periods of dormancy before detecting root exudates from a nearby host root. In
many cases, strigolactones are the key chemical signal that triggers germination.
Indeed, measuring seed germination of parasitic weeds is still among the most
sensitive methods for detecting the presence of strigolactones in biosamples.

A long sought-after method for controlling parasitic weeds is one of suicidal
germination, by which the artificial application of a chemical germination stimulant
would trigger depletion of the soil seed bank and render the field safe to sow a crop.
Knowledge of the mechanism of strigolactone perception by the parasites would
greatly enhance the prospects of suicidal germination approaches, because it would
permit the rational design of suitable chemical analogues that are cheaper and easier
to synthesise, and more chemically stable, than strigolactones themselves. Our
understanding of the strigolactone signalling mechanism in model species has
opened up the route to solve this problem.
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Perhaps surprisingly, parasitic weeds do not detect host strigolactones using D14 as
a receptor but instead use eu-KAI2 homologues. In many species, there has been
extensive gene duplication in the eu-KAI2 family, whereas D14 is typically present
only as a single gene copy (Conn et al. 2015; Toh et al. 2015). A general pattern has
emerged that, like all land plants, these parasites have maintained a conserved
eu-KAI2 gene copy that presumably retains its function as a receptor for KL and for
overall plant development. But in the plant lineage containing the Orobanchaceae,
there are additional KAI2 gene copies that have since diverged and have undergone
fast rates of evolution. Several such “KAI2d” paralogues are predicted to have
enlarged ligand-binding pockets relative to the eu-KAI2 ancestral copies, suggesting
that they have gained the ability to accommodate a larger ligand—such as a
strigolactone molecule—and thus have adjusted their substrate preference towards
strigolactones. Indeed, biochemical and structural characterisation of several KAI2d
proteins has indicated that they can hydrolyse strigolactones with varying affinities
(Xu et al. 2018). Furthermore, when these KAI2d proteins are expressed in transgenic
Arabidopsis plants, they can impart strigolactone-dependent germination upon seed
that normally does not respond to strigolactones. Thus, it appears that gene duplication
followed by neofunctionalisation of KAI2 paralogues has allowed specific and sensi-
tive control of seed germination in parasitic weed species.

In retrospect, that parasitic weeds have made use of KAI2 receptors to detect
strigolactones makes intuitive evolutionary sense. A role for KAI2 in the regulation
of seed dormancy and seed germination is clear from the Arabidopsis kai2 mutant
phenotype. It is also clear from genetic studies in Arabidopsis that KAI2 operates
through the activity of a specific and highly conserved clade of SMXL proteins that
are not involved in strigolactone response in most plants but are involved in the
KAI2 pathway and the control of seed germination. It is potentially more parsimo-
nious from an evolutionary point of view to adjust the ligand-binding pocket and
substrate affinity of a KAI2 receptor, which is already poised to regulate seed
germination, than it is to assign D14 as a regulator of seed germination and also to
change its specificity for downstream SMXL proteins. Furthermore, there might be
strong selective pressure against duplication of D14 genes, perhaps because addi-
tional D14 copies would interfere with endogenous SL signalling processes within
the parasite. Such suppression of D14 duplication would limit the opportunities for
neofunctionalisation. Based on sequence analysis of KAI2d paralogues from various
parasitic species, it seems that there are many different ways to change the apparent
size of the ligand-binding pocket through amino acid substitutions. Once gene
duplication has happened, there is extensive evolutionary space available to explore
and—in the case of parasitic weeds—very strong selection pressure for getting it
right. It is possible that much of the sequence variation observed among parasitic
KAI2d sequences may account for the host preferences of individual parasitic
species. In this way, a parasite may be best matched to its host by virtue of having
receptors that correspond to the particular strigolactone profile exuded by the host
roots. Now that we understand in principle how parasitic weeds detect their hosts, it
should be possible to design and identify lead compounds for triggering suicidal
germination and thereby help to control this agricultural scourge.
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5.7 Conclusions

• The evolution of land plants is associated with increases in developmental
complexity, brought about by diversification of gene families and hormone
signalling pathways.

• The moss Physcomitrella patens and the liverwort Marchantia polymorpha are
model species for the study of early diverging land plants. Both species are
amenable to genetic manipulation and targeted gene knockouts.

• With minor exceptions, the core enzymes for strigolactone biosynthesis via
carlactone are present in all land plants, suggesting that strigolactones, or
strigolactone-like compounds, are common to all land plants. Strigolactone
production in green algae is debated.

• While strigolactones have a clear developmental/hormonal role in angiosperms,
the function of strigolactones in early land plants is equivocal. It is possible that
strigolactones first served as a rhizosphere signal, perhaps to recruit arbuscular
mycorrhizal fungi. Nevertheless, at least in moss, strigolactones regulate proto-
nemal branching and radial expansion.

• Receptor-enzymes of the D14-KAI2-DDK family perceive strigolactones and/or
strigolactone-like compounds. These proteins predate land plants and have under-
gone substantial duplication throughout land plant evolution.

• The F-box protein MAX2 is essential for strigolactone perception in angio-
sperms, but is not required in moss. The role of MAX2 in strigolactone signalling
is an acquired innovation of vascular plants.

• Members of the SMXL gene family are also universal in land plants and increase
in diversity with organismal complexity. Their function in non-angiosperm
species has not yet been established.

• Parasitic weeds in the Orobanchaceae demonstrate evolution in action, with
germination responses to strigolactones mediated by duplication and sequence
diversification of KAI2 receptors.

Glossary

Bryophytes an informal, paraphyletic group of non-vascular land plants that
includes the liverworts, mosses, and hornworts.

Embryophytes all terrestrial plants (including those that are secondarily aquatic), a
group that emerged within the streptophytes.

Homologue a gene copy related by descent to another gene copy. Such a relation-
ship is inferred on the basis of sequence similarity. A gene may have homologues
within a species or between species or both. Homologues may be orthologues or
paralogues.

5 Evolution of Strigolactone Biosynthesis and Signalling 159



Lycophytes one of the earliest groups of tracheophytes that have microphyllous
leaves (small leaves with a single vein).

Monilophytes the true ferns with megaphyllous leaves (large leaves with multiple,
branched veins).

Neofunctionalisation after gene duplication to produce two paralogues, an evolu-
tionary process whereby one paralogue undergoes mutation to create a new
function that was not present in the ancestral gene, allowing the second gene
copy to retain the original function. In contrast with subfunctionalisation.

Orthologue a gene copy that is separated from related sequence by a speciation
event. That is, a gene in species A is more closely related to a gene in species B
than it is to another gene in species A. The two orthologues arose from a gene
duplication event that predated the speciation of A and B. Orthologues often have
similar functions in both species.

Paralogue a gene copy that is not separated from a related sequence by a speciation
event. That is, two genes in species A are more closely related to one another than
they are to similar sequences in species B. Paralogues arise through a gene
duplication event that happened recently within one or both species A and B
but after they speciated. Paralogues may indicate that there is functional redun-
dancy or, given enough evolutionary time and selection pressure, functional
specialisation.

Seed plants also known as spermatophytes. Plants that bear seeds, namely, angio-
sperms (flowering plants) and gymnosperms (conifers and allies).

Streptophytes the collection of all land plants and the immediate sister group to
land plants, namely, the charophyte algae.

Subfunctionalisation after gene duplication, an evolutionary process whereby
each paralogue adopts a different function from each other, when both functions
were previously performed by the single ancestral gene. Thus, each paralogue has
now become specialised in function from a more generalist ancestor.

Tracheophytes vascular plants, which conduct water from the roots along vascular
strands or tracheids.
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Chapter 6
The Chemistry of Strigolactones

Cristina Prandi and Christopher S. P. McErlean

Abstract Focus of this chapter is the chemistry of Strigolactones. The structural
features that identify the canonical versus non canonical Strigolactones, as well as
the stereochemistry of the Strigol type and Orobanchol type families will be
described. A special emphasis will be devoted to the total synthesis of natural
Strigolactones as the most reliable and recommended method for successful struc-
ture elucidation of these natural products. However, due the complexity of the target
molecules and to the high stereochemical control required to retain bioactivity, the
synthesis of natural Strigolactones is currently not feasible on a multigram scale for
applications in agriculture. In order to study the effect of Strigolactones on various
biological processes, model compounds were designed and prepared. Synthetic
Strigolactones can be classified into two main categories: (a) analogues, whose
structure is very similar to natural SLs; (b) mimics, whose structure is much simpler,
but showing a bioactivity resembling that of SLs. A survey of the most promising
structures for agricultural applications and the synthetic pathways to access them is
herein provided.

Keywords Butenolide · Stereocenter · Enel ether · Canonical and non canonical ·
Enantiomers · Diasteromers

6.1 Introduction

Strigolactones are a group of small molecules which were first reported after
isolation from the root exudates of cotton in 1966 (Cook et al. 1966). These
compounds were potent germination stimulants of the parasitic witchweed (Striga
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lutea Lour.), which has an economically devastating effect on many important crops.
As such strigolactones (hereafter SLs) captured the attention of chemists who sought
to (1) determine the structures of these molecules; (2) synthesize the molecules; and
(3) synthesize molecules that mimic the biological actions of strigolactones. The
following chapter will highlight the progress that has been made in each of these
areas, which can collectively be categorized as “the chemistry of strigolactones”.

6.2 Strigolactone Structures

Organic molecules possess defined three-dimensional shapes (called stereochemis-
try), which can be described in terms of atom connectivity, relative stereochemistry,
and absolute stereochemistry. In order to aid the readers’ understanding of the
chemistry of strigolactones, a short discussion about stereochemistry is appropriate,
and a particularly useful analogy is to compare organic molecules with your hands.

Molecules are made by connecting atoms to other atoms (atom connectivity) in
the same manner that fingers and thumbs are attached to your hand. Relative
stereochemistry describes the position of each atom in three-dimensional space
relative to another atom, which is like describing the order of your fingers—thumb
is next to index finger, is next to middle finger, and so on. But note that this is the
same for both your left and right hands and does not distinguish between them. Yet
left and right hands are different. For example, you cannot put your right hand into a
left-handed baseball glove. This is because your hands are non-superimposable
mirror images, which is another way of saying that they possess defined absolute
stereochemistry. Chemists say that your left and right hands are “enantiomers”.
Organic molecules may exist as non-superimposable mirror images (enantiomers),
which have the same atom connectivity and relative stereochemistry, but have
different “handedness” (Fig. 6.1).

The absolute stereochemistry of molecules is of critical importance in biological
systems, because the proteins to which they bind possess only one type of “hand-
edness”. It is therefore tremendously important to utilize molecules with known
absolute stereochemistry for plant- and animal-based research.

When drawing molecules stereochemistry is shown by lines ( ) which con-
nect carbon atoms in the plane of the page. Wedges ( ) project out of the plane
of the page, and dashes ( ) project into the plane of the page.

More than half a century ago, Cook and co-workers isolated the first
strigolactones, strigol and strigyl acetate (Fig. 6.2), from root exudates of hydropon-
ically grown cotton plants (Cook et al. 1966). Although 1H NMR, infra-red, and
mass spectrometric data were collected for the compounds, the only structural
information that could be ascertained was that the molecules contained a butenolide
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ring, that strigol contained a hydroxyl group, and that the molecules were different
than the already known gibberellins. It wasn’t until 6 years later that the actual
structure of strigol was determined using single crystal X-ray analysis, which
unequivocally established both its atom connectivity and relative stereochemistry
(Cook et al. 1972; Coggan et al. 1973). Strigol was shown to possess a 6,5,5-tricyclic
fragment attached to a butenolide via an enol ether bridge. These are commonly
referred to as the A,B,C-tricycle, and the butenolide is termed the D-ring. Impor-
tantly, whilst X-ray analysis showed the relative stereochemistry of the molecule, no
information about the absolute stereochemistry could be ascertained. Brooks and
co-workers were the first to elucidate this crucially important feature of strigol
(Brooks et al. 1985). In 1985 they attached an ester with known absolute stereo-
chemistry to strigol and were able to determine that the molecules produced by the
cotton plants possessed the (3aR,5S,8bS,20R) stereochemistry. For simplicity, this
stereochemical arrangement is commonly referred to as the “strigol-type” stereo-
chemistry. For a long time, it was assumed that all strigolactones possessed the same
stereochemistry, but this was later shown to be false. In 2011 (45 years after the
isolation of strigol!), Ueno and co-workers completed the chemical synthesis of the
naturally occurring strigolactone, orobanchol (Ueno et al. 2011). Although the atom
connectivity and relative stereochemistry of the molecule were similar to strigol, the
absolute configuration of natural orobanchol was established as (3aR,4R,8bR,20R),
which was different to strigol. The different stereochemistry is highlighted in
Fig. 6.2 and forms a key division in the family of strigolactones. To date almost
20 strigolactones possessing the common A–D-ring structures have been isolated
from various plants. These can be categorized as either “strigol-type” strigolactones
or “orobanchol-type” strigolactones (Fig. 6.2).

Fig. 6.1 The stereochemistry of molecules
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Strigolactones are produced in minute quantities in plants, meaning that the
isolation and structural elucidation of these molecules is exceedingly difficult. The
primary technique for identifying new strigolactones is liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS). Plant extracts are typically
separated on a chromatographic column, and the eluting molecules are subjected to

Fig. 6.2 The structure of strigolactones
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fragmentation in a mass spectrometer. Because all known strigolactones possess the
same butenolide D-ring, the fragment ion with a mass-to-charge ratio of 97, which
corresponds to this portion of the molecule, is selectively monitored in sophisticated
MS experiments. Molecules that show this ion are collected and analysed.

The pressing need for material to facilitate plant research has provided impetus
for chemists to devise methods to synthesize strigolactones. From a purely chemical
point of view, the beguiling structures of strigolactones, which feature fused ring
systems and an array of oxygen-containing and reactive functional groups, make
these molecules exciting targets for organic chemists to display their expertise. Some
notable syntheses of strigolactones are detailed below, in the chronological order in
which the strigolactone was isolated. Syntheses that control only the relative stereo-
chemistry are termed “racemic” and contain equal amounts of both enantiomers
(non-superimposable mirror images of the molecules). Syntheses that result in
control of the absolute stereochemistry are termed enantioselective and provide
access a single “hand” of these important plant signalling molecules.

6.2.1 Strigol-Type Strigolactones

6.2.1.1 Strigol

As previously mentioned, strigol (1) was the first strigolactone identified, being
isolated in 1966. The first synthesis of strigol (1) was reported in 1974 and allowed
access to the sufficient quantities of the molecule for preliminary biological studies.
The synthetic strategy employed involved building the A,B,C-ring system and then
installing the enol ether bridge and attaching the D-ring. Surprisingly, this general
strategy has been followed in every subsequent strigolactone synthesis.

As shown in Scheme 6.1, the commercially available compound citral (19) was
cyclized to give 20 and 21, which would become the A-ring of strigol (1). Installa-
tion of the B-ring of strigol was accomplished by a sequence of reactions that
eventually gave the α-keto ester 25. Synthesis of the C-ring led to a mixture of
hydroxylactones 27 and 28. These were chromatographically separated, and 28,
which possessed the desired relative stereochemistry, was coupled with the
bromobutenolide (29) to give a mixture of 1 and 30. Chromatographic separation
gave strigol (1) with the correct atom connectivity and relative stereochemistry
(Heather et al. 1974).

Heather’s synthesis of strigol is noteworthy because it represents the first syn-
thesis of any strigolactone molecule. The general synthetic strategy proved to be
successful, and material for biological assays was secured, but several limitations
were apparent. The synthesis was overly lengthy, which resulted in low overall
efficiency; it generated mixtures of products at several stages; and although it
controlled relative stereochemistry, it did not control absolute stereochemistry.
Subsequent researchers therefore concentrated on developing more efficient strate-
gies to accessing the A,B,C-ring system (Macalpine et al. 1976; Dailey 1987;
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Berlage et al. 1987; Kadas et al. 1996). However, none of those syntheses controlled
the absolute stereochemistry of the molecules—they make strigol as an equal
mixture of left-hand and right-hand forms (racemic). The preparation of
strigolactones as single enantiomers (e.g. only the right-hand form) can conceptually
result from three approaches: enantioselective synthesis, resolution of diastereomers,
or resolution of enantiomers. Each approach has advantages and limitations, and
they will each be discussed below. Due to the importance of accessing strigolactones
with known absolute stereochemistry, the remainder of this section will deal exclu-
sively with chemistry that leads to molecules of defined absolute stereochemistry.

The first synthetic access to a single enantiomer of strigol (1) was reported by
Heather and co-workers in 1976, 2 years after their racemic synthesis, and involved a
resolution of diastereomers (Heather et al. 1976).

Scheme 6.1 Heather’s synthesis of racemic strigol. Reagents and conditions: (a) (i) PhNH2,
(ii) H2SO4; (b) m-CPBA, 90%; (c) pyrrolidine, 73%; (d) CrO3/H2SO4, 50%; (e) MeI, K2CO3,
quant.; (f) 5% platinum on carbon, O2, 70%; (g) MeI, K2CO3, 100%; (h) Br2, hν, 100%;
(i) Na2CO3, H2O, 81%; (j) CrO3/H2SO4, 98%; (k) NBS, CCl4, 100%; (l) NaCH(CO2Me)2, then
reflux, 86%; (m) K2CO3, methyl bromoacetate; (n) AcOH/HCl, 72%; (q) (i) DIBAL, (ii) H2SO4/
H2O, 61%; (r) (i) MeOCHO, NaH, (ii) HCl, (iii) 29, K2CO3, HMPA
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As depicted in Scheme 6.2, the hydroxylactone 28 that was synthesized in Scheme
6.1 and existed as a 1:1 mixture of enantiomers was reacted with 3β-acetoxyandrost-
5-ene-17β-carbonyl chloride (31) to form the corresponding esters 32 and 33. Since
the steroid fragment was a single enantiomer, the two products that were formed were
no longer enantiomeric, but instead were diastereomeric. This meant that they could
be easily separated by chromatography, and then the steroid ester was cleaved to give
28 as a single enantiomer. Compound 28was then carried through the same reactions
sequence as shown in Scheme 6.1 to give strigol (1) as a single enantiomer. At that
time that this work was performed, the absolute configuration of naturally occurring
strigol was unknown. It would take another 10 years until this was accomplished by
Brooks and co-workers (Brooks et al. 1985).

After completing a synthesis that converted α-ionone (34) into racemic strigol (1)
(Scheme 6.3), Brooks and co-workers synthesized a crystalline derivative of strigol
using single enantiomer 1-(1-naphthyl)ethyl isocyanate (Brooks et al. 1985). This
produced diastereomeric carbamates 35 and 36 which were separated and individ-
ually analysed by X-ray crystallography. Having established the stereochemistry of
both 35 and 36, the carbamates were cleaved, and the resulting single enantiomers
were compared to naturally occurring strigol. This allowed the absolute configura-
tion of strigol to be determined as (3aR,5S,8bS,20R).

Whilst derivatization of strigol (or an intermediate on route to strigol) with a
molecule of known absolute stereochemistry and separation of the products are
successful, it is more efficient to separate the enantiomers of strigol directly. This

Scheme 6.2 Heather’s approach to single enantiomer strigol
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can be achieved by performing chromatographic separation on a chiral stationary
phase (enantioselective chromatography).

Welzel and co-workers used high-performance liquid chromatography (HPLC)
on a microcrystalline cellulose triacetate (CTA) stationary phase to separate the
enantiomers of compound 28, enabling him to complete a stereoselective synthesis
of strigol (1) (Samson et al. 1991). Additionally, Welzel demonstrated that the
absolute stereochemistry of the butenolide linkage could be ascertained by exami-
nation of the circular dichroism (CD) spectra (Welzel et al. 1999). Compounds
containing the naturally occurring 20R stereochemistry exhibited a negative curve
at 270 nm, whereas compounds containing the non-natural 20S linkage exhibited a
positive curve at that wavelength (Scheme 6.4).

Hauck and Schildknecht used HPLC on a CTA stationary phase to separate the
enantiomers of strigol (1) and determined that the naturally occurring isomer is much
more active than the non-natural enantiomer at stimulating striga seed germination
(Hauck and Schildknecht 1990). Similarly, Reizelman and co-workers synthesized
all of the possible isomers of racemic strigol and separated the individual enantio-
mers using HPLC on a semi-preparative cellulose carbamate column (Reizelman
et al. 2000).

Scheme 6.3 Brook’s approach to the single enantiomers of strigol
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One drawback of approaches that involve separation of enantiomers or diaste-
reomers is that they are restricted to small scales due to the HPLC instruments that
are used. To facilitate research into the biological actions of strigol (1), larger
quantities were needed. This need was met by Mori and co-workers who utilized a
chemoenzymatic resolution during their synthesis of strigol (1) (Scheme 6.5)
(Hirayama and Mori 1999). Treatment of the racemic hydroxylactone 28 with
vinyl acetate and lipase AK resulted in a selective reaction with the non-desired
enantiomer to give acetate 40 and leave the desired enantiomer 28 untouched.
Completion of the synthesis using known procedures allowed Hirayama and
co-worker to generate over 1 gram of strigol (1) as a single enantiomer (Hirayama
and Mori 1999). This remains the only gram-scale synthesis of a strigolactone.

There has only been one reported synthesis of single enantiomer strigol (1) that
utilizes purely chemical means (which is termed an enantioselective synthesis)
(Takahashi et al. 2016). As shown in Scheme 6.6, Kuwahara and co-workers
employed a catalytic Corey-Bakshi-Shibata (CBS) reduction of compound 41 in

Scheme 6.4 Welzel’s approach to the single enantiomers of strigol

Scheme 6.5 Hirayama’s chemoenzymatic approach to single enantiomer strigol. Reagents and
conditions: (a) vinyl acetate, lipase AK, 40 52%, 28 48%
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which the prolinol 42 dictates which face of the molecule undergoes reaction. This
produced compound 43 as a single enantiomer, and the stereochemically defined
hydroxyl group was then used to control the stereochemistry of all the other centres
during the synthesis.

Despite being reported 50 years after the isolation of strigol (1), this
enantioselective synthesis is lengthy and suffers from poor overall efficiency, mean-
ing that resolution approaches remain the most practical method of attaining single
enantiomer strigol (1) for biological applications.

6.2.1.2 Sorgolactone

It is testament to the difficulty of isolating and identifying strigolactones from natural
sources that it was a further 26 years after the isolation of strigol (1) before another
strigolactone was identified. Sorgolactone (3) was isolated from Sorghum bicolor by
Hauck and co-workers in 1992 (Hauck et al. 1992). In contrast to the other
strigolactones shown in Fig. 6.2, sorgolactone (3) has undergone biosynthetic
excision of one of the methyl units on the six-membered ring. Given that several
aspects of strigolactone biosynthesis remain unclear, it is unsurprising that the
mechanism of this carbon deletion has not yet been elucidated. As the amount of
sorgolactone (3) isolated was miniscule, it fell to synthetic chemists to confirm the
atom connectivity and stereochemistry of the molecule. As frequently occurs in
organic chemistry, two research groups independently published syntheses of
sorgolactone (3) that confirmed its atom connectivity and relative stereochemistry
almost concurrently.

Zwanenburg and co-workers reported the first synthesis of racemic sorgolactone
(3) and used two-dimensional NMR experiments to elucidate the relative
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Scheme 6.6 Kuwahara’s enantioselective synthesis of strigol. Reagents and conditions: (a) 41, B
(OMe)3, PhNMe2•BH3, 92%; (b) H2, Pd/C; (c) m-CPBA; (d) TBSCl, 78% three steps;
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MeOH; (l) NBS; (m) DBU, 23% three steps; (n) TBAF, 76%
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stereochemistry (Sugimoto et al. 1997). Mori and co-workers reported a racemic
synthesis of sorgolactone (3) that involved a crystalline intermediate (Mori et al.
1997). In agreement with Zwanenburg, an X-ray analysis served to unambiguously
show that the methyl group pointed to the opposite side of the molecule as the five-
membered ring.

The first access to single enantiomer sorgolactone (3) was reported by
Zwanenburg and co-workers (Scheme 6.7) (Sugimoto et al. 1997, 1998). Racemic
compound 46 from their previous synthesis was formylated and coupled with the
single enantiomer D-ring surrogate 47 (Thuring et al. 1996). This gave diastereomers
48 and 49 that were separated, and then heating initiated a cycloreversion reaction
that unveiled the D-ring. In this manner Zwanenburg was able to establish the
absolute stereochemistry of sorgolactone (3) as depicted.

Mori and co-workers took a different approach to single enantiomer sorgolactone
(3) and generated the A,B,C-tricycle as a single enantiomer (Scheme 6.8) (Mori and
Matsui 1997; Matsui et al. 1999c). Using (S)-methyl citronellate (51) as a starting
material ensured that the absolute stereochemistry of the methyl group was fixed.
Compound 51 was transformed into the alkyne 52, which was cyclized and modified
to give 53. Construction of the B- and C-rings in the standard way led to two
separable diastereomers, 46 and 54. Unlike the previous syntheses, compound 46
had defined relative and absolute stereochemistry, so it existed as a single enantio-
mer. Attachment of the D-ring in the normal way gave single enantiomer
sorgolactone (3).

Scheme 6.7 Zwanenburg’s synthesis of single enantiomer sorgolactone. Reagents and conditions:
(a) KOtBu, HCO2Et; (b) 48, 33%, 49 39%; (c) hot o-dichlorobenzene, 50 65%, 3 65%
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6.2.1.3 Deoxystrigol

The chemical history of 5-deoxystrigol (2) (called deoxystrigol form here on) runs in
opposition to its biological preeminence. In plants, carlactone (55) is oxidized to
carlactonoic acid (56, Scheme 6.15), which undergoes cyclization to give
deoxystrigol (2) (Scheme 6.9) (Seto et al. 2014). All of the strigol-type strigolactones
are thought to be produced by site-selective oxidation processes on deoxystrigol
2 (Matusova et al. 2005). It is somewhat surprising then that deoxystrigol was not
identified from a plant source until 2005 (Akiyama et al. 2005), nearly 40 years after
its daughter molecule, strigol (1).

A number of racemic syntheses have been reported (Reizelman et al. 2000;
Akiyama et al. 2005; Frischmuth et al. 1991), but the first enantioselective synthesis
of deoxystrigol (2) was achieved by De Mesmaeker and co-workers who introduced
a new method for construction of the A,B,C-tricycle (Scheme 6.9) (Lachia et al.
2014). Their synthesis began by converting Hagemann’s ester (57) into the acid 58.
Amide bond formation between 58 and the proline derivative 59 gave compound 60
as a single enantiomer. The proline unit served as a chiral auxiliary that controlled
the stereochemistry of the subsequent reactions. Compound 57 was activated to give
a ketene-iminium species which underwent immediate intramolecular reaction to
give 61. Having fulfilled its role as a stereo-directing group, the proline derivative
was removed to give the four-membered cyclic ketone 62. Regioselective oxidation
gave compound 63 as a single enantiomer, which intersected the previously
described racemic synthesis. The D-ring was appended in the standard fashion to
give deoxystrigol (2) with control over the atom connectivity, the relative stereo-
chemistry, and the absolute stereochemistry.
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Scheme 6.8 Mori’s synthesis of single enantiomer sorgolactone. Reagents and conditions:
(a) m-CPBA; (b) HIO4; (c) NaBH4, 91% over three steps; (d) TsCl, pyridine; (e) NaI, 82% over
two steps; (f) LiCC�EDA, 37%; (g) LDA, PhSeBr, 69%; (h) Bu3SnH, AIBN, benzene, 55%;
(i) C5H5N�HBr, pyridine, 52%; (j) NaH, CH2(CO2Me)2; (k) BrCH2CO2Me, 81%; (l) HCl,
AcOH, 96%; (m) NaBH4, CeCl3�7H2O, then HCl, 54 30%, 45 21%; (n) NaH, HCO2Et; (o) 29,
K2CO3, 3 42%
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In 2016 one of the more important papers regarding the chemistry of
strigolactones was published by Zwanenburg and co-workers (Zwanenburg et al.
2016b). Whilst previous efforts had ascertained the absolute stereochemistry of
strigol (1) (Brooks et al. 1985), the assignment of the absolute stereochemistry of
deoxystrigol (2) was based on Welzel’s mnemonic regarding the shape of the CD
curve at a specific wavelength (Samson et al. 1991; Welzel et al. 1999). Worryingly,
there are examples of molecules containing a D-ring butenolide for which Welzel’s
mnemonic does not apply (Seto et al. 2014). In order to be confident about the
absolute stereochemistry of deoxystrigol (2), it was necessary to synthesize all
possible isomers, resolve the individual enantiomers, measure the CD spectra, and
correlate the stereochemistry to the observed CD curves using an independent
technique. This arduous task was successfully undertaken by Zwanenburg et al.
(2016b). Using their previously devised synthetic strategy (Reizelman et al. 2000),
those researchers synthesized racemic deoxystrigol (2) and other stereoisomers.
Preparative-scale enantioselective HPLC was then used to isolate the single enan-
tiomers, which are depicted in Fig. 6.3.

Compounds 2 and 64 have the opposite absolute stereochemistry at all positions.
This makes them non-superimposable mirror images (enantiomers). In the same
manner, compounds 65 and 8 are enantiomers. Compounds 2 and 62 have the same
absolute stereochemistry in the A,B,C-rings but have opposing stereochemistry on
the D-ring, making them diastereomers. Similarly, compounds 2 and 8 have the
same stereochemistry at the D-ring, but opposite stereochemistry on the A,B,C-
tricycle, which makes them diastereomers. Zwanenburg obtained an X-ray structure
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Scheme 6.9 DeMesmaeker’s enantioselective synthesis of deoxystrigol. Reagents and conditions:
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of compound 8, which unambiguously showed its relative stereochemistry, and
measured the CD spectrum, which was negative at 270 nm. If Welzel’s mnemonic
holds for deoxystrigol, then compound 2 must also have a negative CD curve at
270 nm. Gratifyingly, the measured CD spectrum did show a negative curve at that
wavelength. If the D-ring is responsible for the shape of the curves at 270 nm in the
CD spectra, then compounds 64 and 65 must display a positive CD curve at that
wavelength, even though they have different A,B,C-ring systems. Importantly, 64
and 65 did possess positive curves at 270 nm—Welzel’s mnemonic accurately
predicted the stereochemistry of the D-ring. The outcome of this is that naturally
occurring deoxystrigol either possessed structure 2 or structure 8, and these diaste-
reomers were easily distinguished by HPLC methods and correlated to De
Mesmaeker’s synthetic molecule. The outcome of Zwanenburg’s efforts is that the
absolute stereochemistry of deoxystrigol (2) (and by analogy, all strigolactones) was
ascertained in an unambiguous manner.

6.2.1.4 Sorgomol

Sorgomol (5) was isolated from Sorghum bicolor and structurally elucidated in 2008
by Yoneyama and co-workers (Xie et al. 2008a). Racemic sorgomol (5) has been
synthesized by Takikawa and co-workers (Kitahara et al. 2011). In a landmark piece
of research, Sugimoto and co-workers synthesized deuterated deoxystrigol (2) and
demonstrated that it was converted into deuterated sorgomol (5) by the host plant
(Scheme 6.10). Furthermore, the oxidation could be inhibited in a dose-dependent
manner by the action of uniconazole-P, a known cytochrome P450 inhibitor. This
was the first verification of the hypothesized role of deoxystrigol (2) as the progen-
itor of the other strigol-type strigolactones. Although it was not identified in that
particular experiment, it is likely that sorgomol (5) can be further oxidized and
undergoes decarbonylation or decarboxylation to give sorgolactone (3).

Fig. 6.3 Zwanenburg’s
deoxystrigol isomers
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6.2.1.5 Strigone

Strigone (6) was isolated by Yoneyama and co-workers in 2013 (Kisugi et al. 2013).
The biosynthetic relationship between strigol (1) and strigone (6) is clear, with
deoxystrigol (2) undergoing initial oxidation to strigol (1), followed by a secondary
oxidation to give strigone (6). The first synthesis of strigone (6) appeared 41 years
before the molecule was isolated from a natural source. As shown in Scheme 6.11,
Cook and co-workers oxidized naturally occurring strigol (1) (which is a single
enantiomer) during the structural elucidation of strigol (1) (Cook et al. 1972).
Similarly, Welzel and co-workers subjected racemic strigol (1) to oxidative condi-
tions and isolated racemic strigone (6) (Frischmuth et al. 1993).

6.2.2 Orobanchol-Type Strigolactones

Orobanchol-type strigolactones may arguably prove to be more important for plant-
based research than strigol-type strigolactones. This follows from two observations:
(1) orobanchol-type strigolactones are more widely distributed across the plant
kingdom than their strigol-type counterparts (Ćavar et al. 2015) and (2) the number
of orobanchol-type strigolactones isolated is double the number of strigol-type
molecules (Fig. 6.2), perhaps reflecting either their increased level of production in
planta or their increased ability to be transformed in planta. Given that the first
orobanchol-type strigolactones were correctly identified 45 years after the first
strigol-type natural products (Ueno et al. 2011), it is unsurprising that the chemistry
of orobanchol-type strigolactones essentially mirrors the work described in the
preceding sections.
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6.2.2.1 Orobanchol

Orobanchol (7) is the most prevalent naturally occurring strigolactone, having been
identified in more plant species than any other strigolactone (Ćavar et al. 2015). The
molecule was first isolated from a clover species by Yokota and co-workers in 1998
(Yokota et al. 1998). As mentioned in the introduction, it was initially assumed that
orobanchol (7) possessed the same absolute and relative stereochemistry as strigol
(1), but this is not the case. Mori and co-workers reported a racemic synthesis of
orobanchol (7) the year after isolation (Matsui et al. 1999a; Hirayama and Mori
1999). It is important to note that they were in fact trying to generate the non-natural
stereochemistry, as the absolute stereochemistry was not known.

It is somewhat perverse that the most influential work on the chemistry of
orobanchol-type strigolactones did not involve orobanchol (7) at all (Ueno et al.
2011). After completing the racemic synthesis mentioned above, Mori’s subsequent
efforts to generate orobanchol (7) as a single enantiomer resulted in the synthesis of
four stereoisomers (66–69) (Fig. 6.4), but not the correct structure of orobanchol (7)
(Hirayama and Mori 1999). It was these molecules that Sugimoto and co-workers
compared to naturally occurring orobanchol (7) using a combination of chromato-
graphic methods, NMR spectroscopy, and circular dichroism (CD) spectrometry.
Compound 67 had the correct atom connectivity and the correct relative stereochem-
istry, but the opposite absolute stereochemistry of the natural product. Therefore 67
must be the enantiomer of orobanchol (7). This ground-breaking work enabled the
stereochemistry of orobanchol (7) to be unambiguously ascertained and demon-
strated for the first time that strigolactones existed as either strigol-type or
orobanchol-type molecules.

Fig. 6.4 Mori’s attempted synthesis of single enantiomer orobanchol

178 C. Prandi and C. S. P. McErlean



6.2.2.2 Alectrol (Orobanchyl Acetate)

Alectrol (10) was first isolated by Müller and co-workers from a cowpea species
(Vigna unguiculata) (Hauck et al. 1992). After exhaustive chromatographic separa-
tions, ~300 μg of this material was isolated and subjected to a range of characteri-
zation techniques. Most importantly, the heaviest ion observed in the electron-
impact (EI) mass spectrum was m/z ¼ 346 which correlated to a chemical formula
of C19H22O6. On the basis of the spectroscopic data and by comparison to strigol (1),
Müller and co-workers suggested that alectrol was either structure 70a or 70b
(Scheme 6.12). Mori and co-workers synthesized 70a and 70b starting from the A,
B,C-tricycle 63, but there were significant differences between isolated alectrol and
the synthesized material, demonstrating that the hypothesized atom connectivity was
incorrect (Matsui et al. 1999b; Mori et al. 1998).

Zwanenburg and co-workers proposed an alternative structure for alectrol 71, in
which the tertiary alcohol from the initially proposed structure was incorporated into
the C-ring lactone (Scheme 6.21) (Wigchert et al. 1999). Those authors successfully
synthesized the silyl ether 72, but when they attempted to remove the silyl unit, the
molecule spontaneously converted into 70. This conclusively showed that 71 was
not the correct structure for alectrol (Scheme 6.13).
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In 2008, Matsuura and co-workers re-isolated alectrol (10) from cowpea (Vigna
unguiculata), and using the mild electrospray ionization (ESI) mass spectrometry,
they were able to show that the heaviest ion was m/z ¼ 388 which correlated to a
chemical formula of C21H24O7 (Matsuura et al. 2008). In the same year, Yoneyama
and co-workers also re-isolated alectrol (10) and determined it to be orobanchyl
acetate; however, as the stereochemistry for orobanchol had been incorrectly
assigned, so too was the stereochemistry of alectrol (10) (Xie et al. 2008b). The
story reached a conclusion with Sugimoto and co-workers assigning the correct
absolute stereochemistry during their structural revision of orobanchol (10) (Ueno
et al. 2011).

6.2.2.3 Solanacol and Solanacyl Acetate

From a chemical perspective, solanacol (16) is one of the more interesting structures
among the strigolactones isolated to date, because the A-ring has been oxidized into
a benzene ring and one of the methyl groups on the A-ring has migrated to an
adjacent position. This suggests that hydroxylated A-ring strigolactones may be
intermediates during the biosynthesis of solanacol (16), and indeed several such
structures have been isolated (see below). As with many strigolactones, the amount
of material isolated by Yoneyama and co-workers from a tobacco species was
vanishingly small (Xie et al. 2007). This led to errors in the structural assignment.
Initially, Yoneyama and co-workers suggested that solanacol possessed structure 73
(Xie et al. 2007). Once again, Takikawa and co-workers undertook the synthesis of
this compound only to discover that it did not match the natural product (Takikawa
et al. 2009). Those researchers suggested the alternative structure 74. Finally, the
actual structure of solanacol (16) was established by total synthesis (Chen et al.
2010) (Fig. 6.5).

As shown in Scheme 6.14, Boyer, Beau, and co-workers transformed the
dimethylphenol 75 into the indanone 76 via a number of transformations (Chen
et al. 2010). A chemoenzymatic resolution was performed by the action of Candida
antarctica which gave the alcohol 77 as a single enantiomer. Closure of the C-ring
was cleverly achieved using an atom transfer radical addition (ATRA) reaction. As
such, 77 was converted into 78 which was treated with copper chloride to give the
trichloro-compound 79. The chlorine atom on the B-ring was replaced with an
alcohol, and the chlorine atoms on the C-ring were removed to give the A,B,C-

Fig. 6.5 Structural revisions of solanacol
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tricycle 80. Attachment of the D-ring in the standard manner gave solanacol (16)
with correct atom connectivity, relative stereochemistry, and absolute stereochem-
istry. Acetylation of 16 gave solanacyl acetate (17).

In 2015 Takikawa and co-workers reported an alternative chemoenzymatic
approach to single enantiomer solanacol (16) (Kumagai et al. 2015).

Whilst orobanchol-type strigolactones are more prevalent than their strigol-type
counterparts in the natural environment, they have received decidedly less attention
from synthetic chemists. This is due in large to the stereochemical misassignment
resulting from a scarcity of isolated material(s). Given that the biological activities of
strigolactones are inextricably linked to their three-dimensional shape (stereochem-
istry) (Scaffidi et al. 2014), the outcomes of experiments involving synthetic
orobanchol-type strigolactones prior to 2011 must be viewed with scepticism.

6.2.3 Strigolactone-Related Molecules

Although several aspects of strigolactone biosynthesis remain to be rigorously
determined, the broad picture is clear: Carlactone (55) is oxidized at C19 to give
carlactonoic acid (56), which undergoes subsequent oxidation at C18 and
stereoselective cyclization leading to either the strigol-type or orobanchol-type
strigolactones (Scheme 6.15). The existence of biological machinery capable of
achieving these oxidation and cyclization processes suggests that other secondary
metabolites resulting from alternative oxidation and cyclization events may exist.
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Scheme 6.14 Boyer’s synthesis of single enantiomer solanacol. Reagents and conditions: (a) Br2,
90%; (b) CH2CHCH2Br, K2CO3, 100%; (c) Et2AlCl, 100%; (d) O3, then Me2S, 79%; (e) H2, Pd/C,
Et3N, 100%; (f) Tf2O, pyridine, 74%; (g) CH2CHBF3K, PdCl2, Cs2CO3, PPh3, 98%; (h) CH2CHMgBr,
91%; (i) Grubbs 1st gen cat.; (j) Ac2O, pyridine, 81% over two steps; (k) C. antarctica, 50%;
(l) (Cl3CCO)2O, pyridine, 98%; (m) dHbipy, CuCl, 83%; (n) H2O, HFIP; (o) Zn dust, NH4Cl, 91%
over two steps; (p) t-BuOK, HCO2Et; (e) 29, K2CO3, 38% over two steps
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This is indeed the case. Whilst not strictly speaking, strigolactones, a small family of
molecules, have been isolated from natural sources that obviously share a common
ancestry with the strigolactones, which we have elected to call “strigolactone-related
molecules” (and have also been called non-canonical strigolactones) (Scheme 6.15).
The biological significance/activity of these molecules is currently under investiga-
tion, and this necessitates access to the pure compounds. Therefore, the chemistry of
strigolactone-related molecules is a growing area of research.

6.2.3.1 Methyl Carlactonoate

In 2014 Akiyama and co-workers identified a strigolactone-like molecule
(SL-LIKE1) in root extracts of Arabidopsis, but the metabolite was present in such
small amounts that they could not gain structural information about it (Seto et al.
2014). In subsequent work, the structure of SL-LIKE1 was determined to be methyl
carlactonoate (81) by comparison with synthesized material (Abe et al. 2014). As
depicted in Scheme 6.16, the synthesis of methyl carlactonoate (81) proved to be
very challenging. β-Ionone (85) was carried through a nine-step sequence of reac-
tions to produce racemic methyl carlactonoate (81). The major drawback of the
synthesis was the attachment of the D-ring to compound 86, which proceeded with
only a 3% yield. Clearly, new strategies to improve upon this result needed to be
developed.

In 2018, De Mesmaeker and co-workers reported an improved synthesis that also
enabled access to single enantiomer methyl carlactonoate (81) (Dieckmann et al.
2018). As shown in Scheme 6.17, the major synthetic innovation of this strategy was
to unite two fragments to create the central alkene. The racemic D-ring alcohol 87

Scheme 6.15 Strigolactone-related molecules
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was added to methyl propiolate and reacted with iodine under basic conditions, and
then the products were separated by enantioselective HPLC to give the fragment 88
as a single enantiomer. Separately, β-cyclocitral (89) was converted into an alkyne
and reacted with tributyltin hydride to give the fragment 90. Palladium-catalysed
cross-coupling united the two fragments and delivered methyl carlactonoate (81) as a
single enantiomer.

6.2.3.2 Avenaol

The most complex and therefore most synthetically challenging strigolactone-like
molecule to be synthesized to date is avenaol (84). This molecule was isolated from
black oak by Yoneyama and co-workers in 2014 (Kim et al. 2014). The complexity
of the molecule is highlighted in Scheme 6.15, with the most challenging feature
being the sterically congested three-membered ring.

In a tour de force of synthetic chemistry, Tsukano and co-workers reported the
synthesis of single enantiomer avenaol (Yasui et al. 2017). As depicted in Scheme
6.18, the aldehyde 91 was converted through a ten-step sequence into the allene 92.
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Scheme 6.16 Akiyama’s synthesis of racemic methyl carlactonoate. Reagents and conditions:
(a) NaClO, 96%; (b) Red-Al, 100%; (c) MnO2, 86%; (d) CH2ClCO2Et, NaOMe; (e) NaOH, MeOH;
(f) AcOH, 49% over three steps; (g) NaCN,MnO2, AcOH, MeOH, 29%; (h) NaH, HCO2Me; (i) 29,
K2CO3, 3% over two steps
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Scheme 6.17 De Mesmaeker’s synthesis of single enantiomer methyl carlactonoate. Reagents and
conditions: (a) HCCCO2Me, NMM, 77%; (b) N-iodosuccinimide, AcOH, then Et3N, 86%;
(c) enantioselective HPLC; (d) TMSCHN2, LDA, 92%; (e) Bu3SnH, AIBN, 99%; (f) Pd2(dba)3
(7.5 mol%), AsPh3 (30 mol%), 75%
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A direct cyclopropanation reaction then delivered 93 in which two out of the three
stereocentres on the cyclopropane had been installed. After further manipulations,
the remaining stereocentre was installed by a highly selective isomerization reaction
to give the aldehyde 95. The success of this isomerization relied on the OPMB group
of the precursor 94 blocking one face of the alkene. The aldehyde of compound 95
was used as a handle to build the required five-membered ring, and the OPBM group
was removed to give 96. Attachment of the D-ring in the standard way and
reintroduction of oxygen atoms onto the six-membered ring gave 97. Finally,
oxidation to the ketone and removal of a protecting group completed the synthesis
of single enantiomer avenaol (84) (Scheme 6.18).

Hopefully the preceding discussion on the chemistry of strigol-type, orobanchol-
type, and strigolactone-like molecules has served to highlight the chemical strategies
that have been employed to access these fascinating natural products. Chemists have
deployed myriad reactions to generate molecules with the required atom connectiv-
ity, relative stereochemistry, and, increasingly, the desired absolute stereochemistry.
But the state of the art is far from mature. In order to ensure that enough material is
generated for large-scale applications (possibly even field trials), new strategies for
the synthesis of strigolactones must be developed. In the meantime, more
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Scheme 6.18 Tsukano’s synthesis of single enantiomer avenaol. Reagents and conditions:
(a) HCCCH2OTHP, BnMe3NOH, 94%; (b) MeI, NaH, 86%; (c) PPTS, MeOH, 92% over two steps;
(d) LiAlH4, I2, 83%; (e) TIPSCl, imidazole, 84%; (f) 9-BBN, then NaOH, H2O2, 71%; (g) nor-AZADO,
DAIB, 78%; (h) PivCl, 89%; (i) LHMDS, AcCN, 97%; (j) (imid)SO2N3, 87%; (k) Rh2(OAc)4, 84%;
(l) NaBH4, CeCl3�7H2O, 95%; (m) PMBCl, NaH, NaI, 97%; (n) DIBAL; (o) NaBH4, 76% over two
steps; (p) I2, imidazole, PPh3, 84%; (q) NaBH4, 76%; (r) TBAF, 97%; (s) [Ir(cod)(pyr)PCy3]BArF, H2,
68%; (t) CH2O, pyrrolidine, EtCO2H, then NaBH4,75%; (u) BH3�THF, NaOH, H2O2, 88%; (v) TsOH,
PhSH, 88%; (w) BzCl, Et3N, 86%; (x) TFDO, 96%; (y) MsCl, Et3N; (z) NaCN, 91% over two steps;
(aa) DIBAL; (bb) NaOH, then HCl; (cc) TsOH, 49% over three steps; (dd) OsO4, NMO, 63%;
(ee) TESCl, imidazole, 76%; (ff) t-BuOK, HCO2Me; (gg) 29, K2CO3, 57% over two steps;
(hh) Dess-Martin periodinane, 39%; (ii) HF�Pyr, 97%
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synthetically accessible molecules that mimic the biological activities of
strigolactones continue to be used, and these form the focus of the next section.

6.3 Analogues and Mimics

Important challenges related with the use of plants as a source for identification of
bioactive compounds are related with the accessibility of the starting material. As
highlighted in the previous paragraph, often the available amount of natural products
is low. Although many natural strigolactones have already been isolated and char-
acterized, available compound quantities are often insufficient for testing for a wide
range of biological activities. Whilst small amounts of plant material are usually
required for an initial bioactivity evaluation, much larger quantities of pure com-
pounds are needed for a comprehensive characterization of the activity of each
constituent. Furthermore, limited availability becomes even more problematic
when a bioactive plant-derived natural product is identified to have a very promising
bioactivity and becomes a lead for infield applications. The problem of sustainable
supply still frequently occurs when dealing with natural compounds. Besides the
accessibility of the plant material, also its quality is of great importance. Available
plant material often varies on quality and composition, and this can hamper the
assessment of its effects. In the case of strigolactones, the chemical composition is
not only dependent on species identity but also on soil composition, nutritional
aspects, climate, extraction methods, processing, and storage conditions. Moreover,
during extraction, as well as during the isolation processes, transformation and
degradation of compounds can occur. Further complications related to the resupply
of bioactive natural products arise from the fact that strigolactones are more likely to
have complex chemical structures with numerous chiral centres, which hampers the
development of methods for total synthesis in large scale. In contrast, bioactive leads
originating from synthetic libraries are usually comparably easy to generate and
modify using simple chemical approaches. Further difficulty is set by the fact that
determination of the precise molecular mechanism of action of SLs is a challenging
task. There are now 25 natural SLs identified, whose synthesis is tricky, time-
consuming, and expensive and is currently not feasible for applications in agricul-
ture. However, it should be stressed that the total synthesis of SLs is the most reliable
and recommended method for successful structure elucidation of these natural
products. Naturally occurring SLs have a too complex structure for synthesis on a
multigram scale. In order to study the effect of SLs on various biological processes,
model compounds were designed and prepared. A prerequisite is that SL analogues
should have a (much) simpler structure than natural SLs, but at the same time, they
should retain their bioactivity. Synthetic SLs can be classified into two main
categories, (a) analogues, the structure of which is very similar to canonical natural
SLs, and (b) mimics, the structure of which is much simpler, but they maintain a
bioactivity similar to that of SLs (Fig. 6.6).
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6.3.1 Analogues

The design and synthesis of SL analogues stems from extensive SAR (structure-
activity relationship) which exhaustively assed the bioactiphore of the molecule, in
other words which structural feature of the compound is essential to retain bioactiv-
ity. As reported in Fig. 6.7, the SL skeleton presents a number of functional groups.

Both C- and D-rings are lactones; the D-ring is an unsaturated lactone known as
butenolide (see inset). The bridge connecting C- and D-rings is an enol ether; C2’ at
the junction between the bridge and the D-ring is an acetal.

Two α,β-unsaturated ketones are presented and highlighted in blue; both of them
can in principle behave as Michael acceptors (see inset) and react with nucleo-
philes. Stereochemistry is also a challenging issue in the synthesis of SLs. As
emphasized in Fig. 6.7, right 3 stereocentres and a double bond can give up to
16 different stereoisomers; the number can grow if additional stereocentres are
present on rings A and B (see natural SLs in Fig. 6.2 and discussion therein)
(Fig. 6.8).

Due to the scarce availability of natural SLs, since the very beginning of the
research on this class of hormones, a synthetic SL known as GR24 has been
proposed, and very quickly it became the universal standard used as a reference
compound for measuring bioactivity. GR24 was initially conceived as an aromatic
derivative of strigol (Fig. 6.2); it can be obtained on a multigram scale as a mixture of
stereoisomers; recent issues about the observation that different isomers of GR24

Fig. 6.6 Definition of SL
analogues and mimics
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may induce effects that are not related to SLs (Flematti et al. 2016) made the use of
pure enantiomers compulsory for a clear-cut interpretation of the biological effects.
To simplify the identification of the various stereoisomers, the stereochemistry is
related to natural SLs as a consequence GR245DS is the GR24 stereoisomer showing
the same configuration as 5-deoxystrigol, GR2454DO the same configuration as
4-deoxyorobanchol. These names do not respect the standard IUPAC rules but are
now widespread and generally accepted in most scientific journals. Stereoisomers
represented in Fig. 6.9 all show R configuration at C2’, remarkably in all natural SLs,
is invariably the same, namely, R. Enantiomers with S configuration at C2’ are much
less active. Enantioselective syntheses are now available (Bromhead and McErlean

Fig. 6.7 Structural complexity of SLs, functional groups on the left and stereochemistry on the
right

Fig. 6.8 Proposed mechanism of perception for Michael acceptors
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2017) and allow to obtain pure stereoisomers whose bioactivity can be then unequiv-
ocally assessed.

Enantioselective synthesis of (þ) GR24 98 has been reported (Scheme 6.19)
(Bromhead et al. 2015). The key steps are an intramolecular Ritter reaction to access
indanone 102 and a lactonization catalysed by Noyori’s (S,S)-RuTsDPEN catalyst to
enantiopure (þ)-103. Remarkably the use of (R,R)-RuTsDPEN gave (�) 103 and
paves the way to obtain the other two stereoisomers of GR24.

The gold standard GR24 is routinely used as a positive control in plant-based
assays; however it has been recently demonstrated that for seed germination, (�)-4-
OH-epi-GR24 109 is more potent than the parent compound. A biomimetic
approach to access the single active enantiomer has been proposed by McErlean
according to the synthetic sequence reported in Scheme 6.20 (Morris and McErlean
2016).

A selection of available analogues will be herein presented and classified
according to the following structural modifications:

(a) Modification at the ABC core
(b) Modification at the D-ring
(c) Modification at the enol ether

(a) Modification at the ABC core

Within the family of GR derivatives (GR24 being the best-known representative),
the concept of designing simpler structures retaining bioactivity led to the synthesis
of GR5 and GR7 (Zwanenburg et al. 2016c). This latter was used as a suicidal
germinating agent against S. asiatica. Worth mentioning is the Nijmegen-1 115
(Fig. 6.10), which can readily be obtained from simple starting materials in a few
synthetic steps, and the germinating activity of which is comparable with that of
GR24, as shown in Fig. 6.10 (Zwanenburg et al. 2016c).

Scheme 6.19 McErlean synthesis of (þ)-GR24. Reagents and conditions: (a) HCHO, NaOH (aq);
(b)HCl; (c) H2SO4, 100 �C, AcCl, EtOH; (d)(S,S)-RuTsDPEN (4 mol%) HCO2H,

iPr2NEt, then
PPTS, 90%, 92% ee to 99% ee after crystallization; (e) HCO2Me, KOtBu, then 29
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Fig. 6.10 Selected examples of SL analogues with modification at the ABC core
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SL analogues in which the C-ring has been replaced by a lactone as 116–118 are
also available (Prandi et al. 2014) as well as analogues in which the C-ring is a
lactam 119 (Fig. 6.10 and Scheme 6.21) (Lachia et al. 2015).

Lactam 122 was obtained in multigram scale from oxime 121. The lactam 122
was then protected with the Boc group in good yield. A two-step procedure via the
formation of the enamine with tert-butoxybis(dimethylamino)methane (Bredereck
reagent) and subsequent hydrolysis led to the enol 124 in very high yield. The Boc
protecting group was cleaved by treatment with TFA in dichloro- methane at 0 �C for
15 min (longer reaction time led to partial decomposition of the product and low
yield). Finally, the enol was deprotonated with potassium tert-butoxide and alkylated
with chlorobutenolide. The strigolactam 1 was obtained as a mixture of diastereo-
isomers, which were separated by column chromatography (126 and epi-126).

EGO10 118 is an indolyl-derived SL readily prepared in three steps from
available reagents, and it is used as plant hormone in the regulation of shoot
branching (Bhattacharya et al. 2009). In addition, SAR studies demonstrated that
substituents on the A-ring do not affect the bioactivity of the compounds. Labelled
SL analogues with fluorescent probes on the A-ring (rhodamine, fluorescein,
BODIPY) have been synthesized and used for investigations on the perception
mechanism (Lace and Prandi 2016).

(b) Modification at the D-ring

Modifications at the D-ring mainly consist in the presence of additional sub-
stituents in 20 128 (Mwakaboko and Zwanenburg 2016), 30(Boyer et al. 2014) 127,
129 or in the change of the functional group from lactone to lactam 129 (Fig. 6.11)
(Lombardi et al. 2017).

The introduction of extra methyl in 20 and/or in 30 does not hamper the biological
activity, which in the case of hormonal is even enhanced (Boyer et al. 2012). Strigo-
D-lactams have been synthesized by building the D-lactam with a RCM using HG
catalysts of II generation (Scheme 6.22).
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Scheme 6.21 Synthesis of strigolactam-1. Reagents and conditions: (a) NH2 OH.HCl, NaOAc,
MeOH, reflux, 88%; (b) Zn, AcOH, 70 �C; then aq NaHCO3; (c) Boc2O, DMAP, Et3N, CH2Cl2,
quant.; (d) tert-butoxybis(dimethylamino)methane, neat, 110 �C, 12 h; (e) 1 M HCl, THF, 2 h, 80%;
(f) TFA, CH2Cl2, 0 �C, 86%; (g) t-BuOK, THF, then 15, rt., 2 h
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Strigo-D-lactams have been tested both as germination inducers and as plant
hormones with an in planta bioassay, but they proved to be completely inactive at
physiological concentrations. This data brought evidence to the hypothesis that the
D-lactone ring in SLs plays a crucial role in the perception mechanism.
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(c) Modification at the enol ether

In designing new analogues with germination capabilities, the replacement of an
oxygen by another heteroatom led to two successful examples of such an isosteric
replacement, namely, imino SL analogues (Kondo et al. 2007) 182 and carba-GR24
183 (Fig. 6.11) (Thuring et al. 1997). Whilst carba-GR24 is completely inactive,
imino analogues retained some activity. These findings demonstrate that it is not
always essential to have the Michael acceptor of the C–D-ring junction moiety
which has been proposed to react with nucleophilic species presented at the target
site to enhance the activity.

Carba-GR24 has been synthesized according to the synthetic sequence herein
reported.

The key step in the synthesis of carba-GR24 proceeds by coupling of tricyclic
lactone 139 with an appropriate latent butenolide fragment (Scheme 6.23). It is
essential to use this protected D-ring synthon, because the corresponding butenolide
is too unstable to survive the coupling conditions. The D-ring synthon 140 was
prepared as reported in Scheme 6.23 and used in an aldol reaction with tricyclic 139
followed by elimination of the phenylthio group. The biological data indicate that
isosteric replacement of oxygen by carbon causes complete loss of biological
activity.

6.3.2 Mimics

The so-called SL mimics are compounds lacking the ABC scaffold but retaining the
D-ring connected to an additional group by means of an ether or ester functionality.
The term “mimic” comes from the observation that these compounds mimic SL
activity. Owing to their simpler structures, retaining high activity, they can be
considered to be promising candidates for agricultural applications. One group of
mimics with seed germination stimulatory activity show an aryloxy substituent at
C-5 as 145 and were named “debranones” (furanones showing debranching activity)
because the main activity profile is the inhibition of shoot branching (Fukui et al.
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Scheme 6.23 Synthesis of carba-GR24. Reagents and conditions: (a) LDA (2 equiv), aqueous
tartaric acid, SiO2, Δ; (b) 0.5 N HCl, Δ
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2017). The second group of SL mimics have an aryloxy substituent at C-5 of the
D-rings 146 (Fig. 6.12) (Zwanenburg et al. 2013). These SL mimics are moderately
active as germination stimulants towards S. hermonthica seeds, but remarkably
active in the case of Orobanche cernua and Phelipanche ramosa seeds. Other
recently reported mimics are heterocycle derivatives (Oancea et al. 2017; Dvorakova
et al. 2017).

One of the aims in the design and synthesis of new analogues and mimics of SLs
is to be able to differentiate the impacts of these compounds on the various target
systems, exogenous as parasitic plants and AM fungi and endogenous in their role as
plant hormones. A remarkable study in this direction has been conducted by Boyer
et al. (2014) (Scheme 6.24).

Synthetic SLs with different structural features have been compared for their
activity as parasitic seeds germination inducers, as hyphal branching stimulants in
AM fungi and as inhibitors of shoot branching in pea. The study clearly indicated
that ABC core is necessary for the hyphal proliferation activity in AM fungi, and the
extra methyl at C30 is crucial for specific endogenous activities. This is contrary to
the effect on the germination activity (Zwanenburg et al. 2013; Zwanenburg and
Pospisil 2013) where the response depends both on the part of the molecule attached
to the D-ring (see Nijmegen and butenolides series) and/or on the parasitic species.
Besides, the ABC part of SLs can be replaced by a phenylthio group (150) or an
unsaturated acyclic carbon chain (AR36, 149) without changing the bioactivity for
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the shoot branching inhibition. This is a nice example of how a suitable molecular
design can help in separating beneficial from detrimental effect. Up to date there are
consistent SAR data indicating that exogenous and endogenous can be clearly
dissected; unfortunately the structural requirements to distinguish effects on fungi
from those on PP are still to be elucidated.

6.3.3 Inhibitors

Owing to the role of SLs as multifunctional molecules, the search for simple agonists
or antagonists may also play a role in both basic research and agricultural applica-
tions. Given that most of the enzymes involved in the biosynthesis of SLs are known,
biosynthesis inhibitors have been identified and successfully applied. However, the
search for perception inhibitors is still in its infancy. To date, all the SL agonists
identified show a D-ring or derivative, the only exceptions being the cotylimide
(CTL) compounds (Nakamura and Asami 2014), the structure of which does not
involve a D-ring. The identification of suitable inhibitors may allow a fine control
and tuning of SL effects.

6.4 Applications

After the identification of SLs as phytohormones, intense scientific activity has
provided insights into the multiple plant traits that are controlled by the hormonal
action of SLs. In general, SLs contribute to plant adaptation in poor soils, and many
scientific papers have proposed the use of SLs in agricultural soils with the aim of
increasing crop productivity. However, the impact of SLs on the indigenous soil
microbial community is unknown. A further chapter in the SL “story” would be to
ensure that the use of SLs to enhance crop performance is safe for soil life.
Biodegradability of lead compounds, through studies of molecular stability in
aqueous media at different pH, their photostability, and the identification of
byproducts would be highly desirable. The proven lability of SLs ensures minimal
SL persistence in soil and prevents SL accumulation. However, whether SL hydro-
lysis products influence soil microorganisms (structure, abundance, and function of
soil microbial communities) still needs to be investigated. Owing to the availability
of only small amounts of SLs, studies of off-target effects have received only limited
attention. Among these, some tests considered the use of synthetic GR24 at concen-
trations up to 8.5 10�5 M, which proved to have an inhibitory activity on the radial
growth of some phytopathogenic fungi, including Fusarium oxysporum, Sclerotinia
sclerotiorum, and Botrytis cinerea, associated with an increase in hyphal branching.
However, the concentrations that were found to be active were far higher compared
with the “physiological” amounts of natural SLs produced and excreted by roots.
More complete and exhaustive bioassays on a number of off-target organisms would
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be absolutely essential in respect of any SL practical applications (see above). To
perform these bioassays, very large amounts of compounds would be necessary, and
the high costs have probably made this kind of biotic evaluation not economically
affordable yet. Beyond the scientific interest, Nijmegen-1 has been used in suicidal
germination experiments in the field (Zwanenburg et al. 2016a). Currently, the high
costs prevent the practical application of SL technology in the field. Interestingly, the
search for new, efficient, and selective biological active compounds for field use can
also be addressed by testing libraries of available compounds.

Glossary

Asymmetric induction A term applied to the selective synthesis of one diastereo-
meric form of a compound resulting from the influence of an existing chiral centre
adjacent to the developing asymmetric carbon atom.

Chiral auxiliary Is a stereogenic group or unit that is temporarily incorporated into
an organic compound in order to control the stereochemical outcome of the
synthesis. The chirality present in the auxiliary can bias the stereoselectivity
of one or more subsequent reactions.

Chirality A term which may be applied to any asymmetric object or molecule. The
property of nonidentity of an object with its mirror image.

Chromatography A series of related techniques for the separation of a mixture of
compounds by their distribution between two phases. In gas-liquid chromatog-
raphy, the distribution is between a gaseous and a liquid phase. In column
chromatography, the distribution is between a liquid and a solid phase.

Circular dichroism The property (as of an optically active medium) of unequal
absorption of right and left plane-polarized light so that the emergent light is
elliptically polarized.

Configuration The order and relative spatial arrangement of the atoms in a mole-
cule. Absolute configuration is when the relative three-dimensional arrangements
in space of atoms in a chiral molecule have been correlated with an absolute
standard.

Enantiomers A pair of isomers which are related as mirror images of one another.
Enantioselective synthesis, also called asymmetric synthesis A chemical reaction

(or reaction sequence) in which one or more new elements of chirality are formed
in a substrate molecule and which produces the stereoisomeric (enantiomeric or
diastereoisomeric) products in unequal amounts.

Diastereomers (or diastereoisomers) Stereoisomeric structures which are not
enantiomers (mirror images) of one another. Often applied to systems which
differ only in the configuration at one carbon atom, e.g. meso- and d- or l-tartaric
acids are diastereoisomeric.
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Dextrorotatory The phenomenon in which plane-polarized light is turned in a
clockwise direction.

Isomers Compounds having the same atomic composition (constitution) but dif-
fering in their chemical structure. They include structural isomers (chain or
positional), tautomeric isomers, and stereoisomers—including geometrical iso-
mers, optical isomers, and conformational isomers.

Mass spectrometry A form of spectrometry in which, generally, high-energy
electrons are bombarded onto a sample and this generates charged fragments of
the parent substance; these ions are then focused by electrostatic and magnetic
fields to give a spectrum of the charged fragments.

Nuclear magnetic resonance (NMR) spectroscopy A form of spectroscopy which
depends on the absorption and emission of energy arising from changes in the
spin states of the nucleus of an atom. For aggregates of atoms, as in molecules,
minor variations in these energy changes are caused by the local chemical
environment. The energy changes used are in the radiofrequency range of the
electromagnetic spectrum and depend upon the magnitude of an applied magnetic
field.

Racemic mixture, racemate An equimolar mixture of the two enantiomeric iso-
mers of a compound. As a consequence of the equal numbers of levo- and
dextrorotatory molecules present in a racemate, there is no net rotation of
plane-polarized light.

Resolution The separation of a racemate into its two enantiomers by means of some
chiral agency.

Resonance The representation of a compound by two or more canonical structures
in which the valence electrons are rearranged to give structures of similar
probability. The actual structure is considered to be a hybrid or the resonance
forms.

R,S convention A formal non-ambiguous, nomenclature system for the assignment
of absolute configuration of structure to chiral atoms, using the Cahn, Ingold, and
Prelog priority rules.

Stereochemistry The study of the spatial arrangements of atoms in molecules and
complexes.

Stereoisomer Another name for configurational isomer.
Stereospecific reactions Reactions in which the stereochemistry of reagents affects

the stereochemistry of products. Different stereoisomers as reagents give different
stereoisomer as products.
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