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Abstract: Strigolactones (SLs) are a prime example of allelochemicals, promoting parasitic plant
germination and certain hyphal branching factors associated to the growth of symbiotic arbuscular
mycorrhizal fungi (AMF). However, the study of SLs is complex, and various issues have yet to
be studied in depth. This review intends to provide an overview of the works that have been
conducted on the identification, isolation, and evaluation of the allelopathic activity of natural
canonical and non-canonical SLs on parasitic weeds and AMF growth. These topics were related with
their application in agriculture through trap crops, suicidal germination or intercropping strategies.
The high applicability of SLs in agriculture, for example, as preventing herbicides for parasitic weed
control, has increased the interest for these compounds and the number of research articles published.
This review updates and discusses the last findings in this field, with special emphasis in the results
published since 2015, using tables and graphs to summarize and discuss that information. The
promising results and conclusions obtained from the bioassays herein presented provide a good
reason to encourage and support further research works on these natural products, which must also
consider the disadvantages or current limitations that SLs present.

Keywords: allelopathy; phytochemistry; strigolactones; stimulant germinators; parasitic plants;
arbuscular mycorrhizal fungi; herbicides

1. Introduction

Allelopathy is a mode of communication given in nature among living organisms
by releasing chemical compounds that generate changes in those organisms that interact
with them. In the case of plants, the release can occur directly through the aerial parts (by
leaching or volatilization), and the roots, whose exudates are the source of the most known
allelochemicals [1] (commonly auxins, cytokinins, strigolactones, jasmonates, salicylates
and abscisic acid [2]). Some examples of recent studies on allelopathy can be those that
have proven the inhibitory effects of mangrove condensed tannins on dominant species in
a Chinese ecosystem [3]; the phytotoxic study of some allelochemicals released by Thapsia
garganica leaves to control lettuce weeds [4]; or the identification and study of the mode of
action of menthone as the key active allelochemical of mint essential oils [5].

Among all the types of structures that allelochemicals present, this review focuses on
the phytohormones known as strigolactones (SLs), and how they act as such to elicit the
germination of parasitic plants, as well as to promote the growth of symbiotic arbuscular
mycorrhizal fungi (AMF). These are the two main allelopathic bioactivities studied for SLs.
This review also provides relevant information on the isolation sources of SLs. Both the
isolation and bioactivities are described in a straightforward way, using tables and graphs
to summarize the information provided by numerous studies.
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The review by Ćavar et al. (2015) [6] gathered these kinds of data in tables for the
first time, our review, in some way, is a continuation and extension of this previous one.
Therefore, this review, together with Ćavar et al’s, provides easily accessible information on
the isolation sources of SLs, as well as on the activity levels in parasitic weed germination
and AMF growth bioassays. Due to the relevance of the topic of SLs, there are several other
reviews on SLs in the literature, but none of them cover the same information with the
same approach on allelopathy or data processing. Throughout our review, we highlighted
other relevant reviews in the field in order to furnish references to expand the information
provided herein. Our bibliography was selected for these purposes from the database
SciFinder by combining the keywords “strigolactones”, “isolation of strigolactones”, “stim-
ulant germinators”, and “arbuscular mycorrhizal fungi growth”. The critical reading of the
resulting articles denoted the complexity of the topic, and how necessary it is to combine
the contributions of chemists, (micro)biologists, agronomists, etc.

1.1. Structures of Strigolactones

SLs are a family of natural products commonly classified in two categories according
to their structures. The first are canonical SLs, characterized by a main tricyclic scaffold
(ABC rings) bonded to a methyl furanone (D-ring) via enol ether bond from the C-ring
(a γ-lactone). The second category comprises the non-canonical SLs, which lacks some
ABC rings, but still present a methyl furanone as D-ring bonded to the main structure
via enol ether bond. The moiety defined by this D-ring and the enol ether bond has been
highlighted by multiple studies as the fundamental fragment regarding the activity of SLs.

With regard to their biosynthesis, it should be noted that SLs derive from carotenoids,
which derive from the condensation of two molecules of geranylgeranyl diphosphate
(Scheme 1). The non-canonical SL named carlactone is the first intermediate containing a
methyl furanone, and it has been suggested to be the biosynthetic precursor of canonical
SLs [7]. Detailed descriptions of SLs biosynthesis can be consulted in recent reviews [8–11],
where aspects that are still unknown in this area are highlighted.

Scheme 1. General route proposed for the biosynthesis of strigolactones.

According to the aforementioned classification method, 23 canonical (Figure 1) and
18 non-canonical (Figure 2) SLs were identified from different plant species. As is shown
throughout this review, both types possess relevant allelopathic activities.
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Figure 1. Canonical strigolactones.

Figure 2. Non-canonical strigolactones.
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1.2. Milestones on the Isolation and Study of Strigolactones

Strigol and strigyl acetate were the first SLs isolated from plant material, by Cook et al.
(1966) [12] from cotton (Gossypium hirsutum) exudates, a non-host plant. Strigol at low
concentrations proved to be actively eliciting the germination of some species of the
parasitic weed genera Striga and Orobanche [6,12,13] which promoted the study of SLs for
the development of new herbicides based on natural products.

The simplest canonical SL isolated to date, 5-desoxystrigol, was the first SL for which
the ability to stimulate AMF branching was corroborated, which was in 2005 [14]. The
relevance of this discovery lies in the absence of previous references that support the
possible purposes or benefits that SLs production provides to plants. Furthermore, in
2008, the endogenous hormonal activity of SLs was discovered, confirming their ability
to inhibit shoot branching in planta. Thus, SLs were more than communication chemicals
with parasitic weeds and AMF [15,16]. With these two discoveries, the interest for this
family of compounds increased, and SLs began to be isolated and identified in both host
and non-host plants, and the list of new SLs increased within a few years. The evolution
in the isolation of new SLs is detailed in different reviews, serving as examples those of
Ćavar et al. (2015) [6] or Prandi and McErlean (2019) [17]. Though the present review is
focused on natural SLs, it should be noted that numerous studies have developed the
synthesis of SLs and their stereoisomers, or structural analogues and mimics, notably
expanding the variety of SLs and their applicability as agrochemicals and drugs.

Special milestones were also the correction of the first structures suggested for orobanchyl
acetate and orobanchol, being the C-ring stereochemistry, the most relevant point. They
were wrongly defined due to the structural complexity of SLs, compounded by the small
isolated amounts, low stability and, especially, for the limited technical means of the
time on structural characterization. Orobanchyl acetate was wrongly defined as alectrol
(Figure 3), being corrected 16 years after its first isolation [18]. Figure 3 also shows two
previous wrong structures suggested for orobanchol, whose correction was detailed by
Zwanenburg et al. (2016) [19]. Both corrections should be taken into account when reading
articles about orobanchyl acetate and orobanchol, especially those prior to the establishment
of their right structures in 2008 and 2011, respectively.

Figure 3. Structure of alectrol, and two wrong structures previously assigned to orobanchol.

After the correction of the structure of orobanchol, SLs also began to be classified
according to the stereochemistry of their C-ring, taking the strigol type as β orientation
and the orobanchol type as α orientation (Figures 1 and 2). It should be noted that this
classification criterion is only valid for canonical SLs.

The complexity of characterizing new SLs continues to be a difficulty. An idea of this
may be given by the not yet confirmed structures found together with 5-desoxystrigol
in tobacco (Nicotiana tabacum), related by their discoverers to methoxy-5-deoxystrigol
(Figure 4) [20,21]. Yoneyama et al. (2018), on the other hand, related them to the structure
of 4-oxomethyl carlactonoate [22].
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Figure 4. Possible structures of not yet characterized SLs.

Later on, it was found that some SLs present in certain plants are produced by biocon-
version of 5-deoxystrigol, such as in the case of the strigol produced by cotton (Gossypium
hirstorum) or the sorgomol produced by milkvetch (Astragalus sinicus L.) [23].

SLs with more prominent structural differences were discovered starting in the 2000s:
strigone (5-oxo-5-deoxystrigol in old literature), characterized by a ketone at A-ring, was
isolated from Houttuynia cordata [24], and solanacol, the first SL found to have an aromatic
ring, from tobacco [25], in the same way that solanacyl acetate [21]. Besides, fabacol and
fabacyl acetate, SLs with a characteristic epoxide group, were identified in exudates from
the Fabaceae family [26]. Fabacol was especially complex to detect due to its low stability
and rapid transformation into fabacyl acetate, being also suggested as the epoxidation
product of orobanchol [27]. Medicaol, the only SL that has a seven-membered ring such as
A-ring and the first didehydro-orobanchol compound isolated, was obtained from Medicago
truncatula exudates under phosphate starvation after many years of research [28].

The last canonical SL described in the literature was 7β-hydroxy-5-deoxystrigol. It
was isolated from the Chinese medicinal plant Dokudami (H. cordata) [22]. Two more SLs
were identified from this plant; however, due to their small concentrations, their structures
are yet to be elucidated.

A key milestone was the discovery of the first non-canonical SL (2012) with the
isolation of carlactone [29], which resulted in the current classification method between
canonical (Figure 1) and non-canonical (Figure 2) SLs. Two years after the identification
of carlactone, carlactonoic acid and methyl carlactonoate were described, and it was
found that the latter presented inhibitory activity against Arabidopsis shoot branching.
Thus, it was concluded that non-canonical SLs, similarly to canonical ones, have hormonal
functions [30]. Therefore, many authors have lately completed a number of research studies
to design a valid method to isolate, characterize and handle these poorly stabilized and
scarce compounds. Two diastereomers of methyl zealactonoate (also named zealactone)
and zeapiranolactone were isolated from corn in 2017 and 2018, respectively [31–33], being
the only non-canonical SL to have a lactone such as A-ring. Avenaol was isolated from
Avena strigosa along with five other compounds that cannot be elucidated [34]. Heliolactone
was isolated from sunflower in 2014, although its complete structure was not confirmed
until 2019 [35–37]; and 3-hydroxycarlactone was isolated as an endogenous compound
of rice [38]. In 2019, lotuslactone was isolated from the exudates of Lotus japonicus [39],
being the only non-canonical SL to have a seven-membered ring such as A-ring. Among
canonical SLs, only medicaol has this kind of A-ring, so it can be proposed that lotuslactone
and medicaol have a common precursor in planta.

A study in 2020 identified 18-hydroxycarlactonoic acid [40], and suggested that this
non-canonical SL is the precursor of lotuslactone. Besides, in another recent study, hy-
droxymethyl carlactonoate was identified in Arabidopsis as a conversion product of methyl
carlactonoate [41]. In this study, eight other hydroxylated carlactone-like SLs were found
in Arabidopsis.

2. Material and Methods

The bibliography was selected from the database SciFinder by combining the key-
words “strigolactones”, “isolation of strigolactones”, “stimulant germinators”, and “ar-
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buscular mycorrhizal fungi growth”. After a critical reading of the resulting articles,
105 documents were finally selected and included in this work.

3. Review on the Identification and Isolation of Strigolactones

It is important to note that both production and exudation of SLs vary among dif-
ferent plant species, as well as among cultivars or genotypes of the same species [41].
Ćavar et al. [6] generated in 2015 a detailed table that comprised all the data until that date
on the identification of SLs in plants. In the present review we extended and updated
this table in Table 1, in order to provide all the new discoveries since then, as well as
those prior to 2015 that were not included. It should be noted the contribution of the
previous reviews by Xie et al. (2016) [27] and Yoneyama et al. (2018) [22] also provide
complementary information.

Table 1. Extension and update on the strigolactones identified since the review by Ćavar et al. (2015) [6].
Strigolactones isolated are specified.

Strigolactones Identified in Isolated References

Canonical strigolactones

Strigol Fragaria x ananassa [27]

Strigyl acetate Fragaria x ananassa
Sorghum bicolor

[27]
[27]

5-Deoxystrigol Fragaria x ananassa
Nicotiana tabacum

[27]
[21,27]

4α-Hydroxy-5-deoxystrigol
Nicotiana tabacum
Trifolium pretense
Vigna unguiculata

X
X

[21]
[42]
[42]

4α-Acetoxy-5-deoxystrigol Nicotiana tabacum [21]

7β-Hydroxy-5 deoxystrigol Houttuynia cordata [22]

Orobanchol

Cryptomeria japonica
Cucumis sativus

Ginkgo biloba
Pinus thunbergii

[22]
[43]
[27]
[27]

Orobanchyl acetate

Cryptomeria japonica
Cucumis sativus

Ginkgo biloba
Nardostachys jatamansi

Nicotiana tabacum
Oryza sativa

Pinus thunbergii
X

[22]
[43]
[27]
[44]
[21]
[21]
[27]

4-Deoxyorobanchol

Cryptomeria japónica
Cucumis sativus
Gynkgo biloba

Nicotiana tabacum
Oryza sativa

Pisum sativum
Populus spp.

Selaginella moellendorfii
Solanum lycopersicum

X
X

[22]
[43]
[27]
[21]
[21]
[27]
[27]
[27]
[27]

7-Oxoorobanchol Solanum lycopersicum X [45]

7-Oxoorobanchyl acetate Oryza sativa [27]

7 α-Hydroxyorobanchol Solanum lycopersicum [45]

7 β-Hydroxyorobanchol Solanum lycopersicum [45]

7 α-Hydroxyorobanchyl acetate Cucumis sativus
Solanum lycopersicum

X [43]
[45]

7 β-Hydroxyorobanchyl acetate Cucumis sativus
Solanum lycopersicum X [43]

[45]
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Table 1. Cont.

Strigolactones Identified in Isolated References

Solanacol Carthamus tinctorius [46]

Medicaol Medicago truncatula X [28]

Fabacol Pisum sativum [26,27]

Non-canonical strigolactones

Carlactone Arabidopsis thaliana
Oryza sativa

[7,41]
[7]

Carlactonoic acid

Arabidopsis thaliana
Helianthus annuus
Pinus thunbergii

Populus spp.
Selaginella moellendorffii

Zea Mays

[30]
[27]
[27]
[27]
[27]
[27]

Methyl carlactonoate Arabidopsis thaliana
Populus spp.

[30]
[27]

3-Hydroxycarlactone
3-Hydroxycarlactonoic acid

4-Hydroxycarlactone
4-Hydroxycarlactonoic acid

Methyl 4-hydroxycarlactonoate
16-Hydroxycarlactone

16-Hydroxycarlactonoic acid
Methyl 16-hydroxycarlactonoate

Arabidopsis thaliana [41]

18-Hydroxycarlactonoic acid Lotus japonicus
Sorghum bicolor

[40]
[47]

Hydroxymethyl carlactonoate Arabidopsis thaliana [41]

Heliolactone Helianthus annuus
Zea mays

X
X

[35]
[31]

Methyl zealactonoate
(two diastereomers) Zea mays X [31,32,48]

Zeapyranolactone Zea mays X [33]

Avenaol Avena strigose X [34]

Lotuslactone Lotus japonicus X [39]

As stated in Yoneyama et al. (2020) [41], growth conditions and growth stages are also
key factors in the production and release of SLs, so it is equally important to check this
information when obtaining experimental data from the references.

In order to provide some generalization to the data of sources for the SL isola-
tion, provided in Ćavar et al. [6] and Table 1, it can be highlighted that strigol-type
SLs are the only type found in cotton (G. hirsutum), strawberry (F. × ananassa), proso
millet (Panicum miliaceum) and some medicinal plants (H. cordata or Menispermum dau-
ricum); whereas the orobanchol-type is the sole type found in rice (Oryza sativa), tomato
(Solanum lycopersicum), cucumber (Cucumis sativus), ginkgo (Gynko biloba) and Japanese
cedar (Criptomeria japonica). Both types have been found in other species, such as pea
(Pisum sativum), sorghum (Srghum bicolor), cowpea (Vigna unguiculata and Vigna angularis),
milkvetch (Asinicus sinicus), tobacco (N. tabacum), safflower (Carthamus tinctorius), white
lupin (Lupinus albus), or garden cosmos (Cosmos bipinnatu), among others.

The case of clover deserves to be highlighted separately, since the species Trifolium pratense
(red clover) produces both types of SLs, in contrast to Trifolium incarnatum (crimson clover),
for which only orobanchol-type SLs have been found to date.

As a source of non-canonical SLs, with the only exception of Selaginella moellendorf-
fii, for all the producing species (Table 1) it has previously been found that they pro-
duce some canonical SL (Z. mays or L. japonicus and strigol-type; or Arabidopsis thaliana,
Helianthus annuus, Pinus thunbergii or Populus and orobanchol-type). This makes sense



Agronomy 2021, 11, 2174 8 of 22

considering that, as previously detailed Section 1.1, the non-canonical SLs are the precursor
of canonical SLs in planta.

Due to the variety of species referred, it was not possible to clearly link specific plant
taxonomies with the type of SL they produce.

Focusing attention on the methods to identify and isolate SLs, it should be noted
that the identification and isolation of new SLs was made possible by the progressive
knowledge on various aspects. Notably, these were the handling conditions of SLs to
avoid their degradation, the growth conditions to optimize the SL amounts produced by
plants, and specially, the improvements in the techniques of SLs analysis, identification and
quantification, mainly mass spectrometry (MS) and nuclear magnetic resonance (NMR).
Thus, the isolation of SLs is not the only objective of studies in this field, but also the
development of improved methods to identify and quantify SLs in root exudates and
extracts. The low amount of SLs in samples and their rapid degradability make the
analytical methods fast and have very low limits of quantification, focusing the attention
to LC-MS/MS techniques [49]. Another relevant fact is that the methods must consider the
matrix effect, for example, by using an internal standard (IS).

In this way, Boutet-Mercey et al. (2018) [50] developed a UHPLC-ESI-MS/MS method,
based on deuterium labelled standards, for determining fabacyl acetate (limit of detection
(LOD) = 1.25 µg/L; limit of quantification (LOQ) = 4.16 µg/L), orobanchyl acetate and
orobanchol (LOD = 0.14 − 0.18 µg/L; LOQ = 0.46 − 0.61 µg/L). The method was proved
on 1 g of pea root samples from hydroponic cultures, being qualified by authors as suit-
able for other complex plant samples. Subsequently, our group published a simple and
reliable UHPLC-MS/MS method, developed for the routine analysis of the most common
canonical SLs (strigol, solanacol, orobanchol, orobanchyl acetate, 7-oxoorobanchyl acetate,
fabacyl acetate, and 5-deoxystrigol), which was applied to exudates and extracts from
tomato roots (S. lycopersicum) and using (±)-GR24 (well-known synthetic SL analogue) as
IS [51]. The LOQ ranged from 0.05 µg/L (5-deoxystrigol) to 0.96 µg/L (solanacol). The
UHPLC–MS/MS method reported by Floková et al. (2020) [52] is also highly sensitive for
simultaneous profiling of canonical SLs (strigol, solanacol, orobanchol, sorgomol, sorgolac-
tone, 4-deoxyorobanchol and 5-deoxystrigol) in S. lycopersicum and other vegetal sources
(O. sativa, S. bicolor and P. sativum), with LOD values from 0.125 to 2.5 fmol. Authors also
highlighted the single-step purification required for this method, which uses macroporous
polymer-based sorbents. We suggest the review by Halouzka et al. (2020) [53] as a review
study specifically focused on the identification and quantification methods of SLs.

4. Allelopathic Bioactivities of Strigolactones

SLs are secondary metabolites that act as phytohormones. They play important roles
in different aspects of the growth and development of the plant itself, being the regulation
of the branching of aerial parts the most studied. A significant number of recent studies on
SLs focuses on this issue, such as evaluating the role of SLs production by rootstocks in
grafted grapevine plants [54]. Detailed descriptions of endogenous roles of SLs and their
mechanisms are available in recent reviews [55,56].

In contrast to those articles that deal with internal roles of SLs, the following sections
are focused on the allelopathic effects that SLs generate on neighboring organisms. Particu-
larly, two types of effects are reviewed herein, which are prime examples of allelopathy:
the capacity to stimulate the germination of parasitic plants, and the stimulation of AMF
hyphae growth. This last allelopathic interaction is a clear illustration of a symbiotic rela-
tionship, given between the SL-producing plant for its own benefit, and the AMF, fungi
that develop structures around the roots forming arbuscules able to obtain and supply
nutrients from the soil to the plant. On the contrary, the case of the parasitic plants is
far from being a symbiosis. It consists of an evolutionary mechanism of parasitic plants,
whose seeds use the recognition of a specific compound released by a potential host as a
key requirement to germinate. Thus, by this recognition, the parasitic plant would assure
its proximity to a proper host plant, being the only beneficiary of this allelopathic process.
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It should be noted that these exogenous uses of SLs and their analogues are among
the most studied, though other promising uses (such as phytotoxic herbicides, anticancer
drugs, etc.) are currently being studied [57,58]. In this regard, SLs also accelerate the leaf
senescence and trigger cell death in darkness, as proved in bamboo (Bambusa oldhamii) [59],
perennial ryegrass (Lolium perenne) [60] or rice [61], although it should be noted that the SL
tested in studies such as these were the synthetic analogue GR24.

4.1. Germination Activity on Parasitic Plant Seeds, and Structure-Activity Relationships

Seeds germinate under the right temperature, humidity, oxygen, and light conditions.
Seeds of parasitic plants, in addition, will not germinate unless they are stimulated by
certain specific compounds, found in soils to ensure that there is a host nearby. Thus, the
study of parasitic weeds has attracted the attention of allelopathy research, being found
that SLs produced by plants are germination stimulators of certain parasitic species. Espe-
cially, the species from the genera Striga (commonly known as witchweed), Orobanche and
Phelipanche (commonly known as broomrape), all of them from the family Orobanchaceae.
These weeds affect important crops for human consumption worldwide, such as sunflower,
legumes, cereals, or tomato, with possible devastating effects [62,63].

The stimulatory activity of SLs has been widely studied through bioassays, which
generally consist in the in vitro reproduction of the conditions that a parasitic plant seed
requires to germinate. After the addition of the testing compound and the incubation of
samples for some days, the parameter to measure is the percentage of germinated seeds,
calculated by direct counting from photographs of the samples (Figure 5) [64,65]. A new
method for germination assays was reported, which uses the absorbance analysis to obtain
the values of germination percentages without the need for counting [66]. All these bioas-
says can be performed with different purposes: moving forwards in the purification and
isolation of new germination stimulators, checking the effectiveness of SLs, or determining
the specificity of SLs with different parasitic species.

Figure 5. Photographs of Orobanche cumana seeds after a germination bioassay. (A) No germinated
seeds, after treatment with an inactive compound; (B) almost all germinated seeds after treatment
with a high-active compound.

Ćavar et al. [6] generated the first table that comprised most of the reported germi-
nation activity results showed by SLs assayed until 2015, together with the values of the
maximum activity level achieved (percentage of germinated seeds). This previous review
was very significant, since it gathers information that is exhaustive to obtain. Herein,
Table 2 extends and updates this review, providing all the new discoveries since 2015,
as well as those prior that were not included. Among them, peagol (structure shown in
Table 2), canonical SL-like compound isolated by Evidente et al. (2009) from pea root
exudates [67], was included, since its structure is closely related to orobanchol-type SLs.
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Table 2. Extension and update on the maximum germination stimulation activity data described for strigolactones since the
review by Ćavar et al. (2015) [6].

Strigolactones Parasitic Plant Species (Activity and Concentration) References

Canonical strigolactones

Strigol

Alectra vogelii (50% 100 nM)
Orobanche cumana (19% 100 nM)
Orobanche minor (92% 0.1 nM; 83% 1 nM for (±) strigol)
Phelipanche aegyptiaca (50% 100 pM)
Phelipanche ramosa (80% 0.1 nM; 85% 10 nM for (±) strigol)
Striga asiatica (50% 100 pM)
Striga gesnerioides (0% 10 nM or 1 µM)
Striga hermonthica (70% 1 µM)
Striga lutea (50% 10 pM)

[13]
[68]

[18,25]
[13]

[18,25]
[13]
[69]
[69]
[70]

Strigyl acetate Phelipanche ramosa (70% 1 nM) [18]

5-Deoxystrigol

Orobanche minor (87% 1 nM for (±) 5-deoxystrigol)
Orobanche crenata (45% 10 µM for (±) 5-deoxystrigol)
Striga gesnerioides (0% 10 nM or 1 µM)
Striga hermonthica (75% 1 µM;
80% 0.1 µM for (±) 5-deoxystrigol)

[71]
[72]
[69]
[69]
[72]

Sorgolactone

Alectra vogelii (50% 1 µM)
Orobanche minor (92% 10 nM for (±) sorgolactone)
Phelipanche aegyptiaca (50% 100 nM)
Striga asiatica (50% 10 pM)
Striga gesnerioides (0% 10 nM or 1 µM)
Striga hermonthica (55% 1 µM)

[13]
[71]
[13]
[13]
[69]
[69]

Sorgomol
Orobanche minor (93% 10 nM)
Striga gesnerioides (0% 10 nM or 1 µM)
Striga hermonthica (75% 1 µM)

[71]
[69]
[69]

Orobanchol
Orobanche cumana (64% 100 nM)
Striga gesnerioides (50% 1 nM)
Striga hermonthica (15% 10 µM)

[68]
[42]
[73]

Orobanchyl acetate
Orobanche minor (95% 100 pM)
Striga gesnerioides (40% 0.1 nM; 69% 350 nM)
Striga hermonthica (35% 10 µM)

[71]
[42,74]

[73]

7-Oxoorobanchol Orobanche minor (83% 10 nM)
Phelipanche ramosa (85% 10 nM)

[71]
[75]

7-Oxoorobanchyl acetate Orobanche cumana (94% 100 nM)
Orobanche minor (95% 1 nM)

[68]
[75]

7 α-Hydroxyorobanchyl acetate Orobanche minor (90% 1 nM)
Phelipanche ramosa (85% 10 nM) [43]

7 β-Hydroxyorobanchyl acetate Orobanche minor (90% 0.1 nM)
Phelipanche ramosa (85% 10 nM) [43]

Solanacol Orobanche minor (97% 100 pM)
Phelipanche ramosa (83% 0.1 nM)

[71]
[25]

Fabacyl acetate Orobanche minor (88% 1 nM) [71]

Equimolar mixture of orobanchol and strigol Orobanche cumana (24% 100 nM)
Orobanche minor (91% 100 nM) [68]

Equimolar mixture of orobanchol and
7-oxoorobanchyl acetate

Orobanche cumana (0% 100 nM)
Orobanche minor (80% 100 nM) [68]
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Table 2. Cont.

Strigolactones Parasitic Plant Species (Activity and Concentration) References

Peagol *

Orobanche crenata (7% 10 µM)
Orobanche foetida (27% 10 µM)
Orobanche minor (3% 10 µM)
Phelipanche aegyptiaca (42% 10 µM)

[67]

Non-canonical strigolactones

Carlactone Striga hermonthica (62% 330 µM) [29]

Methyl carlactanoate Orobanche cumana (80% 30 nM of racemate) [76]

Heliolactone

Orobanche crenata (80% 1000 nM)
Orobanche cumana (88% 30 nM; 91% for racemate)
Orobanche minor (80% 1 nM)
Phelipanche aegyptiaca (30% 1000 nM)
Striga hermonthica (80% 1000 nM)

[35]
[76]
[35]
[35]
[35]

Methyl zealactonoate
Orobanche minor (80% 100 nM)
Phelipanche ramosa (85% 10 nM)
Striga hermonthica (85% 100 nM)

[32]

Methyl zealactonoate 1aMethyl
zealactonoate 1b

Striga hermonthica (60% 30 µM)
Striga hermonthica (50% 3 µM) [31]

Avenaol
Orobanche minor (55% 1000 nM)
Phelipanche ramosa (90 % 100 nM)
Striga hermonthica (50 % 1000 nM)

[34]

Lotuslactone
Orobanche minor (90% 1 nM)
Phelipanche ramosa (55% 0.1 nM)
Striga hermonthica (80% 10 nM)

[39]

* Structure not included in Figure 1 for not sharing all the characteristics of canonical strigolactones.

Striga hermonthica, Phelipanche ramosa, and Orobanche minor were tested for a wider
variety of SLs. Thus, in order to provide an easy comparison of the activity levels for
these species, we created the graphs shown in Figure 6. It should be noted that units of
concentration expressed in Figure 6 were homogenized for each graph, in order to clearly
emphasize which SLs are highly active at lower concentrations.

Among all the SLs, strigone can be considered an example of efficient agrochemical,
since its treatment at low concentration (10−5 µM) can achieve the 100% of S. hermonthica
germination [24]. Activity of solanacol and orobanchyl acetate may also be highlighted,
since percentages over 95% were obtained for O. minor at 0.1 nM [71]. Both SLs also
achieved around 80% for P. ramosa at 0.1 and 1 nM, respectively [25].

Different SLs have also been tested on Striga gesnerioides, where medium levels for
orobanchyl acetate (69% at 350 nM [74]) and orobanchol (50% at 1 nM [42]) were found.
However, null activity was obtained for strigol, 5-deoxystrigol, sorgolactone, and sor-
gomol at concentrations as high as 100 nM [69]. These results denote certain specificity
of S. gesnerioides for the kind of SL that achieve its germination, specifically in favor of
orobanchol-type SLs. This conclusion can rely on the structure-activity relationship study
published by Nomura et al. (2013) [69], carried out with a wide variety of SLs and their
stereoisomers, obtained by synthesis.

Thus, from a structural point of view, the configuration of a particular SL is normally
decisive when it comes to its germination activity on parasitic plants. The case previ-
ously mentioned for the preference of S. gesnerioides for orobanchol-type SLs is further
accentuated for S. hermonthica and the strigol-type SLs: orobanchyl acetate was the only
orobanchol-type SL found active (45%) [73], whereas for strigol-type or non-canonical SLs
can achieve more than 80% (Figure 6).
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Figure 6. Stimulatory activity levels of the strigolactones tested on Striga hermonthica, Phelipanche ramosa, or Orobanche minor
seeds germination, in descending order of activity.

In addition, it is worth highlighting the activity of 45% achieved by (±) 5-deoxystrigol [72]
and, specially, the value of 80% achieved by the 1000 nM application of heliolactone on
the seeds of Orobanche crenata [35]. This is because this parasitic weed species is very
selective for the type of compound that elicits its germination, based on the results also
obtained in our research group. As an example, we synthetized and evaluated the activity
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of nine eudesmanestrigolactones, canonical analogues of SLs highly active on P. ramosa and
O. cumana, whose activity on O. crenata did not exceed the 53% [57]. In addition, we only
obtained significant activity levels with O. crenata for a few other compounds. This was the
case of the natural products anhydrojudaicin or santamarine, with 15% seed germination
at 1 or 0.1 µM [64].

The orientation of the acetate group in the hydroxyorobanchyl acetates also proved
to have some relevance for the activity levels achieved at the lowest concentrations, since
7 β-hydroxyorobanchyl acetate improved the activity of its isomer 7 α-hydroxyorobanchyl
acetate for O. minor (0.01–0.1 nM) and P. ramosa (0.01–1 nM) germination [43].

Other relevant points to discover of the germinating activity of SLs are their possible
synergetic or antagonistic effects, when two or more are simultaneously applied. Currently
there are not many studies on it, being worth highlighting the unpublished results of
Fernández-Aparicio’s group in a germination assay testing equimolar mixtures of some
SLs, showed in a recent review by Yoneyama [68]. For the germination of O. minor,
germination percentages of mixtures of orobanchol and strigol or 7-oxoorobanchyl acetate
were in the same range of those obtained by the single SLs (80–93%, at 100 nM). The case
of O. cumana differed, showing how strigol antagonizes orobanchol to some extent, and
especially, how the activity for the mixture of orobanchol and 7-oxoorobanchyl acetate is
null, being the activity of these SLs of 64% and 94%, respectively, when tested individually.
Therefore, the study of the effects of combined SLs can be interesting for obtaining possible
synergetic mixtures, as well as other antagonistic mixtures.

The activity showed by some SLs on O. cumana, damaging parasitic weed for sun-
flower, may also be noted, since no positive results were published before 2019 (though
they had been obtained for different synthetic analogues or mimics). Particularly, racemates
of the non-canonical heliolactone, or methyl carlactanoate, showed high activity levels
(80–91%), which is relevant to the 88% value achieved by pure heliolactone [76]. Among
the canonical SLs, results were only found for strigol and orobanchol, with lower percent-
ages (19% and 64% respectively) [68] and denoting a possible preference of O. cumana
for the non-canonical SLs. However, the aforementioned canonical SLs analogues named
eudesmanestrigolactones generate percentages of 80–100% in the range 0.1–100 µM, as
well as the well-known synthetic analogue GR24 [57]. Other examples of active canonical
analogues have been published [77,78], so deeper studies should be carried out to obtain
more substantiated conclusions on possible structural advantages for the germination of
O. cumana in regard to canonical/non-canonical structures.

Yoshimura et al. (2019) [76], in addition to heliolactone, tested the synthetic diastere-
omers at C-6 and C-11 of this non-canonical SL on O. cumana, at a concentration of 30 nM.
In comparison with the maximum result achieved by heliolactone (88%), it was obtained a
percentage slightly smaller for the (6R)-isomer (76%), whereas the value for the (11S)-isomer
decreased to 61%. These results showed how the own isomeric features of non-canonical
SL should also be considered to achieve optimal activities, as well as how heliolactone
and its diastereomers possess promising potential for the control of O. cumana in terms
of activity.

4.2. Growth Stimulatory Activity on Arbuscular Mycorrhizal Fungi Hyphae

Arbuscular mycorrhizal fungi (AMF) are a class of beneficial microorganisms widely
distributed in soils, forming symbiotic associations with land plants (70–80% of species)
for more than 460 million years [2,55]. In this symbiotic interaction, AMF supplies water
and nutrients from the soil (beyond the root rhizosphere) to the host plant; and the host
provides photoassimilates (carbohydrates produced by photosynthesis in the leaves [79])
to the AMF [80]. In this context, SLs are well-known allelochemicals that stimulate the
growth of AMF. However, much remains to be discovered, being the study of the hormonal
biosynthesis and perception pathways in AMF proper points [2].

This symbiosis is related to the obtaining of inorganic phosphate (Pi), one of the
most important nutrients. Under Pi starvation, the expression of genes involved in SL
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biosynthesis and transport are induced, which would inhibit axillary bud outgrowth and
promote leaf senescence to prepare the plant for the nutrient scarcity [55]. A recent study in
tomato showed that SLs are not just the end products of the phosphate starvation response,
being concluded an additional major role in the regulation of this response process as
phytohormones [81]. The current knowledge on the molecular mechanism of SLs transport
covers mostly the Solanaceae family, so the study of Banasiak et al. (2020) [82] might
be mentioned as it is focused on the family Fabaceae, whose root anatomy differs from
most angiosperms in the lack of exodermis. In the model legume M. truncatula, it was
identified and characterized an ATP-binding cassette membrane transporter (MtABCG59)
involved in SL transport from the site of biosynthesis to the soil, promoting the asso-
ciation of the plant with AMF. Other recent studies showed some effects of cultivating
Striga-resistant (orobanchol-producing) and Striga-susceptible (5-deoxystrigol-producing)
sorghum cultivars, in different conditions of AMF inoculation and P fertilization [83].

In addition to Pi starvation, the production of SLs is also promoted by other types of
stress, such as elevated atmospheric carbon dioxide concentrations [84], or N-deficiency [48],
being both effects studied in recent articles in tomato and maize roots, respectively.

Salt stress and drought are also influencing, as reviewed in López-Ráez (2016) [85].
In the case of salt stress, the SL production can gradually increase with treatment time of
NaCl, and the AMF symbiosis can alleviate this stress by altering SL levels in the host, and
supplying up to 20% of water uptake [86,87]. Besides, studies performed in rice suggest
that SL biosynthesis and signaling play a key role in determining the rhizomicrobiome,
which may assist in the stress resilience of the host plant [88]. The symbiosis between rice
and AMF was recently reviewed by Mitra et al. (2021) [89].

Once roots exudate SLs, they are able to act as allelochemicals to AMF, increasing
hyphal branching significantly after the chemical recognition. Although the spores of
AMF can germinate and grow to some extent in the absence of a host, their growth is
rather limited, and they will not be able to complete their full life cycle unless they find
a host. Thus, their spores normally germinate only when certain chemical signals from
their host plant are detected [14]. SLs can be one of such chemical signals, but not all the
SLs are equally effective to this purpose. In order to determine a particular SL activity, a
bioassay is carried out in which mycorrhizal fungi spores are placed onto Petri dishes under
optimal growth conditions. Then, each specific SL to be investigated is added at increasing
concentrations in order to determine its minimum effective concentration (MEC), following
the method of Akiyama et al. [90]. Ćavar et al. [6] generated a table including the data on the
SLs’ growth-stimulatory activity on AMF to 2015. Table 3 extends and updates such data.

Table 3. Growth-stimulatory activity on arbuscular mycorrhizal fungi hyphae by the new strigolac-
tones described since 2015 [6].

Strigolactone AMF Species and MEC Values References

Medicaol Gigaspora margarita (10 pg/disc) [28]

4-Deoxyorobanchol Gigaspora margarita (3 pg/disc) [28]

(±) Strigone Gigaspora margarita (10 pg/disc) [90]

Carlactone (racemate) Gigaspora margarita (100,000 pg/disc) [91]

Methyl carlactonoate (racemate) Gigaspora margarita (1000 pg/disc) [91]

Carlactonoic acid (racemate) Gigaspora margarita (100 pg/disc) [91]

Methyl zealactonoate Gigaspora margarita (10,000 pg/disc) [39]

Avenaol Gigaspora margarita (1,000,000 pg/disc) [39]

Heliolactone Gigaspora margarita (10,000 pg/disc) [39]

Lotuslactone Gigaspora margarita (1000 pg/disc) [39]
pg/disc: picograms of tested compound by disc.

Comparing the MEC values showed at Table 3, with those provided in the review by
Ćavar et al. (2015) [6], the most active compounds for Gigaspora margarita are orobanchol
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(1 pg/disc), followed by 4-deoxyorobanchol and 5-deoxystrigol (3 pg/disc), and fabacyl
acetate, 7-oxoorobanchyl acetate, orobanchyl acetate, and medicaol (10 pg/disc). Strigone
(named as 5-oxo-5-deoxystrigol in the original reference [90]) was not included in this
list, since the MEC value showed in Table 3 (10 pg/disc) was not achieved by the enan-
tiomerically pure compound. Besides, medicaol was tested together with the synthetic
4-deoxymedicaol and all its diastereomers. One of them proved to be active in the same
way, and the others improved the activity level (MEC = 1 pg/disc) [28].

In the study of Mori et al. (2016) [91] two synthetic analogues structurally related to
dimers of non-canonical SLs were also shown (Figure 7), and whose MEC values were
10 pg/disc. Other related compounds were presented in the same study, with MEC values
of 100 or 1000 pg/disc, as well as three hydroxylated carlactone derivatives with much
higher MEC values (10,000–1,000,000 pg/disc).

Figure 7. High active analogues of non-canonical strigolactones on Gigaspora margarita.

Most of the studies have focused on Gigaspora species (just another genus, Glomus, has
been found to be tested in SL studies [6]). Gigaspora rosea is another example, and for which
it is worth noting that sorgolactone showed an outstanding value of 1.31 × 10−15 M [92].
Therefore, the search for any correlation between the type of SL structure and the specific
mycorrhizal fungi that they activate is an interesting aspect still to be explored. For this
purpose, it would be of great interest to carry out further studies on the activity shown by
the different SLs on a wider range of mycorrhizal fungi species.

4.3. Applications of Strigolactones in Agriculture

SLs can be used to control parasitic plant plagues thanks to their capacity to stimulate
the germination of the seeds of these plants. They can, therefore, be used in trap crops or
suicidal germination strategies for preventing the infestations of parasitic weeds. The fact
that some SLs require low concentrations to induce the germination of high percentages
of seeds, makes these compounds especially promising agrochemicals, combining effec-
tiveness and minimal environmental impact. On the other hand, their ability to stimulate
AMF would be beneficial for crops by increasing the colonization of these symbiotic mi-
croorganisms in roots. For agriculture, this can lead to avoiding or minimizing the use of
fertilizers, being AMF biofertilizers that represent an environmentally friendly alternative
that additionally can increase the crop resilience against diverse types of stress [93].

Trap crops do not intend to achieve the direct control of parasitic plants, but rather a
reduction in the infestation levels over time by reducing the soil seed banks. Trap crops are
fake hosts that exude SLs into the soil and cause the germination of the parasitic plants
seeds. In a trap crop strategy, crops are harvested before the parasitic plant flowering occurs
so that its life cycle is interrupted and its reproduction is prevented [94]. This technique
has been widely applied, especially against O. crenata or P. aegyptica [95]. Soybeans, for
instance, have been used as a trap crop before planting sunflowers; whereas oat, fenugreek
and clover have been used to reduce the level of O. crenata infestation before planting beans
or peas [63]. Other examples of crops that have shown an interesting potential as trap crops
include white mustard or lentil [96].

Alternatively to the sowing of trap crops, certain compounds with proven germination
activity can be applied directly to the infested soil to trigger the germination of the parasitic
seeds. This strategy is known as suicidal germination or the honeypot strategy [57]. When
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the parasitic seeds germinate in the absence of a host, they can hardly survive for more than
just a few days, since, in the absence of a host plant, they cannot obtain the nutrients that
they require for their full development [63]. Some SLs exuded by host plants are known
for their ability to induce the germination of parasitic plants in certain ecosystems. This
particular family of natural compounds is among the most studied in this field.

The mechanisms by which SLs induce the germination of parasitic plants are complex,
and their details are not yet fully known. They were recently reviewed by Nelson (2021) [97],
and the review by Zwanenburg et al. (2016) is equally recommended [98]. In brief, the
mechanisms would be initiated by the activation of the KAI2d proteins by the SLs, as it
was suggested by in vitro, in vivo, and in silico studies. This process would occur due to
the hydrolysis (via addition–elimination reaction) of the enol ether bond of the SLs, and
later attachment of the released D-ring (hydroxylated methyl furanone) to the histidine
residue of the KAI2d proteins [97]. Conformational changes in the receptor pocket are
induced as consequence, which trigger a cascade of reactions in the signal transduction [98].
However, different relevant questions are still to be answered, including how bioactive non-
canonical SLs are perceived by the parasitic seeds. Other relevant questions are in regard
to the specificity of the SL receptors, and how KAI2d proteins would adapt facultative
hemiparasites that do not show host-activated germination [97,99].

It is also worth highlighting other strategies for the control of parasitic weeds, which
can be combined with trap crops or the suicidal germination in integrated pest manage-
ment strategies. Specifically, it can be suggested the cultivation of SL-producing plants,
which exudate different SLs whose effect on parasitic seeds is antagonistic, together with
crops. The objective of this intercropping strategy would not be to stimulate germination of
parasitic weeds, but to hinder it. The results of Fernández-Aparicio’s group [68], previously
described in Section 4.1, can provide an example of the possibilities of this strategy: culti-
vating producer plants of orobanchol and 7-oxoorobanchyl acetate, together with the crop
that can be damaged by O. cumana, for example sunflower. It should also be considered that
the SLs (or in general, the active compounds) can be supplied externally, thus avoiding the
cultivation of the SL-producing plants and ensuring the required concentration of the treat-
ment. If the active compound is supplied in formulations that improve its properties (such
as solubility and stability, by encapsulation or using specific solvents), the effectiveness
can notably increase. However, it should be noted the complexity of the biotic and abiotic
factors that intervene in contexts such as this, serve as an example the insufficient control
of S. hermonthica observed after intercropping maize with different legume species [100].

The treatment of crops with inhibitory compounds of the SL biosynthesis, which
inhibit the production of SLs in the host plants, can provide an alternative tool. The result
would be similar to that of intercropping: the parasitic seeds do not have the compounds
that elicit their germination. In this respect, azole-type compounds have been studied,
since they inhibit the oxidation of carlactone into canonical SLs (see Scheme 1). Particularly,
the compound TIS108 (Figure 8) proved to reduce the production of SLs in both rice and
tomato with no adverse effects on tillering or shoot branching, and, moreover, it reduced
parasitism of O. minor and S. hermonthica (greenhouse pot test) [101]. This compound
inhibited the formation of 4-deoxyorobanchol in rice in a dose-dependent manner in the
range of 10−100 nM [102]. TIS108 can be likewise interesting in the suicidal germination
context, since it stimulates rapidly the germination of high percentages of Phelipanche
aegyptiaca seeds if the preconditioning period in water (common in germination bioassays)
is not applied to the seeds [103]. On the other hand, compounds able to inhibit the SL
receptors in weed seeds can be equally useful to control the parasitic pests. As an example,
compound RG4 (also called soporidine, Figure 8) inhibits S. hermonthica germination at
concentrations that are not phytotoxic to rice [104].
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Figure 8. Examples of strigolactone inhibitors.

Strategies such as the aforementioned, based on reducing SL exudation or production,
have promising potential for species such as faba bean and rice. However, impact issues
would limit their use for maize or tomato crops, and it is suggested that modifying the SL
composition is a better alternative [105].

In addition to all the advantages that the use of SL can provide to agriculture, other
negative aspects must be considered regarding interactions with other organisms. We
highlight the disadvantages indicated in the review by López-Ráez et al. (2017) [93], related
to an increased susceptibility to pathogenic damage of bacteria, fungi and oomycetes,
such as leafy gall syndrome (by Rhodococcus fascians), stomatal closure (Pectobacterium
carotovorum and Pseudomonas syringae), or reducing the levels of the defense hormones
against Alternaria alternata and Botrytis cinerea, when the host plant is SL-deficient.

5. Conclusions

Numerous research works have focused on SLs, either to present newly identified
structures or to report on new activities exhibited by these compounds that can be useful
in farming processes. In addition to inducing the germination of root parasitic plants seeds,
SLs have been confirmed to act as plant hormones that regulate shoot branching, and play
important roles as allelochemicals regarding the symbioses between higher plants and the
arbuscular mycorrhizal fungi.

This review presented a global overview on the identification and isolation of the
41 SLs listed up to date, as well as their main allelopathic bioactivities (germination activity
and hyphal branching). From 2012, attention in this area and further progress have been
conferred in part on non-canonical SLs. This provided a greater variety to the SLs family,
allowing the conclusion of some structure-activity relationships, such as the preference
of S. gesnerioides for orobanchol-type SLs, S. hermontica for strigol-type SLs, as well as
some indications on a possible preference of O. cumana for non-canonical SLs. In the case
of the activity on AMF growth, canonical SLs proved greater affinity, with much lower
concentrations necessary to generate the same effects as most of the non-canonical type.

Regarding the germination activity in particular, some SLs showed activities over 90%
even when used at low concentrations, in the range 0.1–10 nM. However, we consider
that the activity of natural SLs on relevant weed species such as O. cumana, O. crenata,
or P. aegyptiaca should be studied in more depth in order to increase the already known
data. This would also apply to other species of AMF aside from G. margarita, the latter
being especially sensible to orobanchol, 4-deoxyorobanchol, and 5-deoxystrigol (minimum
effective concentration values of 1 or 3 pg/disc).

Finally, according to the latest studies, SLs can be postulated as an attractive alterna-
tive for parasitic weed control through trap crops or suicidal germination strategies, based
on the stimulatory activity showed on parasitic seed germination bioassays. The activity
on hyphal branching observed can be useful in agriculture. Nonetheless, several disad-
vantages and limitations must be faced prior to its implementation in agriculture. In the
authors’ opinion, further studies that focus on overcoming some difficulties associated to
the practical use of SLs would be desirable. For instance, the isolation of new canonical and
non-canonical SLs and in greater quantities, focusing on the optimal growing conditions of
the plants for SLs production. The stability of SLs will be an essential factor for their use in
agriculture, for that, studies to improve it are necessary.
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