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The rhizosphere is the narrow region of soil surrounding the roots of plants that is 
influenced by the secretion of metabolites by the plant root and is teaming with other 
organisms including bacteria, fungi, nematodes, parasitic plants and other plant species 
(Estabrook and Yoder, 1998; Raaijmakers et al., 2009). The metabolites secreted by plants 
into the rhizosphere are collectively called the root exudate (Walker et al., 2003). Root 
exudates provide a carbon source for the organisms in the rhizosphere but also contain 
signaling molecules that mediate the interaction between plants and the other organisms 
in this rhizosphere community (Knee et al., 2001). Here I will introduce some examples 
of this chemical communication in the rhizosphere (Figure 1). 

Figure 1. Belowground chemical communication of plant with other organisms. 

Chemical communication of plants with plants 
The root exudate secreted by plants has an important role in the interaction of plants with 
other plants. It has been experimentally shown that the root distribution and gene 
expression in the roots of Arabidopsis are largely affected by the presence of a neighbour 
belowground (Schmid et al., 2013). Not only growth towards but also away from 
neighbour plants has been observed, suggesting that nutrient presence is not the only 
factor driving this but that there likely also are specific metabolites in the root exudate 
that affect the neighbour (Schmid et al., 2013). Plant root exudate may also contain signals 
which suppress the germination and growth of other species, and such allelopathic effects 
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may prevent the invasion of non-native species (van Dam and Bouwmeester, 2016). For 
example, the presence of momilactones in the root exudate of rice have such allelopathic 
effects (Kato-Noguchi, 2011). Lettuce and grass seedlings grown together with a rice 
copalyl diphosphate synthase 4 (cps4) mutant – which is deficient in momilactone 
production - germinated faster and grew better than those grown with wild-type plants 
(Xu et al., 2012). 

The interaction of plants with root parasitic plants is another intriguing example of 
chemical communication belowground. Root parasitic Striga, Alectra, Orobanche and 
Phelipanche spp. (Orobranchaceae) are heterotrophic parasitic plants that completely rely 
on a plant host for survial and reproduction (Estabrook and Yoder, 1998). The seed 
germination of these parasitic plants relies on host-derived signals, such as the 
strigolactones (SLs), a class of signaling molecules exuded by the roots of plants, as host 
cues (Al-Babili and Bouwmeester, 2015b). The first naturally occurring SL, strigol, as a 
germination stimulant for Striga lutea, was isolated from the root exudate of cotton in 
1966 (Cook et al., 1966). In the decades that followed, more SLs were identified in the 
root exudate of many different plant species and most of them show germination stimulant 
activity – to more or lesser extent - on parasitic plant seeds (Yoneyama et al., 2013a). 
There are also other chemical molecules that serve as germination stimulants. 
Sesquiterpene lactones, for example, which share some structural similarity with SLs, 
were shown to induce the seed germination of O. cumana, the parasitic plant that infects 
sunflower (De Luque et al., 2000). It is not always easy to identify these germination 
stimulants. Dihydrosorgoleone, for example, also named SXSg, was for a while 
considered to be the Striga germination stimulant exuded by roots of sorghum (Sargent 
and Wangchareontrakul, 1989; Fate et al., 1990; Fate and Lynn, 1996). A study of 
different Striga susceptible and resistant sorghum varieties, however, revealed that SXSg 
only plays minor role, if any, in regulating seed germination of Striga (Hess et al., 1992). 

Chemical communication of plants with nematodes 
Nematodes are one of the most widely distributed members of the rhizosphere mesofauna 
(van Dam and Bouwmeester, 2016). Cyst nematodes, for example, are troublesome 
parasites for a wide range of crop species and cause huge yield losses in agriculture 
(Haydock and Evans, 1998). In the cyts nematodes of Globodera and Heterodera, a 
deceased female adult contains hundreds of eggs which will hatch in the presence of root 
exudate from a host plant (Bohlmann, 2015). After hatching, the juvenile nematodes need 
to find a host to feed on, otherwise they can only survive for a short time. The hatching of 
cyts nematodes to some extent displays host specificity and different hosts produce 
different hatching stimulants that hatch different species of cyst nematodes. For example, 
glycinoeclepin A in soybean (Glycinus max) (Masamune et al., 1982) and glycinoeclepin 
B and C in kidneybean (Phaseolus vulgaris) are hatching stimulants of soybean cyst 
nematode (Fukuzawa et al., 1985), while solanoeclepin A that is produced by potato and 
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tomato is the main hatching stimulant for potato cyst nematode (Figure 1) (Schenk et al., 
1999). 

Chemical communication of plants with the microbiome: 
quorum sensing and strigolactones 
There is also an increasing body of evidence that plants communicate with the micro-
organisms that surround their roots, and that collectively form the plant root microbiome. 
The chemical communication of plants with their microbiome can be divided into three 
categories: communication from plants to the microbiome, between microbiome members 
and from the microbiome to the plant (Venturi and Keel, 2016). The root microbiome 
consists of a large diversity of micro-organisms, and the plant root exudate is crucial for 
the interaction between plants and microbes. So far, the most well-known underground 
plant-microbe interaction is the symbiosis between plants and nitrogen-fixing bacteria 
(Figure 1) (Venturi and Keel, 2016). The first signal that is exchanged between these two 
partners consists of plant-produced flavonoid and isoflavonoid compounds, which, in 
return, induce the production of nodulation factors, lipo-chitooligosaccharides (LCOs), in 
the rhizobia which is an essential central signal molecule to initiate nodule formation in 
the host plant (Figure 1) (Rossen et al., 1985; Peters et al., 1986; Redmond et al., 1986; 
Lerouge et al., 1990). The LCOs induce a series of responses on the physiological and 
developmental level, which result in the formation of a functional nodule (Subramanian 
et al., 2007). The biological nitrogen fixation proceeds in these root nodules. 

Arbuscular mycorrhizal (AM) fungi engage in a symbiotic relationship with more than 
80% of land plants (Smith and Read, 2010). Hyphal branching in AM fungi is a critical 
developmental step in the colonization process, since it helps AM fungi to contact the root 
of their host plant and initiate the symbiosis. It was shown that root exudates trigger this 
hyphal branching in AM fungi (Giovannetti et al., 1996; Buee et al., 2000; Nagahashi and 
Douds, 2000). Moreover, the root exudate of plants with P-limiting condition displayed a 
higher activity than those of plants grown under conditions with sufficient P, suggesting 
that production of this branching factor is regulated by P availability (Nagahashi and 
Douds, 2000). 

It lasted until 2005 before this branching factor could be isolated from root exudate due 
to the low concentration and relative instability (Akiyama et al., 2005). The branching 
factor was first isolated from Lotus japonicus and was identified to be a SL, 5-deoxy-
strigol (5DS) using spectroscopic analysis and chemical synthesis (Akiyama et al., 2005). 
The authors showed that just as the isolated 5DS, also synthetic 5DS and sorgolactone 
and the synthetic SL analog (GR24) all induce hyphal branching in AM fungi (Gigaspora 
margarita) at very low concentrations (Akiyama et al., 2005). Thus it was concluded that 
SLs are signaling molecules acting as inducers of hyphal branching in AM fungi. Recently, 
it was demonstrated that the rhizosphere signaling role of the SLs goes beyond AM fungi 
as they also have an effect on the rhizosphere microbiome community. Sorghum cultivars 
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with distinct SL composition recruit a significantly different bacterial community 
composition (Schlemper et al., 2017) and in Arabidopsis, the disruption of MORE 
AXILLARY GROWTH4 (MAX4) resulted in significant changes in the rhizosphere fungal 
community composition (Carvalhais et al., 2019). Moreover, it was also observed that SL 
biosynthesis and receptor defective mutants (d17 and d14) in rice both have different 
bacterial richness and fungal diversity than the wild type control (Nasir et al., 2019). 

Also in the interaction between micro-organisms chemical communication plays an 
important role. Bacteria synthesize signaling compounds to regulate gene expression in 
response to cell density. This process is known as quorum sensing (QS) (Williams, 2007). 
For example, a variety of proteobacteria produce and respond to N-acyl homoserine 
lactone (AHL), a common QS molecule in Gram-negative bacteria (Figure 1) (Ferluga et 
al., 2008). The diffusible signal factors (DSFs), cis-2-unsaturated fatty acids, are another 
family of QS signals produced by many Gram-negative bacteria species including 
rhizosphere-inhabiting species (Burkholderia spp. and Stenotrophomonas maltophilia) 
(Kakkar et al., 2015; Ryan et al., 2015). Peptides (known as pheromones) are used as QS 
signaling molecules in Gram-positive bacteria like Enterococcus faecalis and 
Streptococcus pyogenes species and they may play many regulatory roles both at the intra- 
and interspecies level (Bassler, 2002; Monnet et al., 2016) (Figure 1). Microbial volatile 
organic compounds (VOCs) are short-distance signals that regulate cellular and 
developmental processes at the intra- and interspecies level (Figure 1) (Bitas et al., 2013). 

Intriguingly these QS molecules can sometimes also be perceived by plants and have been 
shown to affect plant development (Venturi and Keel, 2016). The above mentioned AHLs 
influence plant gene expression, induce systemic plant resistance, and affect plant growth 
and development (Venturi and Fuqua, 2013). DSFs also upregulate the plant immune 
system (Figure 1) (Kakkar et al., 2015; Ryan et al., 2015) and microbial VOCs change 
plant growth and affect plant health (Figure 1) (Bitas et al., 2013). 

Production of SLs is induced by P starvation 
As described above, the root exudate of plants growing under low P displays a much 
higher hyphal branching inducing activity in AM fungi, which suggested that SLs may be 
influenced by the availability of P. Indeed, production and exudation of SLs is regulated 
by the nutrient availability in the surrounding rhizosphere, especially P. P deficiency 
results in a 30-fold increase in the production and exudation of 5-deoxystrigol (5DS) in 
sorghum (Yoneyama et al., 2007a). In red clover, it was demonstrated that P deficiency 
promotes the exudation of orobanchol (Yoneyama et al., 2007b). In rice, it was reported 
that the exudation of SLs increased dramatically upon P deficiency (Jamil et al., 2011a). 
Similarly, root exudate of tomato after P starvation markedly increased the seed 
germination of Orobanche ramosa and the hyphal branching of AM fungi and this is due 
to the increased SL level in the root exudate (López‐Ráez et al., 2008). 
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Multiple biological roles of SLs as signaling molecule 
In the discovery of the SLs and their biological roles, mutants played an important role 
and particularly mutants in model species (pea, petunia, Arabidopsis and rice) that 
displayed a branching or tillering phenotype such as ramosus (rms) (rsm1-5) in pea 
(Pisum sativum L.), decreased apical dominance (dad) (dad1- dad3) in petunia (Petunia 
hybrida), more axillary branching (max) (max1- max4) in Arabidopsis thaliana and dwarf 
(d) mutants (d3, d10, d14, d17, d27) in rice (Napoli 1996; Beveridge 2000; Stirnberg et 
al., 2002; Turnbull et al., 2002; Beveridge et al., 2003; Snowden and Napoli 2003; 
Sorefan et al., 2003; Booker et al., 2004; Ishikawa et al., 2005). These mutants all have 
similar branching-related phenotypes and the mutated genes in the different species were 
shown to be orthologs, which indicated that these genes represent orthologous pathway in 
different species (Sorefan et al., 2003; Snowden et al., 2005). Grafting studies with a 
number of these branching mutants showed that the branching phenotype can be rescued 
by grafting a mutant scion on a wild type rootstock showing that these genes are required 
for the production of a graft-transmissible signal that inhibits shoot branching (Beveridge 
et al., 1994; Napoli, 1996; Foo et al., 2001; Morris et al., 2001; Turnbull et al., 2002; 
Sorefan et al., 2003). Reciprocal grafting experiments with max single and double mutants 
suggested that MAX2 is involved in the perception of this signal molecule, that MAX1, 
MAX3 and MAX4 are required for the production of this molecule and that MAX1 acts 
after MAX3 and MAX4 (Booker et al., 2005). A similar model for the RMS loci was 
proposed for pea (Beveridge, 2000; Beveridge et al., 2003). Afterwards, this transmissible 
and carotenoid derived signal was shown to be SL, which established the SLs as a new 
plant hormone (Gomez-Roldan et al., 2008a; Umehara et al., 2008a). 

In the past decade, several other plant hormonal roles were identified for the SLs, 
including root architecture regulation (Kapulnik et al., 2011; Ruyter-Spira et al., 2011; 
Rasmussen et al., 2012b), secondary growth (thickening of the shoots and roots) by 
positively stimulating cambial activity (Agusti et al., 2011b), acceleration of leaf 
senescence by enhancing the action of ethylene (Yamada et al., 2014; Ueda and Kusaba, 
2015), and so on. SLs also seem to play a role in the protection of plants against abiotic 
stress (drought and salt) (Andreo-Jimenez et al., 2015; Liu et al., 2015) and pathogens 
(Marzec 2016; Decker et al., 2017). In Arabidopsis and rice, the upregulation of SL 
biosynthesis under P starvation, was demonstrated to be required for the inhibition of 
shoot branching in response to P limiting condition (Umehara et al., 2010; Kohlen et al., 
2011). The increase in SL biosynthesis under low P, finally, was also shown to stimulate 
lateral root outgrowth (Ruyter-Spira et al., 2011; Niu et al., 2012; Gutjahr, 2014). 

Structural diversity and biosynthesis of SLs 
In the past decades, more than 25 SLs (Figure 2) have been discovered in the root exudates 
of various plant species and structurally identified and these SLs display a large structural 
diversity (Wang and Bouwmeester, 2018; Yoneyama et al., 2018a). Generally, all these 
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characterized SLs can be classified into non-canonical and canonical SLs (Figure 2). The 
canonical SLs have a four-ring structure: a tricyclic lactone in connection with a D-ring 
via an enol-ether bridge (Figure 2). Canonical SLs can be divided into orobanchol- and 
strigol-type based on the stereochemistry of the B-C ring (Figure 2) (Xie et al., 2013; 
Zwanenburg and Pospíšil, 2013). In tomato, so far the identified SLs are all canonical SLs, 
such as orobanchol, orobanchyl acetate, solanacol, didehydro‐orobanchol (DDH) isomers, 
7-hydroxy-orobanchol, 7-oxo-orobanchol (Koltai et al., 2010; Vogel et al., 2010; Kohlen 
et al., 2012b; Kohlen et al., 2013). The so far identified non-canonical SLs only have the  

Figure 2. The structure diversity of strigolactones. Strigolactones (SLs) can be divided into 
canonical and non-canonical SLs, Strigol-type SLs and orobanchol-type SLs are two types of canonical 
SLs. 

D ring but lack the canonical ABC-ring (Figure 2). Carlactone (CL) and carlactonoic acid 
(CLA) (Figure 2) were the first discovered non-canonical SLs. Recent discovered non-
canonical SLs are lotuslactone (Lotus japonicus), heliolactone from sunflower 
(Helianthus annuus), avenaol from black oat (Avena strigosa), zealactone (methyl 
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zealactonoate) and zeapyranolactone from maize (Zea mays) (Kim et al., 2014; Ueno et 
al., 2014; Charnikhova et al., 2017; Xie et al., 2017; Charnikhova et al., 2018; Xie et al., 
2019) (Figure 2). Modifications of the ABC rings with different substituents like hydroxy, 
methyl and acetate group lead to the structural diversity of SLs (Figure 2) (de Saint 
Germain et al., 2013). More aspects of SL structural diversification are described in detail 
in Chapter 2. 

It still remains a question why plants produce so many different SLs and through which 
biosynthetic pathway. Initially, the elucidation of the SL biosynthetic pathway depended 
on a forward-genetics approach using the branching/tillering mutants described above and 
this resulted in the establishment of the core pathway of SL biosynthesis from all-trans-
β-carotene until CL, which is catalyzed by D27, CAROTENOID CLEAVAGE 
DIOXYGENASE 7 (CCD7) / MORE AXILLARY GROWTH 3 (MAX3) and 
CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8) / MAX4 (Figure 3) (see 
Chapter 2 for details) (Sorefan et al., 2003; Booker et al., 2004; Alder et al., 2012; Wang 
and Bouwmeester, 2018). CL is regarded as the common precursor for downstream non-
canonical and canonical SL biosynthesis (Seto et al., 2014). CL was shown to be the 
substrate of the Arabidopsis CYP711, an enzyme also identified through forward genetics 
on the MORE AXILLARY GROWTH 1 (MAX1) mutant (Booker et al., 2005). CYP711 
catalyzes the conversion of CL to CLA and recently it was shown that this reaction is 
common in various plant species (Abe et al., 2014; Zhang et al., 2014a; Yoneyama et al., 
2018a) (Figure 3). In lotus, LjMAX1 converts CL to 18-hydroxycarlactonoic acid (18-
HO-CLA) via CLA and 18-HO-CLA may be the precursor for the formation of 5DS (Mori 
et al., 2020b). While two MAX1 homologs (Os900 and Os1400) in rice sequentially 
convert CL into orobanchol via 4-deoxyorobanchol (4DO), likely through 18-HO-CLA 
as intermediate formed from CL by Os900 (Figure 3) (Zhang et al., 2014a; Yoneyama et 
al., 2018a). Recently the MAX1s from plants were classified into three types based on the 
reaction they catalyze: CYP711A1‐type converting CL to CLA, CYP711A2‐type 
converting CL to 4DO via CLA and CYP711A3‐type converting CL to CLA and 4DO to 
orobanchol (Figure 3) (Yoneyama et al., 2018a). In Arabidopsis, CLA is subsequently 
converted into SL-LIKE1 (methyl carlactonoate, MeCLA) that is subsequently converted 
by LATERAL BRANCHING OXIDOREDUCTASE (LBO) into (MeCLA+16) compound 
which was recently identified as hydroxymethyl carlactonoate (1'‐HO‐MeCLA) (Figure 
3) (Abe et al., 2014; Brewer et al., 2016; Yoneyama et al., 2020b). Since most canonical 
SLs are C19 compounds except acetoxyl derivatives and most non-canonical SLs are C20 
compounds except CL and CLA, it was proposed that the recently discovered non-
canonical SLs like avenaol, heliolactone and zealactone are likely derived from MeCLA 
or its isomers or their hydroxyl derivatives (Figure 3) (Yoneyama et al., 2018b; Xie et al., 
2019). Recently 3-hydroxy-carlactone, a natural product of CCD8 from 9-cis-3-OH-β-
apo-10’-carotenal, was identified as an endogenous compound in rice, which could be an 
intermediate in SL biosynthesis (Baz et al., 2018). Another novel P450, CYP722C seems 
to be involved in the conversion of CLA into both orobanchol-type and strigol-type SLs 
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(Figure 3). In cowpea (Vigna unguiculate) and tomato (Solanum lycopersicum), the 
respective CYP722C homolog (VuCYP722C and SlCYP722C), directly converts CLA 
into orobanchol by BC-ring closure (Figure 3) (Wakabayashi et al., 2019). Subsequently, 
a cyp722c mutant in L. japonicus was defective in 5DS production showing that in this 
species CYP722C is responsible for the biosynthesis of 5DS (Mori et al., 2020a). Also in 
cotton (Gossypium arborum), GaCYP722C has been shown to catalyze the conversion of 
CLA to 5DS (Figure 3) (Wakabayashi et al., 2020). 

 

Figure 3. Overview of strigolactone biosynthesis in plants. The elucidated steps are indicated with 
solid and the putative steps with broken arrows. 
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How to discover missing SL biosynthetic genes 
Regarding the strategy used to identify SL biosynthetic genes, there are two main 
strategies. Forward genetics is the traditional approach that is used to identify genes 
responsible for a certain phenotype, and has been commonly used to elucidate genes 
involved in many plant biosynthetic pathways and their regulation, such as lignin and wax 
(Kunst and Samuels, 2009; Bonawitz and Chapple, 2010). As described above, the SL 
upstream biosynthetic and signaling pathway were elucidated by identifying the mutations 
responsible for increased branching/tillering phenotypes in several plant species using 
forward genetics. The limitation of the forward-genetics approach is that no mutants were 
found for the SL structural diversification genes, likely because these genes do not play a 
role in the biosynthesis of the hormonal SL, or because there is redundancy, as for, for 
example, the 4 or 5 rice MAX1s for which no dwarf mutant was found. 

With the advancement of next-generation sequencing technology, genes responsible for 
the production of plant specific metabolites can also be identified through omics 
approaches (genomics, transcriptomics, proteomics, and metabolomics) combined with 
forward and reverse genetics (Fang et al., 2019). Recently, these new approaches were 
used to elucidate possible SL biosynthetic genes (Brewer et al., 2016; Wakabayashi et al., 
2019). To identify novel SL biosynthetic genes in Arabidopsis, transcriptomics was 
coupled with a reverse genetics approach (Brewer et al., 2016). Expression of MAX3 and 
MAX4 is enhanced in SL biosynthesis and signaling mutants of Arabidopsis and their 
expression is influenced by auxin level or auxin treatment. The authors hypothesized that 
novel SL biosynthetic genes should follow the same expression pattern as MAX3 and 
MAX4 under the same conditions. Therefore, to create a distinctive expression pattern of 
SL biosynthetic genes, wild-type (Col-0) and a series of max mutants (max1, max2, max3 
and max4) were included together with several auxin-related treatments (decapitation, 
decapitation + indole acetic acid treatment, treatment with auxin transport inhibitor N-1-
naphthylphthalamic acid) of wild-type plants. Using a microarray approach involving the 
above treatments combined with reverse genetics, LATERAL BRANCHING 
OXIDOREDUCTASE (LBO) was identified and proved to be involved in converting 
MeCLA into an unidentified SL-like compound in Arabidopsis. Very recently, a similar 
approach with combination of RNA-seq and co-expression gene network analysis was 
used to identify novel SL biosynthetic genes in cowpea (Wakabayashi et al., 2019). 
Subsequently, in vitro and in vivo assays revealed CYP722C is responsible for conversion 
of CLA to orobanchol in SL biosynthesis (Wakabayashi et al., 2019). In Chapter 5, with 
the same approach, we prove that a novel gene CYP712G1 (Nelson, 2009) is involved in 
catalyzing the conversion of orobanchol into DDH isomers in tomato. 

The tools to characterize SL biosynthetic genes 
The N. benthamiana transient expression system is increasingly used for characterizing 
genes involved in plant metabolite biosynthesis, especially terpenoids. Transient co-
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expression of feverfew (Tanacetum parthenium) germacrene A synthase (TpGAS), 
chicory (Cichorium intybus) germacrene A oxidase (GAO), and chiocory costunolide 
synthase (CiCOS) in N. benthamiana leaves resulted in the production of costunolide (Liu 
et al., 2011). Co-expression of 8 strictosidine pathway genes from Catharanthus roseus 
with two genes involved in downstream alkaloid biosynthesis and two more genes 
boosting the formation of precursor in N. benthamiana allowed the production of the 
monoterpenoid indole alkaloid (MIA), strictosidine (Miettinen et al., 2014). Co-
infiltration of SL biosynthetic genes OsD27, OsCCD7 and OsCCD8 in N. benthamiana 
leaves lead to the production of CL, which indicated that N. benthamiana is a suitable host 
for SL biosynthesis studies (Zhang et al., 2014a). By reconstitution of the CL pathway 
together with two CYP711s (Os900 and Os1400), it was discovered that these two genes 
encode the two subsequent steps of orobanchol formation in rice (Zhang et al., 2014a). 

Yeast Saccharomyces cerevisiae is a low-cost and efficient system to express 
heterologous P450s. In P450-catalyzed reactions, NADPH-cytochrome P450 reductase 
(CPR) is required for providing electrons and to function as a redox partner (Reed and 
Backes, 2012). Nevertheless, limited amounts of CPR are present in yeast and this yeast 
CPR poorly supports plant P450s (Murakami et al., 1990; Urban et al., 1990). To 
overcome this problem, S. cerevisiae strain WAT11 was generated by expressing the 
Arabidopsis P450 reductase gene ATR1 under the control of a galactose-inducible 
promoter (Pompon et al., 1996). This yeast expression system has been widely used in 
characterizing P450s involved in secondary metabolite biosynthesis. In sesquiterpene 
biosynthesis, yeast microsomes expressing P450 candidate genes which showed co-
expressed with its upstream known biosynthetic genes were incubated with putative 
substrate, which showed that one P450, a kauniolide synthase (KLS), catalyzes the 
formation of guaianolides from costunolide (Liu et al., 2018b). Similarly, in the field of 
SL biosynthesis, characterization of the enzymatic function of P450s (CYP711, MAX1s) 
were also carried out using heterologous expression in yeast (Abe et al., 2014; Zhang et 
al., 2014a; Yoneyama et al., 2018a). In Chapter 5 of this thesis, both reconstitution of 
the orobanchol pathway in N. benthamiana with candidate genes for downstream tomato 
SL biosynthetic enzymes as well as yeast expression and microsome substrate feeding 
assays were applied to characterize a tomato P450 candidate. 

Making knock-out or knock-down transgenic plants of interested genes is another 
approach to study the function of the gene. T-DNA insertion lines were mainly used in 
Arabidopsis, and the LBO gene was characterized using a knock-out line with a T-DNA 
insertion site in the second exon of LBO (Brewer et al., 2016). In tomato, an SlCCD8 
RNAi line was obtained by RNAi silencing and an slmax1 mutant by targeting induced 
local lesions in genomes (TILLING) on a population mutated by treatment with ethyl 
methanesulfonate mutagenesis (EMS) (Kohlen et al., 2012b; Zhang et al., 2018). Very 
recently, CRISPR-Cas9 mediated genome editing was used to make SlCYP722C-knock-
out lines (Wakabayashi et al., 2020). Using these stable knock-out or knock-down 
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transgenic plants, phenotypes such as shoot and root architecture, SL compositional and 
quantitative changes and changes in the interaction with other organisms can be observed. 

Generation of transgenic plants with altered gene expression levels is very time-
consuming and laborious. As an alternative, virus-induced gene silencing (VIGS) is a fast 
and effective technique used to characterize the function of genes involved in secondary 
metabolite biosynthesis. In VIGS, transcripts of target genes are transiently degraded in a 
homology-dependent mnaner with a virus-generating vector that carries a fragment of the 
targeted gene. For example, the expression of genes involved in isoprenoid biosynthesis 
was successfully reduced in leaf, stem and root tissues of Nicotiana benthamiana grown 
in hydroponics (Atsumi et al., 2018). In Chapter 5, VIGS was used to charaterise the 
involvement of a tomato P450 candidate gene in SL biosynthesis by using an efficient 
vector (TRV2B) for silencing genes in root (Valentine et al., 2004). 

Scope of the thesis 
The research described in this thesis aims to further elucidate the structural diversification 
of SLs in tomato and discover new enzymes that are responsible for this diversification. 
After the general introduction in Chapter 1, Chapter 2 reviews the current literature on 
the structural diversity in the SLs. We review how structural diversity of SLs is generated 
and propose what the biological relevance of this structural diversity may be. In Chapter 
3 we describe SlMAX1, a tomato gene encoding a cytochrome P450 enzyme that is 
required for the oxidation of CL to CLA. We demonstrate this by using an EMS mutant, 
slmax1, and reconstructing the tomato CL pathway (SlD27+SlCCD7+SlCCD8) with 
SlMAX1 in Nicotiana benthamiana. Using plant feeding assays and inhibitor studies, we 
show that CL, and not 4DO, is the precursor for orobanchol production and the formation 
of solanacol and DDH isomers from orobanchol is catalyzed by cytochrome P450s. In 
Chapter 4 I analyze how tomato roots transcriptionally respond to P starvation and what 
the role of SLs is in this response, using RNA-seq analysis. Chapter 5 subsequently 
describes co-expression analysis using the RNA-seq data from Chapter 4 using known 
SL biosynthetic genes as baits and characterization of cytochrome P450 candidate 
biosynthetic genes. By heterologous expression in N. benthamiana and yeast I show that 
one cytochrome P450 (SlCYP712G1) catalyzes the conversion of orobanchol into DDH, 
and using systemic VIGS technique I confirm that this DDH isomer is an intermediate en 
route to the biosynthesis of solanacol, one of the most abundant SLs in tomato root 
exudate. In Chapter 6 I discuss the findings of this thesis, speculate on the evolution of 
P450s involved in SL biosynthesis, including those that I describe in my thesis, SlMAX1 
and SlCYP712G1, and discuss the possible practical implications of my work. 
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Abstract 
Strigolactones are a class of signaling molecules secreted by the roots of plants into the 
rhizosphere. On the one hand, they serve as the signal for recruiting arbuscular 
mycorrhizal fungi which have a symbiotic relationship with plants. On the other hand, 
they are also host-detection signals for the non-symbiotic, pathogenic, root parasitic plants, 
which use the strigolactones as germination stimulants. Finally, recently the SLs were 
discovered to be a new class of plant hormones that regulate processes such as 
branching/tillering and root architecture. Intriguingly, over 25 different strigolactones 
have already been discovered so far that all have the so-called D-ring but otherwise 
display many differences in structure and functional groups. In this review, we will 
critically discuss the structural diversity in the strigolactones. How are they synthesized 
in plants; how has this structural diversity possibly evolved; what is the biological 
relevance of this diversity; and what does this imply for the perception of the 
strigolactones by receptors in the plant itself and in other organisms. Finally, we conclude 
that only little is known about the biological significance of this structural diversity and 
we will give an outlook on how to further elucidate their importance. 

Key words 
Biological relevance, biosynthesis, evolution, perception, receptor, strigolactones, 
structural diversity 
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Introduction 
Already in the first half of the previous century scientists had observed that there is a 
compound or compounds present in the root exudates of clover, maize, sorghum and 
linseed that induce(s) the germination of seeds of the parasitic plant (Saunders, 1933; 
Brown et al., 1949; Brown et al., 1951). In the sixties of last century, the first germination 
stimulant for witchweed (Striga lutea Lour.) named strigol was isolated from the root 
exudates of cotton (Gossypium hirsutum L.) (Cook et al., 1966; Cook et al., 1972). Since 
then, over 20 different molecules with similar properties to strigol, collectively called the 
strigolactones (SLs) (see below), have been identified in the plant kingdom. In this review, 
we will discuss the structural diversity of the SLs in the different plant species and what 
is known about their biosynthesis. We discuss how this structural diversity has possibly 
evolved and what the biological relevance may be. Finally, we discuss what this structural 
diversity implies for the perception of these molecules in plants and the other organisms 
that plants communicate with through the SLs. Furthermore, we will give an opinion on 
how to further elucidate the biological significance of this structural diversity. 

Structural diversity in the strigolactones 
As described above, the first germination stimulant, strigol, was discovered in the root 
exudate of cotton. Cotton is not a host of this Striga species (even though it does induce 
germination of its seeds), but strigol was later also identified in true Striga hosts such as 
sorghum [Sorghum bicolor (L.) Moench], maize (Zea mays L.) and proso millet (Panicum 
miliaceum L.) (Siame et al., 1993). Apparently, not only host plant species but also non-
host species produce these germination stimulants. At around the same time, two 
germination stimulants that are chemically closely related to strigol were discovered in 
the root exudates of sorghum [Sorghum bicolor (L.) cv. Haygrazer]: sorgolactone (Hauck 
et al., 1992) and in the root exudate of cowpea [Vigna unguiculata cv (Walp)]: alectrol  
(which was later identified as orobanchyl acetate (Xie et al., 2008b; Ueno et al., 2015)). 
In 1995, Butler suggested to call all these strigol-related compounds “strigolactones” 
(Butler, 1995). Three years later, the first germination stimulant of the broomrape, 
Orobanche minor Smith, called was isolated from the root exudate of red clover 
(Trifolium pretense L.) and coined orobanchol (Yokota et al., 1998). This discovery 
demonstrated that both Striga and Orobanche spp. utilize SLs produced by their host as 
germination cues to ensure they germinate in the presence of a host root. 

In 2008, a novel SL, sorgomol (Figure 1), germination stimulant for parasitic plants S. 
hermonthica and O. minor, was isolated from Sorghum bicolor (Table 1) (Xie et al., 
2008a). Fabacol and fabacyl acetate (Figure 1), which stimulate germination of O.  minor, 
were originally purified from the root exudates of pea (Pisum sativum L.) (Table 1) (Xie 
et al., 2009). Strigone (Figure 1) that exhibited a highly potent activity on S. hermonthica 
was isolated from root exudates of the herb, and non-host, Houttuynia cordata (Kisugi et 
al., 2013). Highly intriguing and surprising was the discovery of new, so-called non-
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canonical, SLs that lack the so far consistent ABCD-ring structure (Table 1). In 
Arabidopsis, SL-like 1 (or methyl carlactonoate, MeCLA) was reported (Figure 1 & Table 
1) (Abe et al., 2014; Seto and Yamaguchi, 2014). And another SL-like molecule, called 
heliolactone (Figure 1), was isolated from the root exudate of sunflower (Table 1) (Ueno 
et al., 2014). A non-canonical SL, zealactone (called methyl zealactonoate by Xie et al., 
(2017)) (Figure 1), was isolated from maize root exudate (Table 1) and was shown to 
stimulate S. hermonthica germination (Charnikhova et al., 2017). Another non-canonical 
SL, avenaol (Figure 1), was isolated from the root exudate of black oats (Avena strigosa 

Schreb.) (Table 1) (Kim et al., 2014). Avenaol is a potent stimulant for Phelipanche 
ramose seeds but has only a weak effect on the germination of S. hermonthica and O. 
minor (Kim et al., 2014). 

Figure 1. The structures of strigolactones. The top row shows examples of strigol-type SLs; the middle 
two rows show examples of orobanchol-type SLs and the bottom row shows examples of non-canonical 
SLs. Both strigol and orobanchol-type SLs are canonical SLs. 

So far, all plant species examined have shown to exude mixtures of several SLs. Different 
species have different SL profiles and sometimes the profile differs between different 
cultivars within the same species. Furthermore the amounts and ratios of SLs may vary 
during the growth conditions and developmental stages (Yoneyama et al., 2009). 



 

 

 T
ab

le
 1

. T
h

e 
d

is
tr

ib
u

ti
on

 o
f 

st
ri

go
la

ct
on

es
 in

 d
if

fe
re

n
t 

p
la

n
t 

sp
ec

ie
s 

 

S
tr

ig
ol

ac
to

n
es

 
P

la
n

t 
sp

ec
ie

s 

A
ra

b
id

op
si

s2  
T

om
at

o 
R

ic
e 

T
ob

ac
co

 
S

or
gh

u
m

 
M

ai
ze

 
P

et
u

n
ia

3  
P

ea
 

O
at

s 
S

u
n

fl
ow

er
 

Po
pu

lu
s 

C
ot

to
n

 

C
an

on
ic

al
 

S
L

s 

O
ro

b
an

ch
ol

- 
   ty

p
e 

S
L

s 

4-
D

eo
xy

or
ob

an
ch

ol
 

 
 

√ 
√ 

 
 

 
√ 

 
 

√ 
 

O
ro

b
an

ch
ol

 
√ 

√ 
√ 

√ 
√ 

 
√ 

√ 
 

 
 

 
O

ro
b

an
ch

yl
 a

ce
ta

te
 

√ 
√ 

√ 
√ 

 
 

√ 
√ 

 
 

 
 

7-
O

xo
or

ob
an

ch
ol

 
 

√ 
 

 
 

 
 

 
 

 
 

 
7-

O
xo

or
ob

an
ch

yl
 

ac
et

at
e 

 
 

√ 
 

 
 

√ 
 

 
 

 
 

7- H
yd

ro
xy

or
ob

an
ch

ol
 

 
√ 

 
 

 
 

 
 

 
 

 
 

7- H
yd

ro
xy

or
ob

an
ch

yl
 

ac
et

at
e 

 
 

 
 

 
 

√ 
 

 
 

 
 

F
ab

ac
ol

 
 

 
 

 
 

 
 

√ 
 

 
 

 
F

ab
ac

yl
 a

ce
ta

te
 

 
 

 
 

 
 

 
√ 

 
 

 
 

S
ol

an
ac

ol
 

 
√ 

 
√ 

 
 

 
 

 
 

 
 

S
ol

an
ac

yl
 a

ce
ta

te
 

 
 

 
√ 

 
 

 
 

 
 

 
 

D
id

eh
yd

ro
-

or
ob

an
ch

ol
 is

om
er

s 
(t

en
ta

ti
ve

)1  
 

√ 
 

√ 
 

 
 

 
 

 
 

 

   S
tr

ig
ol

-t
yp

e 
 

  S
L

s 

5-
D

eo
xy

st
ri

go
l 

√ 
 

 
√ 

√ 
√ 

 
 

 
 

 
 

4-
H

yd
ro

xy
-5

-
d

eo
xy

st
ri

go
l 

 
 

 
√ 

 
 

 
 

 
 

 
 

4-
A

ce
to

xy
-5

-
d

eo
xy

st
ri

go
l 

 
 

 
√ 

 
 

 
 

 
 

 
 

S
or

go
m

ol
 

 
 

 
 

√ 
√ 

 
 

 
 

 
 

S
tr

ig
ol

 
 

 
 

 
√ 

√ 
 

 
 

 
 

√ 

S
or

go
la

ct
on

e 
 

 
 

 
√ 

 
 

 
 

 
 

 
S

tr
ig

yl
 a

ce
ta

te
 

 
 

 
 

 
 

 
 

 
 

 
√ 

D
id

eh
yd

ro
-

or
ob

an
ch

ol
 is

om
er

s 
(t

en
ta

ti
ve

)1  
 

√ 
 

√ 
 

 
 

 
 

 
 

 

N
on

-c
an

on
ic

al
 S

L
s 

C
L

A
 

√ 
 

 
 

 
 

 
 

 
√ 

√ 
 

M
eC

L
A

 
√ 

 
 

 
 

 
 

 
 

 
√ 

 
A

ve
n

ao
l 

 
 

 
 

 
 

 
 

√ 
 

 
 

H
el

io
la

ct
on

e 
 

 
 

 
 

 
 

 
 

√ 
 

 
Z

ea
la

ct
on

es
 

 
 

 
 

 
√ 

 
 

 
 

 
 

M
et

h
ox

y-
5-

d
eo

xy
st

ri
go

l 
is

om
er

s 
(t

en
ta

ti
ve

)1  
 

 
√ 

 
 

 
 

 
 

 
 

 



 

 

    1 S
tr

uc
tu

re
s 

ar
e 

un
id

en
ti

fi
ed

; c
la

ss
if

ic
at

io
n 

ar
e 

te
nt

at
iv

e.
 

2 O
ro

ba
nc

ho
l, 

or
ob

an
ch

yl
 a

ce
ta

te
 a

nd
 5

-d
eo

xy
st

ri
go

l 
ha

ve
 b

ee
n 

re
po

rt
ed

 in
 th

e 
ro

ot
 e

xu
da

te
 o

f 
A

ra
bi

do
ps

is
 (

K
oh

le
n 

et
 a

l.,
 2

01
0)

, b
ut

 i
t 

ha
s 

no
t 

be
en

 
co

nf
ir

m
ed

 b
y 

ot
he

rs
. 

3 O
ro

ba
nc

hy
l a

ce
ta

te
, 7

-o
xo

or
ob

an
ch

yl
 a

ce
ta

te
 a

nd
 7

-h
yd

ro
xy

or
ob

an
ch

yl
 a

ce
ta

te
 h

av
e 

be
en

 r
ep

or
te

d 
in

 p
et

un
ia

 (
Y

on
ey

am
a 

et
 a

l.,
 2

01
1)

 b
ut

 it
 h

as
 n

ot
 

be
en

 c
on

fi
rm

ed
 b

y 
ot

he
rs

. 



CHAPTER 2 

 

33 

 

Strigolactones are not only germination stimulants 
An intriguing question that emerged upon the discovery of strigol was why plants would 
secrete SLs if these compounds would only have a negative consequence for the host. It 
took 50 years, until 2005, to answer that question, when Kohki Akiyama reported that SLs 
induce hyphal branching in Arbuscular Mycorrhizal (AM) fungi and hence promote the 
symbiosis of plants with these fungi (Akiyama et al., 2005). AM fungi can engage in a 
symbiotic interaction with the majority of land plants and supply water and nutrients, 
particularly phosphate, which they efficiently obtain from the soil, to the plants, in return 
for photo-assimilates. This symbiotic relationship is postulated to be more than 460 
million years old dating back to when plants moved from water to land. The important 
role that these fungi play in the acquisition of phosphate (and to a lesser extent nitrogen) 
from the soil explains why phosphate starvation (and to a lesser extent nitrogen) so 
markedly elevate(s) the SL level in the root exudates of many plant species (Yoneyama 
et al., 2007a; Yoneyama et al., 2007b; López‐Ráez et al., 2008; Umehara et al., 2008a; 
Yoneyama et al., 2008; Jamil et al., 2011b). 

Three years after the discovery of the role of SLs in symbiosis, another role for these 
molecules was discovered. The production of SLs was significantly reduced in a series of 
mutants with highly branched/tillering phenotype, which demonstrated that SLs act as a 
new plant hormone that regulates the above-ground plant architecture (Gomez-Roldan et 
al., 2008a; Umehara et al., 2008a). The upregulation of SL production under conditions 
of limited phosphate availability mentioned above, was later shown to also be key in the 
reduction of branching/tillering of plants under low phosphate conditions (Kohlen et al., 
2010; Umehara et al., 2010). Further studies discovered that SLs also regulate other 
aspects of plant development including root architecture, secondary stem growth and leaf 
senescence (Ruyter-Spira et al., 2011; Kapulnik and Koltai, 2014b; Yamada et al., 2014; 
Sun et al., 2015). 

Strigolactone biosynthesis 
The naturally occurring SLs can be divided into strigol- and orobanchol-type SLs, which 
only differ in the stereochemistry of the C-ring ((3aR,8bS) in strigol and (3aS,8bR) in 
orobanchol) while the D ring is always R configured (Figure 1 and Figure 2). Together 
these two types of SLs have been coined “canonical strigolactones” because they exhibit 
the A-, B-, C- and D-rings that originally were used to define the SLs (Butler, 1995). It 
logically appears that the strigol-type SLs are derived from 5-deoxystrigol (5-DS), so far 
there is no direct biosynthetic evidence for this even though it has been reported that 5DS 
is bioconverted to sorgomol by sorghum (Motonami et al., 2013) (Figure 2), while 
orobanchol-type SLs are derived from 4-deoxyorobanchol (Zhang et al., 2014a) (Figure 
2). In contrast, there are also SL-like compounds that do not have the canonical A-, B- 
and/or C-part and are therefore coined “non-canonical SLs” (Figure 2). However, in all 
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cases, the butenolide (D-ring) is connected to the rest of the molecule through an enol 
ether bridge (Alder et al., 2012) (Figure 1 and 2). In our view, it would be better to revise 
the definition of a SL to “a carotenoid derived molecule with a butenolide D-ring” such 
that it includes both the canonical as well as the non-canonical SLs. In canonical SLs, the 
AB-rings can be modified by demethylation, hydroxylation, epoxidation, acetoxylation 
and ketolation (Bhattacharya et al., 2009; Al-Babili and Bouwmeester, 2015a). Together 
all these reactions give rise to the structural diversification we see in the canonical SLs 
(Figure 1 and Figure 2). 

Figure 2. Strigolactone biosynthesis. The elucidated core pathway producing the ubiquitous precusror, 
carlactone, is shown in black. The putative biosynthesis of strigol-type canonical strigolactones is shown 
in blue, the biosynthesis of non-canonical strigolactones is shown in red, and the biosynthesis of 
orobanchol-type strigolactones is shown in green. 

Plants often produce a blend of different SLs (Table 1). Both canonical and non-canonical 
SLs are produced in some plants like Arabidopsis (Kohlen et al., 2010; Abe et al., 2014), 
maize (Awad et al., 2006; Yoneyama et al., 2015; Charnikhova et al., 2017) and populus 
(Xie, 2016) (Table 1). Some species, like tomato, petunia, pea and populus, only have the 
orobanchol-type SLs (Table 1) and some species like tobacco (Xie et al., 2007) and 
sorghum (Hauck et al., 1992; Siame et al., 1993; Mohemed et al., 2016; Gobena et al., 
2017) produce both types of canonical SLs (Table 1). The SL blend can be quite complex. 
Tomato root exudate, for example, contains orobanchol, solanacol, hydroxyorobanchol, 
oxoorobanchol, orobanchyl acetate and didehydro-orobanchol isomers (Table 1) (Kohlen 
et al., 2013). Also tobacco has a complex SL composition, not only consisting of various 
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SLs but also with both types: orobanchol-type SLs such as 4-deoxyorobanchol (4DO), 
orobanchol, orobanchyl acetate, solanacol and solanacyl acetate and strigol-type SLs such 
as 5DS, 4α-hydroxy-5DS and 4α-acetoxy-5DS (Table 1) (Xie et al., 2007; Xie et al., 2013). 

The elucidation of SL biosynthesis started with the discovery that root exudates of 
carotenoid biosynthesis mutants in maize and of wild-type maize seedlings treated with 
the carotenoid biosynthesis inhibitor fluridone, induced lower germination of Striga 
(Matusova et al., 2005), which suggested that the SLs are derived from a carotenoid. The 
large structural diversity in the SLs suggests the involvement of many genes in their 
biosynthesis. Nevertheless, just a handful of SL biosynthetic genes have been identified, 
mostly using genetics, particularly from the core SL pathway (Table 2). Mutants with a 
highly branched phenotype in Arabidopsis showed that MORE AXILLARY GROWTH 1 
(MAX1), MORE AXILLARY GROWTH 3 (MAX3) and MORE AXILLARY GROWTH 4 
(MAX4) are essential for the biosynthesis of a shoot branching inhibition signal (Booker 
et al., 2004; Booker et al., 2005; Gomez-Roldan et al., 2008a; Umehara et al., 2008a). 
The orthologs of MAX3 and MAX4 are also characterized in other species, like rice: 
DWARF17 (D17) (Zou et al., 2006) and DWARF10 (D10) (Arite et al., 2007), pea: 
RAMOSOUS 5 (RMS5) (Johnson et al., 2006) and RAMOSOUS 1 (RMS1) (Sorefan et al., 
2003) and petunia: DECREASED APICAL DOMINANCE 3 (DAD3) (Drummond et al., 
2009b) and DECREASED APICAL DOMINANCE 1 (DAD1) (Snowden et al., 2005). 
MAX3 and MAX4 encode CAROTENOID CLEAVAGE DIOXYGENASEs 7 and 8 
(CCD7 and CCD8), respectively. Consistent with the postulated carotenoid origin of the 
SLs it was shown in pea and rice that these two CCDs are required to produce SLs and 
the shoot branching inhibiting signal, which may be a SL, a SL precursor or a compound 
derived from any of these (Gomez-Roldan et al., 2008; Umehara et al., 2008). As a third 
enzyme required for SL biosynthesis DWARF 27 (D27) was identified, an iron-containing 
protein with at that time unknown catalytic function (Lin et al., 2009b). Later it was shown 
that D27, an all-trans/9-cis-β-carotene isomerase catalyzes the first dedicated step in SL 
biosynthesis by forming the substrate for the next enzyme in the pathway, CCD7 (Alder 
et al., 2012). In land plants, there is evidence for the presence of other D27-like proteins 
(Waters et al., 2012). For example, in the Arabidopsis genome there are three genes 
encoding proteins that show superficial similarity to the rice D27. To date, all CCD7 genes 
identified are single copy (Vallabhaneni et al., 2010). In contrast, CCD8 has 4, 2 and 6 
copies in rice, maize and sorghum, respectively. These copies of CCD8 are divided into 
group CCD8a and group CCD8b based on their separate clustering in a phylogenetic tree. 
Intriguingly, CCD8b is not present in Arabidopsis. CCD8a was shown to convert 10′-apo-
β-carotenal into 13′-apo-β-carotenal. The enzymatic role of the CCD8b group remains 
elusive.
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Together, D27, CCD7 and CCD8 form the core pathway of SL biosynthesis which results 
in the formation of carlactone (CL) (Alder et al., 2012). By now it seems that CL is the 
common intermediate in the biosynthesis of all SLs discovered so far (Al-Babili and 
Bouwmeester 2015a; Charnikhova et al., 2017). Alder et al. (Alder et al., 2012) also 
speculated that MAX1 would catalyze the next step in the pathway, that is the oxidation 
of CL, to a next at that time unknown pathway intermediate. Indeed, it was demonstrated 
that in rice, one MAX1 homolog, CL oxidase (Os900), catalyses B-C ring closure and 
stereoselective conversion of CL into 4DO (Zhang et al., 2014a) (Figure 2). Subsequently, 
another MAX1 homolog, 4DO hydroxylase (Os1400) catalyzes the hydroxylation of 4DO 
to orobanchol (Figure 2). Orobanchol seems to be a central intermediate in SL 
biosynthesis and it has been postulated that further modification of orobanchol can result 
in the formation of fabacol (Figure 2) (Xie et al., 2009), orobanchyl acetate (Figure 2) 
(Ueno et al., 2011b), solanacol (Figure 2) (Chen et al., 2010) and so on (Figure 2). In the 
parallel biosynthetic pathway of the strigol-type SLs, 5DS is postulated to be the precursor 
for strigol and other strigol-type SLs (Al-Babili and Bouwmeester, 2015a) such as 
sorgomol (Xie et al., 2008a) and strigol (Figure 2). These can be further modified into 
other strigol-type SLs, such as strigone (Kisugi et al., 2013) and strigyl acetate (Sato et 
al., 2005) from strigol, and sorgolactone (Xie et al., 2008a) from sorgomol (Figure 2). 

In Arabidopsis, MAX1 catalyzes quite a different reaction, the oxidation of CL to 
carlactonoic acid (CLA) (Abe et al., 2014). It was shown that CLA can be converted by 
an as yet unknown methyl transferase into the so-called SL-like1 or methyl carlactonoate 
(MeCLA) (Abe et al., 2014; Seto and Yamaguchi 2014). Later, studies showed that an 
oxoglutarate dependent dioxygenase, called LATERAL BRANCHING 
OXIDOREDUCTASE (LBO), facilitates additional processing, converting MeCLA into 
an unknown SL-like product (MeCLA + 16 Da) (Brewer et al., 2016) (Figure 2). Recently, 
in maize, it was proposed that MeCLA can be converted into zealactone (named methyl 
zealactonoate by Xie et al., (2017)) through hydroxylation of MeCLA at C3, further 
oxidation (to form heliolactone), double bond epoxidation and ring cleavage 
(Charnikhova et al., 2017) (Fig 2).. Heliolactone, a SL initially isolated from sunflower 
and closely related to zealactone (Ueno et al., 2014; Charnikhova et al., 2017) was  
previously also postulated to be derived from MeCLA (Ueno et al., 2014) (Figure 2). In 
conclusion, although a number of enzymatic steps after CL have now been elucidated our 
knowledge of how the large structural diversification in the canonical and non-canonical 
SLs arises is still very limited. 

What evolutionary pressure has caused the structural diversity 
in the strigolactones? 
The evolutionary mechanisms underlying the production of so many different SLs are 
unknown, but it is likely that the multiple roles of SLs as a signaling molecule in 
rhizosphere communication and as endogenous plant hormones, have contributed to the 
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diversification. For many plant species, the root parasitic plants – which take water, 
assimilates and nutrients from their host – are disastrous enemies that should be avoided. 
AM fungi, on the contrary, have a symbiotic interaction with the majority of land plant 
species, which is beneficial. When plants are exposed to phosphate shortage, they produce 
and release more SLs into the rhizosphere to stimulate hyphal branching and thus root 
colonization by the AM fungi that will subsequently help the plant to obtain water and 
nutrients from the soil. On the one hand, there is a selective pressure for exudation of high 
amounts of biologically active SLs to effectively induce this hyphal branching in the AM 
fungi. On the other hand, however, to reduce infection by root parasitic plants, there is a 
selection pressure to produce SLs that are not or less active with regard to the parasitic 
plant seed germination inducing activity. Involvement of SLs in additional benign or 
noxious signaling relations in the rhizosphere - for which indications are available in the 
literature (Schlemper et al., 2017) – may further contribute to this selection pressure on 
the creation of biological specificity through structural changes. 

Changes in structure require concomitant changes also in the receptors of these signals. 
For the role as plant hormone this may be less of an issue as plants could selectively 
transport SLs to the rhizosphere, independently from the transport to the shoot. This would 
separate the internal need for SLs to regulate development from the high risk of releasing 
them into the rhizosphere, which can potentially attract enemies, and/or from unnecessary 
secretion when the plant is already colonized by AM fungi.  

From an evolutionary viewpoint, it is beneficial for a host plant to produce a SL with low 
parasitic plant germination stimulatory activity, but with high AM fungi hyphal branching 
stimulatory activity. Recently, an example of this was reported in sorghum. Mutant alleles 
at the LGS1 (LOW GERMINATION STIMULANT 1) locus result in reduced 5DS and 
enhanced orobanchol levels in sorghum root exudate which drastically reduces Striga 
germination stimulant activity but does not negatively affect AM fungi colonization 
(Gobena et al., 2017). On the other hand, in the parasitic plants there is a strong selection 
pressure to adapt their perception to the changes in the structure of the signaling molecule. 
The enormous amounts of seeds produced by these parasitic plants form a perfect 
reservoir for genetic variation and a rapid expansion of a certain genotype. This 
antagonistic co-evolution of host and parasites may function as a driver for structural 
diversification in the SLs of the host plant species. 

Biological relevance of structural diversity  
The above speculation about the driving force of structural diversification in the SLs only 
makes sense if there are indications for a biological relevance of this process. There are 
sufficient indications that there is biological specificity for these structural variants in the 
processes they control. Some SLs have a high activity in one biological process but much 
lower in another and vice versa. Indeed, there are large differences in the efficiency of 
different SLs to induce hyphal branching in the AM fungus Gigaspora margarita (Figure 
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3). For example, orobanchol and 4α-hydroxy-5DS will induce hyphal branching at only 1 
pg per disc, making them effective inducers of hyphal branching in this AM fungus, while 
strigol and sorgomol are relatively weak inducers with a minimum required amount  

Figure 3. The biological activity of different strigolactones. SLs are5-deoxystrigol (5DS) (a), 2’-epi-
5DS (b), orobanchol (c), 4α-hydroxy-5DS (d), strigol (e), sorgomol (f), orobanchyl acetate (g), 4α-
acetoxy-5DS (h), 7-oxoorobanchyl acetate (i) and strigyl acetate (j), respectively. The black columns 
represent the minimum effective concentration (MEC) of SLs for hyphal branching-inducing activity 
in Gigaspora margarita (Akiyama et al., 2010); the dark grey columns represent germination-
stimulating activity of the strigolactones on Orobanche minor seeds (Kim et al., 2010); the light grey 
columns represent the germination-stimulating activity of the strigolactones on Striga hermonthica seeds 
(Ueno et al., 2011a); the white columns represent the node 4 bud outgrowth inhibition activity of the 
strigolactones in garden pea (Pisum sativum) (Boyer et al., 2012a); the concentration of the stigolactones 
used in Orobanche, Striga and bud outgrowth assays are 10 pM, 0.1 µM and 100 nM, respectively . The 
names of the SLs given above represent the revised stereochemistry (Xie et al., 2013; Zwanenburg and 
Pospíšil, 2013; Ćavar et al., 2015). In Akiyama et al., (2010) a, b, c, d, e, f, g and i are named (+)-
5DS, (+)-2′-epi-5DS, (+)-orobanchol, (+)-2′-epi-orobanchol, (+)-strigol, (+)-sorgomol, (+)-orobanchyl 
acetate, (+)-7-oxoorobanchyl acetate, respectively. In Ueno et al., (2011a), d and h are called orobanchol 
and orobanchyl acetate, respectively. In Kim et al., (2010), c and d are called 2′-epi-orobanchol and 
orobanchol, respectively. 
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of 100 pg per disc (Akiyama et al., 2010). Parasitic plant species also vary considerably 
in their germination responses to different host root exudates and SLs (Fernández-
Aparicio et al., 2009; Fernández-Aparicio et al., 2010). In O. minor, for example, 10 pM 
4α -hydroxy-5DS and orobanchol induce 80% and 86% germination, respectively (Kim 
et al., 2010) (Figure 3), while in the same concentration strigol only induces 24% 
germination. In S. hermonthica, 0.1 μM 5DS induced 50.9% germination, while 4α-
hydroxy-5DS and 4α-acetoxy-5DS in the same concentration only induced 26.5 and 10.9% 
germination, respectively (Ueno et al., 2011a) (Figure 3). Intriguingly, this shows that the 
same SL displays quite different germination inducing activity in different parasitic plants. 
4α-Hydroxy-5DS is a low inducer of germination in Striga but a high inducer of 
germination in Orobanche seeds. Orobanchol and 4α-hydroxy-5DS are also strong 
inducers of hyphal branching in the AM fungus, G. margarita (Figure 3). That this is 
relevant in the field is clear from the study on sorghum described above, where a 
difference in the SL profile between genotypes results in Striga resistance without 
negatively affecting AM colonization (Gobena et al., 2017). Also in the inhibition of shoot 
branching different SLs exhibit different activities. According to a study by Boyer et al., 
(2012a), orobanchyl acetate and 5DS are relatively active in inhibiting shoot branching, 
while strigol and orobanchol showed less activity. From the above we can conclude that 
different biological processes often have a different SL specificity.  

The perception of strigolactones 
The different specificities for different SLs in different biological processes such as plant 
development, hyphal branching of AM fungi and germination of parasitic plants, suggests 
that the receptor involved in the recognition of the SLs is highly specific. It has indeed 
been demonstrated that the effect of SLs on plant development and germination of 
parasitic plants proceeds via a receptor-mediated mechanism; and it is – considering the 
extremely low concentrations of SLs that the AM fungi respond to - likely that this also 
holds for the AM fungi although there is no direct proof for that yet (Akiyama et al., 2010; 
Hamiaux et al., 2012; Seto and Yamaguchi, 2014; Toh et al., 2015; Yao et al., 2017).  

Similar with other plant hormones, SL signal transduction is based on hormone-activated 
proteolysis (Morffy et al., 2016). In this mechanism, the F-box component, first 
discovered in Arabidopsis and coined MAX2 (see Table 2 for orthologs in other species), 
of the SCF (Skp1–Cullin–F-box) complex targets a specific protein for the 
polyubiquitination and degradation by the 26S proteasome (Yan et al., 2013; Seto and 
Yamaguchi, 2014; Yao et al., 2016; Li et al., 2017). The perception of the SLs occurs 
through the α/β-hydrolase fold superfamily protein D14, first identified in rice (orthologs 
in other species see Table 2) (Hamiaux et al., 2012; Nakamura et al., 2013b; Zhao et al., 
2013; Al-Babili and Bouwmeester 2015a; de Saint Germain et al., 2016; Flematti et al., 
2016; Waters et al., 2017). D14 functions as both an enzyme and a receptor (Snowden 
and Janssen, 2016; Yao et al., 2016). It has a conserved catalytic triad (Ser-His-Asp) 
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which is required for the hydrolysis of the SL ligand and its signaling function (Al-Babili 
and Bouwmeester 2015a; Waters et al., 2017). A conformational change in D14 upon 
binding and hydrolysis of the SL ligand allows recruitment of MAX2, which can then 
target proteins for proteasomal degradation (Al-Babili and Bouwmeester 2015a; Flematti 
et al., 2016; Waters et al., 2017). Target proteins are D53 that was first identified in rice 
(Jiang et al., 2013; Zhou et al., 2013)and SMXL6/7/8 (identified as proteolytic targets of 
SL signaling in Arabidopsis (Wang et al., 2015) for orthologs in other species see Table 
2 (Hamiaux et al., 2012; Soundappan et al., 2015). As a result, D53 /SMXLs are 
ubiquitinated and degraded; at the same time the receptor D14 is degraded and the SL 
ligand hydrolysed (Jiang et al., 2013; Wang et al., 2015; Yao et al., 2016; Yao et al., 
2018). Upon the degradation of D53 and the SMXLs that are repressors of SL signaling 
(Wang et al., 2015; Waters et al., 2017), expression of the initially repressed genes is 
activated, which results in the physiological changes incurred by the SLs.  

Also parasitic plant species such as S. hermonthica and P. aegyptiaca express a seemingly 
functional D14, the SL receptor (Das et al., 2015; Yanxia Zhang, Carolien Ruyter-Spira, 
Harro Bouwmeester et al., in prep), and MAX2 (Liu et al., 2014). Intriguingly, however, 
the perception of SLs in the seeds of these parasitic plants proceeds differently from that 
in all other higher plants. Just as the other higher plants, parasitic plants, such as S. 
hermonthica and P. aegyptiaca, have a KAI2 (KARIKIN INSENSITIVE 2) or 
HYPOSENSITIVE TO LIGHT (HTL) which is a paralogue of D14 and was discovered 
in a mutant screen for the induction of germination of Arabidopsis by karrikin (KAR) 
(Nelson et al., 2011). KARs are a class of molecules produced by burning vegetation that 
stimulate the germination of seeds of species pioneering after a fire has destroyed the 
vegetation (Flematti et al., 2009; Nelson et al., 2012) and structurally display some 
resemblance with the SLs (Flematti et al., 2004). Just as D14, KAI2 requires the presence 
of MAX2, in order to be functional. Surprisingly, S. hermonthica and P. aegyptiaca 
contain a whole family of KAI2-like proteins, HTLs/KAI2s of which a subclass (class 
KAI2d) have evolved to bind SLs as their ligand rather than KARs (Tsuchiya et al., 2015). 
With a series of elegant experiments they – and not the normal SL receptor D14 - were 
proven to be responsible for the SL-induced seed germination in parasitic plants (Conn et 
al., 2015; Tsuchiya et al., 2015; Flematti et al., 2016). There are 11 HTL/KAI2 homologs 
in S. hermonthica. Using chemical and structural biology, these 11 receptors were 
clustered into groups with different chemical responsiveness (Conn et al., 2015). The class 
KAI2d that includes ShHTL4 to ShHTL9 is most sensitive to a number of natural SLs. 
ShHTL7 responds to picomolar concentrations of 5DS, 4DO and sorgolactone, but 
responded to strigol in the nanomolar range (Toh et al., 2015). The crystal structure of 
this highly sensitive SL receptor revealed a larger binding pocket than that of the original 
KAI2 receptor (Toh et al., 2015; Yao et al., 2017). ShHTLs seem to have evolved 
differential SL-binding affinities through modulation of their active site architecture (Yao 
et al., 2017). Striga receptors with this larger and modified active site architecture had 
higher sensitivities to SLs compared with that of Arabidopsis HTL and these evolutionary 
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changes seem to explain their increased SL sensitivity (Toh et al., 2015). Except ShHTL7, 
the other class KAI2d ShHTLs are differentially sensitive to different SLs (Toh et al., 
2015). That is to say, the different receptors of the Striga parasitic plants have different 
specificity to different SLs. 

For unknown reasons, different host plant species produce different blends of SLs, which 
are characteristic for that plant species. From an evolutionary point of view, it could be 
that these plant species evolved new SLs that induce less germination in the seeds of the 
parasitic plants. However, the SL receptors in parasitic plants, the HTLs, appear to have 
evolved rapidly, possibly allowing the parasites to again recognize the new SLs to 
continue parasitism of that host. Thus, it seems that the diversity in the receptors in the 
parasites is a result of the antagonistic co-evolution of the host plants producing new SLs 
and of the parasites to adapt their receptor to new structural SLs. 

As there seems to be no easily recognizable D14/KAI2 receptor in AM fungi, the 
discovery of the SL receptor in the AM fungi remains a challenge. Genome and 
transcriptome sequencing approaches in symbiotic AM fungi will be crucial to assist in 
the elucidation of their SL perception mechanism. From the biological activity of SLs on 
AM fungal hyphal branching, we know that different SLs exhibit differences in their 
stimulating effect. That implies that also AM fungi exhibit SL specificity and thus that 
there must be a specific receptor. This could also imply that there is host specificity in 
AM fungi, based on differences in the SL profile, although so far there is no evidence for 
this. If host specificity does exist, this could help the elucidation of the perception 
mechanisms of the SLs in AM fungi just as it did in the parasitic plants. The presence of 
multiple copies of the elusive AM fungi SL receptor would provide additional evidence 
for co-evolution of structural diversity in the SLs and specificity in the corresponding 
receptors in friends and enemies. 

Perspectives 
In vitro assays have begun to shed light on the relevance of the structural diversity in the 
SLs and in a number of cases its importance was also demonstrated in planta (Gobena et 
al., 2017). However, for a rigorous evaluation of the biological importance of the different 
SLs, we need to be able to do in planta studies with genotypes differing only in the SL 
blend that they produce. Mutants and transgenic lines with deletions of single or multiple 
enzymes will be the material of choice to use in such studies. However, until now only 
the core SL biosynthetic pathway is known and most of the enzymes responsible for the 
structural diversification of the SLs are still unknown. Elucidating those unknown 
diversification enzymes by forward genetics approaches will be challenging, as mutations 
in those enzymes likely only have weak phenotypes owing to functional redundancy of 
the different SLs. Transcriptomics and reverse genetics could be an alternative option to 
fully elucidate the biosynthetic pathway of the SLs. The discovery of LBO in Arabidopsis 
is an example of this approach (Brewer et al., 2016). With new genes in hand, using 
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TILLING or genetic modification, we can change the composition of the SLs in planta 
and study the biological consequences, such as changes in the recruitment of AM fungi or 
the infection with parasitic plants. It will also be exciting to use those modified plant to 
study the rhizosphere microbiome, which could lead to the discovery of new relationships 
between SLs and other micro-organisms. 

Elucidation of the role of the HTL receptors in the generation of host-specific races of 
root parasitic species, and if and how the expression of these receptors are regulated would 
increase our understanding of how parasites rapidly evolve new host specificities and 
become virulent agricultural weeds. A better understanding of how host specificity is 
mediated by SLs and their receptors are regulated, would also help to develop selective 
herbicides for parasitic weeds such as SL analogs and antagonists that highly specifically 
trigger or inhibit, respectively, the germination of parasitic plant seeds (Johnson et al., 
1976; Babiker and Hamdoun, 1982; Kgosi et al., 2012; Holbrook-Smith et al., 2016; 
Lumbroso et al., 2016; Samejima et al., 2016; Zwanenburg et al., 2016). The use of such 
analogs will help to eliminate the seeds from the field and reduce parasitic plant infestation. 
Engineering the SL profile of crop plants can also be an attractive target for breeders who 
want to breed parasitic plant resistant varieties of crops. This could possibly be achieved 
using existing natural variation (such as was done in sorghum (Gobena et al., 2017)), 
through the selection of mutants in target genes using TILLING or through the use of 
genetic modification. Since there is a potential possibility that the parasites will adapt to 
recognize the new structural SLs of resistant varieties, farmers and breeders need to take 
measures to prevent that by stacking several resistance mechanisms and/or cultural 
measures. 

Finally, in the future, more and more new SLs will be identified, further complicating the 
elucidation of the complete picture of the biological relevance of the structural diversity 
in the SLs. The elucidation of the biosynthesis of this diversity, the possibility to modify 
it and a rigorous understanding of the perception in the host as well as in other organisms 
should help us understand how plants and their partners try to balance the positive and 
negative effects of their chemical communication. 
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Summary  
Strigolactones (SLs) are rhizosphere signaling molecules exuded by plants that induce 
seed germination of root parasitic weeds and hyphal branching of arbuscular mycorrhiza. 
They are also phytohormones regulating plant architecture. MORE AXILLARY GROWTH 
1 (MAX1) and its homologs encode cytochrome P450 (CYP) enzymes that catalyse the 
conversion of the strigolactone precursor carlactone to canonical strigolactones in rice, 
and to a SL-like compound in Arabidopsis. Here we characterized the tomato (Solanum 
lycopersicum) MAX1 homolog, SlMAX1. Targeting Induced Local Lesions in Genomes 
(TILLING) was used to obtain Slmax1 mutants that exhibit strongly reduced production 
of orobanchol, solanacol and didehydro-orobanchol (DDH) isomers. This results in a 
severe strigolactone mutant phenotype in vegetative and reproductive development. 
Transient expression of SlMAX1 - together with SlD27, SlCCD7 and SlCCD8 - in N. 
benthamiana showed that SlMAX1 catalyses the formation of carlactonoic acid from 
carlactone. Plant feeding assays showed that carlactone, but not 4-deoxy-orobanchol, is 
the precursor of orobanchol, which in turn is the precursor of solanacol and two of the 
three DDH isomers. Inhibitor studies suggest that a 2-oxoglutarate-dependent 
dioxygenase is involved in orobanchol biosynthesis from carlactone and that the 
formation of solanacol and didehydro-orobanchol isomers from orobanchol is catalyzed 
by CYPs. 

Key words  
Cytochrome P450 (CYP450), didehydro-orobanchol isomers, MORE AXILLARY 
GROWTH 1 (MAX1), orobanchol, solanacol, tomato strigolactones 
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Introduction 
Strigolactones (SLs) were originally discovered as rhizosphere signalling molecules 
secreted by plants into the soil that stimulate seed germination of root parasitic plants of 
the Orobanchaceae (Striga, Phelipanche and Orobanche genera) (Cook et al., 1966). 
Many years later they were demonstrated to promote hyphal branching of beneficial 
arbuscular mycorrhizal fungi (AMF) (Cook et al., 1966; Akiyama et al., 2005) and to 
represent a new class of phytohormones regulating plant architecture, including shoot 
branching and several other aspects of plant and root development (Gomez-Roldan et al., 
2008; Umehara et al., 2008; Ruyter-Spira et al., 2011; Kapulnik & Koltai, 2014; Sun et 
al., 2015). Interestingly, in and between plant species there is extensive variation in the 
decoration of the typical SL structure of which the backbone consists of a butenolide D-
ring attached to a tricyclic ABC-lactone ring. The SLs are distributed into two groups: the 
orobanchol and the strigol type SLs (Zwanenburg and Pospisil, 2013). More recently, non-
canonical SL-LIKE structures with a non-cyclized BC-ring were discovered in 
Arabidopsis and sunflower, methyl carlactonoate (MeCLA) and heliolactone (Abe et al., 
2014; Ueno et al., 2014). The different SL and SL-LIKE molecules may all display 
different activities with regard to the stimulation of parasitic plant seed germination, AMF 
hyphal branching or the inhibition of plant axillary bud outgrowth (Akiyama et al., 2010; 
Boyer et al., 2012; Nomura et al., 2013; Zwanenburg & Pospisil, 2013). However, to 
better understand the biological significance of all the different SLs, manipulation of their 
content would be desirable, for which knowledge of their biosynthetic pathway is required.  

The biosynthesis of SLs has been partially unraveled, with the identification of a number 
of enzymes that were characterized in several plant species. More than a decade ago, 
genetics studies in Arabidopsis showed that MORE AXILLARY GROWTH 1 (MAX1), 
MORE AXILLARY GROWTH 3 (MAX3) and MORE AXILLARY GROWTH 4 (MAX4) are 
required for the biosynthesis of a shoot branching inhibiting signal which was later shown 
to be SL (Stirnberg et al., 2002; Sorefan et al., 2003; Booker et al., 2004; Booker et al., 
2005; Gomez-Roldan et al., 2008; Umehara et al., 2008). The homologs of MAX3 and 
MAX4 were characterized also in rice (DWARF 17 and DWARF 10), pea (RAMOSUS 5 
and RAMOSUS 1) and petunia (DECREASED APICAL DOMINANCE 3 and 
DECREASED APICAL DOMINANCE 1) (Morris et al., 2001; Sorefan et al., 2003; Zou 
et al., 2006; Arite et al., 2007; Simons et al., 2007; Drummond et al., 2009). MAX3 and 
MAX4 are encoding two CAROTENOID CLEAVAGE DIOXYGENASEs 7 and 8 
(CCD7 and CCD8), respectively. Together with a β-carotene isomerase, encoded by 
DWARF 27 (D27), these three enzymes catalyse the conversion of β-carotene to the C19 
SL precursor, carlactone (CL) (Lin et al., 2009; Alder et al., 2012). Recent studies showed 
that CL can be oxidized by MAX1 homologs from Arabidopsis (AtMAX1) and rice 
(Os900) to carlactonoic acid (CLA) and 4-deoxyorobanchol (4DO), respectively (Abe et 
al., 2014; Seto et al., 2014; Zhang et al., 2014). Intriguingly, MAX1 in monocots and 
certain dicot species usually occurs in multiple copies (Challis et al., 2013). For example, 
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there are five MAX1s in rice with one of the most divergent members - Os1400 - encoding 
the orobanchol synthase catalysing orobanchol formation from 4DO (Zhang et al., 2014). 
The major function of other rice MAX1 homologs is not entirely clear, and they might be 
involved in the formation of the other SLs reported in rice or SL precursors (Jamil et al., 
2012; Abe et al., 2014; Seto et al., 2014; Zhang et al., 2014). In contrast, in many dicot 
species such as Arabidopsis, MAX1 exists as a single copy (Challis et al., 2013).  

In tomato (Solanum lycopersicum), there is also only one MAX1 homolog present 
(hereafter called SlMAX1) according to the public tomato genomic database (Sol 
Genomics Network: https://solgenomics.net/), but the enzymatic function of the enzyme 
encoded by SlMAX1 is uncharacterized. On the basis of the biochemical function of 
MAX1 in rice and Arabidopsis (Abe et al., 2014; Zhang et al., 2014), we hypothesized 
that SlMAX1 is required for the oxidation of the SL precursor CL. However, there are 
great differences between Arabidopsis and tomato in the reported SL or CL-derivative 
profiles (Abe et al., 2014). In tomato, many different SLs such as orobanchol, solanacol, 
several didehydro-orobanchol (DDH) isomers, orobanchyl acetate, 7-oxoorobanchol and 
7-hydroxyorobanchol were identified (Koltai et al., 2010; Vogel et al., 2010; Kohlen et 
al., 2012; Kohlen et al., 2013). The two basic SL pathway enzymes CCD7 and CCD8 
have been characterized in tomato (Vogel et al., 2010; Kohlen et al., 2012). However, the 
biochemical mechanism by which SL diversification in tomato is created remains elusive. 
In the present study, we use a tomato max1 mutant to show that SlMAX1 is required for 
the oxidation of CL to form orobanchol, likely via CLA. In addition, we provide evidence 
that one of the main didehydro-orobanchol isomers (DDH1) is a strigol-type SL - 
implying that there are both orobanchol-type and strigol-type SLs present in tomato - and 
that solanacol and one of the other predominant didehydro-orobanchol isomers (DDH2) 
are formed from orobanchol.  

Materials and Methods 
Plant growing conditions and treatments 

Targeting Induced Local Lesions in Genomes (TILLING) was carried out to obtain the 
mutant of SlMAX1 - Slmax1 as described by using ethyl methanesulfonate (EMS) 
mutagenesis (Kurowska et al., 2011). M2 seeds were used for screening of targeted point 
mutations in SlMAX1. A mutation carrying a G -> T mutation (at position +466 bp 
downstream of the transcription start site) in the tomato (Solanum lycopersicum) genomic 
sequences was selected. The mutation of SlMAX1 and homozygosity of Slmax1 mutants 
were confirmed by using the primers and probe in table S1. Two M3 Slmax1 homozygous 
plants 13539-02 and 13539-03 carrying this mutation were used for further study. 

For phenotype characterization of young seedlings, germinated wild-type and Slmax1 
seeds were grown in trays filled with vermiculite. After 10 days, photos were taken of the 
roots of these young seedlings to perform further image analysis of hypocotyl and root 
phenotypes. 
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To characterize the phenotype of adult plants, pre-germinated plants were transferred to 
pots containing a mixture of soil and vermiculite (2:1) and grown under 16/8h photoperiod 
at 25°C (60% humidity) in the greenhouse. After 10 weeks, number and length/diameter 
of nodes, shoot branches, flowers and fruits were scored and measured. 

To examine the SL levels, pre-germinated wild-type and Slmax1 seeds were grown on 
moistened vermiculites for one week under a 12h/12h photoperiod at 22°C. Young 
seedlings were then grown hydroponically for another week to get sufficient root 
development before they were moved to an X-stream 20 aeroponics system (Nutriculture, 
Lancashire, UK) in the greenhouse (16h/8h photoperiod, 25°C/22°C, 60% humidity). The 
plants were continuously supplied with ½ strength Hoagland solution for 18 days after 
which phosphorus (P) deficiency (by using 1/2 strength Hoagland solution without 
phosphorus) was applied to induce the production of SLs (Lopez-Raez et al., 2008). Root 
exudates of wild-type plants and the Slmax1 mutant were collected every day during 
phosphorus deficiency treatment. After 15 days of P-starvation, plant roots were harvested, 
frozen in liquid nitrogen and stored at -80°C for further analysis. Four plants were pooled 
as one biological replicate.  

For gene expression analysis, wild-type and Slmax1 tomato seeds were pre-germinated in 
darkness at 25°C for 4 days. Seedlings were transferred to rockwool or water-agar blocks 
in an Eppendorf vial from which the bottom was cut and grown in hydroponic trays 
supplied with 1/2 strength Hoagland solution under 16/8h photoperiod at 25°C in the 
greenhouse for 3 weeks followed by a one-week phosphorus deficiency treatment. During 
this treatment, roots and several other tissues were collected at different time intervals 
(day 3, day 5, and day 7) for further analysis.  

Biosynthetic intermediate feeding assays 

Biosynthetic intermediate feeding assays with 4DO, CL and orobanchol isomers 
(orobanchol and ent-2′-epi-orobanchol) were carried out on 18-day old plants according 
to a previously published protocol with modifications (Motonami et al., 2013). The plants 
were pre-grown in 1/2 strength Hoagland solution (under 16/8h photoperiod, 25°C, 60% 
humidity) for 14 days. Then they were grown in 100 ml tap water (to mimic the P-
starvation) supplemented with 1 µM fluridone (the inhibitor of phytoene desaturase, a 
key-step in carotenoid biosynthesis) (Matusova et al., 2005), which effectively inhibits 
SL biosynthesis. After 3 days, the plants were transferred to fresh tap water (containing 
again 1 µM fluridone) supplemented with the CL or SLs (at the required concentration). 
The plant root exudates (100 ml) were collected after 24h feeding and concentrated 
through a C18-fast column (Grace, 500 mg/3 ml). All substrate SLs, CL, 4DO and two 
orobanchol isomers (orobanchol and ent-2′-epi-orobanchol) were applied with the same 
concentrations (0.05 µM) separately to plants in the same developmental stage. Enzyme 
inhibitors, uniconazole-P and prohexadione, were applied at 50 µM. All chemicals and 
SLs with the exception of ucinazole-P were prepared in a master stock in acetone with the 
exception of uniconazole-P that was dissolved in DMSO, before they were diluted for the 
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treatment and the control plants were treated with an equal amount of acetone/DMSO. 
Three to five biological replicates were used for each treatment. Two plants were pooled 
as one biological replicate. 

Molecular cloning  

The cDNA sequences of SlD27, SlCCD7, SlCCD8 and SlMAX1 were obtained from SGN 
(Sol Genomics Network: https://solgenomics.net/) by using protein sequences of the 
Arabidopsis homologs as baits (tblastn) or from previously published reports (Table S2) 
(Kohlen et al., 2012). Primers were designed to clone the coding sequences of the genes 
from cDNA of tomato cultivar M82 (Table S3). Cloning for agro-infiltration was 
conducted as previously described into a pBIN19-plus binary vector (Zhang et al., 2014). 
Primers were designed with restriction sites included (Table S1). 

Gene expression analysis 

Total RNA was extracted using TriPure isolation reagent (Sigma) combined with a Qiagen 
RNeasy mini kit following the manufacture’s manual. For all samples 800 ng total RNA 
was used to synthesize cDNA using the iScript cDNA Synthesis kit (Bio-Rad). Real-time 
qPCR was performed with the CFX Connect Real-Time PCR Detection System (Bio-Rad) 
using primers as shown in Table S1. Tomato housekeeping genes were selected based on 
the stability as previously described (Dekkers et al., 2012). Relative expression of 
transcripts in different plant tissues was normalized to the average expression level of two 
housekeeping genes as listed in Table S1. To compare gene expression in wild-type and 
mutants/transgenic lines (Slmax1 or CCD8-RNAi line), the expression levels were 
normalized to the expression levels in the wild-type plants. 

Transient expression in Nicotiana benthamiana 

For transient expression, 4-week old Nicotinana benthamiana plants were used for agro-
infiltration. The preparation of the Agrobacterium (AGL0) strains (OD=0.5) was 
performed as previously described (Zhang et al., 2014). To compensate for differences in 
numbers of constructs per treatment, strains carrying empty vectors were used. The TBSV 
P19 gene was co-infiltrated to prevent gene silencing (Voinnet et al., 2003). The bacterial 
suspension was injected into the abaxial side of the leaf by using a 1 ml syringe without 
needle. After 6 days, the infiltrated leaves were harvested and frozen into liquid nitrogen 
and stored at -80°C until further analysis. Six biological replicates were used for each 
gene combination. 

SL extraction and measurement  

To analyze SL levels in the root exudates, the nutrient solution from aeroponically or 
hydroponically grown plants were concentrated using C18 columns (Grace, C18-
fast/5000mg) as previously described (Kohlen et al., 2012). CL and SLs were extracted 
from root tissue or N. benthamiana leaves and further analysed by MRM-LC-MS/MS as 
previously described (Lopez-Raez et al., 2011; Zhang et al., 2014). The mass 
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spectrometer was operated in positive electrospray ionization mode. Cone and desolvation 
gas flows were set to 50 and 1000 L h-1, respectively. The capillary voltage was set at 3.0 
kV, the source temperature was 150 °C, and the desolvation temperature was 650°C. The 
cone voltage was optimized for each standard compound using the Waters IntelliStart MS 
Console. MRM was used for identification of CLs and SLs by comparing retention times 
and MRM mass transitions with standard compounds (CL and 12 major SLs). 
Chromatographic separation was achieved on a non-chiral Acquity UPLC BEH C18 
column (100 × 2.1 mm, 1.7 μm; Waters) by applying a water/acetonitrile gradient (with 
0.1% formic acid) to the column. The set-up for the UPLC gradients and conditions was 
carried out as previously described (Zhang et al., 2014).  

For CLA analysis in N. benthamiana leaves, 500 mg fresh N. benthamiana leaves were 
ground and extracted with 4 ml ethyl acetate. Subsequently, the ethyl acetate was 
evaporated with a speedvac until dryness, then the sample were re-dissolved in 100µL 50% 
acetonitrile (in MQ water) before injection. Then LC-MS profiling of crude plant extracts 
was performed as previously described (De Vos et al., 2007), using an LC-Orbitrap-
FTMS instrument consisting of an Acquity HPLC with PDA (photodiode array) detection 
(Waters) interfaced to an LTQ ion trap/Orbitrap hybrid mass spectrometer (Thermo Fisher 
Scientific) equipped with an ESI source (van der Hooft et al., 2012). The sample injection 
volume was 5 µL. A Luna RP-C18 analytical column (2.0 mm diameter, 150 mm length, 
100 Å pore size and spherical particles of 3 µm, Phenomenex, USA) was used for 
chromatographic separation. The mobile phase consisted of a binary eluent solvent system 
of degassed ultra-pure water (solvent A) and acetonitrile (solvent B), both containing 0.1% 
v/v formic acid, with a flow rate of 0.19 ml min-1 and a column temperature of 40°C. The 
HPLC gradient started at 5% B and linearly increased to 75% B across a period of 45 min. 
The column was re-equilibrated for 15 min following the separation of each sample.  

Software and statistics for data analysis  

Image analysis of root phenotypes was performed by using ImageJ. Gene expression data 
analysis was done with Bio-Rad CFX Manager 3.0 combined with Microsoft Excel. 
Masslynx 4.1 software and Xcalibur software (combined with Microsoft Excel) were used 
for compound identification, semi-quantification or quantification using MRM-LC-
MS/MS and LC-orbitrap-FTMS data, respectively. PCR efficiencies of qPCR were 
calculated using LinReg PCR software (Dekkers et al., 2012). Statistical analysis was 
performed using one-way ANOVA of Prism (version 6.0) or student’s t-test of Microsoft 
Excel.  

SL standards  

A CL standard was obtained from Dr. Salim Al-Babili (King Abdullah University of 
Science and Technology); it was produced using biochemical methods as described 
previously (Alder et al., 2012). CLA standard was obtained from Dr. Gavin R. Flematti 
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(School of Chemistry and Biochemistry, The University of Western Australia). All other 
SL standards were obtained as described previously (Zhang et al., 2014).  

Results 
The cloning and characterization of SlMAX1  

A homology search approach was employed to get the DNA sequence of SlMAX1. Hereto 
the protein sequence of Arabidopsis MAX1 was BLASTed against the SGN (Sol 
Genomics Network). The DNA sequence of SlMAX1 is 3300 bp long and contains a 
coding region of 1560 bp (Table S3) which encodes a protein of 519 aa (Table S3). A 
sequence alignment shows that SlMAX1 has 72%, 62% and 64% amino acid identity with 
AtMAX1 and the two functionally characterized rice MAX1 homologs, Os900 and Os1400, 
respectively (Figure S1a). SlMAX1 clusters into the dicot MAX1 clade in a phylogenetic 
tree with MAX1 homologs from other plant species including monocots and dicots plants 
(Figure 1). 

To characterize its biological function, we generated a SlMAX1 mutant using Targeting 
Induced Local Lesions in Genomes (TILLlING). This method allows the detection of 
point mutations, usually introduced through EMS treatment, in the genome sequence of 
target genes, in this case SlMAX1. A Slmax1 mutant was identified that carried a G → T 
mutation (at position +466 bp) (Figure S1b). This point mutation results in a glutamate 
(E156)→ pre-mature stop codon in the SlMAX1 amino acid sequence (Figure S1b). Two 
M3 homozygous mutants for this SlMAX1 mutation were identified and used for further 
experiments. The Slmax1 homozygous mutants exhibited an average 90% reduction in 
SlMAX1 transcripts level compared with wild-type plants (Figure S1c). 
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Figure 1. Phylogenetic analysis of MAX1 homologs from different plant species including tomato 
(Solanum lycopersicum). The analysis involved 41 amino acid sequences with similarity to SlMAX1. 
The protein sequences (see supplementary material Table S2) were identified in public database NCBI 
by protein BLAST and aligned using MEGA7 software (Kumar et al., 2016). The phylogeny was 
determined by using the Maximum Likelihood method using the JTT matrix-based model (Jones et al., 
1992). 
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The Slmax1 mutant produces less SLs  

MAX1 homologs in both Arabidopsis and rice have been shown to be involved in the 
production of non-canonical (MeCLA) and canonical SLs (4DO and orobanchol), 
respectively (Abe et al., 2014; Zhang et al., 2014). To gain insight into whether SlMAX1 
is playing a role in the biosynthesis of SLs in tomato, we analyzed the SL content of both 
wild-type plants and the Slmax1 mutant. We pre-grew both genotypes on aeroponics with 
normal P and then applied a P-starvation treatment to induce the production of SLs. SL 
levels in the root exudates were then analysed for several days, starting from the 11th until 
the 15th day of P-starvation. In the root exudates and root extracts of wild-type plants, 
solanacol, orobanchol and three isomers of DDH were detected (Figure 2a, b and Figure 
S2a), while there were only trace levels of these SLs in both root extracts and root exudates 
of the Slmax1 mutant (Figure 2a, b), demonstrating that SlMAX1 is a key enzyme in the 
biosynthesis of tomato SLs.  

 

Figure 2. Strigolactone accumulation in wild-type tomato (Solanum lycopersicum) plant and 
Slmax1 mutant after P-starvation. (a) The level of strigolactones (solanacol, orobanchol and 
didehydro-orobanchol isomers) in the root extracts after 15 days of P-starvation (n=3). The Y axis shows 
the peak area from MRM-LC-MS/MS analysis corrected by grams of fresh weight (gFW) of the sample. 
(b) The level of solanacol, orobanchol and didehydro-orobanchol isomers in the root exudates of tomato 
plants combining the collections of day 11 through day 15 after P-starvation (n=3). The Y axis is 
representing the peak area from MRM-LC-MS/MS analysis. The green, red and blue bars represent the 
production of didehydro-orobachol isomers, orobanchol and solanacol, respectively. Error bars represent 
means ± SEM. * indicates the significant difference at 0.01<P<0.05 evaluated by student’s t-test. 
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Consistent with what was previously described (Kohlen et al., 2013), the three DDH 
isomers - DDH1, DDH2, and DDH3- exhibit a different pattern in the root exudates and 
root extracts (Figure S2a). DDH1 was the major SL present in the root exudate (Figure 
S2b), while in the root extract DDH2 was the major SL (Figure S2c). Only trace amount 
of DDH3 were observed in both root exudate and root extract (Figure S2b, c). 

The Slmax1 mutant displays a plant architecture and development 
phenotype 

To examine the effect of the SlMAX1 mutation on plant architecture and development, 
plant phenotypic data at different developmental stages were recorded for the Slmax1 
mutant and corresponding wild-type plants. Growth of the Slmax1 mutant was impaired 
compared with the wild-type tomato plants (Figure 3a). The Slmax1 mutant had a 
significantly higher number of branches (5.75 to 7.25-fold higher than that in the wild-
type plant) and average lateral branch length (27.8 to 58-fold longer) compared with wild-
type plants (Figure 3b, c). To gain more insights into how SlMAX1 regulates the shoot 
architecture of tomato, the stem length and number of internodes were scored. Wild-type 
plants showed significantly longer stem length (1.9 to 2.7-fold longer than in Slmax1 
mutants) with fewer internodes (10% less than in Slmax1 mutants) (Figure 3d and S3a). 
The Slmax1 mutant exhibited a reduction in total root length (decreased by 23%) and 
average lateral root length (decreased by 30%) during the seedling stage (Figure S3b and 
c). There is no difference between wild-type plant and Slmax1 mutant in number of lateral 
roots (data not shown). The mutation in SlMAX1 also caused defects in the reproductive 
stage of the plants and resulted in reduced flower length and fruit size in the Slmax1 
mutant (Figure 3e and Figure S3d).  

Figure 3. Characterization of the plant phenotypes affected by SlMAX1 mutation in tomato 
(Solanum lycopersicum). (a) Global plant phenotypes of Slmax1 mutants (13539-02 and 13539-03) in 
comparison with the corresponding wild-type tomato plant. (b) The average number of lateral branches 
of Slmax1 mutants and the wild-type tomato plants (1st order>2 mm) on 10-week old plants (n=3). (c) 
The average length of lateral branches in Slmax1 mutants and wild-type tomato plants (n= 3). (d) The 
main stem length of the wild-type tomato plants and Slmax1 mutants (n=3). (e) Diameters of mature red 
fruits of wild-type tomato plants and Slmax1 mutants (n=14~21). Values in (b) through (e) are means ± 
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SEM. Data significance was determined by one-way ANOVA in Graphpad Prism 6, P<0.05. Lowercase 
letters in (b) through (e) indicate significant differences between genotypes or plants. 

SlMAX1  expression is induced by phosphate starvation  

The expression of SL biosynthetic genes was shown to respond to P deficiency in several 
plant species (Umehara et al., 2010; Liu et al., 2015; van Zeijl et al., 2015). We analyzed 
the expression of SlMAX1 and the upstream SL biosynthetic genes (SlD27, SlCCD7, 
SlCCD8) under P-starvation in tomato. Initially, we checked the expression of the 
phosphate starvation marker gene LePS2 (Lycopersicon esculentum phosphate starvation-
induced gene) at different time intervals during the P deficiency treatment (3, 5 and 7 
days), which reveals the P-starvation status of the plant (Baldwin et al., 2001). After 7 
days of P-starvation, we observed a strong increase in LePS2 expression in all the tested 
tissues (root, adventitious root, leaf and leaf axil) except the flower buds, which indicates 
the success of the P-starvation treatment (Figure S4a, b). At this time point, SlMAX1 
transcripts were 1.8-fold up-regulated by P starvation in roots but not in other tested plant 
tissues (Figure S4c). The expression of SlMAX1 was at least 3-fold lower in the leaves 
and flower buds than in the root and other tested tissues (adventitious root, stem and leaf 
axil) under normal P conditions (Figure S4c). The expression of the three SL biosynthetic 
genes upstream of SlMAX1 was also induced by P-starvation in the root and their 
expression was low or absent in leaf and flower bud (Figure S4d-f). However, unlike 
SlMAX1, expression of these three genes was also increased by P-starvation in 
adventitious roots and the stem (Figure S4d-f). In the leaf axil, the expression of SlD27 
and SlCCD7 was induced by P-starvation, while the expression of SlMAX1 and SlCCD8 
was not (FigureS4c-f). 

Next we assessed whether there is feedback regulation in the expression of the three 
upstream biosynthetic genes in the Slmax1 mutant. The expression of SlD27 and SlCCD7, 
but not that of SlCCD8 was up-regulated in the Slmax1 mutant by 90 and 153%, 
respectively, compared with wild-type plants after 7 days of P-starvation (Figure 4). 
Furthermore, we examined SlMAX1 expression in the CCD8-RNAi line and its 
corresponding wild-type (Kohlen et al., 2012), and this showed that SlMAX1 is 
significantly induced in the CCD8-RNAi line possibly because of feedback upregulation 
(Figure S4g). These data further support the involvement of SlMAX1 in tomato SL 
biosynthesis together with SlD27, SlCCD7 and SlCCD8.  
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Figure 4. Expression of tomato (Solanum lycopersicum) strigolactone biosynthetic genes upstream 
of SlMAX1 in the Slmax1 mutant. Relative expression of strigolactone biosynthetic genes (SlD27, 
SlCCD7 and SlCCD8) in the roots of Slmax1 mutants after 7 days of P-starvation (n=3). The gene 
expression level in wild-type plants was set to 1. Error bars represent means ± SEM (*, 0.01<P<0.05). 
SGN-U584254 and SGN-U563892 are the two housekeeping genes used for normalization of target 
genes (Dekkers et al., 2012). 

SlMAX1 is involved in the oxidation of CL in vivo  

To further assess the role of SlMAX1 in the SL biosynthetic pathway of tomato, we 
reconstituted the tomato SL biosynthetic pathway in Nicotiana benthamiana. Hereto we 
used the published sequence of SlCCD7 and SlCCD8 and we identified the putative 
tomato D27 - SlD27- based on its homology with Arabidopsis D27 (Table S3) (Waters et 
al., 2012). Subsequently, we transformed the coding regions of these genes individually 
to Agrobacterium tumefaciens and co-infiltrated these into the leaves of N. benthamiana 
for transient expression as described before (Zhang et al., 2014). After 6 days of transient 
expression, we analyzed the level of CL and SLs in leaf extracts of N. benthamiana. When 
expressing SlD27, SlCCD7 and SlCCD8 simultaneously, there was a strong accumulation 
of CL in the N. benthamiana leaves (Figure 5a). When SlMAX1 was co-infiltrated with 
SlD27, SlCCD7 and SlCCD8 the level of CL greatly decreased, suggesting that SlMAX1 
catalyzes the conversion of CL to something else (Figure 5a). Since in Arabidopsis 
AtMAX1 catalyzes the conversion of CL to the SL intermediate CLA (Abe et al., 2014), 
we analysed leaf extracts for the presence of possible CL derivatives (19-hydroxy-CL, 19-
oxo-CL or CLA) by liquid chromatography coupled to a Thermo Orbitrap Fourier 
Transform Mass Spectrometer (LC-Orbitrap-FTMS). CLA was present in the samples in 
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which SlMAX1 was co-infiltrated with SlD27, SlCCD7 and SlCCD8. These results 
indicate that tomato SlMAX1 is catalysing the oxidation of CL to CLA. 

 

Figure 5. Biochemical characterization of SlMAX1 in transient expression assays using N. 
benthamiana. (a) The reduction of carlactone (CL) level by co-expression of SlMAX1 with the CL 
biosynthetic genes (SlD27, SlCCD7 and SlCCD8) in N. benthamiana transient expression (transition m/z 
303>207). The measurement was conducted using MRM-LC-MS/MS (n=6) and CL quantification was 
corrected by sample fresh weight (gFW). (b) Representative chromatogram of the production of 
carlactonoic acid (CLA) in N. benthamiana transient expression as analysed by LC-Orbitrap-FTMS 
(n=6). (c) The abundance of CLA by simultaneously expressing SlMAX1 with SlD27, SlCCD7 and 
SlCCD8 in N. benthamiana detected by LC-Orbitrap-FTMS and calculated by Xcallibur combined with 
Excel software (n=2). Error bars in (a) and (c) represent means ± SE. * and ** indicate significant 
difference at 0.01<P<0.05 and 0.001 <P<0.01, respectively. EV represents empty vector control for the 
agro-infiltration. 

To assess if any canonical SLs were produced, we used MRM-LC/MS/MS analysis on N. 
benthamiana leaves after co-infiltration of SlMAX1 with the three CL biosynthetic 
pathway genes. This showed that trace amounts of 4DO and 5DS were produced, but no 
other known tomato SLs (Figure S5a, b). This is consistent with the fact that SlMAX1 is 
required for the formation of CLA from CL (Figure 5) and also similar to what we 
observed for co-infiltration of some of the rice MAX1 homologs (such as Os5100 and 
Os1900) and AtMAX1 individually with the CL biosynthetic genes (Zhang et al., 2014). 
In the latter study, two other rice MAX1 homologues, Os900 and Os1400, were shown to 
sequentially catalyse the conversion of CL to 4DO and 4DO to orobanchol, respectively 
(Zhang et al., 2014). Orobanchol is one of the major SLs in tomato (Figure 2), yet 
orobanchol nor its direct precursor 4DO were formed in any appreciable amount by 
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SlMAX1 from CL. To investigate whether SlMAX1 perhaps plays a role in the conversion 
of 4DO to orobanchol, we produced 4DO as substrate for SlMAX1 in N. benthamiana by 
co-infiltrating rice Os900 with the tomato CL biosynthetic genes. As expected, the latter 
resulted in a strong production of 4DO (Figure S5c). However, co-expression of SlMAX1 
did not result in the production of orobanchol nor a significant reduction in amount of 
4DO (Figure S5c). Taken together, these results show that SlMAX1 catalyses the 
oxidation of CL to CLA, but not to 4DO, and that 4DO is not the substrate of SlMAX1 
for the production of orobanchol. 

Carlactone, but not 4DO, is the preferred direct precursor for SL 
formation in tomato  

To further confirm the function of SlMAX1 and gain more insight into the origin of the 
tomato SLs, we performed plant feeding assays with SLs or SL precursors while inhibiting 
endogenous SL production with the carotenoid pathway inhibitor fluridone (Matusova et 
al., 2005; Motonami et al., 2013). In rice, it was shown that orobanchol is derived from 
4DO by the orobanchol synthase (Os1400) (Zhang et al., 2014). However, 4DO has never 
been detected in tomato plants to date. To investigate whether 4DO is an intermediate in 
the biosynthesis of tomato SLs (orobanchol, solanacol and didehydro-orobanchol 
isomers), we fed plants with an equal concentration (0.05 µM) of 4DO or the SL precursor 
CL. Upon CL feeding, there was a significant production of orobanchol in the root 
exudates, while with 4DO only a very small amount of orobanchol was detected (Figure 
6a). Similar results were observed in root extracts (Figure S6a). Addition of the CYP 
inhibitor uniconazole-P in the feeding assay was able to suppress the conversion of CL to 
orobanchol likely through inhibition of the activity of SlMAX1 or (an)other CYP(s) that 
might be involved in this multi-step conversion (Figure 6b). Upon CL feeding, we also 
detected a small amount of epi-orobanchol, likely ent-2′-epi-orobanchol (the other 
naturally occurring orobanchol stereoisomer) (Figure S6b-c), which has not been 
identified in tomato as a natural SL to date. Ent-2′-epi-orobanchol has been reported to be 
present in other Solanaceae, such as tobacco (Xie et al., 2013), so it is not unlikely that it 
can also be produced in tomato.  

It is well known that 2-oxoglutarate and Fe(II)-dependent dioxygenase (2-OGD) family 
enzymes are involved in various oxidation and hydroxylation reactions in the plant 
kingdom (Kawai et al., 2014). To investigate whether this type of enzyme is also involved 
in tomato SL production, we supplemented the 2-OGD inhibitor prohexadione during the 
CL feeding assay. Intriguingly, in the tomato root exudates, the level of orobanchol 
derived from CL feeding was reduced by prohexadione, but to a lower extent than by the 
same concentration of CYP inhibitor (Figure 6b). Although prohexadione did not cause a 
significant reduction in orobanchol amount in the root extracts (Figure S6d), we cannot 
exclude the possibility that a 2-OGD enzyme contributes to the biosynthesis of orobanchol 
from CL in tomato. In our feeding assays, the conversion of 4DO to a trace amount of 
orobanchol, was not decreased by CYP 450 or 2-OGD inhibitor (Figure S6e). These 
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results are in line with the results from the heterologous expression experiments using N. 
benthamiana (Figure S5c), suggesting that SlMAX1 uses CL as a substrate to produce 
CLA and that (an)other enzyme(s) is/are required for biosynthesis of orobanchol, directly 
from CLA but not through 4DO. 

Figure 6. Striglactone quantification in plant feeding assays. (a) Orobanchol production in the tomato 
root exudates after feeding of carlactone (CL) and 4-deoxy-orobanchol (4DO) in the same molar 
concentration (0.05 µM). (b) Orobanchol levels in the root exudates of tomato plants supplied with CL 
after supplementation of enzyme inhibitors for cytochrome P450s (CYPs) (uniconazole-P) or 2-
oxoglutarate-dependent dioxygenases (2-OGD) (prohexadione). (c) Solanacol accumulation in the root 
exudates of tomato plants supplied with CL or 4DO with or without the application of uniconazole-P. (d) 
Quantification of total amount of didehydro-orobanchol (DDH) isomers (1 through 3) in tomato plants 
after feeding of 4DO or CL with or without the presence of uniconazole-P. The total level of all three 
DDH isomers were quantified by summing up the peak area of these DDHs together. (e) Accumulation 
of solanacol in the tomato root exudates after feeding with orobanchol isomers (orobanchol or ent-2′-epi-
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orobanchol) with or without the presence of uniconazole-P. (f) Quantification of DDH2 in tomato root 
exudates after feeding of orobanchol stereoisomers with or without the presence of uniconazole-P. (g) 
Abundance of DDH1 in tomato root exudates after feeding of orobanchol stereoisomers with or without 
the addition of uniconazole-P. Grey and black bars in (a) and (b) represent MRM transitions of m/z 
347.2>97 and 347.2>233.15 for orobanchol, respectively; Grey and black bars in (c) and (e) represent 
MRM transitions of m/z 343.16>96.97 and 343.16>183.02 for solanacol, respectively; Grey and black 
bars in (d), (f) and (g) represent MRM transitions of m/z 345.16>96.96 and 345.16>203 for DDH isomers, 
respectively. Error bars in (a) through (g) represent means ± SEM (n=3~5). Statistical significance was 
determined by one-way ANOVA performed in Graphpad Prism 6, P<0.01. F represents the carotenoid 
pathway inhibitor fluridone in (a) through (g). Lowercase letters in (a) through (g) indicate significant 
differences between treatments. 

CYP450 enzymes are involved in the tomato SL decoration  

The absolute configuration of the C-ring in solanacol and medicaol (one of the DDH 
isomers isolated from Medicago truncatula) was reported to be the same as in orobanchol 
which is derived from 4DO in rice (Chen et al., 2010; Zwanenburg & Pospisil, 2013; 
Zhang et al., 2014; Tokunaga et al., 2015). Thus, we hypothesized that solanacol and 
DDH isomers in tomato share the same C-ring stereochemistry as 4DO, which might be 
the precursor of solanacol or DDH isomers. However, in our plant feeding experiment, 
solanacol was only detectable in root exudates and extracts after feeding with CL but not 
with 4DO, therefore we could not determine its stereochemistry (Figure 6c and Figure 
S6f). The total production of all three DDH isomers showed a strong increase after feeding 
of CL, while the induction after feeding of 4DO was much lower (Figure 6d). Interestingly, 
the feeding of 4DO gave rise to a different DDH composition, showing predominantly an 
increase in DDH3, but not DDH1 and DDH2, suggesting 4DO, but not CL, is the substrate 
for DDH3 (Figure S6g). After CL feeding, DDH2 is the most dominant peak and it is 
probably masking the trace amount of DDH 1 and/or DDH3 because of the overlapping 
of the peaks (Figure 6d and Figure S6g). The production of orobanchol, solanacol and the 
DDH isomers from CL is inhibited by the CYP inhibitor (Figure 6b-d). To further support 
the stereochemistry of solanacol and DDH isomers in tomato, we performed a plant 
feeding experiment with the two naturally occurring orobanchol stereoisomers - 
orobanchol and ent-2′-epi-orobanchol (Figure S7a). The production of solanacol was 
significantly induced by feeding of orobanchol (Figure 6e and Figure S7b). Among the 
DDH isomers, the DDH2 peak was predominant after orobanchol feeding (Figure 6f and 
Figure S7b-c), whereas DDH1 was induced (though at a low level) after feeding of ent- 
ent-2′-epi-orobanchol (Figure 6g and Figure S7b-c). These results suggest that DDH1 is 
a strigol-type SL and is derived from ent-2′-epi-orobanchol while all other tomato SLs are 
orobanchol-type SLs. Solanacol biosynthesis and total production of DDH isomers from 
orobanchol was dramatically suppressed after the use of the P450 inhibitor (Figure 6d, e 
and Figure S7b), suggesting that CYP enzymes are essential for the formation of solanacol 
and these DDH isomers from orobanchol or possibly other substrates (such as 4DO or ent-
2′-epi-orobanchol).  
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Discussion 
In the present study, we show that the MAX1 homolog in tomato, SlMAX1, catalyzes the 
formation of CLA from CL (Figure 5). In Arabidopsis, CLA is an intermediate in the 
production of SL-LIKE1 and is produced by the oxidation of CL by AtMAX1 (Abe et al., 
2014). In the present study, we did not detect the other two known intermediates in this 
triple oxidation reaction, 19-hydroxy-CL and 19-oxo-CL, in the N. benthamiana leaf 
samples co-expressing SlMAX1 with the CL biosynthetic genes using untargeted LC-
Orbitrap-FTMS analysis (data not shown). Our results confirm that CL is an important 
intermediate in the production of canonical SLs (such as 4DO and orobanchol) as well as 
non-canonical SL-LIKE compounds, such as MeCLA in different plant species (Abe et 
al., 2014; Zhang et al., 2014; Brewer et al., 2016).  
It has been postulated that 5DS and 4DO are the precursors for all canonical SLs of the 
strigol and orobanchol type, respectively (Xie et al., 2010; Ruyter-Spira et al., 2013). Rice 
MAX1 homolog Os1400 was indeed demonstrated to act as orobanchol synthase 
catalyzing the conversion of 4DO to orobanchol (Zhang et al., 2014). However, multiple 
results from the present study are indicating that SlMAX1 does not produce 4DO from 
CL as an intermediate en route to orobanchol, but converts CL to CLA which is then likely 
the precursor in the formation of orobanchol by an as yet unknown enzyme (Figure 5 and 
Figure 6a): feeding of CL, but not 4DO, to fluridone treated plants results in orobanchol 
production (Figure 6a). The conversion of CL to orobanchol is likely a multistep-reaction 
mediated by multiple enzymes including SlMAX1 (Figure 7). Inhibition of orobanchol 
production by the 2-OGD inhibitor in the feeding assay suggests that a 2-OGD may play 
a role in this conversion (Figure 6b and Figure 7). However, as this effect was not visible 
in root extracts (Figure S6d), there may also be another P450 involved. The 2-OGD gene 
family is widely distributed in plants, microorganisms and mammals and is involved in 
the oxidation of organic substrates (Aravind & Koonin, 2001). In plants, this gene family 
has been reported to be essential for the biosynthesis and/or metabolism of several plant 
hormones, such as gibberellins, auxin and ethylene (Kawai et al., 2014). It is suggested 
that 2-OGDs prefer more hydrophilic substrates, such as those compounds that are 
obtained after hydroxylation by CYPs (Kawai et al., 2014). Therefore, oxidation catalyzed 
by 2-OGDs usually occurs after the oxidation by CYPs or the glycosylation by UPD-sugar 
dependent glycosyltransferases (UGTs). This has been proven to be true also in SL 
biosynthesis, in Arabidopsis, in which the 2-OGD, LATERAL BRANCHING 
OXIDOREDUCTASE (LBO), is involved in SL biosynthesis downstream of cytochrome 
P450 AtMAX1 using MeCLA as a substrate (Brewer et al., 2016). However, we cannot 
exclude the involvement of a second CYP (Figure 7). 

Generally, canonical SLs with the typical tricyclic lactone coupled to the D-ring have been 
classified into two groups according to the stereochemistry of the C-ring, viz. orobanchol 
type and strigol type (Xie et al., 2013; Zwanenburg & Pospisil, 2013). In rice, so far only 
orobanchol-type SLs, orobanchol and 4DO, were identified (Xie et al., 2013), while in  
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Figure 7. The proposed strigolactone biosynthetic pathway in tomato (Solanum lycopersicum). 
SlMAX1 catalyses the oxidation of carlactone (CL) to carlactonoic acid (CLA). CLA is subsequently the 
precursor for other canonical SL structures, such as orobanchol, solanacol and didehydro-orobanchol 
(DDH) isomers. Our results suggest a 2-oxoglutarate-dependent dioxygenase (2-OGD) enzymes might 
be involved in the formation of orobanchol from CL. Orobanchol is the precursor for solanacol and DDH 
isomers 2 and 3. The formation of DDH 2 and 3 from orobanchol requires cytochrome P450 enzymes. 
DDH 1 is produced from a strigol-type SL, possibly ent-2′-epi-orobanchol. SL structures that are in 
brackets have not been reported in tomato plants so far. 

Sorghum strigol-type SLs (sorgomol, sorgolactone and 5DS) as well as orobanchol have 
been reported (Yoneyama et al., 2010). The solanaceous species tobacco has been shown 
to produce at least 11 SLs from both SL families, including two orobanchol isomers -
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orobanchol and ent-2′-epi-orobanchol - and three putative DDH isomers (Xie et al., 2013). 
As solanaceous species, tomato has been shown to produce orobanchol-type SLs, such as 
orobanchol and solanacol (Kohlen et al., 2012). In the present study, we have further 
unraveled the biosynthetic origin of several tomato SLs. Orobanchol in tomato derives 
from CL - and not from 4DO - by the sequential oxidation of CL by SlMAX1 and possibly 
a 2-OGD or another CYP (Figure 6a, b, Figure S6d and Figure 7). Consistent with 
previously published results about the absolute stereochemistry of solanacol (Chen et al., 
2010), we have shown that solanacol derives from orobanchol but not from ent-2′-epi-
orobanchol; this reaction requires one or more CYPs (Figure 6f and Figure 7). Unlike in 
tobacco, ent-2’-epi-orobanhcol has never been detected previously in tomato, but here we 
find that it can be produced by tomato after feeding of CL (Figure S6b, c), implying that 
the enzyme(s) responsible for ent-2’-epi-orobanhcol production is/are present in tomato, 
just as in tobacco (Xie et al., 2013). 

In tomato, the predominant DDH isomers are DDH1 and DDH2 (Figure S2a, b, c). These 
DDH isomers are contributing to the major tomato SL profile detected by MRM-LC/MS-
MS (Figure 2) (Liu et al., 2011; Kohlen et al., 2013). However, the stereochemistry and 
biosynthetic origin of these DDH isomers are unclear. In Medicago truncatula, a DDH 
isomer was identified as medicaol with the orobanchol-type stereochemistry (Tokunaga 
et al., 2015), which is in line with our results for the predominant production of DDH2 
after orobanchol feeding (Figure 6f). Feeding of CL also resulted in a dramatic induction 
of DDH2, which is obviously due to the production of orobanchol from CL and the 
subsequent further conversion to DDH2 (Figure 6a, f). Our current study provides the first 
evidence that DDH1 may derive from a strigol-type SL, which is indicated by the 
accumulation of DDH1 after ent-2’-epi-orobanchol feeding (Figure 6g and Figure S7c). 
Although ent-2′-epi-orobanchol has not been reported in tomato, it has been reported in 
the close relative tobacco (Xie et al., 2013). Our results show that DDH1 is derived from 
a strigol-type intermediate, such as ent-2′-epi-orobanchol. DDH3 is a minor DDH isomer 
as previously reported in tomato (Kohlen et al., 2013) and we show that it is produced 
from 4DO, and thus is an orobanchol-type SL (Figure S6g).  

In our study, we also observed differences in the SL profiles between root exudates and 
root extracts. The DDH isomers have a relatively higher concentration in root exudates 
than in root extracts, compared with orobanchol and solanacol (Figure 2). Moreover, the 
DDH isomer composition also exhibits differences between root exudates and root 
extracts. DDH1 is most abundant in root exudates and DDH2 in root extracts (Figure S2). 
Perhaps this is related to differences in the unknown biological function of these DDH 
isomers and/or differences in the specificity of possible SL transporter(s). It is intriguing 
that tomato and several other plant species produce specific DDH isomers and secrete 
them differentially into the rhizosphere (Xie et al., 2013; Tokunaga et al., 2015). So far, 
however, there are no reports about the biological activity of the DDH isomers, let alone 
about differences in their activities. The structures of these DDH isomers in tomato have 
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also not been elucidated yet; in the present study, we provide hints on their possible 
stereochemistry. The biosynthesis of these DDH isomers does not seem to be simple 
considering the structure of the only characterized DDH isomer, medicaol (Tokunaga et 
al., 2015). We show here that CYPs are likely involved in their biosynthesis as the CYP 
inhibitor greatly suppressed their production (Figure 6f, g). The GRAS-type transcription 
factor NODULATION SIGNALING PATHWAY2 (NPS2) was demonstrated to regulate 
DDH isomer biosynthesis in M. truncatula (Liu et al., 2011). Perhaps, in tomato a 
homolog of this transcription factor is involved in the regulation of the CYPs that catalyse 
the biosynthesis of the tomato DDH isomers. It would be interesting to further identify 
the structures of DDH isomers in tomato and investigate their biological significance.  

Our study for the first time provides evidence that in tomato orobanchol originates from 
CL through oxidation by SlMAX1, without the formation of 4DO as an intermediate. A 
2-OGD and/or other CYP is likely involved in this process. We also provide evidence that 
CYPs are involved in the conversion of orobanchol to solanacol and one of the DDH 
isomers (DDH2 in present research). It will be of great interest to further unravel these 
biosynthetic relationships such that a better insight in the biological relevance of all these 
different SLs can be obtained. Although little is known about SL production in the 
aboveground tissues, the biological functions of SLs in shoot branching and leaf 
senescence have been well documented (reviewed by Al-Babili & Bouwmeester, 2015). 
The fact that upon transient expression of SL biosynthetic genes in N. benthamiana leaves 
SLs are produced, confirms that the precursor of SLs (all-trans-ß-carotene) is present in 
these tissues. The absence of SLs in the shoot of most plant species thus suggests that the 
production of SLs is limited by the low presence/absence of SL biosynthetic enzymes in 
such tissues (Figure 5, Figure S5 and Figure S4c-f). The upregulation of SL production 
and their biosynthetic genes by P-starvation will likely be a useful tool for further 
discovery of novel enzymes that are responsible for SL biosynthesis and structural 
diversification, including enzymes that may catalyze the formation of solanacol and DDH 
isomers in tomato.  
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Supporting information 

Figure S1 Alignment of SlMAX1 with Arabidopsis and rice MAX1 homologs and characterization 
of the mutation in Slmax1. (a) Protein alignment of SlMAX1 with AtMAX1, Os900 and Os1400. Red 
arrow indicates the corresponding amino acid position of point mutation in SlMAX1. (b) Identification 
of the point mutation in the SlMAX1 genome sequence. The point mutation (G->T) is on the third extron 
of the SlMAX1 genome sequence, leading to the glutamic acid (156E) was mutated to a pre-mature stop 
codon in protein sequence of SlMAX1. Red line indicates the genome sequence of SlMAX1; Grey bars 
represent coding regions and black bars represent 5’- and 3’- untranslated regions. (c) The transcripts of 
SlMAX1 in wild-type plants and Slmax1 mutants. Error bars represent means ± SE (n=3). The SlMAX1 
expression in wild-type plants was normalized to 1. * indicates P<0.05.  
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Figure S2 Identification of didehydro-orobanchol isomers in wild-type tomato plants after P-
starvation. (a) The chromatograms represent the detection of three DDHs in the root exudates of wild-
type tomato plants. (b) The level of didehydroorobanchol isomers in the root exudates of tomato plants 
by combining the collections of day 11 through day 15 after P-starvation. (c) Quantification of DDHs in 
the root extracts of wild-type tomato plants after 15 days P-starvation. The Y axis in (b) or (c) represents 
the peak area from MRM-LC-MS/MS analysis. Error bars represent means ± SEM (n=3). In (b) and (c), 
grey and black bars represent MRM transitions of m/z 345.16>96.96 and 345.16>203 for DDH isomers, 
respectively. Lowercase letters in (b) and (c) indicate significant differences between compounds. 
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Figure S3 Plant phenotypes of the Slmax1 mutant. (a) The number of nodes in wild-type plants and 
Slmax1 mutants. (b) The total root length of wild-type plants and Slmax1 mutants. (c) Average lateral 
root length in wild-type plants and Slmax1 mutants. (d) The flower length in wild-type plants and Slmax1 
mutants. Values in (a) through (d) are means ± SEM. Data significance was determined by one-way 
ANOVA in Prism 6, P<0.05. Lowercase letters indicate significant differences between genotypes or 
plants. 
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Figure S4 Gene expression analysis of tomato strigolactone biosynthetic pathway genes in different 
tissues and SlMAX1 expression in the CCD8-RNAi line. (a) Expression of marker gene LePS2 at 
different time intervals under different P conditions (day 3, day 5 and day 7). (b) Expression of LePS2 in 
different plant tissues under normal and P-starvation conditions. (c) - (f) The spatial expression of 
SlMAX1, SID27, SICCD7 and SICCD8 under normal or P-starvation conditions. (g) Expression of 
SlMAX1 in wild-type plants and CCD8-RNAi line. * indicate P<0.05 (n=3). The Y axes in (b) through 
(f) show the normalized expression by two housekeeping genes (SGN-U584254 and SGN-U563892). 
The Y axis in (g) shows the relative expression of SlMAX1 in CCD8 -RNAi line compared to wild-type 
tomato plants. Error bars in (a) and (g) represent means ± SE (n=3). 
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Figure S5 Biochemical characterization of SlMAX1 in transient expression assays. (a) and (b) 
Representative chromatogram and quantification of the trace production of 4-deoxy-orobanchol (4DO) 
and 5-deoxy-strigol (5DS) by co-expression of SlMAX1 with carlactone biosynthetic genes (SlD27, 
SlCCD7 and SlCCD8) in N. benthamiana transient expression. The measurement was conducted using 
MRM-LC-MS/MS. Lowercase letters in (b) indicate significant differences between treatments (P<0.01). 
(c) Quantification of orobanchol and 4DO after co-infiltration of SlMAX1 and Os900 in N. benthamiana 
transient expression assays. NS in (c) represents no significant difference. Error bars in (b) and (c) 
represent means ± SE (n=6). EV represents the empty vector control.
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Figure S6 Production of strigolactones in the plant feeding assay with carlactone (CL) and 4-deoxy-
orobanchol (4DO). (a) Production of orobanchol in the tomato root extracts after feeding of CL or 4DO 
with the presence of the inhibitor fluridone. (b) The production of epi-orobanchol (ent-2′-epi-orobanchol) 
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in the root exudates of tomato plant after feeding of CL with addition of fluridione. (c) The production 
of epi-orobanchol in the root extracts of tomato plant after feeding with CL in combination with 
fluridione. (d) The production of orobanchol in the root extracts of wild-type plants after feeding with 
CL with or without the presence of cytochrome P450 (CYP) and 2-oxoglutarate dependent dioxygenase 
(2-OGD) inhibitors. (e) The production of orobanchol in the root exudates of wild-type plants or Slmax1 
mutants after feeding with 4DO with or without the presence of CYP or 2-OGD inhibitors. (f) 
Quantification of solanacol in the root extracts of wild-type plants after feeding of CL or 4DO with or 
without the presence of CYP inhibitor (n=5). (g) Chromatograms represent the detection of didehydro-
orobanchol isomers (DDH1, DDH2 and DDH3) in root exudates of wild-type plants after feeding of CL 
or 4DO. Error bars in (a) through (f) represent means ± SEM (n=3~5). Statistical significance was 
determined by one way ANOVA performed in Graphpad Prism 6, P<0.05. Lowercase letters (a) through 
(f) indicate significant differences between treatments. F represents the carotenoid pathway inhibitor 
fluridone in (a) through (g). In (a) through (f), the grey and black bars represent two MRM transitions of 
the corresponding compounds, respectively.   
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Figure S7 Accumulation of strigolactones after feeding of two natural orobanchol isomers. (a) 
The structures of the two orobanhcol isomers - orbanchol and ent-2′-epi-orobanchol. (b) Detection of 
solanacol and DDH2 in the root extracts of wild-type tomato plants after feeding of two orobanchol 
isomers with or without the presence of CYP inhibitor. Error bars represent means ± SEM (n=3~5). 
The amount of solanacol and DDH2 is represented by their presence at MRM transitions of m/z 
343.16>183.02 and 345.16>203, respectively. Statistical significance was determined by one way 
ANOVA performed in Graphpad Prism 6, P<0.05. Lowercase letters indicate significant differences 
between treatments. (c) The representative chromatograms of DDH1, DDH2 and DDH3 in the tomato 
plant feeding assays with orobanchol or ent-2′-epi-orobanchol. F in (b) and (c) represents the 
carotenoid pathway inhibitor fluridone. 
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Table S1. Primers used in this study. 

Name Sequences (5´-3´) 

SlD27_Agro_F (NcoI 

restriction sites) 

catgCCATGGCAATGGAGGCAAATCTTGTTCTATCTTAC 

SlD27_Agro_R (NotI 

restriction sites) 

atttGCGGCCGCTTATGAAATCTCCAGATGATCTTTTTTC 

SlCCD7_Agro_F (NcoI 

restriction sites) 

catgCCATGGCAATGGATCTTCAATTTGTATCAC 

SlCCD7_Agro_R (NotI 

restriction sites) 

atttGCGGCCGCTTATTGTCCAAGTTTAACC 

SlCCD8_Agro_F (NcoI 

restriction sites) 

catgCCATGGCAATGGCTTCTCTTGCTTCTTC 

SlCCD8_Agro_R (NotI 

restriction sites) 

atttGCGGCCGCCTATATCTTTGGAACCCAACAAC 

SlMAX1_Agro_F (NotI 

restriction sites) 

atttGCGGCCGCTATGATGTTTCTAAGCTCAGCAATTC 

SlMAX1_Agro_R (SacI 

restriction sites) 

CgagctcTCATTTGCGCTTGATTGC 

SlMAX1_ probe GCAATCGTATATCtAGTCTGCGACc 

Slmax1 genotyping_F TCTACCAGCCATCTTATCTTGCT 

Slmax1 genotyping_R TGTGAGATCTCCCTCAGAATCA 

qP_SlD27_F TCCCTAAGCCTATTCTTTCTCTG 

qP_SlD27_R TCACCTCACAAGGTCCAACTA 

qP_SlCCD7_F GATGTTGCTGCTCAGCTATTG 

qP_SlCCD7_R CTAGGGAGCAACATATCCTCTG 

qP_SlCCD8_F TGTACATGTTATGTGTAAAGCCAGTG 

qP_SlCCD8_R CACAGCAATCTGCAATCACA 

qP_SlMAX1_F GGTTCTGCAACAACATCCTTTAC 

qP_SlMAX1_R CAAACCCATGTTCCCTTG 

qP_LePS2_F Gaactctctcatggatagaatgatg 
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qP_LePS2_R Atcgctaattactctcaaatcacac 

qP_SGN-U584254 _F  GGTTCCTATTGCTGCGTT 

qP_SGN-U584254 _R CGAAGACAAGGCCTGAAA 

qP_SGN-U563892_F GCAATCTTCTTCGATCCGGT 

qP_SGN-U563892_R GCTACAGAACACCAAGCAGA 
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Table S2 SlMAX1 homologous protein sequences from different plant species by using protein 
BLAST from NCBI.  

Gene ID/ 

Plant species 

MAX1 sequences 

Arabidopsis lyrata MKTQHLWWEVLDPLLIQHEALVAFLIFAVVVIVVYLYRPSWSVRNVPGPTAMPLVGHLPLMAKYGPDVFSVL
AKQYGPIFRFQMGRQPLIIIAEAELCREVGIKKFKDLPNRSIPSPISASPLHKKGLFFTRDKRWSKMRNTILSLYQP
SHLTSLIPTMHNFITSATHNLDSKPRDIVFSNLFLKLTTDIIGQAAFGVNFGLSGKKPVKDVEVADFINQHVYSTT
QLKMDLSGSLSIILGLLIPILQEPFRQVLKRIPGTKDWRVEKTNARLSGQLNEIVSKRAKEAETDSKDFLSLILKA
RESDPFAKKIFTPDYISAVTYEHLLAGSATTAFTLSSVLYLVSGHLEVEKRLLQEIDGFGGRNLIPTAHDLQYKF
PYLDQVIKEAMRFYMVSPLVARETAKEVEIGGYLLPKGTWVWLALGVLAKDPKNFPEPEKFRPERFDPNGEEE
KLRHPYAFIPFGIGPRACVGQRFALQEIKLTLLHLYSNYIFRHSPEMENPLQLDYGVILSFKNGVKLRAIKRF 

gi|357465755_Medicago 

truncatula 
 

MVFMDLEWLFPIPISVSFASTILALAGGWLIYLYEPYWRVRKVPGPPSLPLVGHLHLLAKHGPDVFSVLAKQYG
PIYRFHMGRQPLIIVADAELCKEVGIKKFKDIPNRSTPSPIKASPLHQKGLFFSRDSQWSTMRNTILSVYQPSHLS
RLVPTMQSFIESATQNLDSQKEDIFFSNLSLKLATDVIGQAAFGVNFGLSQSHSVHNESKNVATDNKDLMNAS
GSNEVTDFINQHIYSTTQLKMDLSGSFSIILGLLVPILQEPFRQILKRIPGTMDWKIERTNEKLGGRLDEIVEKRTK
DRTRSSKDFLSLILNARESKAVSENVFTPEYISAVTYEHLLAGSATTSFTLSSVVYLVAAHPEVEKKMLEEIDGY
GSLDQIPTSQDLHDKFPYLDQVIKEAMRFYIVSPLVARETSNEVEIGGYLLPKGTWVWLALGVLAKDHKNFPE
PEKFKPERFDPNCEEMKQRHPYAFIPFGIGPRACIGQKFSMQEIKLSLIHLYKKYLFRHSADMESPLELEYGIVLN
FKHGVKFSVIKRTEMSC 

Ricinus communis 
 

MGFGLIQEAFFSTCSNSTSVTIVLALVFTALAIVLGYLYKPFWGVRRVPGPPSVPLLGHLPLLAKYGPDVFSVLA
KQYGPIFRFHMGRQPLIIVADPELCKEVGIKKFKDISNRSIPSPIAASPLHKKGLFFTRDSRWSTMRNTILSVYQPS
HLASLVPTMQSFIESATANFQSSKDEDITFSNLSLKLATDVIGQAAFGVDFGLSKPQSTTDSANTFRNQENGKEV
SDFINQHVYSTTQLKMDLSGSFSIIIGLLIPILQEPFRQILKRIPGTMDWKVDRTNKNISGKLDEIVTKRMKDKNR
GSKDFLSLILSARESETLSKNVFSPDYISAVTYEHLLAGSATTAFTLSSIVYLVAGHPEVEKKLLAEIDVFGPPDQ
TPTSQDLQTRFPYLDQVIKEAMRFYVVSPLVARETSKEVEIGGYLLPKGTWVWLALGVLAKDPKNFPEPDKFK
PERFDPKCEEEKQRHPYALIPFGIGPRACIGQKFSLQELKLSLIHLYRKYIFRHSPNMEKPLELEYGIVLNFKHGV
KLRVIKRN 

Petunia hybrida 
 

MEFLSTNIQHSIVDTVEVLTRPPMTSTICTILALLATVLVYFYGPYWRVRKVPGPPGFPLVGHLPLMARYGPDV
FSVLAKQYGPIFRFHMGRQPLVIVADAELCREVGIRKFKDIPNRSIPSPIAASPLHQKGLFFTRDSRWSTMRNTIL
SVYQPSYLAKLVPIMQSFIESATKNLDSEGDLTFSDLSLKLATDVIGQAAFGVDFGLSKPITDKMNHQEKDSEV
QEFINQHNYSTTQLKMDLSGSVSIILGLLVPILQEPFRQILKRIPGTIDWKVERTNKNLSRRLDEIVAKRMEEKYG
SSKDFLSLILQARESEKLAKNVFTSDYISAVTYEHLLAGSATTSFTLSSIIYLVAGHPKVEQKLIAEIDAFGPDDH
MPTANDLQQKFSYLDQVIKEAMRCYTVSPLVARETSAEVEIGGYKLPKGTWVWLALGVLAKDPKNFPEPEKF
RPERFDPNCKEEKQRHPYANIPFGIGPRACIGQKFSIQEIKLSLIHLYRKYIFRHSPLMEKPLELEYGIVLNYKHG
VKVCAIKRK 

gi|224092168_Populus 

trichocarpa 

MLLGLLGYLYGPYWGVRKVPGPPVIPLLGHLPLMAKHGPDVFSVLAKRYGPIFRFHMGRQPLIIVADPELCKE
VAIKKFKDIPNRSVPSPISASPLHQKGLFFTRDARWSTMRNTILSVYQPSHLASLVPTMQSFIESATDNFQSSNEE
ITFSNFSLKLATDVIGQAAFGVDFGLSKPQSASDSINSFHNQGKDNCDVSEFINQHIYSTTQLKMDLSGSFSIIIGL
LVPILQEPFRQILKRIPGTMDWKVDRTNRNISGRLDEIVRKKMEEKNRGSKDFLSLILRARESETLSKKVFTPDYI
SAVTYEHLLAGSITTSFTLSSVVYLVAQHPETEKKLLAEIDGFGPHEQIPTAHDLQNKFPYLDQAIKEAMRFYV
VSPLVARETSKEVEIGGYVLPKGTWIWLAPGVLAKDPKNFPEPDRFKPERFDPNCEEEKRRHPCALIPFGIGPRA
CIGKKFSIQEIKLSLIHLYRKYLFRHSPTMEKPLEFEFGIVLNFKRGVKLRIIKRT 

gi|359475939_Vitis 

vinifera 

MAPAFFTVLAMLGGLLGYLYEPYWRVRRVPGPPVFPLVGHLPLMAKYGHDVFSVLAKKYGPIFRFHVGRQPL
VIVADAELCREVGIKKFKDIPNRSIPSAISASPLHQKGLFFTRDARWSTMRNTIISVYQQSHLANLVPTMQAFIEP
AFRNLPSSEEEDITFSNLSLKLATDVIGQAAFGVHFGLSKPPSSNEVKNSDEVSEFINQHIYSTTNLKMDLSGSFSI
ILGLLVPILQKPVQHILKRIPGTMDWKIYQTNKKLSSRLDEIVAKRMKDKDRGSKDFLSLILNARESEKAMKNIF
TSDYLNAVTYEHLLAGSATTSFTLSSTIYLIAEHPEVEKKLLAEIDGFGPPDQMPTAHDLQHKFPYLDQVVKEA
MRFYTVSPLVARETSAEVEIGGYVLPKGTWIWLAPGVLAKDPKNFPEPDKFKPERFDPNCEEEKQRHPYALIPF
GIGPRACLGQKFSLQEVKLSLIHLYQRYVFRHSPNMEKPLELEYGIILNFKHAVKLRAIKRHP 

gi|296081643_Vitis 

vinifera 

MLEFFLRDWEWSLQGLIQIGVSFIRTPMAPAFFTVLAMLGGLLGYLYEPYWRVRRVPGPPVFPLVGHLPLMAK
YGHDVFSVLAKKYGPIFRFHVGRQPLVIVADAELCREVGIKKFKDIPNRSIPSAISASPLHQKGLFFTRDARWST
MRNTIISVYQQSHLANLVPTMQAFIEPAFRNLPSSEEEDITFSNLSLKLATDVIGQAAFGVHFGLSKPPSSNEVKN
SDEVSEFINQHIYSTTNLKMDLSGSFSIILGLLVPILQKPVQHILKRIPGTMDWKIYQTNKKLSSRLDEIVAKRMK
DKDRGSKDFLSLILNARESEKAMKNIFTSDYLNAVTYEHLLAGSATTSFTLSSTIYLIAEHPEVEKKLLAEIDGFG
PPDQMPTAHDLQHKFPYLDQAKSLAMRFYTVSPLVARETSAEVEIGGYVLPKGTWIWLAPGVLAKDPKNFPEP
DKFKPERFDPNCEEEKQRHPYALIPFGIGPRACLGQKFSLQEVKLSLIHLYQRYVFRHSPNMEKPLELEYGIILNF
KHAVKLRAIKRHP 

gi|357437385_Medicago 

truncatula 

MLFISVILNVPLASTIFILVTLMGGLVGYLYWPFWKLRKVPGPPSLPLVGHLPLLAKYGPDVFSVLAKQYGPIYR
IKKEAVIVGIKIKLNTCHDMQNLQTLFDEDELQFHMGRQPLIIIADAELCKEVGIKKFKEIPNRSIPSPISASPLHQ
KGLFFTRNSQWSTMRNTILSVYQPSHLANLVPKMQSFIESATQNLDDTSKEDIIFSNLSLRLATDVIGDAAFGVN
FGLSKPHSICESMNNVEQSSANSDEVSIFINQHIYSTTQLKMDLSGSFSIIIGLIAPILQEPIRQILKRIPGTMDWKM
ECTNKNLTGRLDDIVKKRMEDKSRTSKNFLSLILNTRESKSVSENVFSFDYISAVTYEHLLAGSATTSFTLSSIVY
LVAGHPNVEEKLLQEIDGFGPHDKIPNAKDLNESFPYLDQVIKEAMRIYTVSPLVARETSNEVEIGGYLLPKGT
WVWLALGVLAKDSRNYAEPEKFKPERFDPKCGEMKRRHPYAFIPFGIGPRACIGQKFSLQEIKLTLIHLYRKYIF
RHSLNMEKPVELEYGLVLNFKHGIKLRVIKRT 

gi|357150854_Brachypodi

um distachyon 

MMGGVGVLLSSWIEGSPSFSAVFFTLAALVFAVYFYEPSWRVRRVPGPLAFPLIGHLPLLAKHGPEVFGVLAER
YGPIYRFHMGRQPLVMVASPELCREVGIKKFKSIPNRSMPSPIRCSPIHHKGLFFTRDTRWQTMRNVIISIYQPSH
LASLIPAIQPYVERAGRLLRHGEEITFSDLSLKLFSDTIGQVAFGVDFGLTKGKGAEAEESIPDGFIRKHFYATTE
LKMDLSGSLSMLLGMVAPLMQDPVRQLLLRVPGSADRRMEDTNLALSGLLDGIVAERAALPELERGQKNFLS
VLLNARESTEALRNVFTPDYVSALTYEHLLAGAVTMSFTLSSLVYLVAAHPEVEEKLLREIDAFGPKDVVPSAE
ELHNNFPYLEQVLKETMRFFTVSPLIAREASEDVEIGGYLLPKGTWIWLAPGVLAKDPKQFPDPYVFRPERFDP
ESEECKQRHPYAFIPFGIGPRACIGQKFSMQQLKLVVVHLYRQYVFRHSPNMEAPLQFQFSIVVNFKHGVKLHV
IERNA 



SlMAX1 

88 
 

gi|242054135_Sorghum 

bicolor 

MEMGTVLGAMEEYTFTFLAMAVGFLVLVYLYEPYWKVRHVPGPVPLPLIGHLHLLAKHGPDVFPVLAKKHG
PIFRFHVGRQPLIIVADAELCKEVGIKKFKSMPNRSLPSPIANSPIHRKGLFATRDSRWSAMRNVIVSIYQPSHLA
GLMPTMESCIERAATTNLGDGEEVVFSKLALSLATDIIGQAAFGTDFGLSGKPVVPDDDMKGVDVVVGDAAK
AKASSSEFINMHIHSTTSLKMDLSGSLSTIVGALVPFLQNPLRQVLLRVPGSADREINRVNGELRRMVDGIVAA
RAAERERAPAATAAQQHKDFLSVVLAARESDASTRELLSPDYLSALTYEHLIAGPATAAFTLSSVVYLVAKHP
EVEEKLLREMDAFGPRGSVPTADDLQTKFPYLDQVVKESMRLFMVSPLVARETSERVEIGGYVLPKGAWVW
MAPGVLAKDAHNFPDPELFRPERFDPAGDEQKKRHPYAFIPFGIGPRVCIGQKFAIQEIKLAIIHLYQHYVFRHSP
SMESPLEFQFGIVVNFKHGVKLHVIKRHVENN 

gi|224033291_Zea mays MEMAGAAGTEAWLPYVTTVASCAVGVFFLLYFYAPHWRIRDVPGPPALPVVGHLPLLARHGPDVFGLLAKK
YGPIFRFHLGRQPLVIVADPELCREVGVRQFKLIPNRSLPAPIAGSPLHQKGLFFTRDERWSAMRNTIISLYQPSH
LAGLVPTMQHCIERAADAIPAMVVQENGLVDFSDLSLKLATDIIGEAAFGVDFGLTASGPGCEAAEFIREHVHS
TTSLKMDLSAPLSVVLGLVAPALQGPVRHLLSRVPGTADWRVARTNARLRARVDEIVVSRARGRGQHGERRK
DFLSAVLDARDRSAALRELLTPDHVSALTYEHLLASATTAFTLSSAVYLVAGHPEVEAKLLAEVDAFGPRGAV
PTADDLQHRFPYLDQVIKEAMRFYTVSPLIARVTSRQTELGGHTLPKGTWLWMAPGVLSRDAANFEDPGAFRP
ERFDPASEEQRRRHPCAHIPFGIGPRACVGQRFALQEVKLSMLHLYRRFLFRRSPRMESPPELQFGIVLNFKKGV
KLVAVERCAAMPL 

gi|242058443_Sorghum 

bicolor 

MGWGEIISSQLLIESSSSSLPAVLFTAAALAAGAFAVYFYIPSWRVRRVPGPVALPLVGHLPLFAKHGPGLFRML
AKEYGPIYRFHMGRQPLVMVADAELCKEVGIKKFKSIPNRSIPTPIRGSPIHNKGLFFTRDSRWQSMRNVILTIY
QPSHVASLIPAIQPYVERAGRLLHPGEEITFSDLSLKLFNDTIGQVAFGVDFGLTKDDTTAATSPAAQQQPAHGG
ANANQSVDDPATDFIRKHFRATTSLKMDLSGPLSIVLGQFVPFLQEPVRQLMLRVPGSADRRLEEANSDMSGL
LDEIVAERAAQADRGQQKNFLSVLLNARESTEAMKKLLTPDYVSALTYEHLLAGSVTMSFTLSSLVYLVAMH
PEVEEKLLREIDAFGPKDVVPSSDDLETKFPYVEQVVKETMRFYTASPLVARQASEDVEVGGYLLPKGTWVW
LAPGVLAKDPKDFPDPDVFRPERFDPESEECKRRHPYAFIPFGIGPRACIGQKFAMQQLKLVVIHLYRNYIFRHS
PRMEFPLQFQYSILVNFKYGVKVQVIERKN 

gi|237908823_Zea mays MEECTFTSAAMAVGFLLVVYLYEPYWKVRHVPGPVPLPFVGHLHLLARHGPDVFLVLAKKYGPIFRFHMGRQ
PLVIVANAELCKEVGIKKFKSMPNRSLPSAIANSPIHLKGLFSTRDSRWSALRNIIVSIYQPSHLAGLIPSMQSHIE
RAATNLDDGGEAEVAFSKLALSLATDVIGQAAFGADFGLTTKPAAPPPHHGPPRQHGEEDGDGSHSTRSSEFIK
MHIHSTTSLKMDLSGSLSTIVGTLLPVLQWPLRQLLLRVPGAADREIQRVNGALCRMMDGIVADRVAARERAP
QAQRQKDFLSVVLAARDSDAAARKLLTPDYLSALTYEHLLAGSATTAFTLSSVLYLVAQHPRVEEKLLREVD
AFGPPDRVPTAEDLQSRFPYTDQVLKESMRFFMVSPLVARETSEQVDIAGYVLPKSTWVWMAPGVLAKDPVN
FPEPELFRPERFDPAGDEQKRRHPYAFIPFGIGPRICIGQRFSIQEIKLALIHLYRQYVFRHSPSMESPLEFQFGVVL
NFKHGVKLQSIKRHKC 

gi|357117805_Brachypodi

um distachyon 

MAPVGEWLPCISTLACCLLGLVLYFYAPYWGVRRVPGPPALPLVGHLPLLARHGPDVFGLLAQKYGPIFRFHL
GRQPLVIVADPELCKEVGIRQFKSIPNRSTPSPIAGSALHQKGLFFTRDARWSAMRNAILSLYQPSHLAGLIPTM
QRCVERAADTISTVNDGDFDFSDLALKLATDVIGQAAFGVDFALSAPPAGDGTKDASAAEFIAEHVQSTTSLK
MDLSASLSIVLGLVAPALQEPARRLLSRVPGTADRRTARANERLQARVEEIVASREQQSLQRRRQKSQISKRDF
LSALLDARDGGDGKMRELLTPVYVGALTYEHLLAGSATTSFTLASAVYLVAGHPEVEAKLLAEIDRYPPAAVP
TAEDLQQKFPYLDQVIKEAMRFYTVSPLIARETSREVEIGGYALPKGTWLWLAPGVLARDPAQFAPDPGAFRP
ERFEAGSEEEKARHPYAQIPFGLGPRACVGQRFALQEVKLAMVHMYRRFVFRRSPRMESPPEFQFGMVLSFRH
GVKLRAIKRLTRNEAV 

gi|242096192_Sorghum 

bicolor 

MEMAGAAGTAETWLPYVTTAASCAVAVFFLLYFYAPQWAVRGVPGPPALPVVGHLPLLARHGPDIFGLLAK
KYGPIFRFHLGRQPLVIVADPELCREVGVRQFKLIPNRSLPAPIAGSPLHQKGLFFTSRDERWSAMRNTIISLYQP
SHLAGLVPTMQRCIERAADAILAPGVQQNGDGDVDVDVDFSDLSLKLATDIIGQAAFGVDFGLTASGDPGGEA
AEFIREHVHSTTSLKMDLSAPLSVALGLVAPALQGPVRRLLSRVPGTADWKVARTNARLRARVDEVVAARAR
ARERRRHGEARTKDFLSAVLDARDRSAALRELLTPDHVSALTYEHLLAGSATTAFTLSSAVYLVAGHPEVEAK
LLAEVDGFGPRGAVPTADDLHHRFPYLDQVIMEAMRFYTVSPLIARVTSRRTELGGHELPKGTWLWMAPGVL
SRDAASFFPDPGAFRPERFDPASEEQRGRHPCAHIPFGIGPRACVGQRFALQELKLSMVHLYQRFLFRRSPQMES
PPELQFGIVLNFKNGVKLVAVERCAAMS 

gi|357150838_Brachypodi

um distachyon 

MLLGEYAVTVVAMAVGFLVATYLYEPYWKMRHVPGPVPLPLIGNLHLLAWHGPDVFSVLARKHGPVFRFHM
GRQALIMVADAELCRQVGIRKFKSFRNRSLPSPIAKSPILEKGLFVTRDSRWSAMRNTVASIYQPSHLASLVPTM
HSYIQRAARNIGGVGGGQDVDFSTLAVSLFTDVMGQAAFGLDFGLTAADKNPGGDSSSNKQAQEFVKMHAH
VTTSLKMDMTGSLSSIVGQLVPSLHRPFQEVLRRVPGTADRETDRVNRELRRQMDAIVADAARERDLHYSRQ
QQKKNDFLSVVLGGAAEKLLTPDYIGALAYEHILAGSASPAFTLSTVVYLVSKHPEVEDRLLKEVDAFFLDHD
DRLPTADDLHTNFPYLDQVVKESMRFYMSSPLVARESSDKVDIGGYVLPKGTWVWLAPGVLAKDPINFPDPE
LFRPERFDPTGDEDKRRHPYAFIPFGIGPRICIGYKFSIQEIKLAIIHLYRQYIFRHSPSMESPLQFQYGVIVNFKHG
VKLQVIHRHKE 

gi|357120759_Brachypodi
um distachyon 

 

MESPLAAILFTVAALAAGAFAVYFYAPSWRLRRVPGPLAYGLIGHLPLFTKHGPEVFGVLARRYGPIYRFYLGR
QPVVVIADAELCREAGIKKFKSVVDRSVPSTIRSSPIHFKSLLFTKGSRWQSMRNVIIAIYQPSHLASLIPAVHPYI
RRAARLLHPGQEVAFSDLAVKLFSDTIGQAAFGVDFGLTKPDDANNVDSTINNEKTATDDFIEKHLYALTSLK
ADLNGSLSMVLGTVAPLLQEPARQLLLRVPGSADRLMDETNRALSGLVDAIVAERAAMEAQSEGEKKNFLSV
LLKARESSHAMRELFTADYVSALTYEHLLAGSGSMSFTLSGLAYRVAMHPEVEEKMLSEIDAFGPKDLVPDAE
ELNTKFTYLEQVLKETMRFYSSSPLVSRETTEDVEIGGYLLPKGTWVWLATGQLSKDPKHFPDPYTFRPERFDP
EDEECKRRHPYAFLPFGIGPRGCPGQKFAMQQLKLVVIHLYRRYVFRHSPGMEFPLQLEFSIVNNFKHGVKLQ
VIDREEH 

gi|326492025_Hordeum 

vulgare 

MEGAGAAPVWGQPPSFPAMLFTVAAMAAGALAVLYFYAPSWRLRRVPGPLAYGLVGHLPLLDKHGSQAFG
VLAKKYGPIYRFYMGRQPLVVLADPELCREAGIKKFKSITDRSVPVTIASSPIHYKSLLFTKGSTWQAMRNVIISI
YQPSHLASLIPAIQPYIERAGSLFCPGEEITFSDVSIRLFTDVIGQAAFGVDFGLTKDADDAEKIIHDAPRDFIQKH
LYATTSLKMDTSGSLSMLVGTFLPALQKPLRKLMLSVPGSMDRRMDDTNSALSGELDVIVAERAAQADRGQK
NFLSVLLNGIDTSDAMRKLFTPDYVSALTYEHLLAGSGTMSFTLSSLVYLVSTHPEVEEKLLQEIDAFGPKDVV
PDADDLRTKFTYLEQVLKETMRYFPGSPVVSREATADVEIGGYLLPKGTWVWLATAVLGRDPEQFPEPEAFRP
ERFDPESEECKRRHPYAYIPFGIGPRACPGQKFAFQQLKLTLIHLYRRYVFRHSPRMESPLKLQFSIVTNFKNGV
KLQVLERNN 

gi|326530386_Hordeum 

vulgare 

NAVTRPNAGKQTKLLAPSSSSMEASNCSIALETTGHAAAHGTSAPALLLLSSVAAIGAFLVYFYAPFWAVRRV
PGPPTRFPLGHLHLLANDGPDVFRAIAKEHGPIFRFHMGRQPLVIVANAELCKEVGIKKFKDIRNRSTPPPTVGS
LHQDALFLTRDSTWSSMRNTVIPLYQPARLACLVPTMQPYVDALVDSVAACPDQDCVPFCQLSLRMAIDIIGK
TAFGIDFGLCKKVAAADGGEDVRGFLEEYKRSMEFIKMDLSSSLSTILGLFLPCAQTPCKRLLRRVPGTADYKM
EENERLLCRRIDAIIAGRRRDRENSASEPGAALDFIAALLDARESGARDLALEDKHVRALAYEHLIAGTKTTAFT
VSSVLYLVSCHPRVEEKLLAEVDAFDGAAPDADDLQGRFPYLDLVVKEAMRFHLVSPLIARETSEEVEIAGYQ
LPKGTYVWLAPGVLARDARQFPEPEEFRPERFAPEGEEERGRHPYAHIPFGIGPRACVGHRFALQQVKLAVVH
LYRRYVFRHSPAMESPIQFDFDLVLGFRHGVKLRAIRRTTRD 
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gi|147866671_Vitis 

vinifera 

MLGGLLGYLYEPYWRVRRVPGPPVFPLVGHLPLMAKYGHDVFSVLAKKYGPIFRFHVGRQPLVIVADAELCR
EVGIKKFKDIPNRSIPSAISASRSPPKGCIXGSDFGLXKPPSSNEVKKSVMKYFSEFIKFSLVFNIFNSTTNLKMDL
SGSFSIILGLLVPILQKPVQHILKRIPGTMDWKIDQTNKKLSSRLDEIVAKRMKDKDRGSKDFLSLILNARESEKA
MKNIFTSDYLNAVTYEHLLAGSATTSFTLSSTIYLIAEHPEVEKKLLAEIDGFSPPDQMPTAHDLQHKFPYLDQA
KSLVVKEAMRFYTVSPLIARETSAEVEIGGYALPKGTWIWLAPGVLAKDPKNFPEPDKFKPERFDPNCEEEKQR
HPYAHIPFGIGPRACLGQKFSLQEVKLSLIHLYQRYVFRHSPNMEKPLELEYGIILNFKHAVKLRAIKRHP 

gi|242064524_Sorghum 

bicolor 

MEIALTVSAVSHQSVPVLVLISFLSLFSAFLIYFYAPLWSVRRVPGPPTRFPIGHLHLLAKNGPDVFRAIAKEYGP
IFRFHMGRQPLVIVANAELCKEVGIKKFKDIRNRSTPPPSIGSLHQDALFLTRDSTWSAMRSTVVPLYQPARLAG
LIPVMQSYVDILVANIAGWTDQDCIPFCQLSLRMAIDIIGKTAFGIEFGLSKNAAGGGGETEGGEGDDNVREFL
KEYKRSMEFVKMDLSSSLSTILGLFLPCVQTPCKRLLRRVPGTADYKMNENERRLCSRIDAIIAGRRRDRATRR
RGGDGVSEDDAAPLDFIAALLDAMENGGGAKDFALADRHVRALAYEHLIAGTKTTAFTLSSVVYLVSCHPRV
EEKLLREVDGFAPRHGRAPDADELQSRFPYLDQVIKEAMRFHLVSPLIARQTSERVEIGGYVLPKGAYVWLAP
GVLARDAAQFPDPEEFRPERFAPEAEEERTRHPYAHIPFGVGPRACIGHKFALQQVKLAVVELYRRYTFRHSPA
MESPLQFDFDLVLAFRHGVKLRAIRRS 

gi|226491964_Zea mays 
 

MEITASCDDGAVTAGAVSGLLLASVLSLFGAFLVYFYAPFWSVRRVPGPPARFPIGHLHLLARNGPDVFRAIAK
EYGPIFRFHMGRQPLVIVANAELCKEVGIKKFKDIPNRSTPPPSIGSLHQDALFLTRDSTWSAMRSTVVPLYQPA
RLAGLIPVMQSYVDTLAANIAACPDQDCVPFCQLSLRMAIDIIGRTAFGIEFGLSKNAAGTGSSSSESPGGGEGE
GDVREFLREYKRSMEFVKMDLTSSLSTILGLFLPCVQTPCKRLLRRVPGTADYKMDQNERRLCSRIDAIIAGRR
RDRATRRRCGPGAAPAPAPLDFIAALLDAMESGGGGGGGAGANKDFALADRHVRALAYEHLIAGTKTTAFTL
SSVVYLVSCHPLVEAKLLRELDGFAPRRGRGRAPDADELQSGFPYLDQVIKEAMRFYVVSPLIARQTSERVEIG
GYVLPKGAYVWLAPGVLARDAAQFPDPEEFRPERFAPEAEEERARHPYAHIPFGVGPRACIGHKFALQQVKLA
VVELYRRYVFRHSPSMESPIQFDFDLVLAFRHGVKLRAIRRG 

gi|357139106_Brachypodi

um distachyon 

MAAITNCSIALVTSTNGHSAAASPTTAALLLLSLIIAFLAYFHLPFWAVRKVPGPPTRFPLGHLHLLAQHGPDIL
RAMAQEHGPIFRFHMGRQPLVMAASAELCKEVGIKRFRDIRNRSAPPPTAGSPLHRDALFLARDSAWASMRST
VVPLYQPARLAQLVPTMRASVDALVDAVDQDQGSYVPFSQLSLRLAIDIIGKTAFGIEFGLLSKQGTNGDDEAR
ELLGEYERSMEFMKMDLSSSLSTILGLFLPCLQTPCKRLLRRVPGTADHKMEQNERRLCRRIDAIIAARRRRSSS
PATALDFIAALLEDSRGRVAALEDRHVRALAYEHLIAGTKTTAFTLSSLVYLVSCHRPVEEKLLAELDAFGPQS
QSPDADELHTKFPYLDQIIKESMRFHLVSPLIARETSEAVEIGGYLLPKGTCVWLAPGVLARDAAQFPDPDEFRP
ERFAADGEEERARHPYAHIPFGIGPRACVGHRFALQQVKLAVVGLYRHFVFRHSPDMESPVEFDFDLVLGFRH
GVKLRAIRRTND 

gi|224141573_Populus 
trichocarpa 

 

MAKHGPDVFTLLAKLYGPIFSRFHMGRQPLIIVADPELCREIGIKKFKDIPNRSIPSPISASPLHQKGLFFTRDAIW
STMRNSILSVYQPSHLASLVPTMQSFIESATENFQSLKEEEITFSNLSLKLATDVIGQAAFGVDFGLSKPQSTNNT
DVSEFIKQHIYSTTQLKMDLSGSFSIILGLLVPILQEPFRQILKRIPGTMDWKVDRTNKNISGRLEEIVRKKMEEK
NKGSKDFLSLILRARESETLSKNAFTPDYISAVTYEHLLAGSATTAFTLSSVVYLIAQHPEVEKKLLAEIDGFGPH
EQMPTAQDLQNEFPYLDQA 

gi|359475937_Vitis 

vinifera 

LFNSTATLKVDLSGSFSIIIGLLFPILXKPIHHILKRIPGTMDWKVEQISEKLSCRLDEIVTKRMKDKDRGYKDFLS
VILNARESEKATKNVFTMDYLSAVTHEHLLAGSATTSFTLSSTVYLIAEHXQKLFEENDRFGLPDQMPTAHDL
HHKLPYLDQIVKEAMRFYTLTPLIGXETSTQVEIGGYVLPKGSWIWMAPGVLAKDPKSFPEPDKFSXERFDPNC
EEKKQRHLYTYIPFGIGPRACLGQKFSLLEIKLTLIHLYQNHVFHHSPKIEKPLELEYSLLLNFKQCQAHSHQKK
TMK 

gi|302781656_Selaginella 

moellendorffii 

MALIIAVFFVIVVTILIYLQWPAWKLSKIPAAPYISGLGHLPLMAKYQAGVFIKLAKQLGPIYRFQLGRQPIVFVA
SADLCQEIAIRKFKVFPNRVILPYMKESWIHLHGLFMTKAPDWARMRNILLPTFHTEKLSAYVPLMERVMGQV
VEILDKHANAGEDVNMTQLLQRMALDVIGESAFGTGFKLVKPSWADGRSEDKDMVNAVLNSLDTLTMNEKA
PVSTFAGLFFPFLQHPIREIMKRIPGTGDWNQYTGNLLLEAQMRALLERREAEMRDGVVRSDALSLLLDARAK
SQEMRELLTDERVLALAYELMMAGSESTGTNLCYTLYFIAAHPEVASKMVKEIDELAPLGSTVAFEDVDKFKY
VDQVIKESMRMITFSPVVAREAMEDIKVVGYHIPKGTWVWLVINALAQDEEDFPEPHLFRPERFDPDCAEAKK
RHPYAHSPFGIGPRMCIGYKLAYLEMKLALIHFYQRYTFEHSPAMENPLAVRLSIVVRPIHGVKLRVRKREIC 

gi|302780561_Selaginella 
moellendorffii 

 

MALIIAVFFVIVVTILIYLQWPAWKLSKIPAAPYISGLGHLPLMAKYQAGVFIKLAKQLGPIYRFQLGRQPIVFVA
SADLCQEIAIRKFKVFPNRVILPYMKESWIHLHGLFMTKAPDWARMRNILLPTFHTEKLSAYVPLMERVMGQV
VEILDKHANAGEDVNMTQLLQRMALDVIGESAFGTGFKLVKPSWADGRSEDKDMVNAVLNSLDTLTMSEKA
PVSTFAGLFFPFLQHPIREIMKRIPGTGDWNQYTGNLLLEAQMRALLERREAEMRDGVVRSDALSLLLDARAK
SQEMRELLTDERVLALAYELMMAGSESTGTNLCYTLYFIAAHPEVASKMVKEIDELAPLGSTVAFEDVDKFKY
VDQVIKESMRMITFSPVVAREAMEDIKVVGYHIPKGTWVWLVINALAQDEEDFPEPHLFRPERFDPDCAEAKK
RHPYAHSPFGIGPRMCIGYKLAYLEMKLALIHFYQRYTFEHSPAMENPLAVRLSIVVRPIHGVKLRVRKRGIC 

gi|413926093_Zea mays MEITASCDDGAVTAGAVSGLLLASVLSLFGAFLVYFYAPFWSVRRVPGPPARFPIGHLHLLARNGPDVFRAIAK
EYGPIFRFHMGRQPLVIVANAELCKEVGIKKFKDIPNRSTPPPSIGSLHQDALFLTRDSTWSAMRSTVVPLYQPA
RLAGLIPVMQSYVDTLAANIAACPDQDCVPFCQLSLRMAIDIIGRTAFGIEFGLSKNAAGTGSSSSESPGGGEGE
GDVREFLREYKRSMEFVKMDLTSSLSTILGLFLPCVQTPCKRLLRRVPGTADYKMDQNERRLCSRIDAIIAGRR
RDRATRRRCGPGAAPAPAPLDFIAALLDAMESGRRRRRRCRCQQGLRAGGQARARAGVRAPHRRHQDHGVH
AVVGGVPGLVPPARGGQAAAGVGRLRAAPRARARAGRRRAPERVPLPRPGHQGGHAVLRRLAAHRQADLR
ARGDRGLRSPQGRVRLAGAGCAGPGRGAVPGPGGVPAGAVRAGGGGGAGAPPVRAHPLRRRAQGVHRAQV
RAATGEACRGGALPPVRVPTLAVHGVAHPVRL 

gi|147866672_Vitis 

vinifera 

MKDKDRGYKDFLSLILNARESEKATKNVFTMDYLSAVTHEHLLAGSATTSFTLSSTVYLIAEHPEVEKLFEEND
RFGLPDQMPTAHDLHHKLPYLDQAKSLFVHLSSKFDIVKEAMRFYTLTPLVGRNIRTSRDRRLCSPKGLLDLD
GTRGSSKRSKKFPRTGQVQLERFDPNCEEEKQRHPYAYIPFGIGPRACLGQKFSLLEIKLSLIHLYQNHVFSPFPQ
H 

gi|356562171_Glycine 
max 

 

MVSIVLEWLFPFPCVAMFTTLLMLIGGLLGYLYGPYWGLRKVPGPPTLPLVGHLPLLAKYGPDVFSLLAKQYG
PIYRFHMGRQPLILVADPELCKEVGIKKFKDIPNRSIPSPISASPLHQKGLFFTRDSRWSTMRNTILSVYQPSHLAS
LVPTMQSFIESATQNLDTPNEDIIFSNLSLRLATDVIGEAAFGVNFGLSKPHSVCESIKSVSVNNVRNDDDEVSDF
INQHIYSTTQLKMDLSGSFSIILGLLAPILQEPFRQILKRIPGTMDSKIESTNEKLSGPLDEIVKRRMEDKNRTSKN
FLSLILNARESKKVSENVFSPDYISAVTYEHLLAGSATTAFTLSSIVYLVAGHREVEKKLLQEIDGFGPPDRIPTA
QDLHDSFPYLDQVIKEAMRFYTVSPLVARETSNEVEIGGYLLPKGTWVWLALGVLAKDPRNFPEPEKFKPERF
DPKCEEMKRRHPYAFIPFGIGPRACIGQKFSLQEIKLTLIHLYQKYVFRHSVDMEKPVEMEYGMVLNFKHGIKL
RVIRRT 

gi|356552372_Glycine 

max 

MVSIVLEWLFRFPCVAMFTTMLVLIIGGLLGYLYGPYWGLRKVPGPPSLPLVGHLSLLAKYGPDVFPLLAKQY
GPIYRFHMGRQPLILVADPELCKKVGIKQFKDIPNRSIPSPISASPLHQKGLFFTRDSRWSAMRNTILSVYQPSHL
ASLVPMMQSFIESATQNLDTPNEDIIFSNLSLRLATDVIGEAAFGVNFGLSKPISVCESIKSVSVNNVRNDDNDN
GDDEVSDFINQHIYSTAQLKMDLSGSFSIILGLLAPILQEPFRQILKRIPGTMDRKIESTNEKLSGRLDEIVKRRME
NKNRTSKNFLSLILNARESKKVSENVFSPDYVSAVTYEHLLAGSATTAFTLSSIVYLVAGHIEVEKKLLQEIDGF
GTPDRIPIAQDLHDSFPYLDQVIKEAMRFYTVSPLVAREASNEVEIGGYLLPKGTWVWLALGVLAKDPRNFPEP
EKFKPERFDPKCEEMKRRHPYAFIPFGIGPRACIGQKFSLQEIKLSLIHLYRKYVFRHSLDMENPVEMEYGMVL
NFKHGLKLRVIRRT 
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gi|356509826_Glycine 

max 

MVVFMDYLEWLFAIPSVPSASAMFTLLALIGGLLVYLYAPYWGLRKVPGPPSLPLVGHLPLLAKYGPDVFSVL
AKQYGPIYRFHMGRQPLIIIADAELCKEAGIKKFKDISNRSIPSPISASPLHQKGLFFSRDSQWSTMRNTILSMYQ
PSYLSRLVPTMQSFIESATQNLDSQKEDIIFSNLSLRLATDVIGHAAFGVNFGLSRPHSVCDSIKSVNVNNNNNN
ASASSSSNDNEVSDFIDQHIYSTTQLKMDLSGSLSIILGLLLPILQEPFRQILKRIPGTMDWKIERTNQKLSGRLDE
IVEKRMKDKARSSKDFLSLILNARETKAVSENVFTPDYISAVTYEHLLAGSATTSFTLSSVVYLVAGHPEVEKK
LLHEIDGFGPVDQIPTSQDLHNKFPYLDQVIKEAMRFYTVSPLVARETSNEVEIGGYLLPKGTWVWLALGVPA
KDPKNFPEPEKFKPDRFDPNCEEMKRRHPYAFIPFGIGPRACIGKQFSLQEIKISLIHLYRKYLFRHSPNMENPLE
LQYGIVLNFKHGVKLRVIKRTETC 

gi|356518163_Glycine 

max 

MVFMDYLEWLLPIPSVPSASAMFTLLALIGGLLVYLYAPYWGVRKVPGPPSLPLVGHLPLLAKYGPDVFSVLA
KQYGPIYRFHMGRQPLIIIADAELCKEAGIKKFKDISNRSIPSPISASPLHQKGLFFSRDSQWSIMRNTILSMYQPS
YLSRLVPTMQSFIESATQNLDSQKEDIIFSNLSLRLATDVIGHAAFGVNFGLSSPHSVCDSIKNVNVNNNNNNAS
ASSSNSNDNEVSDFINQHIYSTTQLKMDLSGSLSIILGLLLPILQEPFRQILKRIPGTMDWKIEHTNQKLSGRLDEI
VEKRMKDKTRSSKDFLSLILNARETKSVSENVFTPEYISAVTYEHLLAGSATTSFTLSSVVYLVAGHPEVEKKL
LHEIDGFGPVDQIPTSQDLHDKFPYLDQVIKEAMRFYTVSPLVARETSNEVEIGGYLLPKGTWVWLALGVPAK
DPRNFPEPDKFKPERFDPNFEEMKRRHPYAFIPFGIGPRACIGRQFSLQEIKLSLIHLYRKYLFRHSPNMENPLEL
QYGIVLNFKHGVKLRAIKRKEAC 

AtMAX1_Arabidopsis 
thaliana 

 

MKTQHQWWEVLDPFLTQHEALIAFLTFAAVVIVIYLYRPSWSVCNVPGPTAMPLVGHLPLMAKYGPDVFSVL
AKQYGPIFRFQMGRQPLIIIAEAELCREVGIKKFKDLPNRSIPSPISASPLHKKGLFFTRDKRWSKMRNTILSLYQP
SHLTSLIPTMHSFITSATHNLDSKPRDIVFSNLFLKLTTDIIGQAAFGVDFGLSGKKPIKDVEVTDFINQHVYSTTQ
LKMDLSGSLSIILGLLIPILQEPFRQVLKRIPGTMDWRVEKTNARLSGQLNEIVSKRAKEAETDSKDFLSLILKAR
ESDPFAKNIFTSDYISAVTYEHLLAGSATTAFTLSSVLYLVSGHLDVEKRLLQEIDGFGNRDLIPTAHDLQHKFP
YLDQVIKEAMRFYMVSPLVARETAKEVEIGGYLLPKGTWVWLALGVLAKDPKNFPEPEKFKPERFDPNGEEE
KHRHPYAFIPFGIGPRACVGQRFALQEIKLTLLHLYRNYIFRHSLEMEIPLQLDYGIILSFKNGVKLRTIKRF 

Os01g0700900 MEISTVLGAILAEYAVTLVAMAVGFLVVGYLYEPYWKVRHVPGPVPLPLIGHLHLLAMHGPDVFSVLTRKYG
PIFRFHMGRQPLVMVADAELCKEVGVKKFKNFPNRSMPSPITNSPVHQKGLFFTSGSRWTTMRNMILSIYQPSH
LATLIPSMESCIERAAENLEGQEEINFSKLSLSFTTDVLGQAAFGTDFGLSKKLASSDDDEDTRKIAADTCAEAK
ASSEFIKMHVHATTSLKMDMSGSLSIIVGQLLPFLHEPFRQVLKRLRWTADHEIDRVNLTLGRQLDRIVAERTA
AMKRDPAALQQRKDFLSVMLTARESNKSSRELLTPDYISALTYEHLLAGSATTAFTLTTALYLVAKHPEVEEK
LLREIDGFGPRDRVPTAEDLQTKFPYLDQVLKEAMRYYPSSPLIARELNQQLEIGGYPLPKGTWVWMAPGVLG
KDPKNFPEPEVFRPERFDPNGEEEKRRHPYALFPFGIGPRACIGQKFAIQEMKLSAIHFYRHYVFRPSPSMESPPE
FVYSIVSNFKNGAKLQVIKRHI 

Os01g0701400 MEIISTVLGSTAEYAVTLVAMAVGLLLLGYLYEPYWKVRHVPGPVPLPFIGHLHLLAMHGPDVFTVLARKYGP
VFRFHMGRQPLVMVADAELCKEVGVKKFKSIPNRSMPSAIANSLINQKGLCFTRGSRWTALRNMIISIYQPSHL
ASLIPTMQSCIECVSKNLDQEDITFSDLALGFATDVIGQAAFGTDFGLSKISASSNDDDIDKIATDTSAEAKASSE
FIRMHVHATTSLKMDLSGSLSIIIGQLLPFLQEPFRQVLKRIPWTADHEIDHVNLALGGQMDKIVAERAAAMER
DQAAPHAQQRKDFLSVVLAARESNKSWRELLTPDYISALTYEHLLAGSATTAFTLSTVLYLVSKHPEVEEKLL
REIDGFGPHDHAPTAEDLQTKFPYLDQVVKESMRFYFLSPLIARETCEQVEIGGYALPKGTWVWLAPGVLAKD
PKNFPEPEVFRPERFDPNGEEEKRRHPYAFIPFGIGPRACIGQKFSIQEIKLSVIHLYRNYVFRHSPSMESPLEFQY
SIVCNFKYGVKLRVIKRHTA 

Os01g0701500 MDISEVLGATAEWAVTLVAMAVGLLVVAYLYEPYRKVWHVPGPVPLPLIGHLHLLAMHGPDVFSVLARKHG
PVFRFHMGRQPLIIVADAELCKEVGVKKFKSIPNRSMPSPIANSPIHKKGLFFIRGPRWTSMRNMIISIYQPSHLA
SLIPTMESCIQRASKNLDGQKEITFSDLSLSLATDVIGLAAFGTDFGLSKLPVTPDDSNIDKIAADTSVEAKASSE
FIKMHMHATTSLKMDLSGSLSILVGMLLPFLQEPFRQVLKRIPGMGDYKIDRVNRALKTHMDSIVAEREAAME
HDLAASQQRKDFLSVVLTARESNKSSRELLTPDYISALTYEHLLAGSTTTAFTLSTVLYLVAKHPEVEEKLLKEI
DAFGPRYCVPMADDLQTKFPYLDQVVKESMRFYIMSPLLARETLEQVEIGGYVLPKGTWVWLAPGVLAKDPK
NFPEPEIFRPERFDPNGEEERRRHPYAFIPFGIGPRVCIGQKFSIQEIKLSMIHLYRHYVFRHSPSMESPLEF 

Os06g0565100 MEALVAAAAAAARDQPWLLLPWSWLAGVVVVVVYFYAPWWGVRRVPGPAALPVVGHLPLLAAHGPDVFA
VLAKKYGPIFRFHLGRQPLVIVAEAELCKEVGIRQFKSIANRSLPAPIAGSPLHQKGLFFTRDARWSAMRNTIISL
YQPSHLAGLIPTMHSCVARAADAIAAAEQRDVDFSDLSLKLATDVIGQAAFGVDFGLTAAAAAAPRSDDADA
DGGEAAEFIREHVHSTTSLKMDLSGSLSIVLGLVAPALQGPARRLLSRVPATADWRTARANERLRARVGAVVA
RRERAGGEARRARRDFLSAVLNARDGGSDRMRALLTPDYVGALTYEHLLAGSATTAFTLSSAVYLVAGHPGV
EAKLLDEVDRFGPPDAVPTADDLEHKFPYLDQVIKEAMRFYTVSPLIARETSEQVEVGGYTLPKGTWVWLAPG
VLSRDEAQFRDAGEFRPERFDAGGEEERRRHAYAHVPFGLGPRACPGRRFALQEVKLAMAHLYRRFVFRRSP
RMESPPELQFGMVLSFRRGVKLTAVERRHAAAA 

Os02g0221900 MQASSMEASNCSIALEISHVATPGLPVLLLGSSLALLAVFLVYFYAPFWSLRTVPGPPTRFPIGHLHLLAKNGPD
VFRAITKEYGPIFRFHMGRQPLVIVANAELCKEVGIKKFKDIRNRSTPPPNVGTLHQDALFLTRDSTWSSMRNM
VIPLYQPARLAGLIPTMQSYVDALVDNIAGCPDQDCIPFCQLSLCMAIDIIGKTAFGIEFGLSRKAADTAAGDDG
DGDDDDDVKEFLREYKKSMEFIKMDLSSSLSTILGLFLPCVQTPCKRLLRRVPGTADYKMDQNERRLCRRIDAI
IAGRRRDRDAGDGAALDFIAALLDARESGGGGHGGFALEDRHVRALAYEHLIAGTKTTAFTVSSVVYLVSCHP
RVEERLLREIDGFAPRGRVPGADELHAGLPYLNQVIKEAMRFHLVSPLIARETSEPVEIAGHLLPKGTYVWLAP
GVLARDAAQFPEPEEFRPERFAAGAAEERARHPYAHIPFGIGPRACVGHRFALQQVKLAAVGLYRRYVFRHSP
AMESPLQFDFDLVLAFRHGVKLRAIKRTNT 

SlMAX1_solanum 

lycopersicum 

MMFLSSAIQESPIASTIFTILAGVLVYLYRPYWRVRKVPGPPAFPLVGHLPLMAKYGPDVFSVLAKQYGPIYRF
HMGRQPLVIVADAELCREVGIKKFKDIPNRSIPSPIAASPLHQKGLFFTRDSRWSTMRNTILSVYQPSYLAKLVPI
MQSYIESATKNLDSEGDLTFSDLSLKLATDVIGQASFGVDFGLSKPISDKMSHHQDDSEVQEFIKQHIYSTTQLK
MDLSGSVSIILGLLVPILQEPFRQVLKRIPGTMDWKVERTNKNLSSRLDEIVAKRIEEKDRSSKDFLSLIMQARES
EKLAKNVFTSDYISAVTYEHLLAGSATTSFTLSSIIYLVACHPEVEQKLLAEIDAFGPDDNMPTANDLQQKFPYL
DQVIKEAMRCYIVSPLVARETSAEVEIGGYKLPKGTWVWLALGVLAKDPKNFPEPEKFKPERFDPNCAEEKQR
HPYANIPFGIGPRACIGQKFSIQEIKLSLIHLYRKYIFQHSPLMESPLELEYGIVLNYKHGVKVHAIKRK 

Solanum tuberosum MMFLSSAIQESPIVSTIFTILAGVLVYLYGPYWRVRKVPGPPAFPLVGHLPLMAKYGPDVFSVLAKQYGPIYRF
HMGRQPLVIVADAELCREVGIKKFKDIPNRSIPSPIAASPLHQKGLFFTRDSRWSTMRNTILSVYQPSYLAKLVPI
MQSYIESATKNLESEGDITFSDLSLKLATDVIGQASFGVDFGLSKPISDKMSHHQDDSEVQEFIKQHIYSTTQLK
MDLSGSVSIILGLLVPILQEPFRQVLKRIPGTMDWKVERTNKNLSSRLDEIVAKRMEEKDRSSKDFLSLIMQARE
SEKLAKNVFTSDYISAVTYEHLLAGSATTSFTLSSIIYLVACHPEVEQKLLAEIDAFGPDDHIPTANDLQQKFPYL
DQVIKEAMRCYTVSPLVARETSAEVEIGGYKLPKGTWVWLALGVLAKDPKNFPEPEKFKPERFDPNCAEEKQ
RHPYANIPFGIGPRACIGQKFSIQEIKLSLIHLYRKYIFQHSPLMESPLELEYGIVLNYKHGVKVQAIKRK 
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Table S3. Gene sequences characterized in this study. 

Gene Name Sequences (5'-3') 

SlMAX1_gDNA AATCCGAATCTCTTTGTTAAAAAATTATACTATATATTAAATTCCCTTAGTTTCTTGTTGATTACCTC
TTCAGTCTTTTTAGTAAAAATGGTAACTATACCATTGAATTTTAGTCTTATTTTTTACCAAATTGACT
TGAGTGGCACTCAAAAAAGGACAAGGAGAATAAAAGCGTCACTCCAAACATTATTTGGAGAATCT
CTACCTATGTATGTTCGTCTTAGATATATTCCGTATGTGTATCAATCCAAATAAAAGTTGGGCATTT
TGTACTATCTTCATTACCCATTGTCTCGATATTTTACCTGCAACATCAAAATATCAGTGGAAAAGAA
AAAAGAAAGTAAGCAAAAATACAGAAGAGGACCCTACCATTTAAGCATAACCATCATTAACAACA
AATACCAACAACTCATTTGATCATACATCACAAAATTACTAGGCCGGCTAGACCCCATTAATTTTC
AAGATTCTCCTAAATGTACATACATATATATATATATATATATATAGTCAAACGTCGATTTGATCTC
CTCCTTCATCAAGAAAACAAAAATGATGTTTCTAAGCTCAGCAATTCAAGAATCACCTATAGCTTC
AACCATATTCACCATACTAGCTGGTGTTTTGGTCTACTTGTATCGACCTTATTGGCGTGTGAGAAAA
GTACCTGGTCCTCCAGCTTTTCCACTTGTAGGACATCTTCCTTTGATGGCTAAATATGGCCCTGATG
TCTTCTCTGTCTTGGCCAAACAATATGGTCCTATTTACAGGTTGATCAATTGATCTTCTTTCATTTCA
GAAACAGTTTTTTAATCGGACTATTCATTCAAGTTTTTACCTTTCTTAAGCAGGTTTCACATGGGAA
GGCAGCCACTAGTTATTGTTGCTGATGCAGAGTTATGCAGAGAAGTTGGGATTAAGAAATTCAAG
GACATACCAAACAGAAGCATTCCGTCTCCTATTGCAGCATCCCCTCTTCATCAGAAAGGCTTATTTT
TTACTAGGTAAAAAAAAAAAACTAAAGTTGATTCCTTTAACGAGTAGAAGAAGGCTAATGTTGTG
TTAATTTTACAGGGACTCAAGATGGTCAACAATGAGAAATACTATTCTATCAGTCTACCAGCCATC
TTATCTTGCTAAGTTAGTGCCAATCATGCAATCGTATATCGAGTCTGCGACTAAAAATCTTGATTCT
GAGGGAGATCTCACATTCTCTGATCTCTCTCTCAAGTTAGCAACAGATGTAATTGGACAAGCTTCT
TTTGGTGTGGATTTTGGACTTTCTAAACCAATATCAGACAAGATGAGTCATCATCAAGATGATAGT
GAAGTACAGGAATTCATTAAGCAGCATATTTACTCTACAACACAACTCAAAATGGATTTATCAGGT
TCTGTTTCAATCATACTAGGCTTGCTTGTTCCGATTCTTCAAGAGCCATTTCGCCAAGTTCTCAAAA
GAATCCCGGGTACTATGGACTGGAAGGTGGAAAGAACAAATAAGAATTTAAGCAGTAGGCTGGAT
GAGATAGTGGCAAAGAGGATTGAGGAAAAAGATCGTAGCTCGAAAGACTTCTTGTCACTTATAAT
GCAGGCAAGGGAGTCAGAGAAGTTAGCTAAGAATGTTTTTACCTCAGATTATATCAGTGCTGTAAC
TTATGAGCACTTGCTGGCGGGTTCTGCAACAACATCCTTTACTTTGTCTTCTATCATCTATCTGGTT
GCTTGCCATCCAGAAGTTGAGCAAAAGTTGCTTGCTGAGATAGATGCTTTTGGCCCTGATGATAAC
ATGCCCACTGCCAATGATCTTCAGCAGAAATTCCCGTACCTCGATCAGGTAAATGCCATTTTCTTAT
ATCTACAAGAAGTTCTTATAAACTAAAAGTTGAAAAAAAGAAAGAAGAGAGAATGAGAACTAGCT
TATTAAACCATTCTTGTTCTTCTTGAAATTGCTTAAAAACTTAAGGTAATCAAAGAAGCAATGAGG
TGTTACATTGTCTCGCCCTTAGTTGCCAGAGAAACATCAGCTGAAGTGGAGATTGGAGGCTATAAA
CTTCCCAAGGTTAATATCTGTTTTTCCTATAACGCTTATCATTTTACTCTTCCATGAGGAAGATTTCC
ATGGATTGTGCCCCGGAAACCACGGGGGAGGGAATAGGTTTTTATCAAACCAGTGCCTGTTTATTA
TTTTTAACCTATTTGTTACAATTAAGCAGGGAACATGGGTTTGGTTGGCTCTTGGAGTTCTTGCTAA
GGACCCTAAGAACTTCCCTGAACCAGAGAAATTTAAACCAGAGAGGTTCGATCCAAACTGTGCAG
AGGAAAAACAAAGACATCCTTATGCAAATATTCCATTTGGAATAGGTCCGCGGGCATGCATAGGG
CAGAAGTTCTCCATACAGGAAATCAAACTGTCATTGATTCATTTGTATCGCAAGTACATTTTTCAAC
ATTCTCCCCTCATGGAAAGCCCATTGGAACTTGAGTATGGCATAGTCCTAAACTATAAGCATGGTG
TCAAGGTTCATGCAATCAAGCGCAAATGAAACTTTCCAACATATCTAATGATGCTGACAAGCAATG
GTGAGAGAGCTCAACCTTTTCAAACCTAAATCCAGTCCCATCTGTGTAACAGAACTAGTATGCATA
CATGAAACTTCTATTACATGTAACTCAATTTTATGACAAAAAAAGATGTGAAGTTTACGCATAGTC
ACACAGTCAAGATGTGATCAACTTATCTCAGTAATTTATGATAATAAAGCAAATGATCTACATAAT
AAGATGCTTGCTACAAATGACAACTGCAAACCAAGTCCAAAACAAACAAAACATACCTACCAGCT
TTTTGAATTTTTTTTTACAACAACAAGCTGTTGTATTGATTATGATTACCCTTAATCATTCTATTTTT
ACTCAAAGACACAATTCTGCTTGTCCCCTAATCTAGAAAATTTATCCATTCTAGTAGGAAGACAGA
GGGGCCTTGAGAAATTGACTGAAGGATCATAAGCAGCACAACTCTTTGAGTCACCATTGTTGAGCT
TAAGAAATTGGACCTCATCCATAGACTGTCTAAGCATTCTCTGATTTCTCTGCTTGGCCTTGGTTGA
CTCAGTTAGGCTCATGTAATTTGGTCGATTACTATTGCTATCTTCAGTTCTATCAGATGCCAACATC
GTGTTTCCAGATATCGGTGTTGTTGATGTGCAGAATGAAGAGGATGCTGCTGAACTCTCATCATAT
CTAAATTCAGAACTTGGGCTTGAAGAAGAACGAGTAGTATGCCCGACCAGT 

SlMAX1_CDS ATGATGTTTCTAAGCTCAGCAATTCAAGAATCACCTATAGCTTCAACCATATTCACCATACTAGCT
GGTGTTTTGGTCTACTTGTATCGACCTTATTGGCGTGTGAGAAAAGTACCTGGTCCTCCAGCTTTTC
CACTTGTAGGACATCTTCCTTTGATGGCTAAATATGGCCCTGATGTCTTCTCTGTCTTGGCCAAACA
ATATGGTCCTATTTACAGGTTTCACATGGGAAGGCAGCCACTAGTTATTGTTGCTGATGCAGAGTT
ATGCAGAGAAGTTGGGATTAAGAAATTCAAGGACATACCAAACAGAAGCATTCCGTCTCCTATTG
CAGCATCCCCTCTTCATCAGAAAGGCTTATTTTTTACTAGGGACTCAAGATGGTCAACAATGAGAA
ATACTATTCTATCAGTCTACCAGCCATCTTATCTTGCTAAGTTAGTGCCAATCATGCAATCGTATAT
CGAGTCTGCGACTAAAAATCTTGATTCTGAGGGAGATCTCACATTCTCTGATCTCTCTCTCAAGTTA
GCAACAGATGTAATTGGACAAGCTTCTTTTGGTGTGGATTTTGGACTTTCTAAACCAATATCAGAC
AAGATGAGTCATCATCAAGATGATAGTGAAGTACAGGAATTCATTAAGCAGCATATTTACTCTACA
ACACAACTCAAAATGGATTTATCAGGTTCTGTTTCAATCATACTAGGCTTGCTTGTTCCGATTCTTC
AAGAGCCATTTCGCCAAGTTCTCAAAAGAATCCCGGGTACTATGGACTGGAAGGTGGAAAGAACA
AATAAGAATTTAAGCAGTAGGCTGGATGAGATAGTGGCAAAGAGGATTGAGGAAAAAGATCGTA
GCTCGAAAGACTTCTTGTCACTTATAATGCAGGCAAGGGAGTCAGAGAAGTTAGCTAAGAATGTTT
TTACCTCAGATTATATCAGTGCTGTAACTTATGAGCACTTGCTGGCGGGTTCTGCAACAACATCCTT



SlMAX1 

92 
 

TACTTTGTCTTCTATCATCTATCTGGTTGCTTGCCATCCAGAAGTTGAGCAAAAGTTGCTTGCTGAG
ATAGATGCTTTTGGCCCTGATGATAACATGCCCACTGCCAATGATCTTCAGCAGAAATTCCCGTAC
CTCGATCAGGTAATCAAAGAAGCAATGAGGTGTTACATTGTCTCGCCCTTAGTTGCCAGAGAAACA
TCAGCTGAAGTGGAGATTGGAGGCTATAAACTTCCCAAGGGAACATGGGTTTGGTTGGCTCTTGGA
GTTCTTGCTAAGGACCCTAAGAACTTCCCTGAACCAGAGAAATTTAAACCAGAGAGGTTCGATCCA
AACTGTGCAGAGGAAAAACAAAGACATCCTTATGCAAATATTCCATTTGGAATAGGTCCGCGGGC
ATGCATAGGGCAGAAGTTCTCCATACAGGAAATCAAACTGTCATTGATTCATTTGTATCGCAAGTA
CATTTTTCAACATTCTCCCCTCATGGAAAGCCCATTGGAACTTGAGTATGGCATAGTCCTAAACTAT
AAGCATGGTGTCAAGGTTCATGCAATCAAGCGCAAATGA 

SlD27_CDS ATGGAGGCAAATCTTGTTCTATCTTACCAAAGCTTTTCAAAAGTTTCCATGAGAAATATAAAGATC
AATACATATTATAAGTACAATAAATTAGCATATCCATCAACATGTTGTGTGTTAACAAAGCCACCA
CACAATAATCATAGTAGTAATTGTCATGTTTATAAAGATAATTGGTTTGATCATCTTGCTATTAATC
ATCTCTCTCAAAGTATACAAGCTACCACAGGATTAAGAAACAAGAAGAGTGGATATGAAGGTTTT
GTGGAGGCTGCAAGGGTTGTGTATGTGAACTTTAATTCAACACATCAAGCAAATCTTGTTATTGAA
TCTCTTCAAAGGGCATTCCCTAAGCCTATTCTTTCTCTGGTAAAAATGTTATTACCGGAATCTAAGT
GGGCGAGGGAGTATTGTGCTATTTTCACTACTATCTTCTTTCCTTGGCTAGTTGGACCTTGTGAGGT
GAAAGAGTCTGAGTTTAACGGGAGAAAAGAAAACAATGTGGTTCACATTAAAAAATGCAGGTTTT
TGGAGGAAACAAATTGTGTGGGAATGTGCACTAATCTTTGTAAGATGCCTTCTCAATTATTCATCA
AGGATACATTAGGAATATCAGTGAATATGGTGCCAAACTTTGATGATATGAGCTGTGAAATGATAT
TTGGGCAGGATCCTCCTCCACTAGATAAAGATCCAGCATTTAGGCAACCTTGCTACAAACTATGCA
AATTAAACAATAAACACCAAGCAGATTGCAACAGCCAAATCAAGAAAAAAGATCATCTGGAGATT
TCATAA 
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Abstract 
Phosphorus (P) is an essential macronutrient for plant growth and development. Upon P 
shortage, the plant responds with the so-called Phosphate Starvation Response (PSR), 
massive reprogramming of transcription. In parallel, the production of strigolactones (SLs) 
- a plant hormone that regulates plant development and a rhizosphere signaling molecule 
- increases. It is unclear, however, what the functional link is between these two processes. 
In this study, using tomato as a model, RNAseq was used to evaluate the time-resolved 
changes in gene expression in the roots upon P starvation and, using a tomato CCD8 RNAi 
line, what the role of SLs is in this. Gene ontology (GO)-term enrichment and KEGG 
analysis of the genes regulated by P starvation and P replenishment revealed that 
metabolism is an important component of the P starvation response that is aimed at P 
homeostasis, with large changes occurring in glyco- and galactolipid and carbohydrate 
metabolism, biosynthesis of secondary metabolites, including terpenoids and polyketides, 
glycan biosynthesis and metabolism, and amino acid metabolism. In the CCD8 RNAi line 
many of the PSR genes were less affected than in wild-type (WT) tomato. KEGG analysis 
of SL-dependent PSR genes showed that lipid metabolism, and phenylpropanoid and 
carotenoid biosynthesis are reprogrammed under P starvation and that this to a large extent 
depends on SLs. Vice versa, the biosynthesis of pantothenate and CoA, lysine and 
alkaloids are repressed by P starvation, and also this is SL-dependent. Hierarchical 
clustering of lipid metabolism transcripts showed that phospholipid biosynthesis is 
suppressed by P starvation, while the degradation of phospholipids and biosynthesis of 
substitute lipids such as sulfolipids and galactolipids are induced by P starvation. A 
substantial number of the corresponding transcriptional changes depend on the presence 
of SLs. Also, a number of plant hormone biosynthetic pathways were regulated by P 
starvation and also here, SLs are required for many of the changes in the expression of 
genes under P starvation. Our analysis suggests that SLs are not just the end product of 
the PSR in plants (the signals secreted by plants into the rhizosphere), but also play a 
major role in the regulation of the PSR (as plant hormones). 

Key words 
P starvation, tomato, root, strigolactone, RNAseq, transcriptional changes 
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Introduction 
Phosphorus (P) is an essential macronutrient for plant growth, playing an important role 
in a variety of processes, such as nucleic acid synthesis, photosynthesis, glycolysis, 
respiration, enzyme activation/deactivation, redox reactions, carbohydrate metabolism 
and nitrogen fixation (Vance et al., 2003). However, P is the least available of all essential 
nutrients in the soil because of inorganic and organic complex formation (Raghothama 
and Karthikeyan, 2005). The low mobility of P also impedes uptake by plants, thus 
reducing availability (Jiang et al., 2007). Therefore, P has become a major component of 
inorganic fertilizers used in modern agriculture to achieve high yields in virtually all crops 
(Oono et al., 2013). However, the reserves of rock phosphate, which is the source of P 
fertilizer supply, are limited. The continued high application of P fertilizer is not 
sustainable in the long-term since heavy reliance on inputs of P can make agriculture 
vulnerable to future P scarcity (Rajan et al., 1994; Withers et al., 2018). Finally, the loss 
of this nutrient through its transport in particulate and soluble forms from agricultural 
fields to lakes and rivers is of concern as it causes eutrophication (Miyasaka and Habte 
2001). Therefore, improving P availability to, uptake by and use efficiency of plants is of 
vital importance. To achieve this, a better understanding of the mechanisms by which 
plants deal with low P availability is essential. 

To cope with nutrient deficiency, plants have evolved sensing and signaling mechanisms 
in order to maintain nutrient homeostasis (Rubio et al., 2008; Krouk et al., 2011; 
Prerostova et al., 2018). To adapt to low phosphate availability, plants have evolved 
physiological, biochemical and spatio‐temporal molecular responses aimed at acquiring 
more P from the environment and remobilizing P from structures and processes where 
they are least required (Zhang et al., 2014b). Under P-limiting conditions, the root system 
undergoes a series of PSRs: (1) changes in root morphology and architecture, (2) 
exudation of organic acids and phosphatases into the soil, (3) induced expression of high-
affinity P transporters, (4) establishment of a symbiotic association with arbuscular 
mycorrhizal fungi (AMF), and (5) remobilization of P within the plant (Vance et al., 2003; 
Zhang et al., 2014b; Maillard et al., 2015). 

(1) Inhibition of primary root growth and enhanced lateral root formation are 
characteristic for the changes in root architecture in response to P starvation (Lynch and 
Brown 2001; López-Bucio et al., 2002; López-Bucio et al., 2003). This adaption enlarges 
the root surface area and hence enhances the possibility of roots to acquire more P from 
the soil (Schmidt and Schikora, 2001; López-Bucio et al., 2002; Chevalier et al., 2003). 

(2) A biochemical strategy for increasing P acquisition from the soil is the secretion of 
organic acids and extracellular acid phosphatases (APases) by the roots into the soil 
(Gaume et al., 2001; Zhang et al., 2014b). Inorganic P generally is complexed by metal 
ions but becomes available to the plant when it is solubilized through organic acids (Cheng 
et al., 2011a; Cheng et al., 2011b; Lambers et al., 2011). Similarly, organic P only 
becomes available to plants when it is hydrolyzed into free P by phosphatases/phytases, 
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such as PURPLE ACID PHOSPHATASE (PAP) (Wang et al., 2009; Richardson and 
Simpson, 2011; Zhang et al., 2014b). In many species genes like ACID PHOSPHATASE 
(ACP) and PAP are induced by P starvation, such as Arabidopsis ACID PHOSPHATASEs 
(AtACPs), white lupin (Lupinus albus) SECRETORY ACID PHOSPHATASE 2 (LASAP2) 
and tomato (Solanum lycopersicon) PHOSPHATE STARVATION-INDUCED (LePS2). 

(3) P transporters play an important role in P acquisition and reallocation (Huang et al., 
2000; Schroeder et al., 2013). When the concentration of P in the growing medium of 
Arabidopsis is low, the expression of the high-affinity P transporter, PHOSPHATE 
TRANSPORTER 1 (PHT1), is induced, and the corresponding protein accumulates (Bayle 
et al., 2011). When the P concentration returns to normal, the expression of PHT1 
decreases again and the corresponding protein is degraded (Muchhal et al., 1996; Huang 
et al., 2000). The importance of the induction of high-affinity P transporters for P uptake 
has been demonstrated in a number of species like rice, wheat and soybean (Ai et al., 2009; 
Miao et al., 2009; Qin et al., 2012a; Qin et al., 2012b). 

(4) Symbiosis with AMF is a strategy used by around 70-80% of land plants to cope with 
P deficiency (Smith et al., 2011). The most prominent contribution of AM symbiosis to 
plant growth is P uptake from the soil by extraradical mycorrhizal hyphae (George et al., 
1995). The advantage of this P uptake strategy is that AMF scavenge large volumes of 
soil for P which they transfer directly to the root cortical cells (Smith et al., 2011; Zhang 
et al., 2014b). In addition to AMF, P solubilizing bacteria play a role in P uptake by plants 
by dissolving insoluble inorganic P and mineralizing organic P (Khan et al., 2009; 
Richardson and Simpson, 2011). 

(5) Under P starvation, intracellular APases are induced, which primarily play a role in 
internal P remobilization by releasing P from senescing tissues and redirecting carbon 
metabolism to avoid P requiring carbon metabolism (Duff et al., 1994; Plaxton and 
Carswell, 1999; Vance et al., 2003). The expression of AtACP5 in senescent tissues is 
strongly induced by P starvation but there is no evidence for secretion of AtACP5, 
suggesting that ACP5 is more involved in P remobilization within the plants than P 
acquisition from the soil (Del Pozo et al., 1999; Vance et al., 2003). LePS2 is another 
APase that has been characterized to be involved in internal P remobilization (Baldwin et 
al., 2001). 

It has been shown that hormones play an important role in the adaptation of plants to 
nutrient deficiencies (Rubio et al., 2008; Krouk et al., 2011). Under N deficiency, for 
example, a decrease in the production of cytokinins (CKs) stimulates root growth (Vance 
et al., 2003) and  under Fe deficiency, ethylene is induced in so-called Strategy I plant 
species that display induction of root ferric-reducing capacity and swollen root tips in 
response to Fe-deficiency (Lynch and Brown, 1997; Romera et al., 1999). Under P 
deficiency, the production of SLs is strongly induced, which has been confirmed in many 
plant species, like sorghum, rice, red clover and Arabidopsis (Yoneyama et al., 2007a; 
Yoneyama et al., 2007b; López‐Ráez et al., 2008; Jmil et al., 2011; Kohlen et al., 2011). 
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This upregulation is key for the dual role that SLs play in the adaptation to P deficiency: 
one as a rhizosphere signal to maximize AM fungi symbiosis for improved P acquisition 
and the other as the endogenous hormone that reduces shoot branching and alters root 
architecture for efficient P utilization (Akiyama et al., 2005; Bouwmeester et al., 2007; 
Gomez-Roldan et al., 2008a; Umehara et al., 2008a; Kohlen et al., 2010; Umehara et al., 
2010; Ruyter-Spira et al., 2011). Later, more studies illustrated that SLs play a role in the 
regulation of plant response to P deficiency (Mayzlish-Gati et al., 2012; Sun et al., 2014; 
Prerostova et al., 2018). Other plant hormones have also been shown to be affected by P 
starvation, like CK, GA, ABA, etc. Under P deficiency, the production of ethylene 
increases (Chiou and Lin, 2011). P starvation represses both the CK level and CK 
signaling and, vice versa CK, can downregulate the expression of several PSR genes, such 
as INDUCED BY PHOSPHATE STARVATION (IPS), PHT1;1, PHOSPHATE 
TRANSPORTER TRAFFIC FACILITATOR (PHF), ACP5 and SYG1/PHO81/XPR1 (SPX) 
DOMAIN CONTAINING PROTEINS (Franco-Zorrilla et al., 2005; Chiou and Lin, 2011; 
Prerostova et al., 2018). P deficiency has been shown to repress the level of bioactive 
gibberellins, which results in the accumulation of DELLA, a repressor of the GA signaling 
pathway (Chiou and Lin, 2011; Prerostova et al., 2018). Even though a direct relation 
between ABA and PSR has not been described, the accumulation of anthocyanin under 
low P was reduced in the Arabidopsis ABA-deficient mutant aba1, while the root-to-shoot 
ratio and the production of APase did not differ between WT and ABA mutants (aba1 and 
abi2-1) (TRULL et al., 1997; Chiou and Lin, 2011). Moreover, in Arabidopsis roots, the 
level of ABA is elevated under P deficiency (Chiou and Lin, 2011; Prerostova et al., 2018). 

The strong upregulation of SLs under P starvation and their ubiquitous hormonal signaling 
roles, prompted us to investigate whether SLs also play a role in the many other P 
starvation induced responses in plants, including – and/or partially through - the 
remodeling of the metabolism of other plant hormones. To investigate this, we followed 
an untargeted approach and studied the dynamics of the transcriptional changes under P 
starvation, and the effect of SLs on this process as possible mediator of the PSR. For this, 
we used tomato as a model, which has been shown to enhance the production of SLs under 
P deficiency (López‐Ráez et al., 2008), as well as strongly respond in other aspects. The 
latter includes induction of the expression of PSR genes such as tomato AP, PHT and SPX, 
the secretion of APase, a change in the nutrient concentration in the root and shoot, an 
increased root: shoot ratio and reduced biomass production (Goldstein et al., 1988; Liu et 
al., 1997; Biddinger et al., 1998; Starck et al., 2000; Baldwin et al., 2001; Bayle et al., 
2011; Liu et al., 2018a). To investigate the role of SLs in this PSR, we analyzed the 
transcriptional changes in tomato roots in a comprehensive P starvation and P resupply 
time-course in WT and a transgenic CCD8 RNAi knockdown line with strongly reduced 
SL production. We show that tomato responds to P starvation with dramatic changes in 
gene expression resulting in the remodeling of many processes aimed at improving uptake 
and recycling of P as well as processes aimed at adaptation of plant growth and 
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development to this new situation by altering hormone signaling. We demonstrate that in 
many of these responses, SLs play a critical role. 

Materials and methods 
Plant Materials and Growth Conditions 

WT Solanum lycopersicum L. cv Craigella (LA3247) and a SlCCD8 RNAi line (line 9) in 
the same background were used (Kohlen et al., 2012a). Tomato seeds were germinated 
and grown in hydroponic culture on 1/2-strength Hoagland solution for 14d, after which 
treatments including continuous normal P (YP), P deficiency by using 1/2-strength 
Hoagland solution without P (NP), P replenishment after P deficiency (RP) (for details of 
the experimental design see Figure S1). For the normal P and P deficiency treatments, WT 
plants were harvested after 2, 3, 4 and 5 days of treatment. While for the SlCCD8 knock-
down line, plants were harvested after 4 days for the P starvation treatment and control. 
For the P replenishment treatment, WT plants were harvested after 4 days P deficiency 
and 1 day replenishment. Each treatment consisted of three biological replicates. Roots 
were immediately frozen in liquid nitrogen and stored at -80℃ until further use. 

Total RNA Isolation and Library preparation 

Total RNA from root samples was extracted using the RNA sample preparation kit 
RNeasy Mini Kit (QIAGEN) combined with TRizol reagent (Invitrogen), and genomic 
DNA was digested using RNase-Free DNase (Qiagen, USA). RNA integrity was 
evaluated by 1.0 agarose gel electrophoresis. Total RNA was quantified with a Nanodrop 
2000 (Thermo scientific, Wilmington, USA) and samples were used for RNAseq library 
construction only when the OD 260/280 was higher than 1.8 and the OD 260/230 higher 
than 2.0. 

For RNAseq cDNA library synthesis, the Illumina RS-122-2103 TruSeq® Stranded 
mRNA HT kit was used. An Agilent 2100 Bioanalyzer was used for library quality 
checking. To analyze library concentration, a Pico green concentration measurement 
using Tecan was performed. An average of 30 libraries was multiplexed and loaded on 
each lane of the Illumina Hiseq flow cell. Sequencing was then performed on a 
Sanger/Illumina 1.9 with 50 bases single end run, according to the manufacturer’s 
instruction. Reads were filtered with the program Trimmomatic (Bolger et al., 2014) to 
remove the adaptor sequences, empty reads, short reads (<25 bp), reads with a N ratio 
greater than 10% and low quality sequences.  

Quality control and Mapping 

Trimmed reads were mapped to the Solanum Lycopersicum reference genome version SL 
2.50 ITAG2.40 (http://solgenomics.net/) with CLC Genomics Server 8.5.2. Reads 
alignment and quantification were performed with CLC Genomics Server 8.5.2 using the 
default settings for RNA-Seq mapping and analysis, and using quantile normalization. A 
summary of trimming and mapping statistics is provided in Suppl. Table 1. 
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PCA analysis 

Genes expression levels were calculated as reads per kilobase of transcript per million 
mapped reads (RPKM). We performed PCA with the expression of the genes (RPKM 
value) using the package FactoMineR in R. 

Differential expression analysis and Visualizations 

Differential expression analysis was carried out in R with the edgeR package (Robinson 
et al., 2009). Differentially expressed genes (DEGs) between each control and treatment 
were identified using the thresholds: P value ≤ 0.05 and 2log-transformed fold change ≥1 
or ≤ -1 (included in supplementary data set 1-8). Fold change and P values of all the genes 
under treatment conditions, compared with their control, were plotted in R with volcano 
plots. Venn diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/) were used to 
show the DEGs under different comparisons. 

Hierarchical clustering analysis of metabolism related genes 

The RPKM expression value of metabolism related genes of interest under different 
treatments were submitted to GeneMaths XT (https://www.applied-
maths.com/genemaths-xt). The expression values were prepared as 2log transformed, and 
normalized by the treatment and gene. The normalized data were used to perform 
hierarchical clustering analysis. The pairwise distance was calculated by euclidean 
distance (with variance) and summarized by UPGMA (unweighted pair group method 
with arithmetic mean) method. 

Functional analysis and Visualization 

PlantRegMap (Plant Transcriptional Regulatory Map) (Jin et al., 2015; Jin et al., 2016; 
Tian et al., 2019) was used for GO enrichment analysis at a P-value of 0.01. The list of 
gene identifiers and log2FC values from each condition (P starvation, P starvation, P 
replenishment) were imported into the MapMan software version 3.5.1R2 (Thimm et al., 
2004), and assigned to functional categories (BINS) using the mapping tomato file 
‘Slyc_ITAG2.3'.  

For KEGG analysis, KO identifiers of Solanum lycopersicum genes were obtained using 
BlastKOALA (Kanehisa et al., 2015). For visualization of KEGG pathways, Interactive 
Pathways Explorer v3 (iPath3.0) was used (Darzi et al., 2018), which is a web-based tool 
for the visualization, analysis, and customization of various pathway maps.  

Results and discussion 
P starvation induces transcriptional reprograming in tomato 

To understand what the role of SLs in the tomato root gene expression response to P 
starvation is, RNA-seq analysis was performed on the roots of WT and CCD8 RNAi 
plants grown under sufficient P (YP2, 3, 4, 5), P starvation (NP2, 3, 4, 5) or P 
replenishment (RP5) conditions. A total of 1,315,506,217 raw reads (50 bp per read) were 
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obtained from the 33 sequenced samples. The quality of the reads (% bases ≥ Q30) was 
about 96-97%. After trimming by quality and length, 86-92% of reads were retained. 
Subsequently, 85-89% of the retained reads could be mapped to the tomato reference 
genome (SL 2.4, with annotations version ITAG 2.3). An overview of raw read numbers, 
and trimming and mapping statistics is provided in Suppl. Table 1. 

To validate the reproducibility of the RNA-seq results across biological replicates and to 
visualize the global expression changes over time and between treatments, principal 
component analysis (PCA) was performed (Figure 1). The two major components 
explained 33% of the variation in gene expression between the samples. The biggest effect 
of P starvation on gene expression was observed at 3 and 4 days when the difference 
between NP3 and NP4 and their controls (YP3 and YP4) was largest. The overall gene 
expression profile of the one-day P replenishment treatment (RP5) changed substantially 
in comparison with NP4 plants and was more similar to the P sufficient treatments (YP3, 
YP4 and YP5) than the corresponding P starvation treatments (NP3, NP4 and NP5). This 
suggests a prompt phosphate stress recovery. 

 

Figure 1. PCA of tomato root transcript profiles using RPKM. YP2, YP3, YP4 and YP5 represent 2, 
3, 4 and 5 days of control P treatment, respectively. NP2, NP3, NP4 and NP5 represent 2, 3, 4 and 5 days 
of P starvation, respectively. RP5 represents one day of P replenishment after 4 days of P starvation. 

Next, we investigated which genes respond to P starvation. For this purpose, we displayed 
the up- and down-regulated genes with fold change ≥ 2 (P ≤ 0.05) using a volcano plot. 
As shown in Figure 2A, 2 days of P starvation resulted in 57 up-regulated genes and only 
1 down-regulated gene compared with the control (YP2). Upon extending the P starvation 
treatment to 3 and 4 days (NP3 and NP4), the total number of DEGs increased to 331 and 
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406, respectively (Figure 2B, C). Of these, 197 and 282 genes were upregulated, while 
134 and 124 genes were down-regulated, respectively, compared with the controls (YP3 
and YP4, respectively). Interestingly, instead of a continuous increase, the number of 
DEGs in 5 days P starved samples (NP5) decreased to 187, of which 177 genes were up- 
and 10 downregulated compared with YP5 (Figure 2D). Apparently, the P starvation 
response reached a maximum at 4 days possibly as result of P shortage adaptation. These 
results are reflected in our PCA analysis, in which we see the total gene expression profile 
under P starvation on day 5 being more similar to the control than on days 3 and 4 (Figure 
1). Our numbers of DEGS are highly comparable to those in maize, where 3 days P 
starvation resulted in the differential expression (fold-change ≥ 2) of 283 genes (199 genes 
up; 84 down) (Challis et al., 2013). In white lupin, however, after 9 days P starvation 904 
genes were differentially expressed (535 up; 396 down with fold change ≥ 2, P ≤ 0.05) 
(O’Rourke et al., 2013b), while in Brachypodium distachyon, a 7 days low P treatment 
resulted in 1740 DEGs (1175 upregulated; 565 downregulated with FDR ≤ 0.01) (Zhao et 
al., 2018). The different numbers of DEGs upon P starvation in different studies probably 
depend on differences in the length of the P starvation period, the developmental stage 
used and/or differences in the P starvation response between plant species. 

Upon just 1 day of P replenishment, a virtually opposite picture compared to Figure 2D 
appeared with 152 genes down and 48 upregulated compared with the P starvation control 
(NP5) (Figure 2E). Consistent with the PCA result (Figure 1), just one day of P 
replenishment reduced the expression of 139 P-starvation upregulated genes, and 
increased the expression of 28 genes that were repressed by P-starvation, indicating that 
these genes are highly sensitive to P availability (Figure 2F, G).  

Of the P starvation up-regulated genes across all time points, 48 DEGs constitute the core 
P response genes, as they were shared between all P starvation time points and were down-
regulated by P replenishment (Figure 2F). To know more about these 48 core P response 
genes, we performed GO enrichment. The 48 DEGs were enriched for biological 
processes such as ‘lipid metabolic process’, ‘glycolipid biosynthetic process’, 
‘galactolipid biosynthetic process’, ‘liposaccharide metabolic process’ and ‘phosphate ion 
homeostasis’, and for molecular function such as ‘phosphatase activity’, ‘hydrolase 
activity’, and ‘phosphoric ester hydrolase activity’ (Suppl. Table 2). The 48 DEGs were 
also enriched for cellular component GO terms like ‘extracellular space’ and ‘extracellular 
region part’ (Suppl. Table 2). These GO enrichment results are consistent with a study in 
barley showing that the majority of the DEGs in the root induced by P starvation and 
repressed by P replenishment are involved in P metabolism including phospholipid 
degradation, hydrolysis of phosphoric enzymes, sucrose synthesis, 
phosphorylation/dephosphorylation and post transcriptional regulation (Ren et al., 2018) 
and also as reported in rice and Arabidopsis (Misson et al., 2005; Morcuende et al., 2007; 
Secco et al., 2013). Besides the core P response genes, there are also unique DEGs that 
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only show up on specific days with 0, 42, 112 and 10 time point specific genes upregulated 
after 2, 3, 4 and 5 days of P starvation, respectively (Figure 2F). 

Figure 2. Volcano plots and Venn diagrams showing differentially expressed genes (DEGs) 
between P starvation and replenishment and their respective controls, at different time points. A-
D, volcano plots of 2 days (NP2 vs YP2), 3 days (NP3 vs YP3), 4 days (NP4 vs YP4) and 5 days (NP5 
vs YP5) P starvation. E, volcano plot of one day P replenishment (RP5 vs NP5). F-G, venn diagrams of 
up- and downregulated DEGs, respectively, at different time points of P deficiency and down- and 
upregulated, respectively, by P replenishment. PS2_up, PS3_up, PS4_up and PS5_up represent 
upregulated genes of comparison NP2 vs YP2, NP3 vs YP3, NP4 vs YP4 and NP5 vs YP5, respectively. 
RP5_down represents the downregulated DEGs by P replenishment (RP5 vs NP5); PS2_down, 
PS3_down, PS4_down and PS5_down represent downregulated genes of comparison NP2 vs YP2, NP3 
vs YP3, NP4 vs YP4 and NP5 vs YP5, respectively; RP5_up represents the upregulated DEGs by P 
replenishment (RP5 vs NP5). 

There were no core P starvation down-regulated genes common for all time points (and 
up-regulated by P replenishment) (Figure 2G). Like the P induced genes, there are time 
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point specific DEGs that are downregulated only at 2, 3, 4 or 5 days of P starvation with 
1, 81, 55 and 0 unique genes, respectively (Figure 2G). Next, we performed GO 
enrichment analysis on the entire set of DEGs downregulated by P starvation and/or 
upregulated by one day P replenishment at any of the time points (Suppl. Data set 1-8). 
No significantly enriched GO terms could be retrieved for the down-regulated DEGs at 2 
and 5 days of P starvation (Suppl. Table 3). Four GO terms (‘response to abiotic stimulus’, 
‘response to stimulus’, ‘response to heat’ and ‘response to inorganic substance’) were 
enriched in the 3 and 4 days P starvation down-regulated DEGs. For 3- and 4-day P 
starvation and RP5, GO enrichment analysis of downregulated DEGs showed enrichment 
for the biological process GO term ‘response to stress’. Interestingly, the GO term 
‘defense response’ is enriched in the 4-day P starvation downregulated as well as 5-day P 
replenishment upregulated DEGs. This GO category is composed of disease resistance 
and defensin D1-like genes, suggesting that the immune system was repressed to cope 
with P starvation through enhanced interaction with (beneficial) micro-organisms such as 
arbuscular mycorhizal fungi as reported previously (Castrillo et al., 2017). Besides the 
GO terms listed above, another 16 GO terms such as ‘response to nitrogen compound’, 
‘nucleobase-containing compound biosynthetic process’ and ‘organic cyclic compound 
biosynthetic process’ are specific for 3-day P starvation downregulated DEGs (Suppl. 
Table 3), in accordance with results in Oryza sativa var. Nipponbare roots for 22-day P 
starvation (enrichment of ‘nitrogen compound metabolic process’ and ‘N metabolism’ in 
down-regulated DEGS) (Oono et al., 2013; Secco et al., 2013). A link between P and N 
responses in plants has been suggested before. Overexpression of the P transporter gene, 
OsPT2, enhanced N fixation in transgenic soybean under P deficiency (Zhu et al., 2016). 
Moreover, there are common gene responses to P and N starvation even though the 
mechanism that underlies this interaction remains unclear and possibly just consists of a 
common abiotic stress response mechanism (Cai et al., 2013; Zhu et al., 2016; Shin et al., 
2018). Also the GO term ‘response to cadmium ion’ was enriched in the 4 days P 
starvation downregulated DEGs (Suppl. Table 3) and this was also observed in A. thaliana 
under P starvation (Thibaud et al., 2010). The relationship between P starvation and the 
cadmium response is not clear.  

In addition to the aforementioned enriched GO terms, many GO terms of P response genes 
are related to primary and secondary metabolism (Suppl. Table 2, Suppl. Table 3). This 
prompted us to get a global overview of tomato plant metabolism under P deficiency. 
KEGG analysis showed that P starvation induced and P replenishment repressed DEGs 
that are enriched in ‘lipid and carbohydrate metabolism’, ‘biosynthesis of other secondary 
metabolites, terpenoids’ and ‘polyketides metabolism’, ‘glycan biosynthesis and 
metabolism’ and ‘amino acid metabolism’ (Figure 2A). Similar results were observed in 
B. distachyon and white lupin, where lipid, carbohydrate and amino acid metabolism was 
significantly enriched for the P starvation induced DEGs (O’Rourke et al., 2013a; Zhao 
et al., 2018). Surprisingly, KEGG analysis on P starvation repressed and P replenishment 
induced DEGs showed that these DEGs are also mainly involved in lipid, carbohydrate 
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and amino acid metabolism (Suppl. Figure 2B). These results suggest that remodeling of 
lipid, carbohydrate and amino acid metabolism are main pathways in plants to redistribute 
internal P upon P starvation. 

SL biosynthesis and signaling is influenced by P starvation 

Besides the above mentioned primary and secondary metabolism, the biosynthesis of the 
plant hormone SL was also shown to be strongly upregulated by P stavation(Yoneyama 
et al., 2007b; López-Ráez et al., 2008; Jamil et al., 2011a; Yoneyama et al., 2012). In 
order to study how SLs are involved in the general P response, we assessed the expression 
of SL biosynthetic and signaling genes under the influence of P deficiency and P 
replenishment (Suppl Figure 3). In addition, we assessed how SL biosynthetic and 
signaling genes are regulated by SL itself under P starvation, by including a CCD8 RNAi 
line in this study (Suppl Figure 3). The SL biosynthetic genes DWARF 27 (D27), 
CAROTENOID CLEAVAGE DIOXYGENASES 8 (CCD8) and MORE AXILLARY 
GROWTH 1 (MAX1) were all indeed induced by P starvation (from 3 days) and repressed 
again upon P replenishment, although many of the differences were not significant. 
Unexpectedly, CAROTENOID CLEAVAGE DIOXYGENASE 7 (CCD7) did not mirror 
that pattern, although at 5 days P starvation it was also upregulated compared with the 
control. However, in the CCD8 RNAi mutant expression of CCD7 and D27 were 
upregulated by P starvation, while CCD8 and MAX1 were even downregulated. These 
results indicate that SL biosynthetic genes are all regulated by phosphate and, more 
interestingly, that SLs play an opposite role in regulating D27 and CCD7 on the one hand 
and CCD8 and MAX1 on the other.  

In contrast to the biosynthetic genes, one of the two DWARF 14 (D14) homologs in tomato, 
encoding the SL receptor, was repressed by P starvation (from 3 days) and the other was 
only repressed by 4 days P starvation, but both of them were upregulated again by P 
replenishment. One of the two MORE AXILLARY GROWTH 2 (MAX2) gene copies 
showed a similar pattern as D14 homolog 1. In a study in Arabidopsis, D14 was slightly 
upregulated by P deficiency in roots, apices and leaves (Prerostova et al., 2018). In 
contrast to the result in Arabidopsis, in tomato D14 expression was significantly repressed 
by P starvation. SUPPRESSOR OF MAX2 1-LIKE 6 (SMXL6) was slightly downregulated 
by P starvation at all the time points of P starvation and induced by P replenishment. 
Except for 2 days P starvation, the expression pattern of SUPPRESSOR OF MAX2 1-LIKE 
8 (SMXL 8) was the opposite of that of SMXL6. Interestingly, the lack of SL biosynthesis 
in the mutant resulted in a strong upregulation of the SL receptor, D14 though MAX2 
expression was not affected. The expression of SMXL6 and SMXL8 were both slightly 
downregulated in the CCD8 RNAi mutant. 

SL influences the P-starvation induced transcriptional changes 

Above we show that SL influenced its own metabolism and signaling. Next, we compared 
gene expression changes under 4 days P starvation (strongest PSR) in the CCD8 RNAi 
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line and WT to verify if other P starvation DEGs also depend on SLs (Figure 1, 2). 
Intriguingly, a large number of genes were significantly differentially expressed 
(compared with WT) in the roots of the CCD8 RNAi mutant under P starvation with 1411 
and 1148 DEGs up- and downregulated, respectively (Figure 3A).  

Figure 3. Venn diagrams and Volcano plot illustrating DEGs in the CCD8 RNAi line compared 
with WT tomato. A, volcano plot showing transcript differences between the CCD8 RNAi line and WT 
tomato at 4 days P starvation. B-C, venn diagrams showing the number of DEGs induced or repressed, 
respectively, in WT (compared with control conditions) and down regulated in the CCD8 RNAi line 
(compared with WT) at 4 days P starvation. 

To find out which P starvation response genes are dependent / independent on the presence 
of SLs, we created two Venn diagrams: 1) for P starvation induced genes that require SLs, 
a Venn diagram of the DEGs, induced by 4-day P starvation in WT and down-regulated 
in the CCD8 RNAi line compared to WT (Figure 3B); 2) for P starvation downregulated 
genes that require SLs, a Venn diagram of the DEGs, down-regulated by 4-day P 
starvation in WT and up-regulated in the CCD8 RNAi mutant compared to WT (Figure 
3C). These comparisons split the DEGs into different sets of genes with different 
regulation patterns. Most interestingly, we observed 108 genes that are P starvation 
induced but only if SL is present while 31 genes are P starvation downregulated but only 
while SL is present. In addition, these two Venn diagrams reveal the genes that are SL 
induced (1040 genes, Figure 3B) and SL repressed (1380 genes, Figure 3C), independent 
of P starvation.  

To further reveal functions of the genes that were strongly affected by P availability, we 
assembled a rank list of the strongest P starvation responsive genes (Figure 4A). Some of 
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these genes responded very fast to the P starvation treatment, such as PAP which was 
induced most at day 2, while the expression of other genes such as ACID PHOSPHATASE, 
three PHOSPHATASES and 2 SPX genes increased more upon longer duration of P 
starvation. Of the P starvation response genes in Figure 4A, three LePS2 homologs 
(PHOSPHATASE, Solyc06g062540.2, Solyc06g062550.2, Solyc06g062560.1.), one 
INORGANIC PHOSPHATE TRANSPORTER (Solyc09g066410.1) and the two SPX-
containing proteins (Solyc01g090890.2, Solyc12g009480.1) have also been reported by 
others to be induced under P starvation in tomato (Baldwin et al., 2001; Smith, 2013; Gu 
et al., 2016; Liu et al., 2018a). Our rank list also contains genes that have also been 
reported as strongest induced genes in rice under long term P starvation (21 day) such as 
INORGANIC P TRANSPORTER, PAP, PHOSPHATASE and ABC TRANSPORTER-LIKE 
(Secco et al., 2013). The latter authors also reported induced expression of an SPX-
domain containing protein that plays an essential role in P signaling for maintaining Pi 
homeostasis in plants (Secco et al., 2012). PAPs are members of the most important class 
of APases and play crucial roles in intra and extra-cellular P scavenging and recycling 
under P deficiency (Tian and Liao, 2018; Zhao et al., 2018). Secretion of ACP or PAP by 
plants from the roots is an adaptive response to P stress, which can help to access bound 
P in the rhizosphere (Dakora and Phillips 2002). High in our rank list is an F-box family 
protein; this may be a negative regulator of the P starvation response just as the F-box 
homolog reported in Arabidopsis (Chen et al., 2008). The Lipid A export ATP-
binding/permease protein MsbA and Phospholipase D are two enzymes involved in 
remodeling of lipid metabolism, which is one of the adaptive mechanisms of plants to 
cope with P starvation (see further below) as is the induction of the expression of P 
transporters, such as the INORGANIC PHOSPHATE TRANSPORTER (Figure 4) (Zhang 
et al., 2014b). In the roots of Brachypodium distachyon, the expression of a number of 
SPX domain proteins, PAP and P transporters was also significantly induced by P 
starvation (Zhao et al., 2018). All the top ranked P starvation induced genes were 
effectively repressed upon one day of P replenishment (RP5) (Figure 4A). To confirm the 
role of SLs in the plant response to P starvation, we queried a number of the strongest P 
starvation responsive genes for their requirement of the presence of SLs. All these top 
ranked P starvation induced DEGs except for four genes (F-BOX FAMILY PROTEIN, 
ABC TRANSPORTER-LIKE PROTEIN, INORGANIC P TRANSPORTER AND U-BOX) 
are among the 108 DEGs (SL-dependent upregulation under P starvation) that we 
described above, such as several phosphatases and the 2 SPX genes (Figure 4A). The heat 
map shows that the induction of expression of the majority of these top responsive genes 
is weaker in the CCD8 RNAi line than in WT (Figure 4A). In addition, some genes do not 
respond at all to P starvation in the CCD8 RNAi line, like NUCLEAR TRANSCRIPTION 
FACTOR Y SUBUNIT C-9, 2 CYTOCHROME P450S and 2-OXOGLUTARATE-
DEPENDENT DIOXYGENASE, 1-AMINOCYCLOPROPANE-1-CARBOXYLATE (ACC) 
OXIDASE 6, AMP-DEPENDENT SYNTHASE AND LIGASE, etc (Suppl. Table 4). 



CHAPTER 4 

107 

 

The above results show that many of our top ranked P starvation responsive genes have 
also been reported in the literature and that for many of these the response to P starvation 
depends on SLs. In Arabidopsis and rice, it was shown that SL biosynthesis mutant (max4 
in Arabidopsis, d10 and d27 in rice) showed reduced sensitivity of the root architecture 
response to low P (Ruyter-Spira et al., 2011; Mayzlish-Gati et al., 2012; Sun et al., 2014). 
For example, the increase in seminal root length, the decrease in lateral root density and 
the induction of expression of PSR genes (ACP5, PHTs, INDUCED BY PHOSPHATE 
STARVATION1 (IPS1), PHOSPHATE2 (PHO2)) by low P was compromised in the SL 
mutants and could be complemented by application of the synthetic SL, GR24 (Mayzlish-
Gati et al., 2012; Sun et al., 2014). Here we show that SLs regulate the P starvation 
response in tomato using transcriptional data instead of qpcr of a limited number of PSR 
genes. 
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Figure 4. Heatmaps showing a selection of strongest induced and repressed DEGs in the roots of 
WT tomato and CCD8 RNAi line under different P starvation treatment times. A, the log fold 
change of the top 10 strongest P starvation induced DEGS (at 2, 3, 4 and 5 days of P starvation) and their 
repression by P replenishment in WT and CCD8 RNAi line. B, the log fold change of the top 10 most 
repressed P starvation induced DEGs (at 2, 3, 4 and 5 days of P starvation) and their upregulation by P 
replenishment in WT and CCD8 RNAi line. The heatmaps show expression profiles of the top 10 most 
induced/repressed P starvation DEGs; Underlined genes represent PSR genes selected from literature. 
Values in red represent data of which the adjusted P-value<0.05. 
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In the top 10 strongest P starvation repressed DEGs, we find a GLUTATHIONE-S-
TRANSFERASE (PS2), several heat shock/heat stress related proteins, a UDP- 
GLUCOSYLTRANSFERASE and a large number of unknown proteins (Figure 4B). In 
maize, a UDP- GLUCORONOSYL /UDP- GLUCOSYLTRANSFERASE family gene and 
PS2 displayed reduced expression in the roots in response to low P stress (Challis et al., 
2013). We found a number of other genes that were repressed by P starvation and induced 
by P replenishment, making them interesting P response genes, such as a CYSTEINE-
RICH RECEPTOR-LIKE PROTEIN KINASE, an ALDO/KETO REDUCTASE, 1-
AMINOCYCLOPROPANE-1-CARBOXYLATE (ACC) OXIDASE 4, STRICTOSIDINE 
SYNTHASE-LIKE PROTEIN, O-METHYLTRANSFERASE FAMILY 3 AND A 
SUPERMAN-LIKE ZINC FINGER PROTEIN (Figure 4B). This is consistent with 
research in Glycine max showing that an aldo/keto reductase family protein in the shoot 
was differentially expressed after 12 h P starvation (Guo et al., 2008). In P starved 
adventitious roots of maize, the release of ethylene and the content of ACC, the substrate 
of ACC oxidase in ethylene biosynthesis, are both decreased by P deficiency (Drew et al., 
1989). Ethylene plays a role in mediating the adaptive response to P starvation through 
affecting morphological changes in the root system (Lynch and Brown, 1997). In the roots 
of maize seedlings, a number of S-ADENOSYLMETHIONINE-DEPENDENT 
METHYLTRANSFERASES responded differentially to 3 days P starvation (Challis et al., 
2013). STRICTOSIDINE SYNTHASE-LIKE protein could be an enzyme involved in the 
biosynthesis of alkaloids, possibly indicating that alkaloid biosynthesis is repressed under 
P starvation, which would fit with the repression of ‘defense response’ discussed above. 
The heat map shows that the repression of the expression of the majority of these top 
responsive genes is weaker in the CCD8 RNAi line than in WT (Figure 4B). Of the 31 
DEGs identified in Figure 3B (SL-dependent downregulation under P starvation), 
especially the down-regulation of a ZINC TRANSPORTER, several HEAT SHOCK 
PROTEINs, a SER/THR-RICH PROTEIN T10 IN DGCR REGION and MALE STERILITY 
5 FAMILY PROTEIN are completely dependent on the presence of SLs (Figure 4B, Suppl. 
Table 4). 

Lipid, phenylpropanoid and carotenoid biosynthesis are reprogrammed 
under phosphate starvation and this partially depends on SLs 

Intriguingly, among the above mentioned 108 DEGs there were also many metabolism-
related genes, such as CYTOCHROME P450s, 2-OXOGLUTARATE-DEPENDENT 
DIOXYGENASE, UDP-GLUCOSYL TRANSFERASE/GLYCOSYL TRANSFERASE, PS2, 
PHYTOENE SYNTHASE 3 and CAROTENOID 9,10(9',10')-CLEAVAGE 
DIOXYGENASE 1-LIKE (Suppl. Table 4). This suggests that SLs are also involved in the 
metabolic reprogramming upon P starvation. To gain more detailed insight into the effect 
of phosphate starvation on metabolism and the role of SLs in this, we performed KEGG 
analysis and the visualization using iPath3.0 with 282 genes (P starvation induced genes 
in WT), 124 genes (P starvation repressed genes in WT), 108 genes (SL-dependent P  
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Figure 5. Visualization of PS induced and SL-dependent changes in the expression of genes 
involved in secondary metabolism with iPath 3.0. A, secondary metabolite biosynthesis and P 
starvation induced DEGs (4 days) in WT. B, secondary metabolite biosynthesis and P starvation induced 
and SL-dependent DEGs. 

A 

B 
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Figure 6. Secondary metabolism visualization of PS repressed DEGs, PS repressed and SL-
dependent DEGs with iPath 3.0. A, secondary metabolite biosynthesis visualization of P starvation 
repressed DEGs (4 days) in WT. B, secondary metabolite biosynthesis visualization of P starvation 
repressed and SL-dependent DEGs. 

A 

B 
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starvation induced genes) and 31 genes (SL-dependent P starvation downregulated genes) 
(Figure 5, Figure 6). For KEGG analysis, 129 (45.7%) out of the 282 genes, 43 (34.7%) 
out of the 124 genes, 18 (58.1%) out of the 31 genes and 44 (40.7%) out of the 108 genes 
were annotated using BlastKOALA (Kanehisa et al., 2016) (Suppl. Table 5-8). Upon P 
starvation, glycerophospholipid metabolism, and biosynthesis of carotenoid, diterpenoid, 
and phenylpropanoid are induced (Figure 5A, Suppl. Table 5), which (partially) requires 
the presence of SLs (Figure 5B, Suppl. Table 8). Even though the P starvation repressed 
genes set includes more genes than the P starvation repressed/SL dependent gene set 
(Figure 3C, Suppl. Table 6), the visual output of KEGG analysis of both sets looks the 
same (Figure 6A, B) probably due to the limited annotation of the KEGG pathway. The 
biosynthesis of pantothenate and CoA, lysine and alkaloids are also repressed by P 
starvation, and this is clearly SL-dependent (Figure 6A, B, Suppl. Table 6, 7).   

The above result suggesting that the remodeling of phospholipid metabolism under P 
starvation is SL-dependent prompted us to look into the details of lipid metabolism. 
Intriguingly, hierachical clustering analysis (HCA) of lipid metabolism related genes 
shows that we can distinguish several groups of genes with one group that is upregulated 
under P starvation, one that is downregulated and one that does not respond to P starvation. 
Genes in group 1 are induced by P starvation and pressed by P replenishment; they mainly 
represent genes involved in galactolipid synthesis, sulfolipid synthesis and phospholipid 
degradation such as MONOGALACTOSYLDIACYLGLYCEROL SYNTHASE (MGDG2, 
solyc07g007620.2.1),  DIGALACTOSYLDIACYLGLYCEROL SYNTHASE (DGDGS2, 
solyc10g017580.2.1) and SULFOQUINOVOSYLDIACYLGLYCEROL SYNTHASE 
(SQDGS2, solyc10g085100.1.1, solyc09g014300.2.1) (Suppl. Figure 4A, B, D). 
Intriguingly, the genes involved in PHOSPHOLIPID DEGRADATION LIKE (PLD1, 
solyc01g100020.2.1) and GLYCEROPHOSPHODIESTERASES (GPDEs, 
solyc06g069470.2.1, solyc02g094400.2.1) are also present in group 1 (Suppl. Figure 4D). 
Group 2 represents genes with an opposite expression profile: they are repressed by P 
starvation (Suppl. Figure 4C, D). Genes in this group are mostly involved in phospholipid 
synthesis. Genes in this group are not or much less repressed by P starvation in the CCD8 
RNAi line. The downregulation of the expression of PEAMT 2 and 3 in group 2, for 
example, is completely absent in the CCD8 RNAi line, showing that the down-regulation 
of phospholipid synthesis by phosphate shortage depends on SLs (Suppl. Figure 4B). 
Overall, under P deficiency, plants reduce the demand for P in lipids by substituting P-
free galactolipids, such as digalactosyldiacylglycerol (DGDG), and sulfolipids, such as 
sulfoquinovosyldiacylglycerol (SQDG) for phospholipids (Zhang et al., 2014). Hereto, 
membrane phospholipids are degraded to free P and to recycle fatty acids and glycerol-3-
phosphate for the production of P-free lipids (Morcuende et al., 2007). Indeed, an 
increased concentration of galactolipids and sulfolipids was reported in the leaves of 
Arabidopsis under P deficiency (Okazaki et al., 2013). Furthermore, the expression of 
SQDGS1 and SQDGS2 is induced in seedlings of Arabidopsis and rice under P starvation 
(Zhang et al., 2014). 
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Interestingly, two genes cluster in Group 1, PHOSPHOFRUCTOKINASE (PFK, 
solyc07g045160.2.1) that phosphorylates fructose 6-phosphate in glycolysis and ADP-
GLUCOSE PYROPHOSPHORYLASE3 (AGPL3,solyc01g079790.2.1) that regulates a 
rate-limiting step in starch biosynthesis in higher plants (Choix et al., 2014; Zhang et al., 
2014; Tang et al., 2016). Both of them are induced by P starvation (3, 4 and 5 days) and 
repressed by P replenishment (Suppl. Figure 4), which can be explained that organic acid 
synthesis and exudation in the root is induced by P starvation and in order to supply carbon 
for organic acid synthesis, genes involved in glycolysis are induced by P starvation (Uhde-
Stone et al., 2003; Wasaki et al., 2006; Morcuende et al., 2007; Calderon-Vazquez et al., 
2008). Several of these genes were less induced by P starvation in the CCD8 RNAi mutant 
compared with WT, which suggests that the changes in lipid biosynthesis, glycerolipid 
degradation, starch biosynthesis and glycolysis are P starvation induced and SL-
dependent (Suppl. Figure 4). Genes like SUCROSE PHOSPHATE SYNTHASE, 2,3-
BISPHOSPHOGLYCERATE-DEPENDENT PHOSPHOGLYCERATE MUTASE (PGM), 
PHOSPHORYLETHANOLAMINE N-METHYLTRANSFERASE 1 (PEAMT1) and 
CHOLINE KINASE (CKI2) in group 3 are not responding to P starvation but are highly 
induced in the CCD8 RNAi line (Suppl. Figure 4B). Taken together, our data show that a 
large part of the changes in lipid metabolism under P starvation depends on SLs, which is 
also consistent with above KEGG analysis result of P starvation induced SL-dependent 
genes (108 DEGs). 

SLs also affect tomato metabolism independent of P availability 

To gain insight into the effect of SLs on tomato root metabolism (independent of P 
starvation), we performed KEGG analysis and visualization of iPath3.0 with the 
upregulated and downregulated genes from CCD8 vs wt.NP4 and CCD8 vs wt.YP4. The 
down regulation of SL biosynthesis results in a strong upregulation of alpha-linolenic acid, 
cyanoamino acid and glycerophospholipid metabolism, and triterpenoid backbone, 
phenylpropanoid, diterpenoid and brassinosteroid biosynthesis under both P sufficient and 
P starvation (Suppl. Figure 5A, Suppl. Figure 6A, Suppl. Table 9, Suppl. Table 11). 
Carotenoid, flavonoid, sesquiterpenoid, triterpenoid, phenylalanine, tyrosine and 
tryptophan and ubiquinone and other terpenoid-quinone biosynthesis are differentially 
upregulated in the CCD8 RNAi line under normal P only (Suppl. Figure 5A, Suppl. Table 
9), which suggests that they are more P responsive than SL-dependent. The 
downregulation of SL biosynthesis results in downregulation of glycerophospholipid 
metabolism, steroid biosynthesis, phenylpropanoid biosynthesis and brassinosteroid 
biosynthesis under both normal P and P starvation (Suppl. Figure 5B, Suppl. Figure 6B, 
Suppl. Table 10, Suppl. Table 12) showing that they are SL-dependent. This confirms the 
conclusion about the dependency on SLs of glycerolipid downregulation under P 
starvation. Valine, leucine and isoleucine biosynthesis and flavonoid biosynthesis are only 
downregulated in the CCD8 RNAi line under P starvation (Suppl. Figure 6B, Suppl. Table 
12). This suggests that downregulation of amino acid metabolism and flavonoid 
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biosynthesis are more P starvation than SL-dependent. Overall, even though there is no 
clear trend which part of the metabolism is up- and which part is down-regulated, 
phenylpropanoid biosynthesis and glycerophospholipid metabolism are both partially 
upregulated and partially downregulated in the CCD8 RNAi line under both normal P and 
P starvation, which suggests that both of them are more SL-dependent than P responsive. 
The conclusion on glycerophospholipid metabolism is consistent with the conclusion 
above about the dependency on SLs of reprogramming of lipid metabolism upon P 
starvation.  

SL enhances active gibberellin biosynthesis 

Plant hormones play a central role in the adaption of plants to nutrient deficiency including 
P starvation, but not much is known about how hormone biosynthesis is influenced by P 
starvation and if that depends on SL. Based on HCA, tomato gibberellin biosynthesis 
genes cluster into 4 groups (Suppl. Figure 7B). The genes of group1 are slightly repressed 
by P starvation and strongly repressed by SLs (higher expression in the CCD8 RNAi line; 
Suppl. Figure 7). This cluster includes four gibberellin 2-oxidases (GA2OX1, 2, 3, 5) that 
convert GA9 to inactive forms such as GA51 and GA34 and one gibberellin 3-oxidase 
(GA3OX) that catalyzes the conversion of GA9 to the active GA1 and GA4. In contrast 
to group 1, expression of genes in group 4 - which includes four genes responsible for GA 
biosynthesis (GA20OX1, 3, 5 and GA2OX6) and four genes involved in the common 
precursor GA pathway - is much lower in the CCD8 RNAi mutant compared with WT, 
so they are activated by SLs, and are activated by P starvation, in WT (Suppl. Figure 7). 
Interestingly, genes (GA3OX1 and GA2OX4) in group 2 are depending on SL only when 
there is sufficient P. Under P starvation, these two genes had very low expression and this 
low expression does not depend on SL biosynthesis (Suppl. Figure 7). KS1a and KAO3 
in group3 are involved in the common precursor GA pathway; they were induced by P 
starvation in WT, and this depended on the presence of SLs, as they were not upregulated 
in the CCD8 RNAi mutant (Suppl. Figure 7).  

It has been reported that GA regulates the biosynthesis of SL and there is crosstalk 
between GA and SL signaling (Nakamura et al., 2013a; Ito et al., 2017). The present study 
uncovers another side of this cross talk between SL and GA showing that SLs also regulate 
GA biosynthesis. Firstly, a number of GA2OX paralogs, which are involved in the 
inactivation of GA and clustered together in group 1, were higher expressed in the CCD8 
mutant. Thus, SL represses the expression of these genes that encode inactivating enzymes 
probably resulting in the presence of more active GA. Secondly, the expression of genes 
encoding the GA precursor pathway (Group 4) was lower in the CCD8 RNAi line, which 
suggests that SL plays a positive role in upregulating these genes. Thirdly, GA3OX1 
responsible for the production of active GA1 and/or GA4 is also upregulated by SL 
although its paralogue, GA3OX4, is repressed by SL regardless of P availability. This 
could imply that in the root different GA3OX paralogues are responsible for production of 
different active GAs and/or only the biosynthesis of one active form of GA is induced by 
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SL. P starvation in Arabidopsis results in elongation of lateral roots and reduced 
elongation of the primary root (Nacry et al., 2005). Application of bioactive GAs to the 
shoot of Arabidopsis has been shown to promote primary root elongation and increase the 
number of lateral roots (Bidadi et al., 2010). This is not the same response as to P 
starvation, but does show that GA regulates root architecture. In a report on the role of 
GA in the low P response in Arabidopsis seedlings grown on agar plates, Jiang et al 
reported that the expression of the GA deactivating GA2OX2 increases while expression 
of the biosynthetic/activating GA20OX1 and GA3OX1 decrease under low P conditions. 
Our results only confirm the down regulation of GA3OX1. It is difficult to conclude form 
the expression of just a few activating/inactivating enzymes what the outcome will be for 
the level of active GA. Jiang et al also showed that the level of bioactive GA4 is 
downregulated under low P conditions, however, this was measured in entire seedlings, 
grown on agar plates, so including the shoot (Jiang et al., 2007). We show here the 
expression of many more genes (putatively) involved in GA metabolism. Especially the 
root-specific upregulation of the group 3 and 4 genes – which include all early GA 
pathway genes - under P starvation is strong support for the upregulation of GA 
biosynthesis under low P. Taken together, our results suggest that SL play an essential 
role in the regulation of GA biosynthesis, repressing inactivation and upregulating 
biosynthesis, which likely results in an increase in the level of active GA in the roots. The 
important role of SL in the adaptation of root architecture to low P seems thus not only 
mediated through changes in auxin transport (Ruyter-Spira et al., 2011), but possibly also 
through their effect on GA biosynthesis.  

SLs interact with ABA biosynthesis  

SL and ABA are both derived from the carotenoid pathway, thus genes involved in 
carotenoid and ABA biosynthesis were used for HCA to get a better view on how SL 
influences carotenoid and ABA biosynthesis (Suppl. Figure 8). These genes clustered into 
six groups (Suppl. Figure 8). The most striking group is Group 2, which consists of genes 
of which the expression is strongly upregulated in the CCD8 RNAi line, especially under 
normal P conditions. This cluster contains genes from all over the pathway but seems 
enriched in ABA biosynthesis related genes, such as CYP97A29, NCED3, NSY5, AAO3b 
and AAO3a (Suppl. Fig 8). Possibly, other genes in this cluster, encoding earlier steps in 
the pathway, are dedicated (also) to ABA biosynthesis and therefore show the same 
expression pattern and cluster with the genes known to be dedicated to ABA biosynthesis. 
It is intriguing that these genes are so strongly negatively regulated by SL, independent of 
P presence. Intriguingly, genes involved in ABA catabolism show an opposite trend, at 
least to some extent. CYP707A2 and CYP707A3b in Group 6 show the opposite pattern 
and are activated by SLs. This trend supports the reported negative relationship between 
SL and ABA (López-Ráez et al., 2010; Haider et al., 2018) and suggests that the 
relationship is based on a direct negative feedback from SL on ABA biosynthesis and a 
positive feedback on ABA degradation. Other striking patterns are formed by Groups 3 
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and 4, containing genes of which the expression is down-regulated by P starvation, SL-
dependent in group 3 and SL independent in group 4. This last group also includes two 
ABA related genes, NCED2 and CYP707A3a suggesting that they may be involved in a 
SL independent pathway for the down regulation of ABA under P starvation. Genes 
clustering in Groups 1 and 5, finally, were induced by P starvation; in group 1 this seems 
to be SL-dependent, while in group 5 this is more or less SL independent. Interestingly, 
this latter group includes ABA biosynthesis related genes, suggesting that there is also P 
starvation induced ABA biosynthesis that is not controlled by SL. The picture emerging 
from all this is still not clear; ABA regulation is partially dependent on SL and partially 
not, both under conditions of normal P as well as under P starvation. Others have reported 
on the crosstalk between ABA and SL and their role in abiotic stress responses such as 
drought and P starvation (Liu et al., 2015; Haider et al., 2018; Aliche et al., 2020). A 
recent study suggests that zaxinone, another apocarotenoid metabolite just as SL, in 
Arabidopsis acts as a stress signal that positively regulates both ABA and SLs, while in 
the mycorrhizal rice it is a negative regulator of SLs (Wang et al., 2019; Ablazov et al., 
2020). 

SL affects brassinosteroid biosynthesis  

Above we already discussed that brassinosteroid biosynthesis depends on SL (Suppl. 
Figure 5, Suppl. Figure 6, Suppl. Table 13). To obtain a complete picture, we performed 
HCA with all biosynthetic pathway genes of the brassinosteroids and their steroid 
precursor. Two clusters with an obviously different pattern showed up in the HCA (Suppl. 
Figure 9). Genes in group1 displayed a lower expression in the CCD8 RNAi line than in 
WT, independent of P availability, while the genes in group 2 showed the opposite pattern. 
Their expression was higher in the CCD8 RNAi line, but also independently of P 
availability. In group 1 we find many of the Cytochrome P450s involved in the 
brassinosteroid part of the pathway. In group 2 there was one exception to the general 
pattern: the expression of CYP90D2 depends on both SL and P availability. Similarly, 
expression of CYP92A6 and DELTA (24)-STEROL REDUCTASE HOMOLOG 2 
(DWF1_H2) also depend on both SL and P availability. However, the expression of C-
4α--STEROL-METHYLOXIDASE2 HOMOLOG2 (SMO2_H2) in group 2 was induced by 
P starvation in both WT and the CCD8 RNAi line showing that SMO2_H2 is P starvation 
responsive and SL independent. In contrast, DELTA(7)-STEROL-C5(6)-DESATURASE 
HOMOLOG 1 (STE_H1) in group 1 is downregulated by P starvation both in WT and the 
CCD8 RNAi line. Overall, these results indicate that most of the biosynthetic genes of 
brassinosteroid and steroid biosynthesis do not respond to P starvation but strongly – 
positively or negatively - depend on the presence of SL. One previous study showed that 
BES1 (BRI1-EMS-SUPPRESSOR1), a positive regulator of brassinosteroid signaling, is 
a substrate of MAX2 and the degradation of BES1 is promoted by SLs (Wang et al., 2013). 
Our results suggest that the feedback relationship between SLs and brassinosteroids, 
extends also to brassinosteroid biosynthesis. 
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The influence of SL on ethylene biosynthesis under P starvation 

As described in the introduction, ethylene is involved in the adaptation of root architecture 
in response to P starvation. In soybean, ACC OXIDASE 1 - which is involved in the last 
step of ethylene biosynthesis - is downregulated by P starvation (Andriankaja et al., 2007; 
Zeng et al., 2016). Indeed, in the top ranked P starvation repressed DEGs, ACC OXIDASE 
4 (Solyc11g007890.1) is repressed by P starvation (at 3, 4 and 5 days) and upregulated by 
P replenishment (Figure 3A). Interestingly, in the CCD8 RNAi mutant, ACC OXIDASE 4 
is not significantly downregulated by P starvation. Another ethylene related gene, 
ETHYLENE RESPONSIVE FACTOR REQUIRED FOR NODULATION 3 (ERN3-like, 
Solyc01g091760.2) is induced at PS4 in WT (Suppl. Table 4). ERN1 and ERN2 act as 
transcriptional activators, while ERN3 acts as a putative repressor of ERN1/ERN2-
dependent activation in root hairs (Kawaharada et al., 2017). Possibly this tomato ERN 
has something to do with changes in root hair elongation under P starvation. In the CCD8 
RNAi line there was no significant change in ERN expression in response to P starvation 
(Suppl. Table 5). And the same was observed for the AUXIN RESPONSIVE PROTEIN 
(SAUR-like protein, Solyc07g045060.1) (Suppl. Table 4), which is induced in PS4 in WT 
just as reported for soybean (Zeng et al., 2016), but less in the CCD8 RNAi line. Taken 
together, auxin and ethylene biosynthesis/signaling are likely involved in the root 
development response to P starvation (Oldroyd and Leyser, 2020) and this depends on 
SLs. Indeed, it has been suggested that the crosstalk of ethylene, auxin, GA and SL co-
regulates the adaptive root development of plants in response to P starvation (Schmidt 
2001; WANG et al., 2006; Jiang et al., 2007; O’Rourke et al., 2013b; Sun et al., 2016). 

Conclusions 
Here we show that, within days, tomato strongly responds to P starvation with dramatic 
changes in gene expression reaching the highest level of response after 4 days. This 
response can be almost completely negated by P replenishment. We show that the 
expression of genes involved in metabolism of the plant hormones ABA, GA, 
ethylene and auxin dramatically changes in response to P starvation, which to a 
considerable extent depend on SLs. We also identified massive changes in the 
expression of genes involved in lipid, phenylpropanoid and carotenoid biosynthesis 
under phosphate starvation, which to a large extent also depends on the presence of SLs. 
Together this shows that the role of SLs in the adaptation of plants to P stress goes 
beyond the already reported inhibition of shoot branching and adaptation of root 
architecture, and also involves other classic P starvation responses such as remodeling 
of lipid metabolism and changes in hormone homeostasis.  
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Supporting information 

Suppl. Figure 1. Experimental design of the P starvation RNAseq experiment. Tomato plant were 
grown in P sufficient condition for 2 weeks. Subsequently, treatments started. For wild type plants under 
P sufficient and P deficiency, samples of tomato root were collected after 2, 3, 4 and 5 days (P sufficient: 
YP2, YP3, YP4 and YP5; P starvation: NP2, NP3, NP4 and NP5); For P replenishment, P was 
replenished after 4 days P starvation and samples were collected one day later (indicated in RP5); For P 
starvation in the CCD8 RNAi line under P sufficient and P deficiency, samples were collected after 4 
days (indicated in CCD8.YP4 and CCD8.NP4, respectively). 
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Suppl. Figure 2. KEGG pathway enrichment for P starvation induced and P replenishment 
repressed DEGs (A), and P starvation repressed and P replenishment induced DEGs (B) in tomato 
roots. 
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Suppl. Figure 3. Heatmap showing fold change of genes involved in the SL biosynthetic and 
signaling pathway under P starvation for different time periods and P replenishment in WT tomato 
and CCD8 RNAi line. 
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Suppl. Figure 4. Expression profiles of lipid metabolism related genes in the roots of WT tomato 
and CCD8 RNAi line under control P and P starvation treatment. A, schematic representation of 
sulfoquinovosyl diacylglycerol (SQDG) biosynthesis (Okazaki et al., 2009). B, schematic representation 
of digalactosyldiacylglycerol (DGDG) biosynthesis. C, schematic representation of phosphatidylcholine 
(PC) biosynthesis (Eastmond et al., 2010). D, hierarchical clustering diagram of lipid metabolism related 
genes in WT and CCD8 RNAi line at 4 days of normal P and P starvation. YP4 and NP4 represent tomato 
WT at 4 days of control P and P starvation, respectively. CCD8.YP4 and CCD8.NP4 represent the CCD8 
RNAi line at 4 days of control P and P starvation, respectively. DGDGS, 
DIGALACTOSYLDIACYLGLYCEROL SYNTHASE; AGPL, ADP-GLUCOSE PYROPHOSPHORYLASE; 
PFK, PHOSPHOFRUCTOKINASE; GPDE, GLYCEROPHOSPHODIESTERASE; MGDGS, 
MONOGALACTOSYLDIACYLGLYCEROL SYNTHASE; SQDGS, 
SULFOQUINOVOSYLDIACYLGLYCEROL SYNTHASE; PLD, PHOSPHOLIPID DEGRADATION; 
PEAMT, PHOSPHORYLETHANOLAMINE N-METHYLTRANSFERASE; CCT, CTP-
PHOSPHOCHOLINE CYTIDYLYLTRANSFERASE; EKI, ETHANOLAMINE KINASE; ECT, CTP-
PHOSPHOETHANOLAMINE CYTIDYLYLTRANSFERASE; GPAT, GLYCEROL-PHOSPHATE 
ACYLTRANSFERASE; CKI, CHOLINE KINASE; PLMT, PHOSPHOLIPID N-METHYLTRANSFERASE; 
GT8, GLYCOSYLTRANSFERASE FAMILY 8; SPS, SUCROSE PHOSPHATE SYNTHESIS; PGM, 
PHOSPHOGLYCERATE MUTASE; PEAMT, PHOSPHOETHANOLAMINE N-
METHYLTRANSFERASE. 
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Suppl. Figure 5. Visualization of up- and downregulated genes involved in secondary metabolism 
under normal P in the CCD8 RNAi line with iPath 3.0. A, secondary metabolite biosynthesis and 
upregulated DEGs in CCD8 RNAi line compared with WT under normal P. B, secondary metabolite 
biosynthesis and downregulated DEGs in CCD8 RNAi line compared with WT under normal P. 
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Suppl. Figure 6. Visualization of up- and downregulated genes involved in secondary metabolism 
after 4 days P starvation in the CCD8 RNAi line with iPath 3.0. A, secondary metabolite biosynthesis 
and upregulated DEGs in CCD8 RNAi line compared with WT under P starvation. B, secondary 
metabolite biosynthesis and downregulated DEGs in CCD8 RNAi line compared with WT under P 
starvation.  
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Suppl. Figure 7. Expression of gibberellin pathway genes in the root of WT tomato and CCD8 
RNAi line under normal P and P starvation. A, schematic representation of the gibberellin pathway 
(Yamauchi et al., 2004; Huang et al., 2010). B, hierarchical clustering diagram of gibberellin pathway 
related genes in WT and CCD8 RNAi line at 4 days of normal P and P starvation. YP4 and NP4 represent 
tomato WT at 4 days of control P and P starvation, respectively. CCD8.YP4 and CCD8.NP4 represent 
the CCD8 RNAi line at 4 days of control P and P starvation, respectively. GA3OX, GIBBERELLIN 3-
OXIDASE; GA2OX, GIBBERELLIN 2-OXIDASE; KS, ENT-KAURENE SYNTHASE; KAO, ENT-
KAURENOIC ACID OXIDASE; GA20OX, GIBBERELLIN 20-OXIDASE; CPS, COPALYL 
DIPHOSPHATE SYNTHASE; KO, ENT-KAURENE OXIDASE. 

  



CHAPTER 4 

133 

 

 

Suppl. Figure 8. Expression profiles of ABA biosynthetic, catabolic, and deconjugation genes in 
the root of WT tomato and CCD8 RNAi line under normal P and P starvation. A, schematic 
representation of ABA biosynthesis and inactivation (Seo and Koshiba 2002): I represents carotenoid 
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precursor biosynthesis; II represents formation of epoxycarotenoid and its cleavage in the plastids, III 
represents reactions in the cytosol for the formation of ABA. B, hierarchical clustering diagram of ABA 
biosynthesis pathway related genes in WT at 4 days normal P and P starvation. YP4 and NP4 represent 
tomato WT at 4 days of control P and P starvation, respectively. CCD8.YP4 and CCD8.NP4 represent 
the CCD8 RNAi line at 4 days of control P and P starvation, respectively. DXS, 1-DEOXY-D-
XYLULOSE-5-PHOSPHATE SYNTHASE; DXR, 1-DEOXY-D-XYLULOSE 5-PHOSPHATE 
REDUCTOISOMERASE; MCT, 2-C-METHYL-D-ERYTHRITOL 4-PHOSPHATE 
CYTIDYLYLTRANSFERASE; CMK, 4-DIPHOSPHOCYTIDYL-2-C-METHYL-D-ERYTHRITOL 
KINASE; MDS, 2-C-METHYL-D-ERYTHRITOL 2,4-CYCLODIPHOSPHATE SYNTHASE; MDS, 4-
HYDROXY-3-METHYLBUT-2-EN-1-YL DIPHOSPHATE SYNTHASE; HDR, 4-HYDROXY-3-
METHYLBUT-2-ENYL DIPHOSPHATE REDUCTASE; GGPPS, GERANYLGERANYL 
PYROPHOSPHATE SYNTHETASE; PSY, PHYTOENE SYNTHASE; PDS, PHYTOENE DESATURASE; 
ZDS, ZETA-CAROTENE DESATURASE; LCY, LYCOPENE BETA CYCLASE; BCH, BETA-CAROTENE 
HYDROXYLASE; ZEP, ZEAXANTHIN EPOXIDASE; NSY, NEOXANTHIN SYNTHASE; NCED, 
EPOXYCAROTENOID DIOXYGENASE; AAO, ARABIDOPSIS ALDEHYDE OXIDASE. 
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Suppl. Figure 9. Expression profiles of steroid and brassinosteroid pathway in the root of tomato 
under normal P and P starvation. A, schematic representation of steroid biosynthesis (Zhang et al., 
2017). B, schematic representation of brassinosteroid biosynthesis (from KEGG). C, hierarchical 
clustering diagram of brassinosteroid biosynthesis related genes (H1 and H2 represent homolog 1 and 2, 
respectively). YP4 and NP4 represent tomato WT at 4 days of control P and P starvation, respectively. 
CCD8.YP4 and CCD8.NP4 represent the CCD8 RNAi line at 4 days of control P and P starvation, 
respectively. SMT, STEROL 24-C-METHYLTRANSFERASE; STE, DELTA(7)-STEROL-C5(6)-
DESATURASE; DWF, DELTA (24)-STEROL REDUCTASE; SMO, C-4Α--STEROL-
METHYLOXIDASE2; DET, STEROID 5-ALPHA-REDUCTASE. 
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Supplementary Data sets: 
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Abstract 
Strigolactones (SLs) are not only rhizosphere signaling molecules that induce seed 
germination of parasitic plants and enhance hyphal branching of AM fungi, but are also 
phytohormones regulating plant aboveground and belowground architecture, particularly 
in response to phosphate availability. The biosynthetic pathway of SLs in tomato has been 
partially elucidated, but the structural diversity in tomato SLs predicts that additional 
biosynthetic steps are required. Here, a new approach was used for SL biosynthetic gene 
discovery and this revealed the involvement of a cytochrome P450, SlCYP712G1, in the 
biosynthesis of SLs in tomato. Candidate genes were obtained using RNAseq combined 
with co-expression analysis using known SL biosynthetic genes as baits. Heterologous 
expression in Nicotiana benthamiana and yeast – supported by protein modelling and 
substrate docking - showed that one of these candidates, cytochrome P450 SlCYP712G1, 
can catalyze the double oxidation of orobanchol resulting in the formation of three 
didehydro-orobanchol (DDH) isomers. Using systemic Virus Induced Gene Silencing, we 
prove that one of these DDH isomers is an intermediate en route to the biosynthesis of 
solanacol, one of the most abundant SLs in tomato root exudate. With this work we 
contribute to answering the intriguing question what the biological relevance is of the 
multitude of different SLs present in the root exudates of plants. 

Key words  
Tomato, strigolactones, biosynthesis, CYP712G1, DDH isomer, orobanchol, solanacol 
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Introduction 
SLs were initially discovered as germination stimulants that induce the seed germination 
of parasitic plants of the Orobanchaceae (Striga, Alectra, Phelipanche and Orobanche 
genera) (Cook et al., 1966). Half a century after this intriguing biological discovery, it 
was demonstrated that SLs are actually beneficial for plants, as they promote the 
symbiosis between plants and arbuscular mycorrhizal (AM) fungi by inducing hyphal 
branching in these AM fungi (Akiyama et al., 2005). Moreover, another three years later, 
SLs were revealed to be a class of phytohormones regulating plant architecture and 
development, including adaption of root architecture, inhibition of shoot branching, 
enhancing secondary stem growth, and stimulating leaf senescence (Gomez-Roldan et al., 
2008b; Umehara et al., 2008b; Ruyter-Spira et al., 2011; Kapulnik and Koltai 2014a; Sun 
et al., 2015). 

Interestingly, substantial structural diversification has occurred in the SLs, between as 
well as within plant species. So far approximately 30 different SLs have been reported 
and individual plant species have been reported to exude up to 11 different SLs (Xie 2016; 
Wang and Bouwmeester 2018; Xie et al., 2019). SLs can be classified into two types: 
canonical and non-canonical SLs. All of them have the butenolide D-ring but in the 
canonical SLs this is attached to a tricyclic ABC-lactone ring while in the non-canonical 
SLs the canonical ABC-ring structure is absent and is replaced by a variety of other 
structures, usually still showing signs of the A-ring. Different SLs may have different 
biological activities with regard to stimulating the seed germination of parasitic plants, 
inducing the hyphal branching of AM fungi and inhibiting outgrowing of plant axillary 
bud (Akiyama et al., 2010; Boyer et al., 2012b; Nomura et al., 2013; Zwanenburg and 
Pospíšil 2013). Possibly, these different functions have driven the structural 
diversification in the SLs, with biological specificity in beneficial signaling relationships 
as fitness trait. In order to better understand the biological relevance of these different SLs, 
knowledge of the biosynthesis of all these different SLs is required. 

The SL biosynthetic pathway so far has only been partially unraveled, and mainly in 
model plants. The core SL biosynthetic pathway involves the enzymes DWARF27 (D27), 
CAROTENOID CLEAVAGE DIOOXYGENASE 7 (CCD7) [MORE AXILLARY 
GROWTH 3 (MAX3) in Arabidopsis, DWARF17 (D17) in rice, RAMOSUS 5 (RMS5) 
in pea] and CAROTENOID CLEAVAGE DIOOXYGENASE 8 (CCD8) [MORE 
AXILLARY GROWTH 4 (MAX4) in Arabidopsis, DWARF10 (D10) in rice, 
RAMOSUS 1 (RMS1) in pea] (Figure 1) (Morris et al., 2001; Sorefan et al., 2003; Zou 
et al., 2006; Arite et al., 2007; Simons et al., 2007; Drummond et al., 2009a; Lin et al., 
2009a; Alder et al., 2012). These three proteins can sequentially convert β-carotene into  

carlactone (CL) (Figure 1), which seems to be the common precursor for all SLs (Lin et 
al., 2009a; Alder et al., 2012). In Arabidopsis, MORE AXILLARY GROWTH 1 (MAX1) 
can convert CL into carlactonoic acid (CLA) (Abe et al., 2014; Seto et al., 2014). In rice, 
two MAX1 homologs convert CL into 4DO (CL oxidase) and 4DO into orobanchol (4DO  
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Figure 1. The proposed strigolactone (SL) biosynthetic pathway in tomato (Solanum lycopersicum). 
The elucidated steps are indicated with solid and the putative steps with broken arrows. 

hydroxylase) (Zhang et al., 2014a). In Arabidopsis, CLA can be further converted by a so 
far unidentified methyl transferase into methyl carlactonoate (MeCLA) which is 
subsequently converted into a [MeCLA+16 Da] Da metabolite (1'-HO-MeCLA) by an 
oxoglutarate-dependent dioxygenase called LATERAL BRANCHING 
OXIDOREDUCTASE (LBO) (Brewer et al., 2016; Yoneyama et al., 2020a). In tomato, 
the SL biosynthetic pathway has been partially resolved, with the characterization of 
CCD7 and CCD8 (Vogel et al., 2010; Kohlen et al., 2012b; Zhang et al., 2018). Two 
cytochrome P450s, the MAX1 homolog, SlMAX1 and CYP722C, subsequently convert 
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CL into CLA and CLA into orobanchol, respectively (Figure 1) (Zhang et al., 2018; 
Wakabayashi et al., 2019). However, tomato root exudes various SLs with diverse 
structure, such as orobanchol, 7‐oxo-orobanchol, 7‐hydroxy-orobanchol, orobanchyl 
acetate, solanacol and several didehydro‐orobanchol (DDH) isomers (Koltai et al., 2010; 
Vogel et al., 2010; Dor et al., 2011; Kohlen et al., 2012b; Kohlen et al., 2013). Therefore, 
there must be additional enzymes yet to be discovered that give rise to the diversity of SLs 
in tomato. Most genes encoding the SL upstream biosynthetic and signaling pathway were 
elucidated by identifying increased branching mutants in several species using forward 
genetic approaches (Brewer et al., 2016). As the tomato SLs mentioned above mostly 
seem to play a role as rhizosphere signaling molecules, and not as plant hormone, a 
forward genetics approach for gene discovery is likely difficult as the corresponding 
mutants are not expected to have a clear branching phenotype. 

A common feature of SL biosynthesis genes is that their expression is up regulated by 
both phosphate (P) starvation and GR24 application (López-Ráez et al., 2008; 
Wakabayashi et al., 2019). Therefore, we postulated that additional novel SL biosynthetic 
genes, may be co-expressed with the known SL biosynthetic genes under specific 
conditions. In this study, transcriptome analysis of tomato roots using RNAseq under P 
starvation, P replenishment and GR24 application was performed and SL biosynthetic 
gene candidates were identified using co-expression analysis. Using heterologous 
expression in N. benthamiana and yeast we show that one of these candidates, cytochrome 
P450 SlCYP712G1, catalyze the conversion of orobanchol into three DDH isomers and, 
using systemic Virus Induced Gene Silencing (VIGS), that one of these DDH isomers is 
an intermediate en route to the biosynthesis of solanacol, one of the most abundant SLs in 
tomato root exudate. 

Materials and Methods 
Plant growth condition in pots and aeroponic system 

For SL detection of tomato grown in in pots, seeds of tomato (Solanum lycopersicum cv. 
Money maker) were germinated for 72h on moistened filter paper at 25°C in darkness. 
Seedlings were transferred to one-liter pots containing a mixture of expanded clay and 
sand (3:1). Plants were grown in the greenhouse under controlled conditions: (24°C, 16h: 
8h photoperiod) using 1/2-strength Hoagland solution for 2 wk followed by 1 wk 
continuous 1/2-strength Hoagland solution (YP) or 1/2-strength Hoagland solution 
without P (NP), as described previously (Zhang et al., 2018). Root exudate were collected 
by flushing the pot gently from the top with 1liter Hoagland solution and processed. 

For SL detection of tomato grown in aeroponic system, germinated moneymaker seeds 
were transferred in rockwool in black basket located on the top lid of aeroponic bucket 
with a pump inside and 3L 1/2-strength Hoagland solution and grown for 2 wk under 
controlled condition (24°C, 16h: 8h photoperiod) and followed by 1 wk continuous 1/2-
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strength Hoagland solution (YP) or 1/2-strength Hoagland solution without P (NP). Root 
exudate were collected and processed. 

RNA-seq experiment and co-expression analysis  

Seedling of tomato (wild type Solanum lycopersicum L. cv Craigella (LA3247) and its 
RNAi mutant SlCCD8 line 6) (Kohlen et al., 2012b) were grown in hydroponic trays filled 
with 9L 1/2 Hoagland solution in greenhouse (25°C, 16h: 8h photoperiod) for 2 wk 
followed by 1day-1wk treatment. Root of the tomato plants with 2 plants pooled as one 
replicate and 3 biological replicates per treatment were harvested at corresponding time 
point. More details of RNA-seq experiment design can be seen in Suppl. Figure 1. 

For RNA sample isolation and library preparation of RNA-seq, quality control and 
mapping are the same with our recent research (Chapter 4). 

The algorithms used for calculating co-expression is Pearson correlation coefficient 
(PCC). PCC value between every two genes were calculated. The online tool Comparative 
Co-Expression Network Construction and Visualization (CoExpNetViz) were used to 
construct the co-expression network with known SL biosynthetic genes (SlD27, SlCCD7, 
SlCCD8 and SlMAX1) as baits and RPKM value of all genes in RNA-seq dataset as 
expression value. Correlation threshold is in defaulted setting (lower percentile rank<5 or 
the upper percentile rank>95) and Plaza families (monocots and dicots) 
(https://bioinformatics.psb.ugent.be/plaza/) was chosen. The co-expression network was 
displayed using Cytoscape (version 3.5.1) with CoExpNetViz as selected style and group 
attributes according to colour as layout. 

Plasmid construction 

The coding sequence of tomato SlCYP712G1 gene (Solyc10g018150.2) was obtained 
from Sol Genomics Network (https://solgenomics.net) (table S1). For agro-infiltration, 
the gene fragment was amplified from tomato (Solanum lycopersicum L. cv Craigella) 
root cDNA of 7 days phosphate starvation plants, using primers included with restriction 
enzyme sites (Table S2). The fragment amplified from PCR were inserted into entry 
vector pIV1A_2.1 by ligation and the clones were confirmed by sequencing. Subsequent 
LR reactions was performed to transfer the gene fragments from binary vector to the 
binary vector pBin-Plus by using Gateway® LR Clonase® II enzyme mix (Invitrogen) and 
following its manufacturer instructions. The binary vector was introduced into A. 
tumefaciens AGL0 by electroporation. 

To study the loss-of-function of SlCYP712G1 in SL biosynthesis, a tobacco rattle virus 
(TRV)-based vector TRV2b which is more efficient for silencing the targeted genes in 
root was used for VIGS (Valentine et al., 2004). To generate the insert fragments, partial 
fragments of SlCYP712G1 gene, SlCCD8 gene, GUS, PDS (576 bp for SlCYP712G1, 
241bp for SlCCD8) were PCR‐amplified from above described tomato root cDNA by 
Phusion polymerase (New England Biolabs) using primer included in Table S2. Fragment 
were inserted into a pdonr207 entry vector using Gateway cloning BP reaction (Thermo 
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Fisher scientific) and transferred into the TRV2b destination vector using Gateway 
cloning LR reaction. Finally, the TRV2b plasmid was transformed into A. tumefaciens 
GV3101 by heat shock method. 

Yeast heterologous expression system was commonly used to characterize P450 candidate 
genes in secondary metabolism (Jennewein et al., 2005; Zhang et al., 2014a; Liu et al., 
2018b). For yeast expression, the gene fragment was amplified from pBin-Plus-
SlCYP712G1 with corresponding primers (Table S2) and cloned into pGEMT-easy for 
confirming the sequence. Digestion followed by ligation was performed to insert 
SlCYP712G1 into pYeDP60 with restriction sites (NotI and PacI) (Pompon et al., 1996; 
Cankar et al., 2011). The resulting pYeDP60-SlCYP712G1 constructs were transformed 
into WAT11, a Saccharomyces cerevisiae strain (Pompon et al., 1996). 

Nicotiana benthamiana transient expression 

N. benthamiana is a valuable model for the reconstitution of the SL biosynthetic pathway 
to biochemically verify the role of SL candidate genes (Zhang et al., 2014a). For transient 
expression, as previously described, around 4-week-old N. bentamiana plants were used 
for agro-infiltration. The preparation of the Agrobacterium (AGL0) strains (OD=0.5) was 
performed as before (Zhang et al., 2014a). For different combinations of genes, equal 
concentrations of the agrobacterium strains harboring the vector inserted with different 
genes were mixed, and strains carrying the empty vector were used to compensate for the 
dosage of agrobacterium strain in each combination. In all combinations, an A. 
tumefaciens strain harboring the gene encoding the TBSV P19 protein was added in each 
combination for boosting protein production by suppression of gene silencing (Voinnet et 
al., 2003). The mixture of CL pathway (SlD27+ SlCCD7+ SlCCD8) combined with two 
rice MAX1s (Os900, Os1400) was co-infiltrated to reconstitute orobanchol pathway in N. 
benthamiana. N. benthamiana plants were grown in pots with soil in the greenhouse with 
no artificial light at 20°C and 65% of humidity. 4-wk plants were used for agro-infiltration. 
The abaxial side of the leaf was injected using 1 ml syringe without needle filling with the 
bacterial suspensions. After 6 days of infiltration, the infiltrated leaves were collected and 
frozen with liquid nitrogen, and stored at 80°C for further analysis. Six biological 
replicates were included in each combination. 

Virus Induced Gene Silencing in tomato 

Moneymaker seeds were germinated for 72h on moistened filter paper at 25°C in darkness. 
Seedlings (one plant per pot) were transferred to one-liter pots containing a mixture of 
expanded clay and sand (3:1). Plants were grown in the greenhouse under controlled 
conditions: 20°C, 65% oh humidity, and 16h: 8h of photoperiod using 1/2-strength 
Hoagland nutrient solution.   

For Agroinfiltration, GV3101 strains containing the TRV1 and TRV2 constructs with 
segments of the different genes to be silenced were cultured on LB medium with 
rifampicin and kanamycin in a ratio 1:1, (50 mg/l) for 2 days at 28°C. Bacterial cells were 
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harvested by centrifugation for 20 min at 3000 rpm and resuspended in induction medium 
(MMA) (containing 0.5% MS basal medium, 10 mM MES pH 5.6, 20 g/L sucrose and 
200 µM acetosyringone) to a final OD600 of 1 and mixed by rolling at room temperature 
for 2h. The abaxial side of cotyledons in 9-day-old tomato seedlings was infiltrated with 
bacterial suspension using the syringe. Tomato plants were watered with normal 1/2-
strength Hoagland solution for 3 weeks which followed by 1-week 1/2-strength Hoagland 
solution without phosphate (López-Ráez et al., 2008). Root exudates and root material for 
were collected after 4-weeks post infiltration. Tomato roots were washed, cleaned and 
collected for further checking gene expression.  

Yeast microsome feeding assay 

Wild type of yeast strain WAT11 was cultured with YPGA medium (200 mg/L adenine, 
10 g/L bacto-peptone and 20 g/L glucose). For solid medium, 20 g/L agar was 
supplemented. Transformed yeast strain was maintained in SGI medium (1g/L 
bactocasamino acids, 7 g/L yeast nitrogen base without amino acids, 20mg/L tryptophan, 
20 g/L glucose, 20 g/L agar if necessary). For induction of gene expression, a 5 ml positive 
colony culture with initial OD600 of 0.1-0.25 was added into 50 ml SGI medium and grown 
at 30°C with constant shaking 220rpm for 36h. The culture was subsequently transferred 
into 250 ml YPL medium containing 10 g/L yeast extract, 10 g/L bactopeptone, 20 g/L 
galactose, which was grown for another 24 h at 30°C. 

Yeast microsomes were prepared as described (Pompon et al., 1996). The yeast cells were 
collected from culture by centrifuge (at 5500 rpm) for 20 min. The resulting cell pellets 
were resuspended with 100 ml microsome extraction buffer (containing 50 mM Tris-HCl, 
pH 7.5, 1 mM EDTA, 0.6 M sorbitol and 10 mM β-mercaptoethanol) and stand at room 
temperature (RT) for 10 min. The cells were collected by centrifuge (at 5500 rpm) for 10 
min again. The pellets were resuspended again with 5 ml microsome extraction buffer, 
and the resulting cell mixture was transferred into a 50 ml ultracentrifuge tube. 20 ml of 
glass beads (450-500 μm) was added subsequently following by intensively shaking at 4℃ 
for 10 min. The suspension was collected by centrifuge (at 9400 rpm at 4℃) for 10 min. 
The supernatant was transferred to a 5ml ultra optimal centrifuge tube and centrifuged at 
45000 rpm (4℃) in a Beckman ultracentrifuge with VTi 90 rotor for 2h. The pellets were 
re-dissolved in 4 ml solution of ice-chilled 50mM Tri-HCL buffter (pH 7.5) containing 
1mM EDTA and 20% (v/v) glycerol and stored at -80℃ for further study. The protein 
concentration was determined by Bicinchoninic Acid protein assay (Sigma). 

For reaction of yeast microsome feeding assay, 5 µL 1M orobanchol (isomers) (dissolved 
in DMSO) was incubated with 100µL (2000µg protein.ml-1) isolated microsomal protein 
in a 500 µL reaction containing 1 mM NADPH and 40 mM phosphate buffer (pH=7.5) in 
1.5 ml Eppendorf vial, was made. The tube assays were carefully shaken at a speed of 200 
rpm for 3h at 30℃. The reaction was stopped by adding 1.5 ml ethyl acetate. 
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SL extraction and sample preparation  

For SL analysis in the N. benthamiana leaves, 200 mg agro-infiltrated leaf material 
(proper-grounded) was weighted and ethyl acetate was used for its SL extraction. The 
extractions steps followed as previously described using GR24 as internal standard 
(Kohlen et al., 2010). Strata® SI-1 Silica (55 µm, 70 Å, 200 mg/3 ml, Tubes, 50/Pk) 
columns were used for further purification. The crude SLs extracts in a mixture of ethyl 
acetate (50 μl) and 4 ml n-hexane was applied to the preconditioned silica column with 2 
ml of ethyl acetate and 4 ml of hexane. After the samples went through the silica column, 
absolute n-hexane was added to wash the column. Subsequently, 3 ml of 10:90 Hexane: 
ethyl acetate was added to elute the extraction fraction from the silica columns. The 
extraction was evaporated under vacuum and reconstituted with 100 μl acetonitrile/water 
(1:4). All the dissolved fraction was filtered with Micro Spin (centrifuge) filters 0.2NY 
(THERMO, USA) for further analysis by MRM LC-MS/MS. 

For collecting root exudate from VIGS assay, pots containing tomato plant were flushed 
with one liter of nutrient solution (half-strength Hoagland) and filtered using filter paper. 
Exudates were concentrated using C18 columns (Discovery® DSC-18 SPE Tube, bed wt. 
500 mg, volume 6 ml, pk of 30, Sigma-Aldrich). Columns were pre-conditioned with 3 
ml of acetone and 3 ml of demi water. After concentration, SLs were eluted from the 
columns with 6 ml of 100% acetone. Samples were stored at -20°C until use. To purify 
the obtained root exudates for LC/MS-MS, 10 µL of 5 x 10-7 µmol/µL GR24 standard 
was added to the eluted acetone, after which samples were evaporated in a speed vacuum. 
Dried concentrated was reconstituted in 50 µL of ethyl acetate and 4 ml of hexane 
followed by purification on silica columns. Silica columns were pre-conditioned using 2 
ml of ethyl acetate and 4 ml of hexane. Root exudates fractions were collected with 2 ml 
of 10:90 hexane: ethyl acetate and evaporated in a speed vacuum. Samples were 
reconstituted in 200 µl of acetonitrile 25% and further analyzed by LC-MS/MS. 

For extraction of SLs from yeast assay reaction, 500 μl enzyme assay mixture was 
transferred into a 10 ml glass tube and followed by adding 1.5 ml ethyl acetate, vortexing 
and centrifuging. The upper phase was transferred to a 4 ml glass vial and the assay 
extracted again with ethyl acetate. The upper phase from both extractions were combined 
for drying in a speed vac. The residue was re-dissolved in 200 μl 25% ACN followed by 
injection for MRM-LC-MS/MS. 

Detection and quantification of strigolactones by liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 

The LC-MS/MS analysis of orobanchol (isomers), solanacol, DDH isomers and hydroxy-
orobanchol in N. benthamiana leaf extracts , the root exudate of tomato and yeast 
microsomal incubation were performed by comparing the retention time and mass 
transition with those of authentic strigolactone standards as previously described (Kohlen 
et al., 2010; Zhang et al., 2014a), using a Waters Xevo® TQ-XS triple-quadrupole mass 
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spectrometer coupled to Acquity UPLC system (Waters) with electrospray ionization 
source. A non-chiral Acquity UPLC® BEH C18 column (2.1x100 mm, 1.7 µm, Waters) 
was used for chromatographic separation with application of a water and acetonitrile 
gradient added with 0.1% formic acid to its column. The gradient started from 10% 
acetonitrile for 2 min and raised to 50% acetonitrile in 6 min, followed by a gradient to 
65% acetonitrile in 1 min and subsequently increased to 95% in 1.5 min, which was 
maintained for 1 min before going back to 15% acetonitrile using 0.5 min gradient, and 
maintained for 2.5 min to equilibrate the column before next run of samples. The sample 
injected volume was 5 µL. The column temperature was 45°C and the flow rate was 0.45 
ml/min. The mass spectrometer was operated in positive electrospray ionization mode 
with the conditions: capillary voltage (1.2 kV), ion source/desolvation temperature 
(120/550°C), desolvation/cone gas flow (1000/150 L.h-1), cone voltage (15-36 V) and 
collision energy (10-25 eV). Operation of the instrument, MS data acquisition and analysis 
were performed using MassLynxTM software (version 4.2, Waters). 

Strigolactone standards 

GR24 was obtained from Alain de Mesmaeker (Syngenta, Stein Switzerland); 4 
orobanchol stereoisomers were provided by Prof. Binne Zwanenburg (Radboud 
University Nijmegen, Netherland); a solanacol standard was obtained from Prof. Koichi 
Yoneyama (Weed Science Center, Ehime University, Japan). 

Modelling and Docking 

Homology models were constructed for SlCYP712G1, along with two homologs from 
Medicago and tobacco using CYP76AH1 from Salvia miltiorrhiza (PDB ID: 5YLW) and 
Cinnamate 4-hydroxylase (C4H1) from Sorghum bicolor (PDB ID: 6VBY) as templates, 
using MODELLER v9.22 (Webb and Sali 2016).  The sequence identity to CYP76AH1 
is 32.8%, 30.2%, and 32.4% respectively for SlCYP712G1, the Medicago homolog, and 
the tobacco homolog. Similarly, for C4H1 these percentages are 28.7%, 28.7%, and 27.2% 
respectively. The heme group present in the CYP76AH1 structure was modelled as a 
flexible residue. Subsequently, the 4 orobanchol isomers that were used in the enzyme 
assays with the SlCYP712G1 expressing yeast microsomes were used in a docking 
analysis with the three models. Docking was performed with AutoDock Vina v1.1.2 (Trott 
and Olson 2010), and residues THR311, ASP312 and THR313 (according to 
SlCYP712G1 GenBank sequence) from the conserved P450 oxygen-binding motif 
(Werck-Reichhart and Feyereisen 2000) as flexible residues. 

Results 
The discovery of SL biosynthesis candidate genes 

The stimulating effect of phosphate starvation on the production of SLs by several plant 
species has been reported (López-Ráez et al., 2008; Jamil et al., 2011a; Yoneyama et al., 
2012). Indeed, 7 days of P starvation in the aeroponics system resulted in a strongly 
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increased production of orobanchol, solanacol and DDH isomers (Suppl. Figure 2A, B, 
C). Also, in the pot system, after 6 days P starvation, all these SLs were significantly 
elevated by P starvation (Suppl. Figure 2D, E, F). In case of the opposite treatment, P 
replenishment after continued P starvation, the production of SLs is repressed in rice 
(Umehara et al., 2010), while addition of the synthetic SL analog, GR24, has been 
reported to increase SL production in cowpea in a P deficient medium (Wakabayashi et 
al., 2019). We hypothesized that the expression of SL biosynthetic genes under those 
conditions should correlate with SL production. Therefore, we conducted an RNAseq 
experiment with tomato plants grown under normal P, P starvation, P replenishment and 
GR24 treatment in wild type and a CCD8 RNAi line (see Suppl. Figure 1 for more details, 
Chapter 4). Indeed, the expression of SL biosynthetic genes (SlD27, SlCCD7, SlCCD8 
and SlMAX1) was induced by P starvation, repressed by P replenishment and upregulated 
by GR24 application (under P starvation) (Suppl. Figure 3). Furthermore, the expression 
of SlD27, SlCCD7 and SlD14 was induced while expression of SlMAX1 was repressed in 
the CCD8 RNAi line (Suppl. Figure 3, Chapter 4). With these RNAseq results, we 
performed co-expression analysis using the known SL biosynthetic genes (SlD27, 
SlCCD7, SlCCD8 and SlMAX1) as baits. A co-expression network of all the genes in the 
RNAseq dataset calculated using CoExpNetViz with default setting showed that the co-
expressed genes clustered into 10 groups (Figure 2A) consisting of gene orthologous 
families (derived from Plaza) that all share the same set of bait genes. Genes in group 7 
are co-expressed with all the four bait genes. Genes in group 1 (co-expressed with SlD27, 
SlCCD7 and SlCCD8) and 6 (co-expressed with SlD27, SlCCD8 and SlMAX1) are co-
expressed with three of the bait genes, genes in group 3 (co-expressed with SlD27 and 
SlCCD8), 4 (co-expressed with SlCCD8 and SlMAX1), and 9 (co-expressed with SlD27 
and SlCCD7) are co-expressed with 2 of the bait genes and genes in group 2, 5, 8 and 10 
are co-expressed with only one of the bait genes (SlMAX1, SlCCD8, SlCCD7 and SlD27, 
respectively). 151 genes with a PCC (Pearson Correlation Coefficient) value for all baits 
of above 0.9 were selected as candidate genes potentially encoding unknown steps in 
tomato SL biosynthesis (Figure 2B). In earlier research, we hypothesized that cytochrome 
P450s play a role in the conversion of orobanchol into other SLs in tomato (Zhang et al., 
2018). Among the 151 genes in group 7, which were co-expressed with all 4 baits, there 
were 12 P450s with a PCC value > 0.9 (Figure 2A). Group 7 also contained the recently 
published SlCYP722C (Figure 2A) with a PCC value with all the four bait genes between 
0.85-0.9. We therefore focused on 12 P450s for the identification of possible additional 
SL biosynthetic genes in tomato (Table S3). 
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Figure 2. The discovery of SL biosynthesis candidate genes. A, Gene co-expression network of all 
genes in the RNAseq dataset with four bait genes created with CoExpNetViz and Cytoscape. The default 
correlation threshold of CoExpNetViz was used (lower percentile rank < 5; upper percentile rank > 95). 
Genes in group 1 are co-expressed with SlD27, SlCCD7 and SlCCD8; Genes in group 2, are co-expressed 
with SlMAX1; Genes in group 3 are co-expressed with SlD27 and SlCCD8; Genes in group 4 are co-
expressed with SlCCD8 and SlMAX1; Genes in group 5 are co-expressed with SlCCD8; Genes in group 
6 are co-expressed with SlD27, SlCCD8 and SlMAX1; Genes in group 7 are co-expressed with SlD27, 
SlCCD7, SlCCD8 and SlMAX1; Genes in group 8 are co-expressed with SlCCD7; Genes in group 9 are 
co-expressed with SlD27 and SlCCD7; Genes in group 10 are co-expressed with SlD27. B, Venn diagram 
showing the number of co-expressed genes with known SL biosynthetic genes (PCC>=0.9).  

SlCYP712G1 converts orobanchol into DDH in N. benthamiana 
We successfully cloned 10 out of 12 of the above mentioned P450s. To characterize these 
candidate genes, we transiently co-expressed each of them with an orobanchol producing 
biosynthetic pathway in N. benthamiana. Since at the time of these experiments CYP722 
had not been published, we co-expressed two MAX1s from rice (Os900 and Os1400) with 
the tomato CL pathway (SlD27, SlCCD7 and SlCCD8) to generate orobanchol in N. 
benthamiana. This indeed resulted in the production in N. benthamiana of orobanchol 
(Figure S4). When P450.3 (SlCYP712G1) was co-expressed with this orobanchol pathway, 
orobanchol as a substrate was significantly consumed compared with the control (only 
orobanchol pathway) (Figure S4, Figure 3A). Co-expression of SlCYP712G1 with the 
orobanchol pathway resulted in the appearance of two, possibly three, peaks of DDH 
isomers at retention times 7.06 and 7.13 min (Figure 3B, C). On a chiral column, a better 
separation of the DDH isomers was obtained and the presence of three DDH isomers - 
DDHa, DDHb and DDHc – was now clearly visible with DDHb being dominant (Figure 
S5A). This matches the pattern of DDH isomers in the root exudate of tomato as obtained 
from the aeroponics system (Figure S5B). Finally, also a trace amount of solanacol was 
produced in N. benthamiana visible at a retention time of 6.73 upon co-expression of 
SlCYP712G1 with the orobanchol pathway (Figure 3D, Figure 3E). We assume that if 
this conversion was also catalyzed by SlCYP712G1 that it would be much more efficient. 
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Hence, we assume that this minor conversion is due to a N. benthamiana enzyme that can 
convert DDH into solanacol (see below). Indeed, in our RNA-seq dataset, the expression 
pattern of SlCYP712G1 (Figure S6) is very similar to that of the known SL biosynthetic 
genes (Figure S3). That is, its expression is induced by P starvation and most so at 3, 4, 5 
and even more at 7 days after the start of the starvation treatment, it is repressed by P 
replenishment and induced by GR24. Intriguingly its expression is not changed in the 
CCD8 RNAi line, suggesting that the downstream SL biosynthetic genes are not 
influenced so much by feedback regulation. 

Figure 3. Biochemical characterization of SlCYP712G1 in N. benthamiana transient expression 
assay. A, MRM chromatograms of DDH isomers in transient expression assay. DDH_T1, T2 and T3 
represent transitions 345.16>203, 345.16>175.27 and 345.16>96.96, respectively; B, the MRM 
chromatograms of solanacol in transient co-expression assay. Solanacol_T1 and T2 represent transitions 
343>97 and 343>183, respectively. C, the reduction of orobanchol in the transient expression assay. D 
& E, the production of solanacol (D) and DDH isomers (E) in the transient expression assay. EV, empty 
vector; Orobanchol pathway, SlD27+SlCCD7+SlCCD8+Os900+Os1400; Orobanchol+SlCYP712G1, 
SlCYP712G1 was co-expressed with orobanchol pathway; * and ** = significant at 0.05 and 0.01 levels, 
respectively; NS=non-significant. 
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Orobanchol significantly accumulates when SlCYP712G1 is silenced by 
VIGS 

To characterize the function of SlCYP712G1 in planta, we silenced SlCYP712G1 using 
VIGS and measured the production of SLs in the root exudate. GUS was used as a negative 
control and the SL biosynthetic gene, SlCCD8, was used as a positive control. Compared 
with the control (TRV2b-GUS), the amount of orobanchol, solanacol and DDH isomers 
in the root exudate of tomato plants with silenced SlCCD8 were reduced strongly by 
80.9%, 79.8% and 87.4%, respectively (Figure 4A, B, C), which proves that this VIGS 
system efficiently silences SL biosynthetic genes in the roots of tomato. Quantitative RT-
PCR used to analyze the expression of the target genes in the roots of the plants showed 
a 29%, non-significant, decrease in the expression of SlCCD8 in the root of TRV2B-
SlCCD8 plants compared with the control (TRV2B-GUS) (Figure 5). Interestingly, the 
expression of SlCCD7 and SlMAX1 increased 3.98- and 1.39-fold, respectively, compared 
with the control likely due to feedback up-regulation. Unexpectedly, the expression of 
SlD27 exhibited a 31% decrease in the SlCCD8 silenced plants (Figure 5), possibly as a 
result of its special presence at the branch point of ABA and SL biosynthesis (Abuauf et 
al., 2018). Both the biochemical phenotype and the changes in gene expression of SlCCD8 
and the other known SL biosynthetic genes in the SlCCD8 VIGSed plants suggest that 
VIGS is an efficient tool for characterizing SL biosynthetic genes in the roots of tomato.  

Figure 4. SL quantification in the root exudate of VIGS tomato (cv. Money Maker). A, 
orobanchol production in the root exudate of VIGS tomato plants. B, solanacol production in the root 
exudate of VIGS tomato plants. C, DDH isomers production in the root exudate of VIGS tomato plants. 
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D, hydroxy-orobanchol production in the root exudate of VIGS tomato plants. Root exudate were 
collected after VIGS infiltration for 4 weeks (normalized by root fresh weight, pmol/g FW), GUS-
TRV2b is the experimental control and CCD8-TRV2b is the positive control. * and ** = significant at 
0.05 and 0.01 levels, respectively; NS=non-significant. 

The use of VIGS to silence SlCYP712G1 resulted in a 12.2-fold higher concentration of 
orobanchol (81.7 pmol/g. FW) compared with the TRV2B-GUS control (6.2 pmol/g. FW) 
(Figure 4A). Furthermore, the amount of DDH and solanacol decreased, although by only 

10.9 and 26.2%, respectively, with the former not being significant (Figure 4B, C). 
Perhaps there are other, as yet unknown, tomato SLs derived from orobanchol through the 
action of SlCYP712G1 of which we also inhibit the formation (resulting in the higher than 
expected accumulation of orobanchol). Nevertheless, the accumulation of orobanchol and 
the decrease in DDH and solanacol support the assumption that solanacol is derived from 
orobanchol via one or more of the DDH isomers. RT-PCR showed that the expression of 
SlCYP712G1 decreased (non-significantly) by 12% compared with the control (TRV2B-
GUS) in the roots of TRV2B–SlCYP712G1 plants (Figure 5). The expression of SlD27 
decreased – just as in the SlCCD8 silenced plants - by 64%, while the expression of the 
other SL biosynthetic genes, SlCCD7, SlCCD8 and SlMAX1, increased – similar as in the 
SlCCD8 silenced plants - by 78, 123 and 142%, respectively (Figure 5). Together the 
changes in gene expression upon silencing of SlCYP712G1 closely resemble the effect 
that silencing of CCD8 has. Taken together, this VIGS experiment supports the conclusion 
that SlCYP712G1 is a tomato SL biosynthetic gene using orobanchol as substrate.  

 

Figure 5. Expression of SL biosynthetic genes in roots of tomato (cv. Money maker) upon VIGS. 
The expression of D27, CCD8, MAX1 and Sl712 was normalized by two house-keeping genes in the 
roots of tomato (cv. Money maker) after VIGS infiltration for 4 weeks (n=6). Error bars represent means 
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± SEM (*, 0.01<P<0.05, **, P<0.01; NS=non-significant). SGN-U584254 and SGN-U563892 are the 
two housekeeping genes used for normalization of target genes (Dekkers et al., 2012). 

SlCYP712G1 catalyzes the conversion of orobanchol into DDH in vitro 

To further confirm the function of SlCYP712G1, we expressed SlCYP712G1 in the yeast 
strain WAT11, which has been engineered to express the Arabidopsis P450 REDUCTASE 
1 (ATR1) (Pompon et al., 1996). After induction of expression, microsomes were isolated 
and incubated with orobanchol as substrate. Subsequent MRM-LC/MS/MS analysis 
showed the formation from orobanchol of two new peaks of DDH isomers at RT=7.05 
and 7.11, with the former being the dominant one (Figure 6). No further conversion to 
solanacol was observed (data not shown) in this yeast feeding assay. To obtain a better 
separation of the isomers, a chiral column was used and now three DDH isomers (DDHa, 
DDHb, DDHc) were detected consistent with the DDH isomers obtained in N. 
benthamiana and tomato root exudate, albeit in different ratio (Figure S5). Therefore, we 
can conclude that SlCYP712G1 catalyze the conversion of orobanchol into DDH isomers. 
DDHc is the dominant product in the SlCYP712G1 expressing yeast microsome assay 
with orobanchol as substrate. In root exudate of tomato and upon transient expression of 
the pathway in N. benthamiana DDHb is dominant. We speculate that this is possibly due 
to (preferential) conversion of (only) DDHc to solanacol. This would result in relative 
accumulation of DDHa and DDHb in tomato root exudate and N. benthamiana (where 
also some solanacol production occurred). 

To test if SlCYP712G1 displays substrate stereo-selectivity, we assessed the enzymatic 
efficiency of the microsomes expressing SlCYP712G1 with all 4 orobanchol stereo-
isomers (Figure 6A). MRM-LC/MS/MS analysis revealed that SlCYP712G1 also can 
catalyze the conversion of 2′-epi-orobanchol into DDH isomers (Figure 6B, Figure S5E). 
On the chiral column, these 2′-epi-orobanchol derived DDH isomers eluted later than the 
DDH isomers naturally occurring in root exudate of tomato and produced in transient 
expression in N. benthamiana (Figure S5). Indeed, the DDH isomers derived from 2′-epi-
orobanchol have a different stereochemistry for the C-D ring than the ones derived from 
orobanchol. As can be seen in Figure S5E this epi-configuration also results in a 20 sec 
later retention time for orobanchol. DDHd, e, f may therefore be the epi-variants of DDHa, 
b, c (Figure S5E). Although 2′-epi-orobanchol nor its derived DDH isomers has ever been 
detected in the root exudate of tomato, 2′-epi-orobanchol is accepted as substrate by 
SlCYP712G1 and converted to 2 epi-DDH isomers though with substantially lower 
efficiency than for orobanchol (Figure 6, Figure S5E). 
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Figure 6. Chromatograms showing production of DDH (transition 345.16>96) in yeast microsomes 
expressing SlCYP712G1 incubated with four orobanchol isomers. A, chemical structures of 
orobanchol stereoisomers. B, representative chromatogram of the production of DDH isomers in enzyme 
assay mixture with yeast microsomes expressing SlCYP712G1 (empty vector (EV) as control) and 4 
orobanchol isomers after incubation of 3 hours as analyzed by MRM-LC-MS (n=3). 

SlCYP712G1 produces a hydroxyl-orobanchol-like compound as 
intermediate en route to DDH 

In addition to the formation of DDH isomers, also hydroxy-orobanchol-like compounds 
were produced when the SlCYP712G1 microsomes were incubated with orobanchol and 
2’-epi-orobancol (RT=4.32 and 4.99 for orobanchol; RT=4.53 and 4.93 for epi-
orobanchol) (Figure S7). The presence of two hydroxy-orobanchol-like products can be 
due to a stereo-specific hydroxylation, resulting in an α and β-oriented alcohol or due to 
hydroxylation at different positions on the A ring. Our putative identification of hydroxy-
orobanchol is based on comparison with a standard of the tentatively identified 7-hydroxy-
orobanchol that has previously been reported to be present in root exudate of tomato and 
cucumber (Kohlen et al., 2013; Khetkam et al., 2014). The 7-position in this hydroxy-
orobanchol has however not been unambiguously proven (Khetkam et al., 2014). The 
presence of two peaks could thus represent the presence of (stereo-isomers of) 7-hydroxy-
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orobanchol or the C5 and/or C6-alcohols, which theoretically could also serve as 
intermediates in the formation of solanacol (Figure S8). 

Intriguingly, we only detect the earlier peak of hydroxy-orobanchol in the root exudate of 
tomato grown in aeroponics (RT=4.34) (Figure S7). Furthermore, in the VIGS assay, we 
could see that the silencing of SlCYP712G1 caused a reduction in this hydroxy-
orobanchol peak in the root exudate, confirming that it is produced by SlCYP712G1 also 
in vivo (Figure 3D, Figure S9). Taken together, we hypothesize that only the later peak of 
hydroxy-orobanchol detected in the yeast microsome assay is converted into other SLs 
(DDH and solanacol) and therefore does not accumulate, while the earlier peak seems a 
side reaction product of SlCYP712G1 that, in planta, is not further converted but is 
exuded. Neither of these hydroxy-orobanchol peaks was detected in N. benthamiana 
leaves co-infiltrated with SlCYP712G1 and the orobanchol pathway (Figure S10). This is 
likely because endogenous enzymes of N. benthamiana not only convert the later peak 
into DDH and solanacol (Figure 1), but can also convert the other hydroxyl-orobanchol 
(into an unknown compound). 

 

Figure 7. Quantification of SLs (peak area) in assays with yeast microsomes expressing 
SlCYP712G1 incubated with orobanchol in a time series. A, the production of DDH isomers in assays 
with yeast microsomes expressing SlCYP712G1 and incubated with orobanchol for 0.5, 3 and 24 hours 
as analyzed by MRM-LC-MS (n=3). B, the reduction of orobanchol in assays with yeast microsomes 
expressing SlCYP712G1 and incubated with orobanchol for 0.5, 3 and 24 hours as analyzed by MRM-
LC-MS (n=3). C&D, the production of two hydroxy-orobanchols in assays with yeast microsomes 
expressing SlCYP712G1 and incubated with orobanchol for 0.5, 3 and 24 hours as analyzed by MRM-
LC-MS (n=3). 
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To further support our hypothesis that the formation of DDH proceeds through hydroxy-
orobanchol, we analyzed how the formation of intermediates and end products progresses 
with time. However, the ratio of hydroxy-oroban 

chol and DDH did not change between short (0.5 h) and longer times of incubation (3 h) 
(Figure 7). This result does not allow us to draw a conclusion on whether SlCYP712G1 
catalyzes the conversion of orobanchol into DDH isomers via 7-hydroxy-orobanchol. 
Additionally, after 24 h of incubation with orobanchol, most of the DDH had been 
decomposed (Figure 7A). This is confirming the instability of DDH (Koichi Yoneyama 
and Xiaonan Xie, pers. communication) and is the reason we were unable to isolate 
sufficient DDH for structure elucidation. 

Modeling protein structure and substrate docking of CYP712G1 

To further underpin the mechanism – and substrate- and regio-specificity - of 
SlCYP712G1 catalysed conversion of orobanchol to DDH, we modelled the enzyme as 
described in the Materials and Methods. The SlCYP712G1 protein model with the heme 
group (Figure 8A) exhibits a normalized DOPE score of -0.89, which is close to the “near-
native” score of -1 and represents a good model (Eramian et al., 2008). Docking analysis 
of this model with 4 orobanchol isomers (Figure 8B-E) showed that SlCYP712G1 
efficiently docks orobancol and 2′-epi-orobanchol (Figure 8B and C), while ent-2′-epi-
orobanchol and ent-orobanchol dock inefficiently (Figure 8D and E) in an orientation that 
does not allow for the subsequent hydroxylation reaction to occur. This supports the result 
we obtained from the yeast in vitro assays suggesting that SlCYP712G1 has a clear 
preference for orobanchol and – to a lesser extent – 2′-epi-orobanchol as substrates. 

Figure 8. Modeling and docking of SlCYP712G1. A, homology model of SlCYP712 with heme. B, 
docking of orobanchol with SlCYP712G1. C, docking of 2′-epi-orobanchol with SlCYP712G1. D, 
docking of ent-orobanchol with SlCYP712G1. E, docking of ent-2′-epi-orobanchol with SlCYP712G1. 
The distances (in Å) of C7 and C6 in (A) and C7 in (B) to the Fe group of the heme are shown. 
Orobanchol stereo-isomers (D and E) dock in reversed orientation. 
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Intriguingly, the docking analysis showed that orobanchol docks into the enzyme with C7 
and C6 facing the heme (Figure 8B, distances to Fe atom in heme shown in Å). This 
suggests that C7 and C6 are the most likely positions for hydroxylation (path 1 and path 
2 in Figure S8 are most likely), so that we could speculate that the two hydroxyl-
orobanchol-like peaks (Figure S7A) we obtained in the yeast feeding  assay of 
SlCYP712G1 with orobanchol represent C6- and C7-hydroxy-orobanchol. epi-
Orobanchol docks with C7 facing the heme (Figure 8C) making it likely that the two 
hydroxy-epi-orobanchol-like peaks (Figure S7A) we obtained in the yeast feeding assay 
of SlCYP712G1 with epi-orobanchol represent the stereoisomers of C7-hydroxy-epi-
orobanchol although it cannot be excluded they also represent the C6 and C7-alcohols. 

Phylogenetic analysis of SlCYP712 in plant evolution 

To better understand the biological significance of CYP712 in the evolution of plants, 
phylogenetic analysis was performed (Nelson and Werck-Reichhart, 2011) (Figure S11). 
CYP712 was found first in the rosids and emerged in the Vitales and later in other 
members of the rosids, like Malvales, Brassicales, Malpighiales, Cucurbitales, Fagales 
and Fabeles. In parallel, CYP712 also emerged in the Solanales in the asterids. CYP712 
probably derived from a tandem duplication of CYP93 since they are located adjacent in 
the plant genome (Nelson and Werck-Reichhart, 2011). The CYP93 family in soybean is 
involved in flavonoid biosynthesis (Guttikonda et al., 2010). It seems, therefore, that 
CYP712 has neo-functionalised during the evolution of plants, resulting in the secretion 
of different SLs into the rhizosphere. DDH has been reported in the Fabaceae (Medicago 
truncatula, Astragalus sinicus, Cicer arietinum, Lupinus albus, Pisum sativum, Trifolium 
pretense) and Solanaceae (Solanum lycopersicum and Nicotiana tabacum L) (Yoneyama 
et al., 2008; Yoneyama et al., 2013b). Putative orthologs of SlCYP712 are present in most 
of these species (Table S4), just as orobanchol, the putative substrate of these enzymes 
(Yoneyama et al., 2008). 

Protein models of Medicago and tobacco CYP712 homologs supports orobanchol 
hydroxylation, though in different positions 

Interestingly, in the Medicago truncatula genome, one ortholog of SlCYP712G1, 
MtCYP712B1, is present. Its amino acid sequence shares 45.91% similarity with 
SlCYP712G1, the highest hit when SlCYP712 is blasted against the M. truncatula genome 
(Figure S12), and vice versa. The proposed biosynthetic pathway of medicaol (a DDH 
isomer from Medicago truncatula) proceeds through hydroxylation of orobanchol 
(Tokunaga et al., 2015). Therefore, it is possible that the Medicago CYP712B1 is the key 
enzyme required for the formation of medicaol, as we provide further evidence for below. 
Tobacco (N. tabacum L.) produces DDH as well as orobanchol and solanacol (Xie et al., 
2013). The top highest hit when Blasting SlCYP712G1 against the tobacco genome is 
Nitab4.5_0008471g0060.1, which shares 78.1% amino acid similarity with SlCYP712G1 
(Figure S13). It is likely that this ortholog in tobacco is involved in the formation of DDH 
and solanacol from orobanchol in tobacco strigolactone biosynthesis.  
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To further support this, protein models were made of these two putative orthologs. The 
Medicago CYP712B1 homology model had a normalized DOPE score of -0.97 indicating 
a near-native model while the tobacco CYP712 model had a score of -0.48 indicating that 
it may not be as reliable. Unexpectedly, docking of the four orobanchol isomers (Figure 
6A) in the Medicago CYP712B1 model showed that 2′-epi-orobanchol was the preferred 
substrate, oriented in quite a different way than orobanchol in SlCYP712G1, with the C9 
and C10 methyl groups facing the heme group at a distance of 3.8 Å. This fits exactly 
with the biosynthesis mechanism of medicaol as proposed (Tokunaga et al., 2015), except 
that orobanchol, rather than epi-orobanchol is the likely substrate. The tobacco CYP712 
homolog has a highly similar active site to SlCYP712G1, with 91% sequence identity 
(compared to 78% across the full sequence) and 0.05 Å backbone RMSD. Similar as in 
SlCYP712G1, orobanchol docks in the tobacco CYP712 homolog with C7 and C6 facing 
the heme, but the other three isomers dock in a reversed fashion, indicating that the 
tobacco CYP712 may also form 7- or 6-hydroxy-orobanchol from orobanchol but may 
not accept any of the other orobanchol isomers as substrate. Cloning and functional 
characterisation of the tobacco and Medicago CYP712 homologs should show whether 
they are true orthologs of SlCYP712G1 and with what regio- and stereospecificty they 
hydroxylate orobanchol and/or its stereoisomers. 

Discussion 
In our earlier work we hypothesized that P450s are involved in the production of tomato 
SLs such as solanacol and DDH isomers from orobanchol (Zhang et al., 2018). In the 
present study, we looked for P450 candidate genes for these steps using RNAseq analysis 
combined with co-expression analysis using known SL biosynthetic genes as baits. 
Subsequently, reconstruction of the orobanchol pathway and co-expression with the P450 
candidate genes in N. benthamiana showed that one of the cytochrome P450 candidates, 
SlCYP712G1, catalyzed the conversion of orobanchol into three DDH isomers (Figure 
S5A). Additional in vivo (silencing SlCYP712G1 with VIGS in tomato) and in vitro (yeast 
microsome feeding assay) experiments provided further evidence that SlCYP712G1 is an 
orobanchol hydroxylase that converts orobanchol into three DDH isomers (Figure 1, 
Figure S5). Furthermore, when SlCYP712G1 expressing yeast microsomes were 
incubated with orobanchol, two peaks showed up in the channels of hydroxy-orobanchol, 
suggesting that two hydroxy-orobanchol-like products are formed from orobanchol by 
SlCYP712G1. We provide evidence that one of them is the intermediate in the formation 
of the three DDH isomers, while the other accumulates (and is exuded by tomato into the 
rhizosphere) (Figure 1). In the N. benthamiana experiment, a trace amount of solanacol 
was detected upon expression of the orobanchol pathway together with SlCYP712G1, 
which supports our assumption that solanacol is derived from (one of) the DDH isomers 
(Figure 1). This is consistent with the speculation in other studies that 7-hydroxy-
orobanchol is derived from orobanchol and that solanacol is derived from hydroxy-
orobanchol via dehydration, oxidation and migration of a methyl group with DDH as an 
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intermediate (Rani et al., 2008; Xie et al., 2010; Kohlen et al., 2012b; Xie 2016). Here, 
we confirm with homology modelling and docking that 7-hydroxy- or 6-hydroxy-
orobanchol are the most likely intermediates in the formation of solanacol via a DDH 
isomer catalyzed by CYP712G1 (Figure 8B, Figure S8). Likely, another P450, different 
from SlCYP712G1 is involved in the formation of solanacol from DDH (Figure 1). We 
tested 10 other P450s, identified by co-expression analysis, by co-expression in N. 
benthamiana with the orobanchol pathway and SlCYP712G1, but unfortunately, none of 
these catalyzed the conversion of DDH to solanacol (Figure S4D-F).  

In vitro, both orobanchol and epi-orobanchol were used as precursors by SlCYP712G1 in 
our study, though with clear preference for orobanchol. Even though epi-orobanchol has 
not been identified as a naturally occurring SL in tomato, we cannot exclude it is present 
since it has been reported in the close relative, tobacco (Xie et al., 2013). Interestingly, in 
our previous work, it was suggested that DDH1 is a strigol-type SL that is derived from 
ent-2′-epi-orobanchol through the action of a P450 enzyme (Zhang et al., 2018). Here we 
show that ent-2′-epi-orobanchol is not a precursor for Sl712, which suggests that there 
may be a different P450 in tomato that is involved in the formation of DDH1 from ent-2′-
epi-orobanchol. 

In the present study all three DDH isomers (DDHa, DDHb, DDHc) were detected in 
tomato root exudate, in N. benthamiana transient expression as well as in the yeast 
microsome assays. However, the ratio between the three isomers differed between the 
three systems (Figure S5E). DDHb was the most dominant DDH isomer in the root 
exudate, VIGS experiment and transient expression in N. benthamiana, while DDHc was 
the most dominant in the yeast microsome assay (Figure S5A, B, C, D). The result of the 
in vitro yeast assay suggests that Sl712 converts orobanchol into three DDH isomers with 
DDHc being the dominant product (Figure S5E). It seems likely, that in planta this 
dominant isomer DDHc is preferentially converted into other SLs, notably solanacol, 
which results in the accumulation of DDHb, which is not converted and ends up in the 
tomato root exudate (Figure S5B, C, D). In our previous study we also found indications 
that the ratio between DDH isomers differs between root exudate and root extracts (Zhang 
et al., 2014a). What the relevance is of the exudation of these different DDH isomers into 
the rhizosphere is completely unknown and the biological activity of the different DDH 
isomers is largely unknown. DDH has been detected in the exudate of many species and 
it seems that different species have specific DDH isomers (Yoneyama et al., 2008; Xie et 
al., 2013; Tokunaga et al., 2015). Until now, only the structure of medicaol (that until 
structure elucidation was also called DDH isomer) has been characterized (Tokunaga et 
al., 2015). As described above the most similar ortholog of SlCYP712G1 in the medicago 
genome is CYP712B1, with an identity at the amino acid level of only 45.91%. 
Nevertheless, the active site of this CYP712B1 (defined as the 30 residues within 5 Å of 
the heme group) shows a higher similarity to SlCYP712G1, with a sequence identity of 
58% and an RMSD of 0.05 Å across backbone atoms. The orientation of orobanchol, 
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however, in this active site is slightly different, exposing not C6-C7 to the heme but the 
C9 and C10 methyls. This would theoretically result in hydroxylation at the C9 or C10 
position, which fits with the biosynthetic mechanism as suggested (Tokunaga et al., 2015), 
but orobanchol as substrate was not confirmed by our modeling work. It would be 
interesting to clone and characterize this MtCYP712B1.  

The first identified cytochrome P450 in SL biosynthesis is MAX1, CYP711, which was 
shown to have three kinds of enzymatic function, catalyzing the conversion of CL to CLA 
(A1‐type), converting CL to 4-DO via CLA (A2‐type) and converting CL to CLA and 4-
DO to orobanchol (A3‐type) (Abe et al., 2014; Zhang et al., 2014a; Yoneyama et al., 
2018a). Our previous work revealed that in tomato SlMAX1 catalyzes the formation of 
CLA from CL (Zhang et al., 2018). Recently it was reported that another tomato 
cytochrome P450, CYP722C, converts CLA into orobanchol (Wakabayashi et al., 2019). 
The present study provides first-time evidence that a third tomato cytochrome P450, 
SlCYP712G1, is involved in SL biosynthesis catalyzing the conversion of orobanchol into 
DDH isomers. It has been suggested that CYP712 has likely evolved through duplication 
in the CYP93 clan and that these two P450 subfamilies may be involved in successive 
steps in the same metabolic pathway (Nelson and Werck‐Reichhart, 2011). In our co-
expressed P450 candidate genes (Table. S3), P450.9 is from the CYP93 subfamily. 
However, it did not catalyze further conversion of DDH isomers into solanacol or other 
tomato SLs (Figure S4F). Likely, CYP712G1 neo-functionalised, gaining activity in SL 
biosynthesis, while this CYP93 remained involved in a different pathway. As we 
discussed above one additional P450 is most likely involved in catalyzing the conversion 
of one of the DDH isomers into solanacol. The recruitment of no less than 4 cytochrome 
P450s to produce a strigolactone, solanacol (as well as DDH isomers), that is/are 
subsequently exuded into the rhizosphere triggers the intriguing question what the 
selective driving force has been. Solanacol is, when superficially inspected, not that 
different from orobanchol. Why then go through all this trouble to make solanacol? In 
vitro studies, however, have shown that solanacol has lower efficacy than orobanchol for 
the induction of germination of seeds of the parasitic broomrapes, O. minor and P. ramosa 
(Bromhead et al., 2018). At a concentration of 10-9 M orobanchol and solanacol induced 
about the same germination , and at 10-10 M, solanacol induce a bit more germination than 
orobanchol (96% and 90% in O. minor, 83% and 76% in P. ramose), but at 10-11 M 
solanacol showed much weaker activity than orobanchol (14% and 54%, respectively, in 
O. minor, 14% and 32%, respectively, in P. ramosa). Possibly, parasitic plant germination 
efficacy has been the selective driving force to create SLs with lower germination 
stimulant activity while maintaining the activity for inducing AM fungal symbiosis. 
Whether the exudation of DDH isomers is just collateral damage of the selection process 
that resulted in the production of solanacol, is another intriguing question. The structure 
of the DDH isomers in tomato and tobacco has not been elucidated (Xie et al., 2007; 
Tokunaga et al., 2015). Unfortunately, as explained above, the instability of the DDH 
isomers prevented isolation and/or synthesis, which would allow to verify their biological 
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activity. Our study now revealed the enzyme that is involved in DDH (and thus solanacol) 
biosynthesis. Potentially this will help in the further identification of the structure of the 
DDH isomers. And it will allow us to modify the tomato root exudate SL composition and 
thus open up the opportunity to study the biological relevance of exudation of DDH 
isomers and solanacol into the rhizosphere and possibly also apply this in breeding for 
rhizosphere traits in tomato. 
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Supporting information 

 

Figure S1. Design of RNAseq experiment. Treatments started when tomato plant were 2 weeks old. 
For wild type plants under normal P and P deficiency, samples were collected after 2, 3, 4 and 5 days; 
For P replenishment, P was replenished after 4 days P starvation and samples were collected one day 
later; For GR24 treatment, GR24 was applied after 6 days P starvation and samples were collected one 
day later; For P starvation in the CCD8 RNAi line, samples were collected after 4 and 7 days, while the 
control (normal P) was collected after 4 days. The samples are harvested at the days labelled in red. 
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Figure S2. The production of SLs in tomato was induced by P starvation. A, the production of 
orobanchol in root exudate of tomato in an aeroponics system after 3 and 7 days. B, the production of 
solanacol in root exudate of tomato in an aeroponics system after 3 and 7 days. C, the production of DDH 
isomers in root exudate of tomato in an aeroponics system after 3 and 7 days. D3/D7_YP indicates 3 or 
7 days normal P; D3/D7_NP indicates 3 or 7 days P starvation. D, the production of orobanchol in root 
exudate of tomato in pots with sand mixed with clay after 6 days. E, the production of solanacol in root 
exudate of tomato in pots with sand mixed with clay after 6 days. F, the production of DDH isomers in 
root exudate of tomato in pots with sand mixed with clay after 6 days; SYP and SNP indicate normal P 
and P starvation, respectively, in pot with sand and clay. 
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Figure S3. The expression of known SL biosynthetic genes in the RNA-seq experiment. A, the 
RPKM value of known tomato SL biosynthetic genes (D27, CCD7, CCD8 and MAX1) in RNAseq dataset 
(2, 3, 4 and 5 days treatments). B, the RPKM value of known tomato SL biosynthetic genes (D27, CCD7, 
CCD8 and MAX1) in RNAseq dataset (7 days treatment). wt.ypi_day2, 3, 4 and 5 indicate the root of 
wild type tomato with 2, 3, 4, 5 days normal P. wt.npi_day2, 3, 4 and 5 indicate the root of wild type 
tomato with 2, 3, 4, 5 days P starvation, respectively. wt.rpi_day5 indicate the root of wild type tomato 
with one day P replenishment after 4 days P starvation. ccd8.ypi_day4 and ccd8.ypi_day4 indicate the 
root of tomato CCD8 RNAi line with 4 days control P and 4 days P starvation, respectively. wt.npi_day7 
indicates the root of wild type tomato with 7 days P starvation. ccd8.npi_day7 indicates the root of tomato 
CCD8 RNAi line with 7 days P starvation. wt.npi.gr24 indicates the root of wild type tomato with one 
day GR24 treatment after 6 days P starvation. 
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Figure S4. Nicotiana benthamiana infiltration with orobanchol pathway and P450 candidate genes. 
A, the reduction of orobanchol in the transient expression of P450.1-P450.8 with the orobanchol pathway 
in N. benthamiana. B, the reduction of orobanchol in the transient expression of P450.9 with the 
orobanchol pathway in combination with P450.3 (SlCYP712G1). C, the reduction of orobanchol in the 
transient expression of P450.10 with the orobanchol pathway in combination with P450.3 (SlCYP712G1). 
D, the formation of solanacol in the transient expression of P450.1-2, P450.4-9 with the orobanchol 
pathway in combination with P450.3 (SlCYP712G1). E, the formation of solanacol in the transient 
expression of P450.10 with the orobanchol pathway in combination with P450.3 (SlCYP712G1). F, the 
reduction of DDH isomers in the transient expression of P450.1-2, P450.4-9 with the orobanchol pathway 
in combination with P450.3 (SlCYP712G1). G, the reduction of DDH isomers in the transient expression 
of P450.10 with the orobanchol pathway in combination with P450.3 (SlCYP712G1). The orobanchol 
pathway was reconstituted in N. benthamiana by combining the carlactone pathway of tomato 
(SlD27+SlCCD7+SlCCD8) with two rice MAX1s (Os900 and Os1400). 
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Figure S5. MRM chromatograms of DDH isomers. A, MRM chromatogram of DDH isomers in N. 
benthamiana. B, MRM chromatogram of DDH isomers in root exudate of tomato in aeroponic. C, MRM 
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chromatogram of DDH isomers in root exudate of tomato plants silenced by TRV2B-GUS. D, MRM 
chromatogram of DDH isomers in root exudate of tomato plants silenced by TRV2B-SlCYP712G1. E, 
MRM chromatogram of DDH isomers in yeast microsome fed with orobanchol and 2′-epi-orobanchol. 
Transition used for the detection of DDH isomers is 345.16>96. 

 

 

 

 

Figure S6. The expression of SlCYP712G1 in the RNA-seq experiment. wt.ypi_day2, 3, 4 and 5 
indicate the root of wild type tomato with 2, 3, 4, 5 days normal P. wt.npi_day2, 3, 4 and 5 indicate the 
root of wild type tomato with 2, 3, 4, 5 days P starvation, respectively. wt.rpi_day5 indicate the root of 
wild type tomato with one day P replenishment after 4 days P starvation. ccd8.ypi_day4 and 
ccd8.ypi_day4 indicate the root of tomato CCD8 RNAi line with 4 days control P and 4 days P starvation, 
respectively. wt.npi_day7 indicates the root of wild type tomato with 7 days P starvation. ccd8.npi_day7 
indicates the root of tomato CCD8 RNAi line with 7 days P starvation. wt.npi.gr24 indicates the root of 
wild type tomato with one day GR24 treatment after 6 days P starvation.   
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Figure S7. MRM chromatograms of hydroxy-orobanchol and orobanchol in yeast feeding assay 
and tomato root exudate. A, MRM chromatograms of hydroxy-orobanchol_(transition_363.2>96.96) 
in assays with yeast microsomes expressing SlCYP712G1 incubated with 4 orobanchol isomers and root 
exudate of tomato plants in the aeroponics system. B, orobanchol (transition_347>97) in assays with 
yeast microsomes expressing SlCYP712G1 incubated with 4 orobanchol isomers and root exudate of 
tomato plants in the aeroponics system. 
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Figure. S8. Putative biosynthetic pathways of solanacol in tomato. Three possible biosynthetic 
mechanisms of solanacol from orobanchol via hydroxy-orobanchol and a DDH isomer, indicated as paths 
1, 2 and 3.  



CHAPTER 5 

173 

 

 

Figure S9. Chromatogram of hydroxy-orobanchol in VIGS assay. MRM chromatogram of hydroxy-
orobanchol in tomato plants silenced by TRV2B-GUS and TR2B-SlCYP712G 
1(transition_363.2>96.96). 
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Figure S10. Chromatogram of hydroxy-orobanchol in N. benthamiana transient expression. The 
orobanchol pathway was reconstituted by transient expression in N. benthamiana using the carlactone 
pathway of tomato (SlD27, SlCCD7, SlCCD8) combined with two rice MAX1s (Os900, Os1400). 
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Figure S11. Occurrence of CYP712 in the evolution of plants (Adapted from paper (Nelson and 
Werck‐Reichhart, 2011)). 

  



CYTOCHROME P450 CYP712G1 

176 
 

 

Figure S12. Blast result with SlCYP712G1 against Medicago truncatula genome. 

 

 

 

Figure S13. Blast result with SlCYP712G1 against Nicotiana tabacum L. genome. 
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Table S1. Gene sequence characterized in this study. 

Gene Name Sequence (5'-3') 

Solyc10g018150.2 

(SlCYP712G1_CDS) 

ATGGCAATTGTTTCCATAGAAAATCAATTTCATAACTTGCTTTTTTTGTTCATCTGTTTACTATGTG

GTCTAATAATATTTCAATTCTTGATCAAGAAATCACACAAAAAAATCCATCTTCCTCCAAGTCCAC

CAGCATTACCATTCATTGGTCATTTGCATATTCTTGGTTCTTTGTGGCACCAATCCTTCCAGAAATT

AGCATTGCGCTATGGTCCATTCATGTTGATTCATGCAGGCGCGTCAACTTCATATGTTGTGTCCAA

TGGTGCTATAGCGAAAGAAGTGTTTAAAACCAATGACATAAATTTTGCTAATAGGCCAGAATTTG

GCTCTTCAGAGTACCAAATTTACAATGATACAATGTTCTCAATTATGGACTATAACAAACTTTGGA

TTTTCTTGAAGAAAATATGCATGACTGAGATTCTGTCTGCTCAACAGATTAGTAAATTTGCTGATG

TTAGGAAGGAGGAGATGATGAAAGTGTTGCAATTTTTCCTTAAGTGTTCAGAACAAGGGGATGC

TTGTGATGTTGGAATTCAGCTTATGGATATGACAAATAATCTTATTTGTAGGTTGATTATGAGCACA

AGAACCTCAACTAATGTCAACGAGAGTGCAGAGATAAGAGAAATTGCAAAGGGGATAGTATTAC

TTGCAGGGCAGCTGGGATTAGGTGAAATTTTTGGTCCTTTGAAGAAATATGATCTGCTTGGTGCT

GGAAGAAAGGCAAAAGCTTTGTTGCTCAAATTTGATAAGTTAATGGATGGGATCATAAAGAAAC

ACGAAGATGAAAGGCGTGTGGGAGGAAAAGAGAGGAGGGATATGATGGATATTCTTCTGGAAAT

TGCAGATGATGAAAATGCTGAGATGAAGCTAACTAGAAATGGCATCAAGGGTCTTTTCTTGGATC

TTTTTTTGGGAGGAACTGATACAACAAGTGTTGCTTTGCAATGGGGAATAGCAGAGGTTTTGAAC

CATCCAAAAGCATTAAAGAAGCTCCAAGAAGAGATTGACAGAGTAGTTGGTCCAAACAGGCTAG

TTGATGATTCCGATATCCCAAATCTTCCTTATCTCCAAGCTGTTGTCAAGGAAACACTAAGAGTAC

ATCCCTCGTTGCCCTTAATATTCCGAAAATGCAGAGAAGATTGTGTAGTAAATGGTTACACAATTC

CCAAAAATTCTAGGCTTGTACTAAACATTTACGCGATTAATAGGGACCCTAATGAATGGAGAGAC

GCGGATGAGTTTATTCCAGAGAGGTACCTTGTTAATTCTGGTGGAGGGGAGGAGAACCAGCTCG

CGATCGAGCCTGATGAATTGGAGGCTATGAAAGGACAGAATTTCTGTTATGTCCCATTTGGTGGT

GGAAGAAGAGGATGTCCTGGTGCTGGACTTGCAGCAGCAGTGTTACATAGGACACTTGGTGTAT

TGATACAATGTTTTGATTGGAAAATTAAAGGTGCTGAGAAACTTAATATGGAACAAGGAGTTGGG

TTTTCTTCTGCAATGGTTCACCCTTTGATTTGTTATCCTGTTGTGCGTGTTAATCCACTAGAAATTG

CCAATTGA 
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Table S2. Primers used in this study. 

Primer Sequence (5'-3') Description 

Agro.Solyc10g018150-F CTAtctagaTAGGATTTAGCACTGATGGC N. Benthamiana 
infiltration 

Agro.Solyc10g018150-R CGggatccAAAACTAGAGAAATCAATTGGC 

Solyc10g018150-Pyed-F1 atttGCGGCCGCTAGGATTTAGCACTGATGGC  

Yeast expression Solyc10g018150-Pyed-R1 ggTTAATTAAAAAACTAGAGAAATCAATTGGC 

GW.V.CYP712-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATCTTCCTCCAAGTC
CACC 

 

 

 

 

 

VIGS in tomato 

 

GW.V.CYP712-R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATCCCAGCTGCCC
TG 

GW.V.SLCCD8.F GGGGACAAGTTTGTACAAAAAAGCAGGCTTGGCTTCTCTTGCTTCTT 

GW.V.SLCCD8.R GGGGACCACTTTGTACAAGAAAGCTGGGTCGTACGCTAGTCCATGC
A 

GUS_uidA_For GGGGACAAGTTTGTACAAAAAAGCAGGCTTGCTGTCGGCTTTAACC
TCT 

GUS_uidA_Rev GGGGACCACTTTGTACAAGAAAGCTGGGTGGCACAGCACATCAAA
GAGA 

Solyc03g123760_PDS_V_
LP 

GGGGACAAGTTTGTACAAAAAAGCAGGCTAGGCACTCAACTTTATA
AACC 

Solyc03g123760_PDS_V_
RP 

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTCAGTTTTCTGTCAA
ACC 

qP_SlD27_F  TCCCTAAGCCTATTCTTTCTCTG  

 

 

 

 

QPCR 

qP_SlD27_R  TCACCTCACAAGGTCCAACTA 

qP_SlCCD7_F  GATGTTGCTGCTCAGCTATTG 

qP_SlCCD7_R  CTAGGGAGCAACATATCCTCTG 

qP_SlCCD8_F  TGTACATGTTATGTGTAAAGCCAGTG 

qP_SlCCD8_R  CACAGCAATCTGCAATCACA 

qP_SlMAX1_F  GGTTCTGCAACAACATCCTTTAC 

qP_SlMAX1_R  CAAACCCATGTTCCCTTG 

qP_SGN-U584254_F  GGTTCCTATTGCTGCGTT  

qP_SGN-U584254_R  CGAAGACAAGGCCTGAAA  

qP_SGN-U563892_F  GCAATCTTCTTCGATCCGGT  

qP_SGN-U563892_R  GCTACAGAACACCAAGCAGA 
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Table S3. The Pearson Correlation Coefficient (PCC) value between the candidate genes and baits 

 

No. of p450 

Cadidate genes PCC between bait genes 

  SlD27 SlCCD7 SlCCD8 SlMAX1 

P450.1 Solyc04g083160.1.1 0.987663 0.983008 0.996252 0.990935 

P450.2 Solyc01g080900.2.1 0.930065 0.921917 0.937861 0.938935 

P450.3 Solyc10g018150.1.1 0.989703 0.986555 0.994375 0.987379 

P450.4 Solyc07g064450.2.1 0.995228 0.998559 0.99355 0.984341 

P450.5 Solyc10g085500.1.1 0.945389 0.927074 0.96587 0.958258 

P450.6 Solyc04g051190.2.1 0.930983 0.910095 0.93543 0.914184 

P450.7 Solyc04g080100.2.1 0.957329 0.960149 0.982885 0.981577 

P450.8 Solyc07g055550.1.1 0.962398 0.941009 0.967927 0.957663 

P450.9 Solyc01g010260.2.1 0.99008 0.997279 0.984593 0.97664 

P450.10 Solyc08g079300.2.1 0.987849 0.986942 0.997965 0.991601 

No cloning Solyc07g042880.1.1 0.996023 0.996298 0.994069 0.985661 

No cloning Solyc04g078360.1.1 0.886069 0.908874 0.923193 0.928116 
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During the years that I did my PhD, a series of new strigolactones (SLs) have been 
discovered, such as zealactone (methyl zealactonoate) (Charnikhova et al., 2017) and 
zeapyranolactone (Charnikhova et al., 2018) in maize, a SL-like [MeCLA + 16 Da] 
compound in Arabidopsis that was recently shown to be hydroxymethyl carlactonoate (1'‐
HO‐MeCLA) (Brewer et al., 2016; Yoneyama et al., 2020b), lotuslactone in Lotus 
japonicus (Xie et al., 2019), medicaol in Medicago truncatula (Tokunaga et al., 2015), 
avenaol in Avena strigosa (Kim et al., 2014; Yasui et al., 2017). SLs have multiple roles 
as signaling molecules. On the one hand they are rhizosphere signals: SLs induce the seed 
germination of parasitic plants (Cook et al., 1966; Bouwmeester et al., 2003), enhance 
hyphal branching of arbuscular mycorrhizal fungi (Akiyama et al., 2005) and affect the 
rhizosphere microbiome community (Schlemper et al., 2017; Carvalhais et al., 2019; 
Nasir et al., 2019). On the other hand, as phytohormones, SLs regulate plant aboveground 
and belowground architecture, and plant development, like inhibiting tillering/shoot 
branching, adapting root architecture, enhancing secondary stem growth and stimulating 
leaf senescence (Gomez-Roldan et al., 2008a; Umehara et al., 2008a; Koltai et al., 2010; 
Agusti et al., 2011a; Ruyter-Spira et al., 2011; Rasmussen et al., 2012a; Yamada et al., 
2014; Ueda and Kusaba 2015). 

Although much is known about the roles of SLs in general, little is known about the 
activity of all the different SLs identified so far. Knowledge of SL biosynthesis could help 
to elucidate the biological relevance of these individual SLs because it would give insight 
into their evolution and provide tools to change their production. However, during the 
years that I did my PhD, little progress has been made on the elucidation of SL 
biosynthesis with only two genes that were identified by others, LATERAL BRANCHING 
OXIDOREDUCTASE (LBO) in Arabidopsis (Figure 1) (Brewer et al., 2016; Yoneyama 
et al., 2020a) and the cytochrome P450, CYP722C, in tomato, cowpea, lotus and cotton 
(Figure 1) (Wakabayashi et al., 2019; Mori et al., 2020a; Wakabayashi et al., 2020). LBO 
was shown to convert methyl carlactonoate (MeCLA) into 1'‐HO‐MeCLA (Figure 1), but 
the relevance of this, reversible, reaction remains unclear (Brewer et al., 2016; Yoneyama 
et al., 2020b). CYP722 was, only very recently, demonstrated to catalyze the formation 
of canonical SLs, orobanchol and 5-deoxystrigol (5DS) from carlactonoic acid (CLA) 
(Figure 1) (Wakabayashi et al., 2019; Mori et al., 2020a; Wakabayashi et al., 2020). In 
my thesis, I describe the characterization of two new P450s involved in SL biosynthesis, 
one belonging to the CYP711 family (SlCYP711) (Chapter 3) and the other one to the 
CYP712 family (SlCYP712G1) (Chapter 5), both of which are involved in SL 
diversification in tomato. 

In this Chapter, I discuss the results of my thesis in a broader perspective. I discuss the 
new approach I used to discover SL biosynthetic genes, using co-expression analysis on 
a tomato root RNAseq dataset that I created using phosphate starvation to drive changes 
in SL biosynthetic gene expression. From the latter dataset I also drew conclusions on the 
consequences of P starvation on adaptive responses in tomato and the role of SLs in this 



CHAPTER 6 

183 

 

P starvation response (Chapter 4). Finally, I discuss the involvement of P450s in the 
biosynthesis of the large diversity of SLs in plants (Figure 1) and how they have evolved. 
I discuss what could have been the selection pressure that gave rise to the structurally 
diverse SLs in the plant kingdom and finally I sketch the perspective of what can be done 
with the knowledge generated in my thesis. 

 

Figure 1. Schematic representation of SL biosynthesis in plants. The enzymatic steps in the red box 
are the contribution of this thesis. Elucidated steps are indicated with solid arrows and putative steps with 
broken arrows. 
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A new approach to the discovery of SL biosynthetic genes 
The core pathway of SL biosynthesis was unraveled already almost a decade ago using 
forward genetics with branching/tillering mutants (Alder et al., 2012). The obvious 
advantage of this classical approach is that no bias or a priori knowledge is needed about 
the pathways. This approach has been used for more than 20 years, for instance in 
Arabidopsis, rice, pea for discovery of more axillary branching (max) (max1-max4) in 
Arabidopsis , dwarf (d) mutants (d3, d10, d14, d17, d27) in rice, ramosus (rms) (rsm1-5) 
in pea (Beveridge 2000; Stirnberg et al., 2002; Turnbull et al., 2002; Beveridge et al., 
2003; Sorefan et al., 2003; Booker et al., 2004; Ishikawa et al., 2005). In my thesis, I used 
a hybrid approach for the characterization of the tomato MAX1 (Chapter 3) as it was 
known from other species such as Arabidopis and rice that this gene (family) plays an 
important role in SL biosynthesis. With heterologous expression and a mutant, we 
discovered the exact function of the tomato MAX1 homolog (see below). 

The classical forward genetics approach, however, is rather time-consuming and laborious 
and failed to discover downstream SL biosynthetic genes, likely because these genes do 
not result in visible phenotypes when mutated. Therefore, I decided to use a new approach, 
co-expression analysis, combined with fast functional screening tools such as transient 
expression in N. benthamiana, Virus Induced Gene Silencing (VIGS) and yeast 
expression and microsome feeding assays. The fast development of bioinformatics tools 
and increasing availability of transcriptomics data provide an excellent opportunity to 
speed up gene discovery through this reverse genetic approach. Indeed, co-expression 
network analysis to connect genes to specialized metabolic pathways in plants is a well 
explored tool for gene discovery (Miettinen et al., 2014; Liu et al., 2018b). 

With the observation in mind that all tomato SLs increased in root exudates under 
phosphate starvation, I hypothesized that this universal increase in SL production must 
correlate with upregulation of all SL biosynthetic genes. Thus, co-expression network 
analysis could potentially work for gene discovery of unknown candidates for SL 
biosynthesis. Using the RNAseq data obtained in Chapter 4, I did co-expression analysis 
with the known SL biosynthetic genes (SlD27, SlCCD7, SlCCD8 and SlMAX1) as baits. 
From this analysis I selected 151 genes based on the Pearson Correlation Coefficient (PCC) 
value >0.9 (Chapter 5, Figure 2B). In Chapter 3 we revealed the potential involvement 
of cytochrome P450s in the biosynthesis of the tomato SLs, didehydro-orobanchol 
isomers and solanacol, from orobanchol. The combination of pre-selection with co-
expression analysis and experimental proof of involvement of P450s, allowed me to 
narrow down my gene candidate list to only 12 P450 genes. By reconstructing the 
orobanchol pathway in N. benthamiana and co-expressing these selected P450s I 
identified one P450, SlCYP712G1, to catalyze the conversion of orobanchol into 
didehydro-orobanchol (DDH) isomers. And, using systemic Virus Induced Gene 
Silencing (VIGS) and yeast microsome feeding assay, I confirmed that one of these DDH 
isomers is an intermediate en route to the biosynthesis of solanacol, one of the most 
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abundant SLs in tomato root exudate. The other 9 out of the10 P450s that were 
successfully cloned do not catalyse this step even though they show a high correlation 
with the bait genes. I assume that one of them may be involved in the next step in the SL 
biosynthetic pathway, the formation of solanacol from DDH. The others are likely 
involved in other pathways co-regulated by phosphate starvation and/or SLs. However, 
compared with the conventional forward-genetics screening, our new method offered a 
less time-consuming solution for ‘batch gene’ discovery. Here, I provided an example for 
the field of SL biosynthesis and the approach might be applied to other hormone 
biosynthetic pathways as well. In addition, this method is not only limited to biosynthetic 
gene discovery, as, with a slightly different gene mining strategy, also signal transduction 
genes in hormone/SL signaling could be discovered. For example, in Chapter 4, a U-
BOX domain-containing protein was among the top 10 P starvation induced genes (Figure 
4A in Chapter 4). It displayed co-expression with CCD8 in the RNAseq dataset (data not 
shown). This U-BOX might be a candidate gene for a SL/other hormone downstream 
signaling pathway, which should be confirmed by, for example, using reverse genetics. 
Overall, this study shows that co-expression analysis in combination with several 
powerful transient expression/silencing tools is a powerful instrument for hormone 
biosynthesis and signal transduction studies.  

The discovery of a new role for SLs in the P starvation response 
As described above we used RNAseq data obtained from roots of tomato that were 
exposed to a time series of P starvation for co-expression analysis and SL biosynthetic 
gene discovery. Since the experiment for which we did the RNAseq also included control 
plants (sufficient P), P replenishment and a CCD8 RNAi line, we could exploit the 
RNAseq data set also for other purposes. In Chapter 3, I analyzed the data to look for P 
starvation induced transcriptional reprograming in tomato, with an emphasis on 
metabolism. With go enrichment and KEGG analysis, I revealed that many metabolic 
pathways were up- or down-regulated by P starvation. The use of the CCD8 RNAi line 
allowed me to show that SLs in many cases are required for the P starvation induced 
transcriptional changes: many Phosphate Starvation Responsive (PSR) genes are less 
affected in the CCD8 RNAi line than in the wild type. An exception to this conclusion is 
formed by the SL biosynthetic genes themselves. Although the expression of MAX1 was 
downregulated in the CCD8 RNAi line after 4 days P starvation, D27 and CCD7 were 
both induced, likely due to feedback regulation (Suppl. Figure 3 in Chapter 4). Similarly, 
the expression of SlD27 and SlCCD7 was significantly induced in the roots of the Slmax1 
mutant after 7 days P starvation (Figure 4 in Chapter 3).  

The most intriguing reprogramming of metabolism under P starvation was visible in lipid 
metabolism. On the one hand, phospholipid biosynthesis was suppressed by P starvation, 
while, on the other hand, the degradation of phospholipids and biosynthesis of substitute 
lipids such as sulfolipids and galactolipids were induced. The changes in lipid 
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composition reflect an adaptation to the lack of P. Intriguingly, a substantial number of 
the corresponding transcriptional changes depended on the presence of SLs. This suggests 
that SLs are not just plant signals secreted by plants into the rhizosphere in response to P 
starvation, but also play a crucial role – as plant hormone – in controlling the adaptation 
to P shortage, including, for example, directly regulating remodeling of plant metabolism 
to maintain P homeostasis. 

MAX1 is conserved in the plant kingdom, but with diverse 
functions 
As discussed above, we used a hybrid approach for the functional characterization of the 
tomato MAX1, a cytochrome P450 enzyme. Cytochrome P450s constitute the largest 
family of enzymes in plants (Xu et al., 2015). They catalyze a wide range of 
monooxygenation reactions in plant primary and secondary metabolism (Mizutani 2012). 
Species-specific P450s are essential for biosynthesis of terpenoids and alkaloids  
(Mizutani 2012). Several P450 families are involved in biosynthesis and catabolism of 
phytohormones, like CYP701A, CYP88A, CYP714A1, CYP714A2 and CYP714D1 for 
the gibberellins (GAs); CYP707A for abscisic acid (ABA); CYP85A, CYP90A, CYP90B, 
CYP90C, CYP90D, and CYP724B for brassinosteroids (Mizutani, 2012). 

MAX1, a cytochrome P450 from the CYP711A subfamily, is the first discovered P450 
involved in SL biosynthesis (Booker et al., 2005). To test if the function of MAX1 is 
conserved, complementation of the Arabidopsis more axillary growth1 (max1) mutant 
was attempted with phylogenetically diverse MAX1s from angiosperms (monocot rice 
and dicot medicago), lycophytes (Selaginella moellendorffii) and gymnosperms (Picea 
glauca) (Figure 2) and the homology in function judged from how well these genes 
restored the branching phenotype (Challis et al., 2013). The results showed that all the 
MAX1 homologs could completely or partially rescue the Arabidopsis max1 phenotype 
(branching and leaf size/leaf shape phenotype) except one MAX1 ortholog from rice 
(Os01g0701500) and one ortholog from Medicago truncatula (Medtr1g015860) (Challis 
et al., 2013). These finding suggest that most MAX1s in different species have a 
conserved function and therefore can complement a SL related branching phenotype, but 
not all. 

The fact that these other MAX1 genes complemented an Arabidopsis max1 mutation 
suggested that they have similar functions. However, what this function exactly is was 
unclear for a considerable period of time. In the Arabidopsis max1 mutant significant 
accumulation of carlactone (CL) occurred, indicating that CL is the probable precursor 
for AtMAX1 (Abe et al., 2014). Incubation of CL with AtMAX1 recombinant protein 
expressed in yeast microsomes indeed showed that AtMAX1 catalyzes a triple oxidation 
at C-19 of CL resulting in the conversion of CL into carlactonoic acid (CLA) (Abe et al., 
2014). Intriguingly, in rice – that has no less than 5 MAX1 homologs – it was demonstrated, 
through reconstruction of the CL pathway in N. benthamiana – that one MAX1 homolog 
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(Os900) catalyzes the production of 4‐deoxyorobanchol (4DO) from CL (Zhang et al., 
2014a). While 4‐deoxyorobanchol can be converted into orobanchol by another rice 
MAX1 homolog (Os1400). This showed that these two MAX1s are involved in two 
distinct steps of SL biosynthesis in rice by BC-ring closure and subsequent hydroxylation 
(Zhang et al., 2014a). 

Figure 2. Simple timeline of plant evolution and emergence of P450s (CYP711 and CYP722) 
involved in SL biosynthesis. Adapted from (Bonhomme and Waters 2019). 

To determine what biochemical functions the different MAX1 genes and homologs in 
different plant species encode, Yoneyama et al tested many MAX1s from different species 
including monocots (rice and maize), dicots (Arabidopsis, tomato and poplar) and a 
lycophyte (Selaginella moellendorffii) (Figure 2) (Yoneyama et al., 2018a). It turned out 
that MAX1, CYP711A subfamily, can be divided into three types (CYP711A1, A2 and 
A3) based on their biochemical functions (Figure 1) (Yoneyama et al., 2018a). CYP711-
A1 type MAX1 converts CL into CLA (Figure 1) (Yoneyama et al., 2018a). In addition 
to converting CL to CLA, CYP711-A2 and CYP711-A3 type MAX1s also have additional 
functions and further convert CLA into 4DO and 4DO into orobanchol, respectively 
(Figure1) (Yoneyama et al., 2018a). 

Conversion of CL into CLA is a quite conserved function of all three type MAX1s. 
MAX1s from dicot plants, such as AtMAX1 from Arabidopsis, SlMAX1 from tomato and 
two MAX1 homologs (PtMAX1a and PtMAX1b) from poplar, two MAX1 homologs from 
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maize (ZmMAX1a and ZmMAX1c) and two MAX1 homologs from rice (Os5100 and 
Os1900) only catalyze the conversion of CL into CLA, and they are therefore CYP711-
A1 type (even though the conversion activity of CL to CLA by Os1900 is weak in yeast 
cells) (Yoneyama et al., 2018a). Due to a premature stop codon, Os1500 does not have 
any activity (Yoneyama et al., 2018a). Recently, a recombinant protein of a MAX1 
homolog from Lotus japonicus produced in yeast converted CL to 18-hydroxy-CLA as an 
end-product (via CLA) (Mori et al., 2020b), showing that there are more than just the 
three categories so far defined. In Chapter 3 of this thesis, we characterized the MAX1 
homolog, SlMAX1, in tomato. The Slmax1 mutant that we obtained had a severe SL related 
phenotype with a significantly higher number of branches, reduced root length and 
strongly reduced production of SLs. Reconstruction of the tomato CL pathway in N. 
benthamiana and co-expression with SlMAX1 resulted in the formation of CLA, making 
SlMAX1 a CYP711-A1 type. 

In rice, only Os900 of five rice homologs can catalyze the conversion of CL into 4DO via 
CLA (Zhang et al., 2014a; Yoneyama et al., 2018a). Intriguingly, two MAX1s 
(SmMAX1a and SmMAX1b) from S. moellendorffii having 59% similarity to Os900 both 
produced 4DO and CLA from CL (Yoneyama et al., 2018a). In the A2-type MAX1 
reaction, CLA was thought to be an intermediate en route from CL to 4DO (Yoneyama et 
al., 2018a). Moreover, in a CL feeding assay with Os900, SmMAX1a and SmMAX1b, 18‐
hydroxy-carlactonoic acid (18‐hydroxy-CLA) can be detected (Yoneyama et al., 2018a). 
Previously, it had been proposed that 18‐hydroxy-CLA is an intermediate in the 
conversion of CLA to 4DO by Os900 (Zhang et al., 2014a). However, 4DO was not 
detected when 18-hydroxy-carlactone (18-hydroxy-CL) was supplied as substrate for the 
three MAX1s (Os900, SmMAX1a and SmMAX1b), showing that oxidation of CL into 
4DO occurs via C19 oxidation and is only then followed by C18 oxidation (Figure 1). 
Furthermore, plant feeding assay with labeled SLs in lotus revealed that 18-hydroxy-
MeCLA, could be converted into 5DS and lotuslactone (LL) (Mori et al., 2020b). Taken 
together, these results suggest that 18-hydroxy-CLA may be the precursor for both 
canonical SLs and non-canonical SLs in planta. 

Among the A3-type MAX1s, interestingly, ZmMAX1b, a MAX1 homolog from maize 
has the same function as rice Os1400, producing CLA from CL and orobanchol from 4DO, 
while they do not convert CL into 4DO (Yoneyama et al., 2018a). However, maize does 
not produce canonical SLs, such as 4DO and orobanchol (Charnikhova et al., 2017), 
showing that the production by plants of SLs not only depends on the in vitro determined 
biochemical function of enzymes, but also depends on the localization of expression of 
the corresponding genes and the presence of substrates. 

Multiple P450s are involved in SL biosynthesis 
As described above, the production of canonical SLs, 4DO and orobanchol, was first 
reported to be catalyzed by CYP711A2/Os900 and CYP711A3/Os1400 in rice (Zhang et 



CHAPTER 6 

189 

 

al., 2014a). However, both 4DO and orobanchol are detected in rice cultivar Bala lacking 
Os900 and Os1400 suggesting that enzymes other than CYP711A are involved in the 
biosynthesis of these canonical SLs in rice (Zhang et al., 2014a). Furthermore, in dicot 
plants, most MAX1s don’t have the biochemical function of CYP711-A2/ CYP711-A3 
type (Yoneyama et al., 2018a). For example, in tomato, large amounts of canonical SLs, 
such as orobanchol and solanacol, are present, but in Chapter 3 we show using plant 
feeding assay that in tomato 4DO is not the precursor of orobanchol. Therefore, there must 
be other enzymes involved in orobanchol formation in tomato and other dicots. Indeed, 
recently it was discovered that in tomato (Solanum lycopersicum) and cowpea (Vigna 
unguiculata), CYP722 homologs (SlCYP722C and VuCYP722C, respectively) directly 
catalyze the conversion of CLA to orobanchol by BC-ring closure without the need for 
4DO as an intermediate (Figure 1) (Wakabayashi et al., 2019). Subsequently, in lotus and 
cotton it was shown that CYP722C is also involved in 5DS biosynthesis (Figure 1) (Mori 
et al., 2020a; Wakabayashi et al., 2020). 

In sorghum, bioconversion of 5DS to sorgomol was inhibited by application of 
uniconazole-P, suggesting the involvement of a cytochrome P450 in hydroxylation of 5DS 
to form sorgomol (Figure 1) (Motonami et al., 2013). In Chapter 3, we also used 
uniconazole-P, in tomato, and this suggested that novel P450 enzymes are required for the 
formation of solanacol and DDH isomers from orobanchol. Indeed, in Chapter 5, we 
demonstrated that one P450, SlCYP712G1 is required for the formation of several DDH 
isomers from orobanchol, one of which is likely an intermediate en route to the 
biosynthesis of solanacol, one of the most abundant SLs in tomato root exudate. Besides 
the above mentioned P450s, I presume that additional, so far unknown, cytochrome P450s 
are involved in SL biosynthesis, as well. For example, considering the results of the 
feeding assay in Chapter 3 and the function of SlCYP712G1 uncovered in Chapter 5, 
other novel P450s are very likely involved in solanacol production from DDH. As 
mentioned above, we also tried the other 9 candidate genes extracted from the co-
expression analysis to explore the possibility of their involvement in solanacol 
biosynthesis from DDH. Unfortunately, none of them catalyzed this step (Figure S4 in 
Chapter 5). Assessing the catalytic activity of synthetic cDNAs (for the 2 genes I was not 
able to clone) and/or screening more co-expressed cytochrome P450 genes with lower 
PCC value (less than 0.9) should enable us to find this last missing step in tomato SL 
biosynthesis. 

The evolution of P450s involved in SL biosynthesis 
The MAX1 cytochrome P450 subfamily, CYP711A, appeared very early in plant 
evolution. CYP711-like sequences (CYP743 and CYP744) were even reported in the 
Chlorophytes that predate the Charales (Figure 2), but so far no active SLs have been 
found in exudates or tissue extracts of Chlamydomonas reinhardtii (Chlorophytes) 
(Nelson 2006; Delaux et al., 2012). MAX1s are also present in the Charales, liverworths 
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and mosses, which predate the vascular plants (Figure 2) (Bonhomme and Waters, 2019). 
However, there are some exceptions in these clades, like M. polymorpha in liverworts and 
P. patens in moss (Walker and Bennett, 2017; Bonhomme and Waters, 2019). Due to the 
lack of both CCD8 and MAX1, M. polymorpha probably has lost the ability to synthesize 
SLs (Walker and Bennett, 2017), which suggests that M. ploymorpha may be a unique 
species since MAX1 is present in its relatives. In P. patens, it has been shown that a 
Ppccd8 mutant is unable to sense the proximity of neighboring colonies which causes the 
arrest of the colony extension in wild type plants, suggesting that SLs or a CL derived SL-
like compound acts as a quorum-sensing like molecule regulating development of 
colonies in moss (Proust et al., 2011). However, the absence of MAX1 in P. patens 
suggest that other enzymes with similar activity must be present or another bypass 
encoded by a different so far unknown gene that leads to SL biosynthesis. MAX1s are 
conserved and present since the vascular plants originated. Selaginella moellendorffii, a 
primitive vascular plant, has two MAX1 homologs, both of which have the ability to 
produce CLA and 4DO (Figure 1) (Yoneyama et al., 2018a). Furthermore, as discussed 
above, overexpression of SmMAX1a can rescue the branching phenotype of the 
Arabidopsis max1 mutant suggesting that the function of MAX1 is highly conserved in 
the evolution of plants (Challis et al., 2013). Investigation of SL production and the 
function of MAX1s in ferns will better help understand the evolution of MAX1 since ferns 
diverged between lycophytes and seed plants (Figure 2). As discussed above, the P450s 
involved in other hormone biosynthetic pathways are from multiple-family clans such as 
CYP71, CYP72, CYP85, CYP701A (71clan), CYP88A (85clan), CYP714A1, 
CYP714A2, CYP714D1 (72 clan), CYP707 (85 clan), CYP85A, CYP90 and CYP724 (85 
clan) (Nelson and Werck‐Reichhart 2011; Mizutani 2012). The CYP711 subfamily, 
however, is a single‐family clan, the CYP711 clan. Single-family clans are constrained 
from duplication and are most likely under purifying selection (Nelson and Werck-
Reichhart, 2011). The CYP711 clan P450s has a single copy in most dicot plants but 
multiple in monocot plant, such as maize (3 copies), sorghum (4 copies) and rice (5 copies) 
(Nelson and Werck‐Reichhart 2011; Challis et al., 2013; Yoneyama et al., 2018a). 
Phylogenetic analysis of monocotyledon MAX1s revealed that five rice MAX1s occur on 
three distinct branches (Challis et al., 2013; Yoneyama et al., 2018a). Os900, Os1400 and 
Os1500 together with ZmMAX1b are in the same branch, and Os1900 and Os5100 are on 
the other two branches (Challis et al., 2013; Yoneyama et al., 2018a). These three clades 
are also present in Sorghum bicolor and Brachypodium distachyon, which suggests that 
the MAX1s are duplicated in those species (Challis et al., 2013). Considering the distances 
in the phylogenetic tree, it is likely that Os900, Os1400 and Os1500 are duplicated after 
their evolutionary divergence to rice (Challis et al., 2013; Yoneyama et al., 2018a). Indeed, 
they have specially diversified function in rice. ZmMAX1a and ZmMAX1c are located on 
the branch of Os5100 and Os1900, respectively. The conversion of CL to CLA by Os900 
and Os1500 could not be detected in yeast microsomes but only a bit of activity in yeast 
cells (Yoneyama et al., 2018a). It is the same case with two maize MAX1s (ZmMAX1a 
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and ZmMAX1c) showing weak conversion of CL to CLA in yeast microsomes. It is 
probably due to the low affinity for CL. Probably Os1900 and Os5100 together with other 
homologs in these two clades prefer another substrate instead of CL. Although most dicots 
have a single copy of mAX1, some dicot polyploid plants like Medicago truncatula, 
Glycine max, Populus trichocarpa and Fragaria vesca contain 2 copies of MAX1 due to 
genome duplication (Challis et al., 2013). As described above, the conserved function of 
MAX1 is producing CLA from CL. It has been shown that CLA has a high activity in 
inducing hyphal branching of AM fungi suggesting that CLA acts as an important 
rhizosphere signaling molecule (Mori et al., 2016). Furthermore, in planta like in 
Arabidopsis, CLA is the precursor for the other non-canonical SLs which possibly act as 
the plant hormone inhibiting the shoot branching.  

CYP722 first appeared in the monocots but also in the dicots (Figure 2) (Nelson and 
Werck-Reichhart 2011). The CYP722C family is widely distributed in dicots, no matter 
which orientation of the C-ring of SLs are produced (Nelson and Werck‐Reichhart 2011). 
For example, CYP722 is present not only in cotton, which is producing strigol-type SLs 
(5DS and sorgomol), and lotus, which is producing canonical SLs (5DS) and non-
canonical SLs (LL), but also in orobanchol-type SL producing plants (tomato and cowpea) 
(Ueno et al., 2011b; Kohlen et al., 2013). Therefore, it was proposed that CYP722C is 
involved in the biosynthesis of both strigol- and orobanchol-type SLs (Wakabayashi et al., 
2020).. CYP722 is not present in other land plants outside the angiosperms (Figure 2) and 
only a single copy of CYP722 is present in most plant genomes, indicating strong 
purifying selection and a possible role in plant development (Nelson and Werck‐
Reichhart 2011). So far, the reports about CYP722C being involved in canonical SLs 
(5DS or orobanchol) are all from dicot plants. As described above, in the common 
ancestor of angiosperms, S. moellendorffii, SmMAX1s are involved in production of 
canonical SL (4DO) by BC-ring closure (Figure 1) (Yoneyama et al., 2018a). However, 
in the dicots (and some monocots?), the function of MAX1s converting CL into 4DO and 
4DO into orobanchol has been lost. Hence, it seems that in the divergence of mono- and 
dicots, in the dicots MAX1 lost part of its function in SL biosynthesis which was taken 
over by CYP722 family enzymes that acquired a new function, which lead to different 
mechanisms for biosynthesis of canonical SLs between the dicots and monocots (Figure 
1) (Wakabayashi et al., 2019). Orobanchol-type and strigol-type SLs are widely 
distributed in dicot plants (Wang and Bouwmeester, 2018; Yoneyama et al., 2018b). 
Further characterization of CYP722C genes in such plants will further reveal the 
conserved function of these enzymes and biosynthetic mechanism that plants use to 
produce canonical SLs. 

CYP712 first originated in the rosids and then emerged in the Vitales, and later also in 
other members of the rosids (Figure S11 in chapter 5). In parallel, CYP712 also emerged 
in the Solanales in the asterids (Figure S11 in chapter 5). So far, only tobacco has been 
shown to also produce orobanchol, DDH isomers and solanacol (Xie et al., 2013), but 
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there are multiple plant species producing DDH isomers and orobanchol, including plant 
species in the Fabaceae, such as Medicago truncatula (Chapter 5). Phylogenetic analysis 
showed that CYP712G1 homologs are indeed also present in the Fabaceae and tobacco 
(Solanales) (Figure S11 in Chapter 5). Modelling and docking of these CYP712 
homologs with orobanchol (isomers) showed that the Medicago CYP712 homolog 
efficiently docks 2′-epi-orobanchol. The orientation of this substrate, with the C9 and C10 
methyl groups facing the heme group, is different from the way orobanchol docks in 
SlCYP712G1, but that is consistent with the hypothetical reaction mechanism (Tokunaga 
et al., 2015). The tobacco CYP712 homolog efficiently docks orobanchol in virtually the 
same orientation as in SlCYP712G1, that is with C7 and C6 facing the heme. This would 
be consistent with the fact that tobacco also produces DDH isomers and solanacol, likely 
from orobanchol. All this suggests that CYP712s have been recruited to SL biosynthesis 
and are present in multiple lineages of the plant kingdom. Further characterization of 
CYP712 homologs in plant species across the kingdom should further illustrate how 
widespread this CYP occurs and what its roles are in SL biosynthesis. 

The selection pressure on SL biosynthesis 
As described above, as rhizosphere signaling molecule SLs have a dual role. On the one 
hand, SLs are seed germination inducers for parasitic plants relying on their host for 
survival and development, which is harmful for the host plant itself (Yoneyama et al., 
2010). On the other hand, SLs induce hyphal branching in AM fungi, which is beneficial 
for the host plant – at least under conditions of low P availability – as this will assist the 
plant to take up more nutrients and water from the soil (Akiyama et al., 2005). Considering 
these positive and negative effects of SLs, it is safe to assume that plants are exposed to a 
selection pressure to produce SLs with lower parasitic plant seed germination inducing 
activity while remaining AM fungi hyphal branching induction.  

AM fungi originated over 600 million years ago (Redecker et al., 2000). AM fungi started 
to share the co-evolutionary history with plants once plants colonized land, 400 million 
years ago (Figure 2) (Bonhomme and Waters 2019). Approximately 80% of land plant 
had the symbiotic interaction with AM fungi (Parniske, 2008). It remains uncertain 
whether the co-evolution of AM fungi and plants was facilitated by SLs or not. However, 
as mentioned above, SLs in basal land plant (liverworts and moss) control rhizoid 
elongation and communication with other colonies in a quorum-sensing manner (Proust 
et al., 2011; Rasmussen et al., 2013), which later seems to have evolved into a role in 
regulating shoot and root architecture in higher plants (Gomez-Roldan et al., 2008a; 
Umehara et al., 2008a; Ruyter-Spira et al., 2011). Canonical SLs are stronger inducers of 
AM hyphal branching compared with non-canonical SLs (Mori et al., 2016; Mori et al., 
2020b), but there are also non-canonical SL producing AM fungi hosts. For example, in 
contrast to Lotus japonicas and red clover that produce the strong hyphal branching 
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inducing canonical SLs, 5DS and orobanchol, respectively, medicago produces the non-
canonical, medicaol (Akiyama et al., 2005; Yoneyama et al., 2007b).  

The root parasitic plants have evolved a mechanism to detect SLs as a host-presence signal 
that can induce their seed germination, subsequently the parasite grows on the root of 
plants taking water and nutrients from its host. Striga, a parasitic weed, is the greatest 
biological threat to the yield of sorghum in African and Asia. Genetic control is the most 
economic measure of protecting sorghum from this weed. Mutation of the LOW 
GERMINATION STIMULANT 1 (LGS1) locus in sorghum result in a dramatic change of 
the dominant SL, 5DS (β-orientation of the C-ring), a highly active inducer of Striga seeds 
germination, into orobanchol (α-orientation of the C-ring), a much weaker germination 
stimulant (Gobena et al., 2017). In the latter study, it was shown that sorghum lines with 
the lgs1 alleles had similar SL exudation rates (around 2000 pmol/plant over a 48 hours 
collection period (Gobena et al., 2017). Although the lgs1 mutation resulted in a change 
in the stereochemistry of the major SL in the root exudate and significantly lower Striga 
germination stimulant activity, other SL functions seem to be unaffected. SRN39, for 
example, that carries this lgs mutation is a Striga resistant sorghum variety, but has the 
same number of basal tillers as Shanqui Red (Striga susceptible sorghum variety) (Gobena 
et al., 2017). Moreover, no great difference was observed between these two lines in the 
degree of their root colonization by three AM fungal species, Rhizophagus intraradices, 
Rhizophagus clarus, and Rhizophagus custos (Gobena et al., 2017). Overall, the mutation 
of LGS1 in sorghum effectively lowers the Striga germination stimulant activity without 
negatively influence the other biological function of SLs showing the potential beneficial 
consequences of selection for (or engineering of) changes in the SL composition. 

In Chapter 5, we proved that SlCYP712G1 catalyze the conversion of orobanchol into 
DDH isomers in tomato, one of which is an intermediate en route to the biosynthesis of 
solanacol, one of the most abundant SLs in tomato root exudate. We also proposed another 
P450 is required for the biosynthesis of solanacol from this DDH isomer. This raises the 
question why plants recruit more genes/P450s to produce DDH and solanacol. Although 
only one DDH isomer, medicaol, was structurally elucidated, DDH isomers in other 
species are not well-characterized yet (Tokunaga et al., 2015). Medicaol showed a strong 
hyphal branching-inducing activity in Gigaspora margarita (Mori et al., 2020b). It is not 
unlikely that the DDH isomers in other species such as tomato are also active in inducing 
hyphal branching of AM fungi. With regard to solanacol, in vitro studies, have shown that 
at a concentration of 10-11 M it displayed much lower efficacy than orobanchol for the 
induction of germination of seeds of the parasitic broomrapes, O. minor and P. ramosa 
(14% and 54%, respectively in inducing O. minor germination; 14% and 32%, 
respectively in inducing P. ramosa germination) (Bromhead et al., 2018). So far, the 
activity of solanacol in inducing hyphal branching of AM fungi has not been assessed, so 
we cannot compare it with orobanchol. Possibly, parasitic plant germination efficacy has 
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been the selective driving force for tomato to produce SLs with lower germination 
stimulant activity while maintaining the activity for inducing AM fungal symbiosis. 

Finally, recently some evidence has been published that SLs also affect the resistance of 
plants against biotic stresses (Yoneyama, 2020). For example, a ccd8 mutant of tomato is 
more susceptible to airborne pathogenic fungi Botrytis cinerea and Alternaria alternata 
(Torres-Vera et al., 2014). On the other hand, no difference was observed in the sensitivity 
of a pea ccd8 mutant to soilborne pathogen Fusarium oxysporum (Foo et al., 2016). 
Possibly, the effect of SLs varies with different pathogenic fungi. However, it is intriguing 
to speculate that, in addition to selection pressure to avoid root parasitic weeds, there is 
also selection pressure on SL biosynthesis to avoid pathogenic fungi in the rhizosphere. 
This could have resulted in the recruitment of several P450s to make structurally different 
SLs with changed biological activities. 

Perspectives 
In this thesis, I characterized the function of the tomato MAX1 homolog and the enzyme 
responsible for the formation of DDH isomers, and one of the DDH isomers is likely an 
intermediate en route to the biosynthesis of solanacol, one of the most dominant SLs in 
the tomato root exudate. Forward genetics was used to elucidate the core pathway of SL 
biosynthesis by identifying highly branching mutants in several species. Here I showed 
that the combination of transcriptomics and metabolomics, combined with reverse 
genetics is a new approach to identify also the downstream genes involved in SL 
biosynthesis. When I started my thesis SL biosynthesis in tomato was only partially 
elucidated up to CL. In Chapter 3 we demonstrated the function of SlMAX1 catalyzing 
the formation of CLA from CL. The slmax1 mutant showed a significant higher number 
of branches, a trait that could possibly be used in horticulture. Due to the reduction in SL 
exudation in the Slmax1 mutant, it induces lower broomrape germination and possibly 
lower infection, a potentially positive trait which could be applied in agriculture. The 
structure of DDH isomers in tomato has not been elucidated yet, due to instability. In 
Chapter 5 I have provided evidence for the biosynthetic mechanism of DDH isomers by 
SlCYP712G1, including through a modelling approach. Hopefully this will further assist 
the elucidation of the structure of the DDH isomers. Further, genetic modification of 
SlCYP712G1 will assist in the elucidation of the biological function of the DDH isomers 
in tomato, Functional characterization of CYP712 in other plant species will help us to 
understand the conserved function of CYP712 in the plant kingdom. Although we still do 
not know a lot about the exact role of the DDH isomers and solanacol, they are lower-
efficient germination stimulants for broomrapes. If we can show they still efficiently 
induce AM hyphal branching, we could consider to apply the knowledge gained in this 
thesis in agriculture to improve tomato resistance against parasitic plants while 
maintaining the positive effect from the symbiosis with AM fungi.  
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In Chapter 1 I introduce the strigolactones (SLs), an important class of plant signaling 
molecules regulating plant growth and development as endogenous plant hormone and 
communicating with organisms in the soil around their roots as rhizosphere cues. Up to 
date, around 30 SLs have been isolated and characterized from various plant species. To 
provide a knowledge base for a better understanding of the selective forces that have 
shaped SL diversity in the plant kingdom, in Chapter 2, I review how SL structural 
diversity is generated, discussed how this structural diversity possibly evolved, what the 
biological relevance of this structural diversification is, and what it implies for the 
perception of the SLs by receptors in the plant and other organisms. In the next Chapters 
I then apply that knowledge base to the model I use in my thesis, tomato (Solanum 
lycopersicum), and study the structural diversity of SLs in tomato. I study how their 
biosynthesis is regulated by P starvation and vice versa what the role of SLs is in the P 
starvation response of tomato. To better understand the large variation in SLs in tomato, 
knowledge of the SL biosynthetic pathway is required, which was only partially resolved 
when I started my thesis. To elucidate the SL biosynthetic pathway and discover novel 
genes responsible for SL structural diversity, I used a new approach of RNAseq combined 
with co-expression analysis. Using this approach, I identified and characterized two novel 
cytochrome P450s (CYPs) involved in the biosynthesis of SL diversification in tomato. 

Before I started my PhD, the function of MAX1, belonging to the CYP711 subfamily, 
was elucidated in rice (Oryza sativa) and Arabidopsis thaliana, where AtMAX1 is 
involved in non-canonical SL biosynthesis while in rice two MAX1 homologs catalyzed 
the formation of the canonical SL orobanchol. In tomato root exudates, orobanchol is also 
one of the major SLs. However, only one copy of MAX1 (SlMAX1) is present in the 
tomato genome. This suggests that SlMAX1 has a different function from the rice MAX1s. 
To unravel the function of SlMAX1, in Chapter 3 we characterised a Slmax1 mutants 
obtained by TILLING. The mutant exhibited strongly reduced production of SLs, 
including orobanchol, solanacol and didehydro‐orobanchol (DDH) isomers, which results 
in a SL mutant phenotype in vegetative and reproductive development. Transient 
expression of SlMAX1 together with the genes (SlD27, SlCCD7 and SlCCD8) encoding 
the tomato carlactone (CL) pathway in Nicotiana benthamiana showed that SlMAX1 
catalyze the conversion of CL to carlactonoic acid (CLA). To gain more insights in SL 
biosynthesis in tomato, plant feeding assays were conducted with substrates and inhibitors, 
showing that CL, and not 4-deoxyorobanchol as in rice, is the precursor for orobanchol 
formation in tomato. Inhibitor studies suggested that solanacol and DDH isomers are 
derived from orobanchol, and that this reaction is catalyzed by CYPs. 

To find additional SL biosynthetic genes, I performed an RNAseq experiment with tomato 
plants exposed to a P starvation time course in Chapter 4. To study the role of SLs in this 
response, a CCD8 RNAi line, a SL biosynthetic mutant, was also included in the RNAseq 
experiment. Gene ontology (GO)-term enrichment and KEGG analysis of the genes 
regulated by P starvation and P replenishment revealed that metabolism in tomato roots 
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changed in response to P starvation, to maintain P homeostasis. In the CCD8 RNAi line, 
many P starvation responsive (PSR) genes responded less than in wild type. KEGG 
analysis was used to map these SL-dependent P starvation induced/repressed genes to 
secondary metabolite biosynthesis pathways which showed that pathways such as lipid 
metabolism, phenylpropanoid and carotenoid biosynthesis and biosynthesis of 
pantothenate and CoA, lysine and alkaloids are influenced by P starvation in a SL 
dependent manner. Phospholipid biosynthesis, for example, was suppressed by P 
starvation, while the degradation of phospholipids and biosynthesis of substitute lipids 
such as sulfolipids and galactolipids were induced by P starvation, and many of these 
transcriptional changes depended on the presence of SLs. Similarly, a number of plant 
hormone (ABA, GA, brassinosteroid and steroid) biosynthetic pathways are influenced 
by P starvation and SLs are required for many of these transcriptional changes. Together 
our analysis suggests that SLs are not just the consequence of the PSR in plants, but also 
play a major role in its induction. 

With the RNAseq data obtained in Chapter 4, in Chapter 5 I performed co-expression 
analysis with known SL biosynthetic genes (SlD27, SlCCD7, SlCCD8 and SlMAX1) as 
baits. I selected 151 genes which co-expressed with all the four bait genes (Pearson 
correlation coefficient, PCC>=0.9) and selected the P450s among these to investigate their 
possible role in tomato SL diversification. Hereto, I used heterologous expression in N. 
benthamiana in which I reconstructed the orobanchol pathway using two rice MAX1s 
(Os900 and Os1400) and the tomato CL pathway genes. I showed that one P450 
(SlCYP712G1) used orobanchol as substrate producing DDH isomers. Using 
heterologous expression in yeast, I confirmed the conversion of orobanchol into DDH 
isomers by SlCYP712G1. Furthermore, yeast microsome expressing SlCYP712G1 
incubated with four orobanchol stereo-isomers showed that both orobanchol and 2′-epi-
orobanchol were used as substrates. Using systemic Virus Induced Gene Silencing, I 
prove that one of these DDH isomers is an intermediate en route to the biosynthesis of 
solanacol, one of the most abundant SLs in tomato root exudate.  

Finally, in Chapter 6, I discuss the findings of my thesis, including the evolution of P450s 
involved in SL biosynthesis and what the selective pressure for SL biosynthesis may have 
been. Taken together, in my thesis I provide insight into the transcriptional changes in 
tomato roots upon P starvation, especially of genes involved in metabolism, and what the 
role is of SLs in these responses. Furthermore, I identified and characterized two 
cytochrome P450s, of which one is involved in a crucial step in the core pathway of SL 
biosynthesis, and one in the downstream diversification of the tomato SLs. 
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In Hoofdstuk 1 introduceer ik de strigolactonen (SLn), een belangrijke klasse van 
signaleringsmoleculen in planten, die de groei en ontwikkeling reguleren als endogeen 
hormoon en van belang zijn voor de communicatie met organismen in de grond rond hun 
wortels, de rhizosfeer. Tot op heden zijn ongeveer 30 SLn geïsoleerd en gekarakteriseerd 
in verschillende plantensoorten. Om een kennisbasis te verschaffen voor een beter begrip 
van de selectie druk die deze SL diversiteit in het plantenrijk heeft gevormd, bekijk ik in 
hoofdstuk 2 hoe de structurele diversiteit wordt gegenereerd, hoe die mogelijk is ontstaan, 
wat de biologische relevantie hiervan is, en wat het betekent voor de perceptie van de SLn 
door receptoren in de plant en andere organismen. In de volgende hoofdstukken pas ik die 
kennisbasis toe op het model dat ik gebruik in mijn proefschrift, tomaat (Solanum 
lycopersicum), en bestudeer ik de structurele diversiteit van SLn in tomaat. Ik bestudeer 
hoe hun biosynthese wordt gereguleerd door een tekort aan fosfaat en vice versa wat de 
rol van SLn is in de reactie van tomaat op dat tekort. Om de grote variatie in SLn in tomaat 
beter te begrijpen, is kennis van de SL biosynthese route vereist, die slechts gedeeltelijk 
was opgelost toen ik aan mijn proefschrift begon. Om de SL biosynthese route op te 
helderen en nieuwe genen te ontdekken die verantwoordelijk zijn voor de vorming van de 
structurele diversiteit in de SLn, heb ik een nieuwe benadering van RNAseq 
gecombineerd met co-expressie analyse gebruikt. Met behulp van deze benadering 
identificeerde en karakteriseerde ik twee nieuwe cytochroom P450s (CYPs) die betrokken 
zijn bij de biosynthese van de diverse SLn in tomaat. 

Voordat ik aan mijn doctoraat begon, werd de functie van MAX1, behorend tot de 
CYP711-subfamilie, opgehelderd in rijst (Oryza sativa) en Arabidopsis thaliana, waar 
AtMAX1 betrokken is bij de biosynthese van zogenaamde ‘non-cannonical’ SLn terwijl 
in rijst twee MAX1-homologen de vorming van het ‘canonical’ SL orobanchol 
katalyseren. In exudaten van tomatenwortels is orobanchol ook een van de belangrijkste 
SLn. Er is echter slechts één exemplaar van MAX1 (SlMAX1) aanwezig in het 
tomatengenoom. Dit suggereert dat SlMAX1 een andere functie heeft dan de rijst MAX1s. 
Om de functie van SlMAX1 te ontrafelen, karakteriseerden we in Hoofdstuk 3 een 
Slmax1-mutant verkregen door TILLING. De mutant vertoonde een sterk verminderde 
productie van SLn, waaronder orobanchol, solanacol en didehydro-orobanchol (DDH) 
isomeren, wat resulteert in een SL-mutant fenotype in vegetatieve en reproductieve 
ontwikkeling. Transiente expressie van SlMAX1 samen met de genen SlD27, SlCCD7 en 
SlCCD8, die coderen voor de carlacton (CL) biosynthese route, in Nicotiana benthamiana, 
toonde aan dat SlMAX1 de omzetting van CL in carlactonzuur (CLA) katalyseert. Om 
meer inzicht te krijgen in de SL-biosynthese bij tomaten, werden substraten en remmers 
gevoerd aan tomatenplanten, wat aantoonde dat CL, en niet 4-deoxyorobanchol zoals in 
rijst, de voorloper is voor orobancholvorming in tomaat. Het onderzoek met de remmers 
suggereerde dat solanacol en DDH-isomeren zijn afgeleid van orobanchol en dat deze 
reactie wordt gekatalyseerd door CYPs. 
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Om ontbrekende tomaat SL biosynthese genen te vinden, heb ik in hoofdstuk 4 een 
RNAseq-experiment gedaan met tomatenplanten blootgesteld aan fosfaat (P) tekort 
gedurende verschillende tijdsduren. Om de rol van SLn in de respons op dat P tekort te 
bestuderen, werd ook een CCD8 RNAi-lijn, een SL-biosynthese mutant, mee genomen. 
‘Gene ontology (GO) –term’ verrijking en KEGG analyse van de genen gereguleerd door 
P tekort en P her-toediening liet zien dat het metabolisme in tomatenwortels sterk 
veranderde zodat de P-homeostase kon worden behouden. In de CCD8 RNAi-lijn 
reageerden veel P-gevoelige genen minder sterk dan in wildtype planten. KEGG-analyse 
toonde aan dat routes zoals lipiden metabolisme, fenylpropanoïde en carotenoïde 
biosynthese en biosynthese van pantothenaat en CoA, lysine en alkaloïden worden 
beïnvloed door P-tekort en dat die reactie afhankelijk is van de aanwezigheid van SLn. 
De biosynthese van fosfolipiden werd bijvoorbeeld onderdrukt door P-tekort, terwijl de 
afbraak van fosfolipiden en biosynthese van vervangende lipiden zoals sulfolipiden en 
galactolipiden werd geinduceerd, en veel van deze transcriptionele veranderingen waren 
afhankelijk van de aanwezigheid van SLn. Evenzo werden een aantal biosynthese routes 
van plantenhormoon (ABA, GA, brassinosteroïden en steroïden) beïnvloed door P-tekort 
en SLn zijn vereist voor veel van deze transcriptionele veranderingen. Samen suggereert 
onze analyse dat SLn niet alleen het gevolg zijn van de gen expressie veranderingen als 
gevolg van P tekort in planten, maar ook een belangrijke rol spelen bij de inductie van die 
expressie veranderingen. 

Met de RNAseq-gegevens die ik in hoofdstuk 4 heb verkregen, heb ik in hoofdstuk 5 co-
expressieanalyse uitgevoerd met bekende SL-biosynthese genen (SlD27, SlCCD7, 
SlCCD8 en SlMAX1) als ‘bait’. Ik selecteerde 151 genen die met alle vier de ‘bait’ genen 
co-expressie vertoonden (Pearson-correlatiecoëfficiënt, PCC> = 0,9) en selecteerde de 
CYPs om hun mogelijke rol in de diversificatie van tomaten-SLn te onderzoeken. 
Hiervoor gebruikte ik heterologe expressie in N. benthamiana, waarin ik de orobanchol-
route reconstrueerde met behulp van twee rijst MAX1s (Os900 en Os1400) en de genen 
van de tomaten CL-biosynthese route. Ik liet zien dat één P450 (SlCYP712G1) 
orobanchol omzet in DDH-isomeren. Met behulp van heterologe expressie in gist 
bevestigde ik deze omzetting en liet zien dat SlCYP712G1 zowel orobanchol als 2'-epi-
orobanchol als substraat kan gebruiken. Met behulp van systemische virus geïnduceerde 
genuitschakeling (VIGS), bewijs ik dat een van deze DDH-isomeren een tussenproduct is 
in de biosynthese van solanacol, een van de meest voorkomende SLn in exudaat van 
tomatenwortels. 

Ten slotte bespreek ik in hoofdstuk 6 de bevindingen van mijn proefschrift, inclusief de 
evolutie van cytochroom P450s, betrokken bij de SL-biosynthese en wat de selectie druk 
op de SL biosynthese kan zijn geweest. Alles bij elkaar geef ik in mijn proefschrift inzicht 
in de transcriptionele veranderingen in tomatenwortels als gevolg van P-tekort, vooral van 
genen die betrokken zijn bij het metabolisme, en wat de rol is van SLn in deze reacties. 
Verder heb ik twee cytochroom P450s geïdentificeerd en gekarakteriseerd, waarvan er 
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één betrokken is bij een cruciale stap in de hoofd route van de SL biosynthese, en één in 
de stroomafwaartse diversificatie van de tomaten SLn. 
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