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ABSTRACT 
 

Towards Understanding the Biological Background  

of Strigolactone Diversity 

Justine Braguy 

Strigolactones (SLs) are a class of plant hormones regulating several aspects of plant 

growth and development according to nutrient availability, particularly the modulation of 

root and shoot architectures. Under nutrient deficiency, SLs are abundantly released into 

the soil to recruit a plant-beneficial partner, arbuscular mycorrhizal fungi (AMF), and 

establish plant-AMF symbiosis that provides the plant with minerals and water. However, 

released SLs are also seed germination signals for the root parasitic plants Orobanchacea 

family and pave their way to the host plants’ roots. “New comers” in the field of plant 

hormones, their large structural variety intrigues and led to ask why plants produce many 

different types of SLs. In this work, we generated tools that can help to link the SL 

structural diversity with their biological function(s).  

The most common way to evaluate SL activity is based on their ability to be parasitic 

seeds’ germination stimulants. Despite being the most sensitive assay for SL 

quantification, parasitic seed-based bioassays are laborious and time-consuming as 

performed usually manually. Therefore, we developed a detection algorithm, SeedQuant, 

which identifies and counts germinated and non-germinated seeds 600 times faster than 

a trained human; thus, reducing the data processing from days down to minutes.  
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To gain quantitative insights in SL perception, depending on the structural diversity, we 

developed a precise and detailed protocol for the use of a genetically encoded biosensor 

in Arabidopsis protoplast, StrigoQuant. StrigoQuant takes advantage of the SL-dependent 

degradation of the repressor protein AtSMXL6 coupled with luciferase reporter proteins. 

We also tried to adapt this molecular sensor to the rice repressor protein D53, but the 

use of rice protoplasts made it very challenging.  

Moreover, to better understand the later steps in SL biosynthesis in vivo, we generated 

CRISPR/Cas9-based rice mutants and shed light on the biological function of different SLs 

at the organismal level. MAX1-900 mutants defined the minor role of the canonical SL 4-

deoxyorobanchol (4DO) - a major plant SL - in determining rice architecture, while being 

a crucial contributor to rhizospheric interactions. 

Finally, we reviewed other strategies to decipher plant signaling pathways in general. 
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Chapter 1: Introduction 
 
1.1 The diverse biological functions of strigolactones (SLs)  

1.1.1 Introduction 

To better survive as sessile organisms, plants shape their surrounding environment 

through the exudation of secondary metabolites that act as chemical signals in the 

communication within the rhizosphere. Indeed, plants leak out a complex cocktail of 

chemical signals mediating plant-plant, plant-bacteria, and plant-fungi interactions 

(Massalha et al. 2017). Strigolactones (SLs) are the best-known examples for chemical 

signaling molecules in plant-fungi communication (Lanfranco et al. 2018). 

SLs are β-carotene-derived molecules that were first discovered based on their ability to 

stimulate the germination of root parasitic weeds from the Orobanchaceae family (Cook 

et al. 1966). Particularly, SLs trigger the germination of Striga and Orobanche spp., which 

pose a serious threat to global food security (Mohamed et al. 2006; Chris Parker 2012). 

Around forty years later, SLs were found to be an important signal for  establishing the 

arbuscular mycorrhiza fungi (AMF)-plant symbiosis, which takes place particularly under 

phosphate and nitrate deficient conditions (Akiyama, Matsuzaki, and Hayashi 2005; 

Marzec, Muszynska, and Gruszka 2013; Fiorilli et al. 2019). Later on, SLs were identified 

as the long sought-after plant hormone that inhibits shoot branching. Further studies on 

SLs revealed the involvement of this hormone in different developmental processes, 

including shaping root architecture (Gomez-Roldan et al. 2008; Al-Babili and 
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Bouwmeester 2015), as well as in biotic and abiotic stress response (Saeed, Naseem, and 

Ali 2017).  

1.1.2 Parasitic plant 

Interestingly, SLs were first discovered in 1966, as chemicals released by the plant into 

the rhizosphere, which is the layer of soil surrounding the roots of plants and abundant 

with life. Their identification was not based on their hormonal function but on their ability 

to stimulate parasitic weeds germination (Cook et al. 1966). In fact, SL secretion is used 

as a cue for host proximity by Orobanche and Striga	 spp., triggering their seed 

germination and guiding the elongation of their root towards the potential host plant root 

(Akiyama, Matsuzaki, and Hayashi 2005; X. Xie, Yoneyama, and Yoneyama 2010). Once 

attached to the root host - through the formation of a haustorium -, the root parasitic 

plant redirects the host vital resources (water, nutrients and photo-assimilates) (Runo and 

Kuria 2018). The latter are used for the development and maturation of the parasitic 

plant, to the detriment of their host. These root parasites jeopardize crops worldwide as 

their infestation result in dramatic yields and important economic losses (Mohamed et al. 

2006; Chris Parker 2012). The wide range of SL-producing plants, hosts for these obligate 

root parasites (from cereal crops to legumes), implies the existence of a non-negligible 

chemical diversity among SLs molecules (Matusova et al. 2005; X. Xie 2016).  
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1.1.3 SLs as rhizospheric signal 

AMF-plant symbiosis is widely spread within the plants, representing a survival strategy 

adopted by more than 80% of land plants. This mutualistic association supplies water and 

nutrients from the fungi to the plants in return for photo-assimilates (H. Sun et al. 2014) 

and is highly relevant for plants growing in nutrient depleted environment (Genre et al. 

2020). Indeed, AMF  symbiosis improves the plants’ ability to capture low mobility 

elements from the soil, particularly phosphorus (Akiyama and Hayashi 2006; Kaori 

Yoneyama et al. 2007; Marzec, Muszynska, and Gruszka 2013). In the complex process 

leading to the establishment of the symbiosis, SLs induce hyphal branching of AMF 

(Akiyama, Matsuzaki, and Hayashi 2005), which is a necessary step towards root 

colonization. Thus, SLs enable the recruitment of the symbiotic partner when it is needed, 

as the biosynthesis and release of these compounds are induced upon phosphate 

starvation (López-Ráez et al. 2008; Foo et al. 2013).Therefore, SLs are considered as one 

of the main mediators in the symbiosis establishment between AMF and land plants 

(Rehman et al. 2018). From their role in shaping the rhizosphere, we could extrapolate 

that their chemical structure diversity could induce species-specific signals, as some 

mycotrophic plants produce a mixture of SLs in their root exudates: the recruitment and 

colonization of a specific AMF could depend on the nature of SLs released into the soil. 

(López-Ráez et al. 2008; X. Xie, Yoneyama, and Yoneyama 2010; Foo et al. 2013).  
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1.1.4 SLs regulate plant architecture as a plant hormone 

The ability of SLs to determine shoot architecture was discovered based on a series of 

mutants showing increased branching or high-tillering phenotype in different plant 

species (Figure 1.1). These mutants had the following genes knocked-out: more axillary 

branching (max) in Arabidopsis (Booker et al. 2005; Stirnberg, Furner, and Ottoline Leyser 

2007), ramosus (rms) in pea (Beveridge 2000; Sorefan 2003), dwarf (d)/high-tillering 

dwarf (htd) in rice (Ishikawa et al. 2005; Arite et al. 2007), and decreased apical dominance 

(dad) in petunia (Snowden et al. 2005; Hamiaux et al. 2012). Other shoot stem-related 

phenotypic traits were also shown to be regulated by SLs, including secondary stem 

growth, plant height and leaf shape (larger and more rounded in Atmax1) (Scaffidi et al. 

2013) (Figure 1.1). Moreover, SLs are involved in root development: for instance, rice SL 

biosynthesis (d10, d17, and d27) and perception (d3 and d14) mutants exhibit shorter 

crown roots and contained a lower number of root meristem cells when compared to 

wild-type (WT) (Arite, Kameoka, and Kyozuka 2012). In barley, a mutation in the gene 

encoding SL receptor D14 increased the density of lateral roots and decreased the length 

of the seminal ones (Marzec et al. 2016).  

Hence, SLs revealed to be biologically multifunctional because of i) their ability to recruit 

AMF helpers to plant roots upon shortage of nutrients and ii) their role as plant 

hormone, determining shoot and root architecture while contributing to the response 

to biotic and abiotic stress. 
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Figure 1. 1. Functions of SLs in plant development 

SLs (a) stimulate internode growth, (b) increase leaf senescence, (c) enhance root hair 

elongation and primary root growth, (d) induce growth of secondary root and increase 

the thickness of stem, (e) reduce the outgrowth of axillary buds, (f) inhibit adventitious 

root formation and (g) inhibit lateral roots formation (From: Al-Babili and Bouwmeester 

2015).  
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1.2 SL Biosynthesis  

1.2.1 From β-carotene to carlactone  

The SL core biosynthetic pathway, i.e. the steps leading from β-carotene to carlactone 

(CL), is conserved in higher plants and takes place in plastids. It is initiated by the 

reversible conversion of all-trans-β-carotene (C40) into 9-cis-β-carotene, catalyzed by the 

isomerase Dwarf27 (D27) (Alder et al. 2012; Bruno and Al-Babili 2016; Abuauf et al. 2018). 

The resulting 9-cis-β-carotene is cleaved by the Carotenoid Cleavage Dioxygenase 7 

(CCD7) (Arabidopsis MAX3, rice D17/HTD1, pea RMS5, and petunia DAD3), a 

stereospecific enzyme that cleaves only 9-cis-configured β-carotene into 9-cis-β-apo-10′-

carotenal (C27) and β-ionone (C13) (Alder et al. 2012; Bruno et al. 2014). Through a 

combination of different reactions, CCD8 (Arabidopsis MAX4, rice D10, pea RMS1, and 

petunia DAD1) catalyzes the conversion of 9-cis-β-apo-10′-carotenal into CL and ω-OH-

(4-CH3) heptanal (Alder et al. 2012; Bruno et al. 2017) (Figure 1.2). CL is the central 

intermediate in SL biosynthesis and the first to exhibit the structural characteristic of the 

SL family, the enol-ether bridge linked to a lactone ring (also called D-ring) in R-

configuration, which is essential for the biological activity of SLs (Zwanenburg and Pospíšil 

2013). Following its formation, CL is exported from plastids to the cytosol, where it is 

further converted.  
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Figure 1. 2. SL biosynthesis Core pathway of SL biosynthesis 

SL biosynthesis starts with the isomerization of all-trans-β-carotene into 9-cis-β-

carotene by D27. 9-cis-β-carotene is then cleaved by the CCD7 enzyme into 9-cis-β-apo-

10′-carotenal that is converted by CCD8 into CL, the main SL intermediate.  

Abbreviations: D27: DWARF27; CCD7/8: Carotenoid Cleavage Deoxygenase 7/8; MAX: 

More Axillary Growth; RMS: Ramosus; DAD: Decreased Apical Dominance; CL: 

carlactone (Adapted from (Alder et al. 2012))  
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1.2.2 Cytochrome P450s, key actors in SL structural diversity  

The second part of the SL biosynthesis is responsible for the structural diversity of SLs that 

constitute a family of more than 30 natural compounds (Y. Seto et al. 2014). SLs are 

defined as carotenoid-derived metabolites containing a butenolide ring (D-ring) coupled 

to a second moiety via an enol ether bridge in R-configuration (Al-Babili and 

Bouwmeester, 2015). Depending on their structure, natural SLs are divided into i) 

canonical SLs that contain the “classical” tricyclic ABC ring structure as a second moiety, 

and ii) non-canonical SLs that contain different structures instead (Al-Babili and 

Bouwmeester 2015; Jia, Baz, and Al-Babili 2018) (Figure 1.3). Moreover, in the case of 

canonical SLs, the stereochemistry of the B/C-ring junction gives rise to two 

subcategories, i.e. strigol- and orobanchol-type SLs. Strigol-like SLs have a β-oriented (up; 

8bS-configuration) C-ring while the orobanchol-like SLs are characterized by an α-oriented 

one (down; 8bR-configuration) (Figure 1.3) (Al-Babili and Bouwmeester 2015).  
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Figure 1. 3. General SL biosynthetic pathway including CYP-catalyzed steps that given 
rise to SL chemical diversity in different plant species. 

SLs originate from all-trans-β-carotene cis-isomerization and further oxidative tailoring, 

which yield carlactone (CL), their main SL precursor. CL is further processed by different 

CYP450 enzymes, especially MAX1s, which yield various SLs structural categories 

(orobanchol- and strigol-like- canonicals and non-canonicals) in different plant species. 
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The latter are displayed in different colors, together with the related gene(s). MeCLA in 

sunflower and 4-OH-CL in moonseed have not been confirmed yet.  

Abbreviations: D27: DWARF27; CCD7/8: Carotenoid Cleavage Dioxygenase 7/8; MAX1: 

More Axillary Growth 1; Os900: OsMAX1-900; Os1400: OsMAX1-1400; CL: carlactone; 

CLA: carlactonoic acid; MeCLA: methyl carlactonoic acid; 4-DO: 4-deoxyorobanchol; 4-

OH-CL: 4-hydroxy carlactone; 5-DS: 5-deoxystrigol. Adapted from (Jia et al. 2019; J. Y. 

Wang, Lin, and Al-Babili 2021). 

 

Cytochrome P450 (CYP450) monooxygenase enzyme family is responsible for structural 

modifications and metabolic diversification in plants (Hansen et al. 2021). This statement 

is also valid for the SL biosynthesis that involves the CYP clades CYP711A, also known as 

More Axillary Growth 1 (MAX1) – present in most land plants –, and CYP722C, which has 

been recently identified as SL biosynthetic enzyme in tomato and cotton (Wakabayashi et 

al. 2019; 2020). The role of MAX1s in SL biosynthesis was unveiled from several mutants  

showing the distinct high branching mutant phenotypes linked to low endogenous levels 

of SLs  (Booker et al. 2005; Lazar and Goodman, n.d.; Cardoso et al. 2014). In Arabidopsis, 

CL was confirmed to be the substrate of MAX1 by detecting an accumulation of CL content 

in max1 mutant. Further studies revealed MAX1’s ability to perform consecutive 

oxidations and to produce a second intermediate, carlactononic acid (CLA) (Abe et al. 

2014) (Figure 1.3). Interestingly, the number of MAX1 genes varies amongst plants: dicots 

possess few MAX1 genes (one or two), while monocots have multiple copies due to 

duplication event(s) (Nelson and Werck-Reichhart 2011). For instance, there is only one 

MAX1 homolog in Arabidopsis and tomato, whereas three and five homologs are found 

in maize and rice, respectively (R. J. Challis et al. 2013). Besides CYPs, other types of 



26 
 
enzymes are also involved in SL biosynthesis and contribute to the structural diversity of 

SLs. Examples for such enzymes are a yet unidentified methyltransferase (Abe et al. 2014; 

Mori et al. 2020; Wakabayashi et al. 2020) or the Lateral Branching Oxidoreductase (LBO), 

an 2-oxoglutarate and Fe(II)-dependent dioxygenase (Brewer et al. 2016; Kaori Yoneyama 

et al. 2020). 

1.2.3 SL biosynthesis in rice  

OsMAX1-900, OsMAX1-1400, OsMAX1-1500, OsMAX1-1400, OsMAX1-1900 and 

OsMAX1-5100 are the five homologues of Arabidopsis MAX1 in rice. Their biological 

function as SL synthesizing enzymes were first confirmed based on their ability to rescue 

Arabidopsis Atmax1 mutant exhibiting the distinguishable SL-deficient phenotype: short 

shoot length and high number of branches. Each OsMAX1 was individually expressed in 

Atmax1  and only OsMAX1-1500 was incapable of rescuing the phenotype back to that of 

the WT (X. Wang et al. 2015). OsMAX1-1500 was also not able to metabolize CL when 

expressed with Dwarf27, CCD7 and CCD8 in Nicotiana benthamiana (R. J. Challis et al. 

2013; Y Zhang 2014). From this lack of functional complementarity, it was concluded that 

OsMAX1-1500 could also be inactive in rice, as the corresponding gene contains a 

premature stop codon, 20 nucleotides prior to the end of its consensus protein sequence 

(R. J. Challis et al. 2013; Yanxia Zhang et al. 2014).  

In vitro experiments showed the conversion of CL into CLA by all the active rice MAX1s 

(OsMAX1-900, OsMAX1-1400, OsMAX1-1900, and OsMAX1-5100) (Figure 1.4); a function 

that was also observed with MAX1 enzymes from different plant species (Arabidopsis; Zea 
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mays, maize; Solanum lycopersicum, tomato; Populus trichocarpa, poplar; and Selaginella 

moellendorffii, selinagella)  (Kaori Yoneyama et al. 2018). This study also confirmed the 

previously described conversion of CL into 4-deoxyorobanchol (4-DO) and orobanchol by 

OsMAX1-900 and OsMAX1-1400, respectively (Yanxia Zhang et al. 2014; Kaori Yoneyama 

et al. 2018) (Figure 1.4). The linear conversion from CL to 4-DO to orobanchol, by the 

successive action of OsMAX1-900 and OsMAX1-1400, was also suggested by a study of 

the rice natural variant Bala that showed decreased 4-DO and orobanchol production due 

to the natural knock-out of OsMAX1-900 and OsMAX1-1400. The absence of 4-DO in this 

rice cultivar led to an increase in resistance to Striga hermonthica, compared to the more 

susceptible rice Azucena (Cardoso et al. 2014). However, the reason why rice contains five 

MAX1 homologs and the biological function of each MAX1 in rice remains unclear. 
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Figure 1. 4. SL biosynthesis in rice 

Synthesis of orobanchol in rice through the sequential action of the four active 

OsMAX1s. A1-type, OsMAX1-1900 and OsMAX1-5100, are only involved in the 

conversion of carlactone (CL) into carlactonoic acid (CLA). A2-type enzyme – OsMAX1-

900 – additionally convert CLA into 4-deoxyorobanchol (4-DO), while A3-type – 

OsMAX1-1400 – is the orobanchol synthase (Kaori Yoneyama et al. 2018).  

 

1.3 Understanding the role of SLs in planta 

1.3.1 SLs sensing machinery  

SL perception is initiated by the binding of a SL molecule to its receptor Dwarf14 (D14), 

an α/β-hydrolase superfamily protein. The D-ring of the SL molecule binds to the 

conserved Ser-His-Asp catalytic triad, present inside D14’s catalytic pocket. This 
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interaction is  required for SL hydrolysis - a necessary step for the initiation of the SL signal 

transduction (Hamiaux et al. 2012; C. Wang et al. 2015).  

Upon binding to the ligand-binding pocket of D14, the SL molecule is hydrolyzed at the 

enol-ether bridge and D-ring junction. For canonical SLs, the fact that the cleaved ABC-

ring is released or not, directly after the hydrolysis, is still debated (Hu et al. 2017; Yoshiya 

Seto et al. 2019). In any case, the hydrolysis induces a conformational change of D14, 

which allows the recruitment of the central element of the Skp1-Cullin-F-box complex 

(SCF), the F-box protein MAX2 (D3 in rice). The complex is subsequently bound by Skp1, 

before Cullin connects it to the ubiquitin ligase E2. Simultaneously, target expression 

repressors, such as D53 in rice or SMXLs in Arabidopsis, bind to D14. Brought to the 

vicinity of E2 by the SCF complex, the ubiquitin ligase can then poly-ubiquitinate the 

repressors proteins, leading to their proteasome-mediated degradation, and therefore 

initiates the SL signal transduction (Figure 1.5) (Zhou et al. 2013; L. Wang et al. 2015).  
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Figure 1. 5. A schematic representation of SL perception in rice 

The binding of SLs to the receptor D14 leads to the proteasome-mediated degradation 

of the SL response inhibitory protein, D53, through the SCF complex formation. The 

latter is initiated by the binding of D3 to D14. Abbreviations: SL: strigolactone; D14: 

DWARF14; SCF: Skp1-Cullin-F-box; D3/53: DWARF3/53; Ub: ubiquitin. Adapted from (J. 

Y. Wang, Lin, and Al-Babili 2021). 

 

1.3.2 Use of molecular tools to understand downstream signaling  

To decipher the underlying mechanisms of SL biology, biosynthesis and/or signaling, SL-

related molecular tools can help in simplifying complex interactions by, for instance, 

isolating and tracking the molecular actors of interest  (Braguy and Zurbriggen 2016; 
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Nemhauser and Torii 2016; Sophia L. Samodelov and Zurbriggen 2017; Sánchez et al. 

2021). Considering the diversity of SL chemical structures, the underlying SL-dependent 

signaling and regulatory mechanisms are expected to be complex. One approach is to 

synthesize fluorescent hormone analogs, which  was successfully applied to monitor the 

transport and redistribution of auxin in planta (Hayashi et al. 2014). In the same line of 

research, efforts are made to develop fluorescent SL-analog with conserved biological 

functions (parasitic seed germination stimulants) (Rasmussen et al. 2013; Prandi et al. 

2014; Goossens et al. 2015; Van Overtveldt et al. 2019; de Saint Germain, Clavé, and Boyer 

2021). Unfortunately, their use remains scarce, although one group used them and 

brought valuable insights on SLs transportation in plants (Fridlender et al. 2015).  

Recently, the exploitation of the conformational change that the SL receptor DAD2 (the 

petunia ortholog of D14) upon SL binding, which allowed the deployment of another SL-

dependent tracking approach. The biosensor was built using DAD2 and fusing, to DAD2’s 

flexible part, a fluorescent reporter protein (Baird, Zacharias, and Tsien 1999; Chesterfield 

et al. 2020). Upon SL binding, DAD2 binding pocket surrounding area is subjected to 

structural rearrangements, which consequently disrupt the reporter protein structure - 

thus its fluorescent property -. This gives a fluorescent read-out of the SL signal 

transduction initiation. However, knowledge about DAD2 is still limited - its turnover and 

hydrolysis characteristics (its ability of hydrolyzing one and not several SL molecules) are 

still unclear –; thus, potentially diminishing its sensitivity as a biosensor.  
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At the protein degradation level, tandem affinity purification coupled to mass 

spectrometry, combined with label-free quantification, can decipher plant hormone 

signaling (Struk et al. 2018). However, nothing was as sensitive as ratiometric, luciferase-

based biosensors to report cellular mechanisms so far (Isoda et al. 2021). These sensors 

were used for recording SL-induced gene expression or repressor proteins degradation, 

thanks to which our group was able to provide quantitative insights into the 

stereochemistry of SL perception and its influence on the SL signaling cascade’s initiation 

(Sophia L. Samodelov and Zurbriggen 2017; Lehmann et al. 2020).  

1.3.3 Use of targeted mutagenesis to better understand SL biology 

Although molecular tools and orthogonal systems are valuable to understand pieces of a 

biological puzzle, they are usually not enough to understand the whole picture due to 

restricted experimental conditions such as the presence or concentration of metabolites, 

co-factors, or co-enzymes. Thus, the use of biological mutants is usually preferred.  

The generation of genomic mutations was facilitated by the discovery of the clustered 

regularly interspaced palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) 

technology (Doudna and Charpentier 2014). Becoming the tool-of-choice for targeted 

mutagenesis among the genome editing toolbox comprising zinc finger nucleases (ZFNs) 

and transcription activator-like effector nucleases (TALENs) (Kim and Kim 2014), CRISPR 

editing precision relies on a small guide RNA (sgRNA) that binds to the target site via 

sequence complementarity. Before binding, the sgRNA associates with the Cas9 nuclease 

that specifically cleaves both DNA strands when DNA-RNA duplex is formed. Through the 
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gRNA-Cas9 complex formation, the nuclease is guided to the target site and creates clear-

cut double-stranded DNA breaks in the genome. The DNA repair mechanism can induce 

changes in the DNA target sequence such as the insertion of early stop codons (J.-F. Li, 

Zhang, and Sheen 2015).  

 

Figure 1. 6. Schematic mechanism of CRISPR/Cas9 technology for gene editing 

Small guide RNA (gRNA) is assembling with CRISPR associated Protein 9 (Cas9) (1). The 

sgRNA guides the complex to the target site (2) where Cas9 endonuclease will perform 

a double-stranded DNA cut (3) upstream of the PAM sequence. The DNA repair 

mechanism (4) can induce mutations (indicated with stars) in the target sequence. 

Abbreviations: CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats; 

PAM: Protospacer Adjacent Motif. 
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Using CRISPR technology, a SL-deficient mutant was generated by targeting OsCCD7/d17 

and confirmed the tight relationship between plant architecture and SLs in rice (Butt et 

al. 2018). Focusing on OsMAX1s, as being major actors responsible for SL chemical 

diversity, the functional characterization of MAX1s through in vitro assays and 

orthologous platforms is restricted by the very limited range of available substrates (too 

challenging and expensive to synthetize). Therefore, to better understand the relevance 

of MAX1s redundancy in rice and the role of SL diversity for plants, it is necessary to work 

with mutant plants. One study, so far, addressed the role of OsMAX1s homologs in planta 

(in rice) using RNA interference (RNAi) by reducing the transcript levels of different MAX1s 

using RNA interference (RNAi) (X. Wang et al. 2015). By targeting the genes conserved 

region, their results showed an increase of tiller numbers (30% for silenced OsMAX1-900 

single mutants and 80% for silenced all OsMAX1s mutant); however, they did not study 

additional root-related phenotypical traits nor chemical profiling of these mutants. Thus, 

there is a need to generate loss-of-function OsMAX1 mutants, single and multiple, to 

study more deeply their role in plant development, which the use of the CRISPR/Cas9 

technology could leverage. Specific targeting of OsMAX1s genes would allow deciphering 

the function of these different homologs and their products in planta.  
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1.4 Research objectives 

This dissertation focuses on developing tools and methods to better understand later 

steps in SL biosynthesis and the biological function of different SLs, particularly in rice, in 

at two scales: i) the micro-level, by a) facilitating the parasitic seed germination bioassay, 

which is considered as the most sensitive method for SL detection and b) establishing 

highly-sensitive system for investigating SL-dependent protein interactions, and ii) the 

plant level, by generating and characterizing rice mutants affected in homologs of the 

Arabidopsis MAX1, which are supposed to be responsible for the structural diversity of 

rice SLs  (Figure 1.6).   

For this purpose, we firstly reduced a large part of the manual work in the seed bioassay, 

by developing an artificial intelligence (A.I.) assisted detection tool, SeedQuant. 

SeedQuant automates the cumbersome task of parasitic seed germination rate 

assessment after performing bioassays and saves countless hours for parasitic plant 

researchers (Chapter 2).   

We also developed a detailed experimental protocol for the use of the genetically 

encoded biosensor, StrigoQuant, that enables highly sensitive SL quantitative analysis in 

vitro. We exemplified an Arabidopsis biosensor that relies on the SL-dependent protein 

degradation mechanism, adapted from the SL signal transduction, and will shed light on 

SL structure-activity-relationship (Chapter 3).  
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Finally, we investigated the function of the rice MAX1s enzymes, more specifically 

OsMAX1-900, by generating two genetically independent CRISPR-mediated mutant lines 

in Nipponbare background (Chapter 4). The comprehensive phenotyping of these 

mutants, which include determining of growth and developmental phenotypes, SLs and 

SL-like compounds analysis of plant tissues and exudates, gene expression analysis, and 

investigation of rhizospheric interactions - gave novel insights into SL biology. 

 

 

Figure 1. 7. Research projects overview 

AMF: Arbuscular Mycorrhizal Fungi, CRISPR: Clustered Regularly Interspaced Short 

Palindromic Repeats, SL: Strigolactone, A.I.: Artificial Intelligence.  
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Chapter 2: SeedQuant: A deep learning-based tool for assessing stimulant 
and inhibitor activity on root parasitic seeds 
 

 

The contents of this chapter are published as a research article in Plant Physiology: 

Braguy J, Ramazanova M., Giancola S., Jamil M., Kountche B.A., Zarban R., Felemban A., 

Wang J.Y., Lin P.Y., Haider I., Zurbriggen M.D., Ghanem B., Al-Babili S. (2021) 

SeedQuant: a deep learning-based tool for assessing stimulant and 

inhibitor activity on root parasitic seeds..Plant Physiology, vol. 186: 1634-1644 

 https://doi.org/10.1093/plphys/kiab173 

2.1 Abstract 

Witchweeds (Striga spp.) and broomrapes (Orobanchaceae and Phelipanche spp.) are 

root parasitic plants that infest many crops in warm and temperate zones, causing 

enormous yield losses and endangering global food security. Seeds of these obligate 

parasites require rhizospheric, host-released stimulants to germinate, which opens up 

possibilities for controlling them by applying specific germination inhibitors or synthetic 

stimulants that induce lethal germination in host’s absence. To determine their effect on 

germination, root exudates or synthetic stimulants/inhibitors are usually applied to 

parasitic seeds in in vitro bioassays, followed by assessment of germination ratios.  

Although these protocols are very sensitive, the germination recording process is 

laborious, representing a challenge for researchers and impeding high-throughput 
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screens. Here, we developed an automatic seed census tool to count and discriminate 

germinated from non-germinated seeds. We combined deep learning, a powerful data-

driven framework that can accelerate the procedure and increase its accuracy, for object 

detection with computer vision latest development based on the Faster R-CNN algorithm. 

Our method showed an accuracy of 94% in counting seeds of Striga hermonthica and 

reduced the required time from ˜5 minutes to 5 seconds per image. Our proposed 

software, SeedQuant, will be of great help for seed germination bioassays and enable 

high-throughput screening for germination stimulants/inhibitors. SeedQuant is an open-

source software that can be further trained to count different types of seeds for research 

purposes. 

2.2 Introduction 

Root parasitic weeds, such as witchweeds (Striga spp.) and broomrapes (Orobanchaceae 

and Phelipanche spp.), are one of the major biological threats to the production of major 

agricultural food crops  (Tank et al. 2006; Musselman, Yoder, and Westwood 2001; Chris 

Parker 2012; Pennisi E 2010; Rodenburg et al. 2016), as infestation by these obligate 

parasites causes yield losses ranging from a few percent to complete crop failure (Gressel 

et al. 2004; Ejeta 2007; Atera et al. 2012). They jeopardize global agriculture due to their 

variety of hosts (X. Xie, Yoneyama, and Yoneyama 2010): witchweeds attack cereal crops 

in sub-Saharan Africa (Gressel et al. 2004; Chris Parker 2012), while broomrapes infest 

non-cereal crops in Central Asia and the Mediterranean area (Joel et al. 2007; Chris Parker 

2012).  
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Despite differences in their host specificity and evolution in diverse agro-ecological zones, 

they exhibit a common life cycle distributed between under and above-ground phases 

(Butler 1995; Ejeta 2007; Scholes and Press 2008; Westwood et al. 2010). Their life cycle 

starts in the underground with seed germination that requires – in contrast to non-

parasitic plants – chemical stimulants, mainly strigolactones (SL), released by host plants 

to establish symbiosis with arbuscular mycorrhizal fungi under nutrient deprived 

conditions (X. Xie, Yoneyama, and Yoneyama 2010; Bouwmeester et al. 2003; Al-Babili 

and Bouwmeester 2015; Lanfranco et al. 2018). Upon germination, parasite seedlings 

direct their radicle (the embryonic root of the weed) towards host roots and form a 

haustorium that grows to connect the parasite to its host, to deprive the host plant of 

vital resources including water, products of photosynthesis, and nutrients (Yoder 1999; 

Paszkowski 2006; Irving and Cameroon 2009; K. Yoneyama et al. 2010). This allows the 

parasites to grow, break the soil surface, and continue their above-ground development 

to reach maturity: a single parasitic plant can produce tens of thousands of tiny and highly 

viable seeds that return into the soil and supply an already huge seedbank in constant 

expansion (Ejeta 2007; M. Jamil et al. 2012).  

The control of parasitic weeds is a very difficult and challenging task, since i) the 

infestation detection at early stages is nearly impossible, ii) parasitic weeds are naturally 

resilient (seed longevity), and iii) the extremely high number of produced seeds builds  

huge seed reservoirs in infested regions (C. Parker and Riches 1993; Joel et al. 2007; Aly 

2012). A number of control measures have been employed - including cultural, 
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agronomical, mechanical, and chemical approaches, applied either individually or in an 

integrated manner by combining several methods (Eplee and Norris 1995; Haussmann 

2000; Aly 2012) – and helped in mitigating the impact of root parasitic plants. However, 

they have not been effective enough to adequately address the problem of cumulated 

seed reservoirs in infested fields (Ejeta 2007; Cardoso, Ruyter-Spira, and Bouwmeester 

2011). Therefore, research has focused on developing strategies to eradicate or reduce 

these seed banks.  

The application of synthetic germination stimulants (SL analogs) in host’s absence is a 

promising approach to significantly reduce parasitic seed banks, as it leads to the death 

of germinating parasites, i.e. “suicidal germination” (Kgosi et al. 2012; Zwanenburg, 

Mwakaboko, and Kannan 2016; Kountche et al. 2019). Alternatively, there is a growing 

interest in further exploiting SL dependency to develop specific germination inhibitors. 

Such compounds should block SL perception of parasitic seeds but not of host plants, 

allowing their application in the presence of crops throughout the growing season 

(Nakamura and Asami 2014; Holbrook-Smith et al. 2016; Koichi Yoneyama 2016; Hameed 

et al. 2018). 

The performance of SL analogs/inhibitors in inducing/inhibiting parasitic seed 

germination has been assessed mainly by direct application to parasitic seeds placed on 

petri dishes (Matusova et al. 2005). In this in vitro bioassay, pre-conditioned seeds are 

usually distributed and germinated in wells or on small glass fiber filter paper discs and 

let to germinate after the application of the target compound. The parasitic seed 



41 
 
germination rate is recorded manually, counting germinated (seed showing a white-

transparent protruded radicle through the dark seed coat) and non-germinated seeds 

using a binocular microscope (Muhammad Jamil et al. 2011). Albeit being a standard 

procedure that yields hundreds of pictures every month for laboratories studying SL and 

related parasitic plants; the germination bioassay is laborious, tedious, time-consuming 

and hardly manageable in high-throughput screening of large libraries for SL analogs or 

inhibitors. 

The count of germinated seeds can be eased using staining solutions to increase the 

visibility of the colorless radicles (Long et al. 2008) or converted into absorbance signals 

by translating the germination rate into spectrophotometer-readable values (Pouvreau 

et al. 2013). Yet, they failed to reduce the workload while keeping an experimentally 

relevant sample size. A recent combination of a binocular microscope mounted with a 

charge-coupled device (CCD) camera (Leica Microsystems), coupled with the protocol of 

Matusova et al. (2005), has allowed the first steps towards computer-aided image 

processing (Muhammad Jamil et al. 2018). However, the success of this approach is 

limited, as the ponderous manual assessment of the germination rate had not been 

addressed. Thus, there is an urgent need to develop a high-throughput method for rapid 

and reliable recording of the germination rate in bioassays, which may be addressed using 

object detection and classification from a computer vision and deep learning perspective.  

Deep learning is a subfield of artificial intelligence that has recently shown powerful 

capabilities to learn meaningful visual representations, allowing breakthroughs in the 
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field of computer vision (Bengio, Courville, and Vincent 2013). Provided that the algorithm 

is appropriately trained, deep learning methods can lead to an effective high-level 

identification, characterization, and abstraction of raw data or images. The rapid growth 

in the popularity of deep learning approaches was motivated by the release of large-scale 

datasets such as ImageNet (Deng et al. 2009) and Microsoft Common Objects in Context 

(MS COCO) (T. Y. Lin et al. 2014), gathering millions of images annotated with a diverse 

range of object categories. Its development has been supported by the increased 

accessibility of graphics processing units (GPU), important architectural changes such as 

residual connections to solve for vanishing gradients (i.e. the possibility to train deeper 

and higher capacity models) (He, Zhang, and Sun 2016) and, finally, user-friendly 

frameworks such as the PyTorch and Tensorflow software libraries. The application of 

deep leaning in plant science helped to effectively detect germinated seeds of several 

crop species, including chili (Capsicum frutescens), tomato (Solanum lycopersicum), 

pepper (Capsicum annuum), barley (Hordeum vulgare), maize (Zea mays), rice (Oryza 

sativa) , and the parasitic plant Striga hermonthica (Nguyen et al. 2018; Chaivivatrakul 

2020; Colmer et al. 2020; Masteling et al. 2020). 

In this work, we used the well-established algorithm Faster Region-based Convolutional 

Neural Network (Faster R-CNN) (Ren et al. 2015) to develop an automated computer 

vision-based tool to detect, count, and record the number of germinated and non-

germinated seeds from image datasets. Faster R-CNN has been recognized as a top-

performing object detection algorithm with a high prediction accuracy (J. Huang et al. 
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2017). It has been successfully applied for a variety of downstream vision tasks (Q. Fan, 

Brown, and Smith 2016; Hung and Carpenter 2017; H. Jiang and Learned-Miller 2017; M. 

Kang, Leng, and Lin 2017; Y. Chen et al. 2018). Leveraging this object detection algorithm, 

we implemented a software that detects and localizes the parasitic seeds on images. We 

report a counting algorithm with 94% accuracy, which allows a single-click detection, 

recognition, and counting of seeds. We show the broad applicability of our algorithm in 

assessing the germination rate of different parasitic plant seeds. Finally, we provide a 

platform, SeedQuant (project website: https://braguyjm.github.io/SeedQuant2/), 

allowing researchers to simultaneously process large numbers of germination bioassay 

images without the need of important compute resources. SeedQuant can be used on 

Windows, MacOS, and Linux operating systems (to download SeedQuant: 

https://github.com/SilvioGiancola/maskrcnn-benchmark) for in vitro germination 

bioassay for parasitic seed detection and germination rate estimation. 

2.3 Material and Methods 

2.3.1 Biological Data 

Parasitic seed material 

Striga hermonthica seeds were collected from sorghum fields during the 2012 rainy 

season in Sudan and were generously provided by Prof. Dr. Abdel Gabbar Babiker. Seeds 

of Phelipanche aegyptiaca, collected from Egypt, were kindly provided by Dr. Mohamed 

Abdul-Aziz, University of Cairo. Phelipanche ramosa seeds were kindly provided by 
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Philippe Semier, Université de Nantes, France, and Orobanche cumana seeds were 

generously provided by Dr. Alberto Martin Sanz from the University of Seville, Spain.  

Parasitic seed cleaning 

For fine cleaning, seeds were soaked in water for 30 minutes. Meanwhile, 15 mL of 60% 

(w/v) sucrose solution was added in 50 mL tube, followed by 10 mL of 40% sucrose added 

dropwise to create concentration gradient. About 20 mL water, along with Striga seeds, 

was then added dropwise to the 50 mL tube and centrifuged for 10 min. The middle layer 

of the seeds was collected gently, washed thoroughly and dried in a laminar fume hood.  

Pre-conditioning of parasitic seeds 

Parasitic seeds require specific temperature and moisture conditions for a certain period 

of time (pre-conditioning) to germinate (Appendix A for an illustrated protocol). For this 

purpose, Striga seeds were surface-sterilized in a 50 mL tube with 20% bleach with 0.1% 

Tween-20 for 5 minutes. For Phelipanche/Orobanche, seeds were surface-sterilized in a 

50 mL tube with 75% ethanol for 3 minutes. After removing the bleach/ethanol with 

subsequent six washings, the seeds were again sterilized with 3% bleach for 3 minutes, 

poured along with bleach, were poured in vacuum assembly (Sigma Aldrich) placed under 

a laminar flow cabinet, and thoroughly rinsed with six subsequent washings with sterilized 

milliQ water. The seeds were shifted in a glass petri plate and air-dried under a laminar 

flow cabinet for 3-4 hours. ˜9 mm glass fiber discs were put in a glass petri plate and 

parasitic seeds (~50-100) were spread uniformly on each disc. Then 12 discs were 
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carefully transferred on a sterilized 90 mm Whatman filter paper (Merck KGaA, 

Darmstadt, Germany), placed in a plastic petri plate and moistened with 3 mL sterilized 

milliQ water. The plates were sealed with parafilm (Merck KGaA, Darmstadt, Germany) 

and covered in an aluminum foil. The plates with Striga seeds were put in an incubator at 

30oC for 10 days, while the ones containing Phelipanche/Orobanche seeds were 

incubated at 21oC for 14 days. 

Germination of parasitic seeds 

Following pre-conditioning, the plates were opened and air-dried under a laminar flow 

cabinet. For Striga, a new labeled plastic petri plate was supplemented with a 90 mm 

Whatman filter paper ring, supplied with 900 µL sterilized milliQ water, and six dried discs 

containing pre-conditioned seeds. 55 µL of germination stimulant was added on each disc. 

For Phelipanche/Orobanche, six dried discs containing pre-conditioned seeds were 

transferred into a 24 well plate and 100 µL of germination stimulant was added on each 

disc. Plates were sealed with parafilm (Merck KGaA, Darmstadt, Germany) and incubated 

at 30oC for Striga (24 h) or 25oC for Phelipanche/Orobanche (5 days). A protocol describing 

the critical steps is depicted in Figure S8. 

2.3.1 Dataset Acquisition 

Imaging of parasitic seed discs 

After germination, the petri plates were taken out from the incubator, opened and air-

dried in ambient conditions for few minutes to get rid of extra moisture. Each disc, 
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containing a mix of 50-100 germinated (exhibiting a translucent radicle poking out of the 

dark seed) and non-germinated (seed alone) seeds, with an average germination of 55% 

per disc, was individually photographed using a Leica LED3000 R adjusted to 50% medium 

light, mounted with a CCD camera (Leica Microsystems). The images were saved in 8-bit, 

2592 x1944 pixels and exported in JPEG format using the LAS-EZ-V3-0 software for image 

acquisition.  

Building a Dataset for Seed Census 

A set of 161 images were produced with a total of 9,826 Striga seeds. We used 97 images 

(~60%) to train our deep learning algorithms and 32 images (~20%) for validation to avoid 

overfitting our models to the training (i.e. memorizing the training images). We kept 32 

extra images (~20%), previously unseen by the trained model, to perform a blind test. For 

P. aegyptiaca, 61 images containing a total of 3,529 seeds were used: 20 for fine-tuning, 

11 for validation, and 30 for the blind test of our models. 

The image annotation followed two logical approaches to detect the seeds (germinated 

or not) and identify their germination ratio: non-germinated vs germinated seeds (N-

GS/GS) detection and seeds vs radicles (S/R) detection. This annotation process consisted 

of drawing tight bounding boxes around the objects of interest using the software 

LabelImg (Tzutalin 2015), indicating the coordinates and the class of the object 

encapsulated inside each bounding box: they are considered as GT, i.e. the expected 

output of our algorithm. Resulting annotations were exported in XML files following the 

Pascal VOC format (Everingham et al. 2010), one of the most commonly used annotation 
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formats for object detection tasks. Our dataset - gathering images and annotation files - 

is scalable, and, as any other deep learning algorithm, our model would benefit from 

further annotated images. 

2.3.2. Algorithm details 

Feature Representation 

In our experiments, we adopted 4 backbone networks, namely R-50-C4, R-50-FPN, R-101-

FPN and ResNeXt-101-FPN. The first 3 backbones are variations of the popular ResNet 

network (He, Zhang, and Sun 2016) with either 50 or 101 layers of convolution neural 

network (CNN).  

Region Proposal Network (RPN) 

The features (feature maps) extracted with a backbone are further used to generate 

object proposals. For each pixel of the feature maps, we proposed 9 anchors, i.e. 9 

bounding boxes centered at each location of the feature map, with 3 different scales and 

3 different aspect ratios. Those 9 different anchors would help in coping with various 

shapes of objects. Each anchor is binary classified based on an objectness, i.e. whether it 

represents an object or a background. We regressed 4 scalars for each positive anchor to 

adjust the bounding box to be tight around the object it contains. In total, 2 classification 

and 4 regression values are estimated per anchor. We defined positive and negative 

anchors based using their Intersection over Union (IoU) with the ground truth bounding 

boxes. In particular, anchors with IoU > 0.7 were defined as positive, while anchors with 
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IoU < 0.3 as negative. The anchors were further classified using a cross-entropy loss and 

the position of the positive boxes regressed to their assigned ground truth using a smooth 

L1 loss. 

Region of Interest (ROI) Pooling 

We successively pooled and cropped the feature maps around all positive bounding boxes 

regressed from the RPN stage. The features from the bounding boxes are successively 

elaborated with further CNN layers, in order to estimate its class and regress tighter 

bounding boxes. Similarly, to the RPN, the Fast R-CNN part has 2 branches (also called 

heads): regression and classification. Note that RPN is class-agnostic, meaning it does not 

predict the object classes. In the detection stage, we predict scores for each class and an 

additional background class, for negative anchors. We normalized the classification scores 

(to sum up to 1) and to represent the probability distribution for object classes using a 

softmax over the final layer prediction. Similar to the RPN, the classification is learned 

with a cross-entropy loss and the regression with a smooth L1 loss. During inference, we 

predict the class with the highest score. This value is referred to as the confidence score 

and can be used to threshold or evaluate the predictions.  

Model training 

Each suggested Striga model was trained for 5000 iterations with batches of 2 images 

using the Adam optimizer with a learning rate of 0.01. The P. aegyptiaca models were 

trained for only 2000 iterations as they contain less images. We trained all Faster-RCNN 



49 
 
models with the 4 different backbones and retained the models at the iteration 

performing best on the validation set, in order to avoid overfitting on the training set of 

images. All models were first pre-trained on the COCO dataset, in order to transfer visual 

knowledge learned from large-scale generic datasets. 

Algorithm Performance Metrics 

The trained Faster R-CNN models were evaluated on the blind test set of images defined 

previously. We evaluated the performance for both detection and counting. 

Detection metric 

The most common metric used to evaluate the performance of object detection is the 

mean average precision (mAP), which includes three parameters such as the Intersection 

over Union (IoU), precision and recall. The Intersection over Union (IoU) defines the 

tightness of a predicted bounding box with respect to the annotated one. In particular, 

the ratio between the intersection and the union of those 2 bounding boxes (annotated 

vs predicted) is used to decide whether a prediction is positive or negative. Setting a 

higher IoU threshold would restrict the performances for tight bounding boxes, while a 

lower IoU threshold would still consider looser bounding boxes as positive. Based on the 

application, one can decide whether tight bounding boxes are required or not. Predictions 

are then classified as follow: 

• True positive (TP) - predicted box has an IoU with a ground truth box that is higher 

than the threshold value 
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• False positive (FP) - predicted box has an IoU with a ground truth box that is lower 

than the threshold value 

• False negatives (FN) - no predicted box for an object 

Based on those definitions, the precision is estimated as the ratio TP / (TP+FP) and 

represents the ratio of predicted correct objects. Also, the recall is estimated as the ratio 

TP / (TP + FN), and represents the ratio of objects that the tested model missed to predict. 

Additionally, each prediction is provided with a confidence score, it is at discretion of the 

user to consider predictions above a given confidence score. Focusing on high confidence 

scores would improve the precision of the method, but worsen the recall as many 

instances would be missed. Similarly, considering lower confidence scores would improve 

the recall but worsen the precision as many false detections would appear. As a trade-off 

between precision and recall, the average precision metrics (AP) is commonly used as the 

area under the Precision-Recall curve drawn with all possible combinations of 

precision/recall. As this metric is defined for a single class of object, the mAP provides the 

mean of the AP for each class of object of interest (N-GS/GS or S/R). 

Counting metric 

Since our final goal is counting, we also evaluate the Mean Absolute Percentage Error 

(mAE) as 𝑚𝐴𝐸 = !
"
∑ #$%('!()!)

'!
"
+	-	!  
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where N is the number of classes, yi the ground truth count for the object class i, ti the 

predicted count for the object class i.  

We will show below that while one could be tempted to calculate solely the standard 

detection metric (mAP), it is essential to do counting metrics analysis as in general, a 

model producing results with higher mAP does not result in the smaller counting error.  

Inference speed  

We recorded and analyzed the detection speed - how much time does it take for a 

network to produce an output when it is presented with an input (raw image). We 

estimated that a scientist takes on average 5 minutes to count a disk and compared it to 

the different backbones (Table 2.1). 

 

Table 2. 1. Inference time of the different backbones for the development of 

SeedQuant. 

All inference times were obtained using an NVIDIA GTX1080Ti GPU. *Our method is 

1200x (R-50-C4) to 3600x faster (R-50-RPN) than an experienced researcher for this 

counting task. 

 

 R-40-C4 R-50-RPN R-101-RPN ResNeXt-101-FPN 

Inference speed (seconds) 0.241* 0.086 0.102 0.173 
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Statistical analysis 

We trained each model for 30 times, using different random initializations for the weights. 

Then, we predicted the bounding boxes on the blind test set of images, counted the object 

of interest (N-GS/GS or S/R) and reported the per-class and average results for each 

architecture. 

2.4 Results 

Faster R-CNN-based detection algorithm development 

In computer vision, object detection and object classification have attracted the attention 

of the research community. Object detection algorithms localize objects of interest in 

images by estimating the smallest bounding box surrounding those objects. Recently, the 

development of a supervised deep learning algorithm called Faster R-CNN (Ren et al. 

2015) allows to successfully “attend” to proposed regions, localize, and classify objects.  

Faster R-CNN is an efficient two-stage method consisting of a Region Proposal Network 

(RPN) and an object detector (R-CNN) that takes raw images as input and extracts a 

meaningful feature representation based on a Residual Network backbone (ResNet). A 

list of anchors from the feature representation proposes candidate objects of interest 

(RPN stage), which are classified and regressed to the bounding boxes of the object of 

interest (ROI Pooling stage). In order to develop a high precision and efficient germinated 

and non-germinated parasitic seed detection algorithm, we integrated multiple feature 

representations (backbones) based on ResNet. Transferring well-trained classification 
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models and using them as the backbone for object detection is a common approach called 

transfer learning. This learning can lead to detection algorithms with a meaningful 

semantic representation of an image, which can further be leveraged to understand and 

localize the position of objects. Such a backbone network acts as a feature extractor that 

helps to propose regions of interest and, subsequently, bounding boxes with classes for 

objects.  

We adopted 4 backbone networks, namely R-50-C4, R-50-FPN, R-101-FPN and ResNeXt-

101-FPN with 50 or 101 CNN layers, according to their name. By using residual blocks to 

address the vanishing gradient problem in their design, the backbones can have a large 

number of sequential layers (deep network). This significantly increases the capacity of 

the network to learn more sophisticated and richer representations, and ultimately 

improves detection accuracy. The ResNeXt-101-FPN (S. Xie et al. 2017) is an enhanced 

version of ResNet, which performs a set of transformations (lower-dimensional 

embeddings) inside residual blocks, allowing the network to increase its accuracy while 

preserving the same number of parameters. Two of our ResNet backbones use the 

Feature Pyramid Network (FPN) (T. Y. Lin et al. 2017), a component designed to detect 

objects at multiple scales, that boosts detection performance of Faster R-CNN for the 

challenging COCO benchmark (T. Y. Lin et al. 2014). The details of the 4 adopted 

backbones are given the following:  
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• R-50-C4 uses the first 4 residual blocks of convolutional layers of ResNet-50 

(network with 50 residual layers). This is the original baseline in the Faster R-CNN 

paper. 

• R-50-FPN uses the ResNet-50 model with the FPN as a feature extractor.  

• R-101-FPN uses the ResNet-101 (network with 101 residual layers) model with the 

FPN. 

• ResNeXt-101-FPN uses the ResNeXt network with 101 residual layers and FPN.  

These 4 different backbones were trained, tested, and their results compared for 

detection of germinated and non-germinated parasitic seeds and counting performance. 

The integration of deeper models with larger numbers of parameters (i.e. larger 

capacities), such as R-101-FPN and ResNeXt-101-FPN, is expected to benefit significantly 

from the pre-training; hence, to boost the performance of the developed algorithm. 

Training Faster R-CNN  

The image dataset consisted of filter paper discs containing a mixture of germinated and 

non-germinated Striga seeds (Figure 2.1). To assess and obtain the most accurate object 

detection, we adopted and compared two annotation approaches: i) non-germinated vs 

germinated seeds (N-GS/GS), where a tight bounding box is drawn to encompass either 

the seed alone (N-GS) or the seed with its corresponding radicle (GS), and ii) seed vs 

radicle (S/R), where every seed is isolated from its respective radicle (if germinated). The 

first approach directly identifies germinated and non-germinated seeds as two different 
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entities. However, for N-GS/GS approach, germinated seeds contain the seed element 

that can be recorded as an additional non-germinated seed. Furthermore, radicles are 

usually overlapping, making the match between a seed and its radicle an arduous and 

useless task. The second approach tackles the problem in a semantic way by detecting all 

seeds (germinated or not) and all radicles separately, which largely reduces the possibility 

of false non-germinated detection. 

The annotated input images with Striga seeds were used to train the 4 different 

backbones of Faster-RCNN: R-50-C4, R-50-FPN, R-101-FPN, and ResNeXt-101-FPN. For 

each model, we conducted two experiments where the parameters of the model were 

either initialized (1) with random weights by training the model from scratch using the 

“Xavier” weight initialization (Glorot and Bengio 2010) or (2) with previous weights 

optimized for similar tasks (i.e. pre-trained on an existing dataset MS-COCO (He, Girshick, 

and Dollar 2019)). As MS-COCO is generic with no seed class, we successively fine-tuned 

the parameters of the model on the seed detection task using the manually labeled image 

training set for Striga seeds. We optimized the numerous parameters of the model to 

output the expected detection results, following either N-GS/GS or S/R approaches, to 

estimate the germination rate. We further augmented our dataset by artificially flipping 

the images around the vertical and horizontal axis.  
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Figure 2. 1. Pipeline for the algorithm development.  

Representation of the workflow to adapt an algorithm’s backbone for seed germination 

detection. During the data acquisition phase, germination stimulants were applied on 

pre-conditioned parasitic seeds (1), to trigger germination (2). Each disc, containing a 

mixture of germinated and non-germinated seeds, was placed under a binocular 

microscope mounted with a CCD camera for disc imaging (3-4). The acquired images 

were hand annotated (5) by placing tight bounding boxes around different objects 

following two classifications: (5a) non-germinated vs germinated seeds (N-GS/GS) and 

(5b) seed vs radicle (S/R). These annotated images were then analyzed by different 

Faster R-CNN backbones (6). Once the algorithm training is completed, a new set of 
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images was provided to the different backbones for object detection (7). The algorithm 

annotations (N-GS/GS and S/R), resulting from the blind test, were then compared to 

the hand annotations, performed simultaneously, to assess backbones performance (8).  

 

The 8 different models (combination of 4 model architectures and 2 training strategies) 

were then validated by testing each model on images that were not trained on. Finally, 

object detection and recognition performance of the models were evaluated with a blind 

test: the algorithms predicted and placed bounding boxes on non-processed images 

according to the employed annotation approach. The resulting bounding boxes were then 

compared with the ones of the hand-made annotations (also called ground truth, GT), for 

both approaches N-GS/GS and S/R. The comparison of the predicted bounding boxes 

against the GT was used to assess each model’s performances, for which two metrics 

were used: (1) the mean average precision (mAP), comparing the predicted position of 

the bounding box with the GT and (2) the mean absolute error (mAE) by comparing the 

count of each detected object class (N-GS, GS, S, R) with the GT. As expected, the models 

pre-trained on COCO produced results with slightly higher mAP and lower mAE (Figure 

2.2) compared to the models trained from scratch (Figure 2.2 and 2.3). The backbone 

architecture with the lowest mAE value (more accurate for counting) using one of the two 

annotation strategies (N-GS/GS or S/R) was then chosen as SeedQuant’s backbone.  
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Figure 2. 2. Performance assessment of the 4 different model architectures for both 
annotation approaches (N-GS/GS and S/R), pre-trained on COCO, for Striga seeds. 
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Figure 2. 3. Performance assessment for non-germinated seed vs germinated seeds 

(N-GS/GS) classification on Striga seeds images.  
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A, Detection performance on 32 images of the different Faster-CNN backbones (R-50-

C4, R-50-FPN, R-101-FPN, ResNeXt-101) representing the accuracy (in percentage) of 

the predicted bounding box position in comparison to the hand annotated one (ground 

truth, GT), estimated by the average precision (AP) represented as bars with error bars 

that indicate standard error. The horizontal bar is representing the mean AP (mAP) for 

each backbone and its corresponding value can be found in the table below.  B, Counting 

performance on 32 images of the different Faster-CNN backbones (R-50-C4, R-50-FPN, 

R-101-FPN, ResNeXt-101) in comparison to the hand counting of N-GS/GS objects, 

estimated by the average error (AE). AE represents the percentage of count errors made 

by the different algorithms and is represented as bars with error bars that indicate 

standard error. The horizontal bar represents the mean AE (mAE) for each backbone 

and its corresponding value can be found in the table below. C, Visualization of the 

resulting bounding boxes for GS (light blue) and N-GS (dark blue) on a disc image placed 

by (upper) the backbone R-50-C4 (algorithm prediction) vs (lower) the hand annotations 

(GT). D, Close up of the squares indicated on C, showing the variation of the annotation 

between GT (black bounding boxes) vs R-50-C4 prediction (GS in light blue, N-GS in dark 

blue) on the same picture area. 
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Figure 2. 4. Performance assessment for seed vs radicle (S/R) classification on Striga 

seeds images.  



62 
 
A, Detection performance on 32 images of the different Faster-CNN backbones (R-50-

C4, R-50-FPN, R-101-FPN, ResNeXt-101) representing the accuracy of the predicted 

bounding box position in comparison to the hand annotated one (ground truth, GT), 

estimated by the average precision (AP) in percentage represented as bars with error 

bars that indicate standard error. The horizontal bar represents the mean AP (mAP) for 

each backbone and its corresponding value can be found in the table below. B, Counting 

performance on 32 images of the different Faster-CNN backbones (R-50-C4, R-50-FPN, 

R-101-FPN, ResNeXt-101) in comparison to the hand counting of S/R objects, estimated 

by the average error (AE) percentage represented as bars with error bars that indicate 

standard error. The horizontal bar represents the mean AE (mAE) for each backbone. C, 

Visualization of the resulting bounding boxes for R (dark red) and S (light red) on a disc 

image placed by (upper) the backbone R-50-C4 (algorithm prediction) vs (lower) GT. D, 

Zoom in of the squares indicated on C, showing the variation of the annotation between 

GT (black bounding boxes) vs R-50-C4 prediction (R in dark red and S in light red) on the 

same area. 

 

Accuracy in germinated and non-germinated seed detection 

Realizing efficient and precise detection is essential for unbiased and reliable germination 

rate estimation. The N-GS/GS classification resulted in consistently high detection 

performance amongst the different backbone architectures. The mAP values vary from 

86.52% for R-101-FPN to 88.43% for ResNeXt-101 (Figure 2.3A). All backbones performed 

in a similar way, for both objects detection, with mAP values ranging from 85.65% for R-

101-FPN N-GS to 89.08% for ResNeXt-101 GS. When compared separately, results 

revealed that ResNeXt-101-FPN and R-50-FPN are the most reliable backbones to 

efficiently detect both GS and N-GS, with a gap of 1.29% and 0.32% respectively. 
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On the other hand, the S/R annotation approach showed lower detection performance 

than the N-GS/GS approach. The mAP values ranged from 78.25% for R-101-FPN to 

82.39% for ResNeXt-101-FPN (Figure 2.4A). Moreover, the exact radicle detection on 

images was more challenging than seed identification. While seed related AP varied from 

83.91% for R-50-C4 to 87.69% for ResNeXt-101, the radicle AP fluctuated from 69.17% for 

R-101-FPN up to 77.71% for ResNeXt-101-FPN, indicating a low accuracy for radicle 

detection.  

For both annotation approaches, ResNeXt-101-FPN backbone displayed the highest mAP 

with 88.43% for N-GS/GS and 82.39% for S/R (Figure 2.3A and 2.4A, respectively).  

Counting performance of the developed algorithm 

As an important step for calculating the germination rate, the number of germinated and 

non-germinated seeds was counted for both annotation strategies. For the N-GS/GS 

annotation strategy, results revealed similar counting accuracy for the different backbone 

architectures with a gap of 2.20% for the mAE values. The backbone R-50-C4 exhibited 

the most efficient and reliable counting, expressed by the lowest mAE value (7.40%) 

compared to 8.01% for ResNeXt-101-FPN, 9.27% for R-101-FPN and 9.60% for R-50-FPN 

(Figure 2.3B). For the N-GS/GS annotation approach, N-GS-related AE values are higher 

than GS AE values with a gap of 2.28% for R-50-C4 up to a gap of 2.98% for R-50-FPN.  

On the contrary, S/R classification led to more disparate results across the different 

backbones with an mAE value ranging from 5.86% for R-50-C4 up to 13.61% for R-101-
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FPN (Figure 2.4B). While the seed count was approximately similar (from 4.16% for R-50-

C4 to 7.58% for R-50-FPN), the accuracy in the number of radicles was greatly variable 

with 7.56% for R-50-C4, up to 20.56% for R-101-FPN. This disparity comes from the radicle 

count, as each model is performing differently: 14.23% for ResNeXt-101, 19.01% for R-50-

FPN, 20.56% for R-101-FPN while R-50-C4 is the most accurate with 7.56% AE.  

Even though the N-GS/GS annotation approach showed a better performance in mAP 

(accurate object detection) and lower mAE (number of individuals belonging to an object 

class) values than the S/R approach, the S/R based detection registered the lowest mAE 

value of 7.40% for N-GS/GS (R-50-C4) and 5.86% for S/R (R-50-C4). These results suggest 

that R-50-C4 architecture seems to be the most adapted backbone for discriminating 

germinated and non-germinated Striga seeds regardless of the annotation approach.  

Generalization on different parasitic seeds  

We examined the knowledge transfer capability of the R-50-C4 backbone, combined with 

the S/R annotation approach, to assess whether the developed algorithm can be used on 

seeds of other root parasitic plants. 

 

Figure 2. 5. Image acquisition of the different parasitic seeds used for the study 
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We used Orobanche cumana, Phelipanche ramosa, and Phelipanche aegyptiaca seeds, 

which are very similar to that of Striga (Figure 2.5). We exposed them to similar 

experimental procedures, where each disc was individually photographed after 5 to 7 

days of the exposure to a germination stimulant. We used the R-50-C4 S/R detection 

model from the Striga seeds training to predict bounding boxes on a set of 32 images of 

each seed type. The input image dataset was separately hand-annotated to assess the 

performances of the model on images of different parasitic seeds types and compared 

with the predicted annotations (Figure 2.6, Figure 2.7).  
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 Figure 2. 6. Generalization capabilities of the developed object detection algorithm 

for measuring germination of other parasitic seeds.  

A, Assessment of the performance of SeedQuant backbone (R-50-C4, developed on 

Striga seeds) on O. ramosa, P. cumana and P. aegyptiaca seeds images (32 images for 

each seed type), in comparison with the hand annotations for the S/R (seed/radicle) 
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annotation approach. Evaluation of (upper) the detection performances and (lower) the 

counting performances. The horizontal bars on the bar graphs represent the mean value 

of average error/precision (mAE/mAP), respectively, for each architecture and its 

corresponding value is reported in the table below. The error bars that indicate standard 

error. B, (1) Visualization of the P. aegyptiaca seeds morphology (non-germinated 

indicated by an arrow), showing their extra morphological structure, in comparison with 

(2) Striga seeds. Visualization of the bounding boxes placed by hand (3) and by the R-

40-C4 algorithm (4) (seeds in light red, radicle in dark red). The direct processing of the 

P. aegyptiaca images by the Striga-based algorithm led to a lot of false positives in 

radicle detection, as the presence of the additional white part of the seed coat was 

classified as a very short radicle. C, Assessment of the counting performance of the 

different Faster-CNN backbone architectures (R-50-C4, R-50-FPN, R-101-FPN, ResNeXt-

101) used for SeedQuant development on P. aegyptiaca seeds, based on  the S/R object 

classification: (upper) prior fine-tuning on 32 images and (lower) after fine-tuning on 30 

images, using 31 P. aegyptiaca seeds images for an additional training. The horizontal 

bars on the bar graphs represent the mean value of each architecture, its corresponding 

value is reported in the table below. The error bars that indicate standard error. 

 

 
Figure 2. 7. SeedQuant’s knowledge transfer to P. ramosa and O. cumana. 
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SeedQuant’s seed counting performance for P. aegyptiaca and P. ramosa was 

remarkable, with an error rate of 4.38% and 7.96%, respectively (Figure 2.6A). However, 

the seed counting of O. cumana was less efficient: 28.11% of the seeds were not detected 

by the algorithm. As expected, the detection and counting of radicles were more 

challenging, ranging from 36.16% for P. ramosa to 83.29% for P. aegyptiaca. The 

inefficient radicle detection, observed for P. aegyptiaca, corresponds to the presence of 

an inherent morphological characteristic of the P. aegyptiaca seeds, a small white 

protuberance as part of the seed coat, wrongly classified as radicle (Figure 2.6B1, 

indicated by a white arrow).  

To address the high error rate of P. aegyptiaca radicle counting, we further fine-tuned the 

R-50-C4 algorithm by performing an additional training using a set of 20 annotated images 

of P. aegyptiaca seeds followed by validation (11 images) and testing (30 images). As 

expected, the fine-tuning boosted both, mAP and mAE (from 83.29% down to 26.09% for 

radicles and 4.38% down to 2.35% for seeds, Figure 2.6C). We then used 20 newly 

annotated P. aegyptiaca images for training, 11 for validation and 30 for testing. All 

models reached between 20.58% and 23.02% error rate for radicle count and 1.61% up 

to 2.74% for seed count.  

The protuberance of the P. aegyptiaca seed coat and the seed count error linked to O. 

cumana challenged the knowledge transfer of the model developed from Striga seeds to 

others seeds. This raised the question of the independence of SeedQuant towards the 
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experimental settings. To address this question, we tested SeedQuant on collected disc 

images from two different research groups from the Netherlands Institute of Ecology 

(NIOO-KNAW), including the image dataset used to develop the Striga counting model 

DiSCount (Masteling et al. 2020), and Kenyatta University.  

On a batch of images from NIOO-KNAW, SeedQuant conserved its performances with a 

mean counting error of 5.25% for seeds and 4.54% for radicles (Figure 2.8A). However, 

SeedQuant showed a considerable error for radicle detection on DiSCount images 

(Masteling et al. 2020), due to the presence of plant debris (Figure 2.8B). SeedQuant’s 

object detection was impaired on the images from the Kenyatta University as the number 

of seeds was undercounted, due to their relative darkness (Figure 2.8C, upper part). Using 

a close up of the same image improved considerably the object detection; however, the 

dim light exposure affected the object classification and impeded the differentiation of 

seeds from radicles (Figure 2.8C, lower part).  
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Figure 2. 8. SeedQuant’s independence test on images containing Striga seeds. 
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2.5 Discussion 

The development of a high-throughput tool for assessing the germination rate in parasitic 

seed germination bioassays is relevant for rapid characterization and screening of SL 

analogs or inhibitors, as well as the rapid identification and development of innovative 

alternative control strategies. This paper investigates efficient and high precision 

detection of germinated and non-germinated parasitic seeds using deep learning. Indeed, 

the reduced need for feature engineering, resulting in a significant gain of time and 

reliable quantitative data, is one of the most important advantages of using deep learning 

in image processing.  

SeedQuant detects germinated seeds using the S/R approach; a different strategy from 

the Striga seed counter DiSCount that relies on the radicle onset’s detection (Masteling 

et al. 2020). All our models performed counting very accurately; more particularly, models 

with larger capacities benefited from pre-training and generalized better. All backbones 

have average precision (AP) values of at least 83.91% for seed detection, regardless of the 

annotation strategy, as seeds are generally of similar shape, size, and of contrasting color 

compared to the white background. However, the mAP values, assessing the average 

variation between predicted and GT bounding boxes (position and bounding box area) for 

each model, fluctuated between 78% and 90%. As predicted bounding boxes were 

sometimes placed loosely by the models, compared to the hand-annotated boxes (Figure 
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2.4D). This can be attributed to two characteristic elements of the input dataset including 

(1) the radicle attributes and (2) the high occurrence of object superposition. 

When comparing the two annotation strategies, we observed a low accuracy for radicle 

detection from S/R classification (Figure 2.4). These white-transparent elements offer less 

contrast with the white filter paper (background) than the darker seed coats. Moreover, 

although subjected to the SL analogs at the same time, pre-conditioned parasitic seeds 

do not respond to these chemicals in a synchronized way. This results in the uneven 

development of radicles, growing into variable lengths. Their corresponding bounding 

boxes are less consistent in size and area than that of the seeds. Thus, it is possible that 

the radicle size variability and transparency have impeded their accurate identification. 

In addition, the presence of object superposition in the input images might have added 

another level of complexity in the object identification process. Most of the images 

contain an average of 60 elements (a mixture of germinated and non-germinated seeds), 

which oftentimes led to the superposition of tangled radicles on seed coats, hence 

complicating the detection for both types of object (Figure 2.4C, Box 2). Object 

superposition is also a challenge for hand annotation and can influence the accuracy of 

the GT as the bounding box placement on radicle knots can be misled by the intricacy of 

the intertwinement.  

For object count, the absolute error (AE) values were generally low, with a maximum of 

20.56% for radicle count using R-101-FPN. This corresponds to a minimum of 86.39% 

counting accuracy, with a maximum of 94.14% (mAE of 5.86%) using the R-50-C4 model, 
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the least complex model. We speculated that more complex algorithms’ performances 

(with FPN) would have stood out if applied on a larger training set of images or for objects 

with different scales.  

For SeedQuant development on Striga seeds, we prioritized accurate counting over exact 

detection, as a low AP value (above 65%) still allows detection of the object, thus, correct 

counting. The SeedQuant’s error rate of 5.86% is comparable to its counterparts for crop 

and Striga seeds (from 3% up to 13.27% error rate, Chaivivatrakul, 2020; Masteling et al., 

2020), and better than the human error for large annotation tasks including hundreds of 

pictures - estimated at 5.85% during the annotation of the input images.  

It is also worth noting R-50-C4’s performances can be further improved by conducting 

experiments on larger batches of images, as a larger training set is expected to further 

refine its learned detection parameters.  

The direct generalization of SeedQuant on other parasitic seeds such as O. cumana, P. 

ramosa and P. aegyptiaca seeds was impaired by a slight variation in seed color and 

morphology that misled the models. While the seed coat detection was very accurate 

(4.38% and 7.96% error in seed count for P. aegyptiaca and P. ramosa, respectively, in 

opposition to 28.11% for O. cumana), the models were perplexed with the radicle 

detection. They reliably detected germinated radicles while reporting high mAE values 

(from 36.16% up to 83.29%, Figure 2.6A), hinting at the presence of numerous false 

positives. This misidentification was particularly important for P. aegyptiaca, due to its 

seed morphology. These seeds display an extra white-transparent cuticle-like feature, 
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very similar to a small length radicle observed for freshly germinated Striga seeds. 

Learning that every white-transparent object should be a piece of radicle based on the 

Striga training, our models were unable to associate by themselves this additional feature 

as a part of the seed coat; creating many false positives for radicle detection (Figure 

2.6B4). Thus, the knowledge transfer from Striga to other seeds was successful; however, 

not as straightforward as expected. 

The refinement of the pre-existing Striga models by using P. aegyptiaca images for an 

extra training phase (also called fine-tuning) yielded better results in terms of count 

accuracy, with an acceptable maximum mAE value of 14.22% (Figure 2.6C). It is worth 

noting that during this generalization, only 31 pictures were used for fine-tuning (training 

+ validation), compared to 129 (97+32) used for Striga. 
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Figure 2. 9. Model performance evaluation of training from scratch on P. aegyptiaca 

seeds for both annotation approaches (N-GS/GS and S/R). 

 Moreover, the fine-tuned algorithm performance was very similar to that of the models’ 

trained independently (Figure 2.6C and 2.9, respectively), showing a possible versatility 

in quickly and easily adapt the potential of SeedQuant to new types of seed. Moreover, 

we open-source SeedQuant, both the interface for seed counting and the code to train 

further models on different sets of images. All models trained in this paper are available 

on cloudlabeling.org, which allows researchers to detect and count seeds remotely, 

without the need of any extra computational resources.  
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Figure 2. 10. R-50-C4 backbone test on long radicles-containing images with Striga 

seeds. 

 

The use of SeedQuant on pictures from different laboratories allowed to identify some of 

the limitations of the counting algorithm: (i) the cleanliness of the seeds (Figure 2.8B), (ii) 

the intensity of the microscope’s light source (Figure 2.8C), (iii) the radicle length (Figure 

2.10) and (iv) the dependency on color images (Figure 2.11). (ii) and (iv) depend on the 

experimental set-up, which could be overcome by the creation of new models using 

images from different laboratories. using we were able to provide some guidance to 

improve the first and third points. We detailed the handling of parasitic seeds prior 

germination (see “Parasitic seed cleaning” in the Methods part) to reduce the amount of 

plant debris in the seed batch, and illustrated a protocol to successfully perform bioassays 

while ensuring an appropriate radicle length (Annex 1). Alternatively, the use of DiSCount 
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for unclean seed batch is recommended, as the training image set contains plant debris 

(Masteling et al. 2020).  

 

 
Figure 2. 11. R-50-C4 backbone test on grayscale images. 
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2.6 Conclusion 

In this study, we developed and validated a software, SeedQuant, as a high-throughput 

and efficient tool for parasitic seed detection and counting. 

We adapted the robust object detector algorithm Faster R-CNN, using Deep Neural 

Networks-based transfer learning, and developed an algorithm for germinated and non-

germinated parasitic seed detection. This algorithm, established from a trained version of 

R-50-C4 backbone architecture, was capable of accurately assessing (up to 94% counting 

accuracy) the rate of parasitic seed germination from image datasets. We demonstrated 

the possibility of knowledge transfer from Striga spp. to other parasite plant families, such 

as Orobanche and Phelipanche spp., although we recommend species-specific fine-tuning 

for improved performances.  

We packaged the developed seed detection model into SeedQuant, a fast, reliable, and 

high-throughput software for parasitic seed detection and counting from in vitro 

bioassay’s image dataset. SeedQuant leverages the boresome and routine work of 

counting parasitic seed germination rate without the need of important compute 

resources, but limited to an internet connection. It is open source and can be downloaded 

at https://github.com/SilvioGiancola/maskrcnn-benchmark. This software has a user-

friendly interface that allows the almost-instantaneous processing and characterization 

of a single/group of image(s) into an exportable table, which logs image name and 

germination rate information (Figure 2.12). The latter summarizes the count details, for 
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all images, in an open CSV format and enables further statistical per-image analyses, as 

well as per-batch analysis. Additional data can be retrieved from the processed pictures 

by slightly modifying the code and using visual instance segmentation techniques. As a 

matter of fact, each bounding box contains much information (pixel color, bounding box 

size), which could be useful for further characterization of germination stimulants and 

inhibitors.  

 

Figure 2. 12. Proposed workflow for seed germination stimulants/inhibitors studies 

using SeedQuant.  

Stimulants or inhibitors are applied to pre-conditioned seeds, placed on small (9 mm) 

glass fiber filter paper discs. After incubation, the discs are imaged under a binocular 

microscope mounted by a CCD camera. In one click, the resulting pictures are processed 

by SeedQuant, which renders the germination ratio for each picture. The data are then 

provided to the user in an easy-to-use format (.csv), allowing further data processing.   
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Chapter 3: A protoplast-based bioassay to quantify strigolactone activity 

in Arabidopsis using StrigoQuant 
 

 

The contents of this chapter are published as a Springer protocol in: 

Braguy J., Samodelov S.L., Andres J., Ochoa-Fernandez R., Al-Babili S., Zurbriggen M.D. 

(2021) A Protoplast-Based Bioassay to Quantify Strigolactone Activity in 

Arabidopsis Using StrigoQuant. Strigolactone: Methods and Protocols, Methods in 

Molecular Biology, vol. 2309. 

 https://doi.org/10.1007/978-1-0716-1429-7_16  

3.1 Abstract 

Understanding the biological background of strigolactone (SL) structural diversity and the 

SL signaling pathway at molecular level requires quantitative and sensitive tools that 

precisely determine SL dynamics. Such biosensors maybe also very helpful in screening 

for SL analogs and mimics with defined biological functions.  

Recently, a genetically encoded, ratiometric sensor, StrigoQuant, was developed and 

allowed the quantification of the activity of a wide concentration range of SLs. 

StrigoQuant can be used for studies on the biosynthesis, function and signal transduction 

of this hormone class.  
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Here, we provide a comprehensive protocol for establishing the use of StrigoQuant in 

Arabidopsis protoplasts. We first describe the generation and transformation of the 

protoplasts with StrigoQuant and detail the application of the synthetic SL GR24. We then 

show the recording of the luminescence signal and how obtained data are processed and 

used to assess/determine SL perception. 

3.2 Introduction 

Strigolactones (SLs) play a multifaceted role in plant life, as they regulate different aspects 

of development and stress response, coordinate adaptation to nutrient availability, and 

mediate the communication with beneficial fungi and root parasitic plants (Al-Babili and 

Bouwmeester 2015; Jia et al. 2019). Distinguishable by their enol-ether bridge and their 

lactone ring (also called D-ring) – essential for biological activity --, SLs are classified into 

two categories (1) canonical, defined by the presence of an ABC-ring and (2) non-

canonical (Al-Babili and Bouwmeester 2015). SL biosynthesis is initiated by the 

isomerization of all-trans-b-carotene, followed by repeated oxidative cleavage steps and 

rearrangement, which yield carlactone (CL), the central precursor of SL biosynthesis. CL is 

further processed by different cytochrome P450 enzymes, which lead to different SLs 

according to the plant species, and are mostly responsible for the structural diversity of 

this plant hormone family (X. Xie 2016; Y. Wang and Bouwmeester 2018). 

SL perception is initiated by the binding of an SL molecule to its receptor Dwarf14 (D14), 

an α/β-hydrolase superfamily protein (Nakamura et al. 2013). D14 acts as a receptor and 
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an enzyme that hydrolyzes the SL ligand and covalently binds to the released D-ring, which 

triggers SL signal transduction through a debated mechanism (Yoshiya Seto et al. 2019; 

Hu et al. 2017; Hamiaux et al. 2012) The latter involves the degradation of repressors of 

SL-related genes (Al-Babili and Bouwmeester 2015). Indeed, upon hydrolysis, changes in 

D14 conformation allow the recruitment of the central element of the Skp1-Cullin-F-box 

complex (SCF), a F-box protein called MAX2 in Arabidopsis. Skp1, Cullin and the ubiquitin 

ligase follow and bind to D14-MAX2. Simultaneously, Arabidopsis SMXL family proteins 

and repressors of SL-signaling transduction bind to the SCF complex (L. Wang et al. 2015). 

Brought into vicinity of the ubiquitin ligase E2, the repressor SMXLs become poly-

ubiquitinated and degraded through the 26S proteasome, initiating SL signal transduction 

(Marzec 2016; Bürger and Chory 2020).  

Based on this SL-mediated degradation mechanism, Samodelov et al. engineered a 

biologically encoded molecular sensor, named StrigoQuant (S. L. Samodelov et al. 2016). 

Developed for quantitative SL studies, StrigoQuant incorporates the SL transcription 

repressor AtSMXL6 (S. L. Samodelov et al. 2016). This quantitative sensor monitors the SL 

dynamics in plant cells relying on two constitutively and stoichiometrically expressed 

modules, by the virtue of co-translation and subsequent cleavage of the co-encoded 2A 

peptide that separates the two modules (Burén et al. 2012). This ratiometric sensor 

consists of: (1) a sensing part, AtSMXL6 fused to the reporter firefly luciferase gene and 

(2) a normalization part, the reporter renilla luciferase gene (Figure 3.1 a). These two 

luciferase modules emit light in the presence of the respective, specific substrate D-
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luciferin and coelenterazine (Wend et al. 2013). In the absence of SL, both luciferases emit 

light when provided with their substrates. However, SL application activates the signaling 

pathway, which leads to the degradation of the AtSMXL6-Firefly sensing module. This 

degradation can be monitored by determining the change in the firefly luminescent 

signal, which is inversely proportional to the SL concentration of the solution (S. L. 

Samodelov et al. 2016). Inclusion of the steady renilla signal, which remains unchanged 

regardless of the presence/absence of SLs, as a normalization element, allows precise 

quantification of the AtSMXL6 degradation and thus SL activity (Figure 3.1 b).  

 

Figure 3. 1. Schematic diagram of StrigoQuant function in Arabidopsis.  

(a) StrigoQuant expression is driven by the Cauliflower mosaic virus 35S promoter 

(35Sp), ensuring a constitutive expression of the sensor. It is composed of two parts -- 

(1) renilla luciferase (red star) and (2) Arabidopsis thaliana SMXL6 fused to firefly 

luciferase (green star) – linked by the self-cleavable 2A peptide. This design allows 

stoichiometric expression of the two modules, enabling the use of renilla 

luminescence as a normalization factor. The sensing part, which includes SMXL6, is 

degraded in the presence of strigolactone (SL) after its interaction with Dwarf14 (D14) 

and the Skp1-Cullin-F-box complex (SCF). (b) Expected output luminescence signals 

measured with a spectrophotometer. The renilla signal is constant, as this module part 
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is insensitive to SL. However, SMXL6 degradation and the firefly signal decrease are 

proportional to cellular SL concentration.  

Abbreviations: poly-A (pA), ubiquitin (Ubi). 

 

Due to their versatile and biological functions, and large chemical diversity, SLs have 

increasingly attracted researchers’ interest. To unravel the mechanisms underlying their 

regulatory roles, shed light on their structure-activity-relationships and to elucidate their 

biosynthesis, molecular and quantitative tools are sorely needed (Braguy and Zurbriggen 

2016; Tsuchiya 2018; Chesterfield et al. 2020). Our recently developed sensor StrigoQuant 

can provide quantitative insights in the structural specificity and sensitivity of the SL 

perception complex towards various natural and synthetic SLs, using Arabidopsis 

protoplasts as an investigation system (S. L. Samodelov et al. 2016). StrigoQuant can be 

used to investigate the effect of other hormones on SL homeostasis and signaling and can 

provide new insights into the signaling processes mediated by natural and synthetic SLs. 

Here we describe a comprehensive protocol for SL signaling studies in leaf protoplasts of 

Arabidopsis, using StrigoQuant. We exemplified our protocol with the study of GR24 

application at different concentrations and describe the processing of the luminescence 

data.  

3.3 Material  

Prepare all the solutions at room temperature, using sterilized double-distilled water. Use 

p.a. purity grade chemicals and plant cell culture tested reagents for media preparation. 
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Adjust the pH of the solutions with HCl and KOH to avoid salt stress. Store all the solutions 

at 4 °C unless specified otherwise.  

3.3.1 Biological Material 

1. SCA (Seedling Culture Arabidopsis) (Ochoa-Fernandez et al. 2016): 0.32% (w/v) 

Gamborg B5 basal salt powder with vitamins (bioWORLD), 4 mM MgSO4·7H2O, 

43.8 mM sucrose, and 0.8 % (w/v) phytoagar. Fill up with H2O and adjust to pH 

5.8. Autoclave, let it cool down a bit before adding 0.1 % (v/v) Gamborg B5 Vit Mix 

(bioWORLD) and 1:2000 ampicillin (100 mg/mL). Invert the bottle several times to 

ensure an appropriate mixing and pour 50 mL SCA medium into each square plate 

(see Note 1). 

2. Seed sterilization solution for A. thaliana (modified from (Ochoa-Fernandez et al. 

2016)): 5% (w/v) calcium hypochlorite, 0.02 % (v/v) Triton X-100 in 80 % (v/v) 

EtOH. Combine the chemicals in a bottle and mix for a few hours at room 

temperature. Check the formation of a precipitate. Prior to use, allow the 

precipitate to settle. 

3. Sterile filter paper bands: cut Whatman filter paper (Merck KGaA, Darmstadt, 

Germany) into bands of ˜1.5-2 cm large. Make stacks of 8-10, wrap the bands with 

aluminum foil and sterile autoclave.  

4. Aluminum foil. 

5. Square plates, 12 cm. 

6. Parafilm. 
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7. Syringe and 22 μm filter. 

8. Ampicillin stock solution: 100 g/mL in H2O. 

9. Growth chamber: Sanyo/Panasonic MLR-352-PE or Binder APT.line KBWF 240/ 

KBWF 720 (E5.3), with the settings 16h light – 8h dark cycles at 21°C. 

3.3.2 Protoplast Isolation and Transformation 

1. 10 mL, 20 mL and 50 mL stripettes. 

2. Pipet boy. 

3. Sterile 250 mL bottles. 

4. Sterile 2 mL tubes. 

5. Syringe and 22 μm filter. 

6. MMC (MES, Mannitol, Calcium) solution (Ochoa-Fernandez et al. 2016): we 

recommend preparing 1 L solution. Add 10 mM MES, 40 mM CaCl2·H2O, and 0.466 

M mannitol. Adjust to pH 5.8, filter sterilize and aliquot into 250 mL sterile bottles. 

7. Enzyme solution stock (10x concentrated): weigh 10 g cellulase Onozuka R10 and 

10 g macerozyme R10 (SERVA Electrophoresis GmbH, Germany) in 20 mL MMC 

(preheated to 37 °C). Complete to 200 mL with H20 (see Note 2). Sterilize the 

solution by passing it through a bottle-top 22 μm filter into a sterile bottle (see 

Note 3). Make 2 mL aliquots and store at −20 °C, avoid thaw–refreeze cycles. 

8. MSC (MES, Sucrose, Calcium) solution (Ochoa-Fernandez et al. 2016): we 

recommend preparing 1 L solution. Add 10 mM MES, 0.4 M sucrose, 20 mM 
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MgCl2·6H2O, and 0.466 M mannitol. Adjust to pH 5.8, filter sterilize, and aliquot 

into 250 mL sterile bottles.  

9. W5 solution (Ochoa-Fernandez et al. 2016): we recommend preparing 1 L solution. 

Add 2 mM MES, 154 mM NaCl, 125 mM CaCl2·2H2O, 5 mM KCl, and 5 mM glucose. 

Adjust to pH 5.8, filter sterilize, and aliquot into 250 mL sterile bottles. 

10. 3M (MES, Mannitol, Magnesium) solution (Ochoa-Fernandez et al. 2016): 15 mM 

MgCl2, 5 mM MES, 0.466 M mannitol. Adjust to pH 5.8, filter sterilize, and aliquot 

into 250 mL sterile bottles.  

11. PEG solution (Ochoa-Fernandez et al. 2016): made fresh for each experiment. 

Weigh 4 g polyethylene glycol 4000 (PEG4000) and pour it in a 15 mL tube. Crush 

the PEG4000 flakes with a spatula into powder to facilitate its dissolution. Add 2.5 

mL of 0.8 M mannitol, 1 mL of 1 M CaCl2, and 3 mL H2O to the PEG4000 powder. 

Vortex/mix thoroughly and place the tube in 37 °C water bath for full dissolution 

(see Note 4). Do not sterile filter.  

12. Biotin stock solution: weigh 1 mg and in 5 mL H2O. Warm it up to dissolve and 

make 1 mL aliquots. 

13. Ampicillin stock solution: 100 g/mL in H2O 

14. PCA (Protoplast Culture Arabidopsis) solution (Ochoa-Fernandez et al. 2016): we 

recommend preparing 1 L solution. Add 0.32 % (w/v) Gamborg B5 basal salt 

powder with vitamins (bioWORLD), 2 mM MgSO4·7H2O, 3.4 mM CaCl2·2H2O, 5 mM 

MES, 0.342 mM L-glutamine, 58.4 mM sucrose, 0.444 M glucose, and 8.4 μM Ca-

panthotenate. Add 2 % (v/v) biotin from biotin stock. Adjust to pH 5.8, filter 
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sterilize, add 0.1 % (v/v) Gamborg B5 Vitamin Mix into the sterile solution (see 

Note 1), and aliquot into 250 mL sterile bottles. Prior to use, add 1:2000 ampicillin 

stock to the PCA working solution. 

15. pGEN16 and StrigoQuant plasmids (S. L. Samodelov et al. 2016). 

16. 50 mL Falcon tubes. 

17. Sterile tweezers. 

18. Sterile scalpel. 

19. Disposable 70 μm pore size sieve (Greiner bio-one international, Germany). 

20. Petri dish 94 × 16 mm. 

21. Parafilm. 

22. Aluminum foil. 

23. 200 μl and 1 mL wide-open pipette tips (see Note 5). 

24. Round-bottom 15 mL Falcon tubes. 

25. Rosenthal cell counting chamber. 

26. Nontreated 6-, and 12- or 24-well plates. 

27. Centrifuge fitting 15 mL and 50mL tubes with adjustable acceleration and break 

speed.  

28. Microscope. 

29. Growth chamber: Sanyo/Panasonic MLR-352-PE, Binder APT.line KBWF 240 or 

KBWF 720 (E5.3) with the settings 16h light – 8h dark cycles at 21°C. 

3.3.3 Hormone Induction and Bioluminescence Assay 
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1. Pre-frozen 1.5 mL and 15 mL black tubes at -80 °C. 

2. Racemic (±)-GR24 (OlChemIm Ltd), 10 mM stock solution in methanol. 

3. 50 mL PCA solution (see 2.2, step 12). 

4. Firefly substrate (Ochoa-Fernandez et al. 2016) (see Note 6): Add 20 mM tricine, 

2.67 mM MgSO4*7H2O, and 0.1 mM EDTA (see Note 7). Heat the solution to 

dissolve and move under the fume hood. Add 33.3 mM DTT, 524 µM ATP, 218 

µg/mL acetyl-CoA. Switch off the light for the following steps. Add 131 µg/mL D-

luciferin (Biosynth AG), 200 mL H2O and stir the solution. By the addition of 5mM 

NaOH, the solution should turn yellow. Add 264 µM MgCO3·5H2O and adjust the 

solution to pH 8. Aliquot the substrate in precooled black 15 mL tubes and store 

them at -80 °C (see Note 8). 

5. Renilla stock solution: for 12.5mL of 472 mM coelenterazine solution, dissolve 2.5 

mg of coelenterazine (Roth 4094.4) in 12.5 mL of pre-cooled methanol. Aliquot 

100 µL into black pre-frozen 1.5 mL tubes and store at -80 °C (see Note 8). 

6. Sterile 200 μl and 1 mL wide-open pipette tips (see Note 5). 

7. Multistep multichannel pipette 

8. Multistep pipette and tips  

9. 96-deepwell plates, non-treated (Merck). 

10. Costar® 96-well flat-bottom white plate. 

3.4 Methods 

Carry out all procedures at room temperature.  
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3.4.1 Biological Material Preparation  

1. Clean the seeds in a sterile working hood. Place the seeds in 1.5 mL tube(s), do not 

add more than the equivalent of 250 μl volume. We recommend increasing the 

number of seed tubes used, instead of increasing the amount of seeds per tube, 

to ensure consistent sterilization.  

2. Add 1 mL of 80 % (v/v) ethanol, invert several times and pipet out the liquid while 

trying to remove dirt and other plant debris. 

3. Repeat step 2 until all the large pieces of debris are extracted from the seeds.  

4. Surface sterilize the seeds with 1 mL sterilization solution and agitate for 10 min. 

5. Pipet out the sterilization solution. Add 1 mL of 80 % (v/v) EtOH and agitate for 5 

min. 

6. Replace the solution with 1 mL sterilization solution and agitate for 2 min.  

7. Replace the solution with 1 mL absolute ethanol (≥99.5 %) and agitate for 1 min. 

8. Pipet out the ethanol and let the seeds dry completely under the sterile hood (see 

Note 9). 

9. Organize two autoclaved filter paper strips per SCA plate. Place one at the top of 

the plate and the second one in the middle.  

10. Add autoclaved water into the tube containing the sterilized Arabidopsis seeds, 

˜1.5-2x seed volume. Resuspend the seeds in the water and plate ˜200-300 

seeds/strip in a line following the boarder of the filter paper strip (pipet on top of 
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the paper, not on the agar). Repeat the same procedure with the second filter 

paper strip of the same plate. Seal the plate tightly with parafilm (see Note 10).  

11. Incubate the plates in a growth chamber set at 16h light – 8h dark cycles at 21°C. 

1.5- to 2.5-week old plants can be used for protoplast isolation.  

3.4.2 Protoplast Isolation and Transformation 

Perform the following steps under a sterile working hood. Protoplasts isolation and 

polyethylene glycol-mediated transformation are performed as described by Ochoa et al. 

(Ochoa-Fernandez et al. 2016) and using a slightly modified version of Dovzhenko et al. 

(Dovzhenko et al. 2003). Take extra care when manipulating protoplast-containing 

solutions and always pipet them with wide-orifice pipette tips. This reduces plant cell 

damage. Set the centrifuge parameters to the equivalent of medium acceleration and low 

deceleration (or no break), depending to the centrifuge model. 

1. Cut the Arabidopsis plants just above the roots with a scalpel. Transfer the 

material into a petri dish containing 2 mL MMC. Avoid transferring roots and seeds 

and make sure that the plant material is in contact with MMC. Finely slice or chop 

the green tissues into small pieces, do not crush them. One cutting petri dish 

usually fits the plant material harvested from two square plates, depending on 

seedling size/age. 

2. Transfer the cut leaf material into a new petri dish containing 7 mL of MMC (see 

Note 11). 
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3. Add 1 mL enzyme solution stock (10x concentrated) to digest the plant material 

(each enzyme final concentration should be 0.5 %). 

4. Carefully seal the dish with parafilm and cover it with aluminum foil. Incubate 

overnight (12–16 h) in the dark at 21 °C. 

5. Take the plant lysate back under the sterile hood. The solution should have turned 

light green. Carefully extract the protoplasts from the cut leaf material by gently 

pipetting the solution up and down for 5 min. The solution should turn dark green. 

6. Pass the lysate through a 70 μm pore size sieve, mounted on top of a 50 mL tube. 

7. Wash the remaining enzyme-leaf material mixture in the petri dish with 5 mL MMC 

by pipetting up and down and filter it into the same 50 ml tube.  

8. Repeat step 7 until the MMC solution has only a light green tint, indicating that 

most protoplasts have been released from plant material.  

9. Fill up the 50 mL tube containing the filtered protoplasts with MMC (see Note 12). 

Centrifuge at 100 × g for 20 min, with a low deceleration setting (or break function 

turned off).  

10. Transfer the filtered protoplast solution to 15 mL round bottom Falcon tubes. One 

tube should be used for each plate of digested leaf material. The remaining steps 

should be completed in these tubes. 

11. We recommend preparing the fresh PEG solution during this centrifugation time 

and leave it in the 37 °C water bath until needed. 
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12. Separate the supernatant from the pellet (from step 10) by pipetting it out using 

a sterile serological pipette and an electronic pipettor set to low pipetting speed. 

Pay attention to not pipet too close to the pellet, as it is loose and protoplasts can 

easily be removed accidentally (see Note 13).  

13. Gently resuspend the pellet in the remaining MMC within the tube, then adding 5 

mL of fresh MMC (see Note 14). Transfer the filtered protoplast solution (dark 

green) into a 15 mL round-bottom tube.  

14. Sediment the protoplasts by centrifugation (100 × g for 15 min). Remove the 

supernatant and resuspend the protoplasts in 10 mL MSC.  

15. Carefully overlay the 10 mL protoplast solution with 2 mL 3M (see Note 15). 

16. Centrifuge for 10 min at 80 × g (low deceleration or no break). Protoplasts will 

migrate upwards in the flotation tube and accumulate at the interphase of MSC 

and 3M, creating a 1-2 mm thick dark green layer. 

17. Meanwhile, prepare 2 collection tubes (15 mL round bottom tube) with 7 mL W5 

solution for each floatation tube. 

18. Collect 750 μl of the protoplasts twice (1.5 ml total per centrifugation round), by 

pipetting the dark green layer at the interphase of MSC and 3M into each 

collection tube containing W5.  

19. Carefully add additional 1.5 mL of 3M to the flotation tube, to compensate for 

the collected volume, and centrifuge again for 10 min at 80 × g (low deceleration 
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or no break). Steps 18 and 19 can be repeated until no further protoplasts float 

to the interphase (no dark green ring is visible after centrifugation).  

20. Centrifuge the collected protoplasts, the 2 collection tubes with W5, for 10 min 

at 100 × g to pellet the protoplasts. Discard the supernatant and resuspend the 

plant cells in 5 mL W5, combining the cells from the two collection tubes 

together. The total volume of the cell solution should be noted, as it is necessary 

to determine total cell number after counting (see Note 16).  

21. Determine the cell density using a Rosenthal cell counting chamber (see Note 17). 

22. Centrifuge the protoplasts for 5 min at 80 × g. Discard the supernatant and 

resuspend the pellet to a density of 5x106 cells/mL with 3M.  

23. Use a 6-well plate for transformation and deposit 15-30 μg DNA in H2O (see Note 

18), adjusted to the maximum volume to 20 μL, on the rim of the well. For a total 

DNA volume lower than 20 μL, top up to 20 μL with 3M (see Note 19).  

24. Mix 100 μL protoplast solution in each well with the DNA-3M drop, by using wide-

orifice tips and gently pipetting up and down (see Note 20). Incubate for 5 min. 

25. Gently shake the 6-well plate from side to side, to distribute the protoplasts and 

DNA along the rim and to avoid protoplast aggregation. Use the tip-in-tip method 

(see Note 15) to add 120 μl of PEG solution in a drop-wise manner, along the 

length of the protoplasts and DNA solution. Do not mix or move the plate after 

the addition of PEG to avoid shearing stress and protoplast rupture.  
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26. Incubate for 8 min exactly, to ensure high transformation efficiency. Then dilute 

the PEG by consecutively and quickly but carefully adding 120 μl of 3M and at least 

1.2 mL of PCA with ampicillin (see Note 21). Each well contains around 1.6 mL of 

the transformed protoplast resuspension. 

27. Gently mix by creating a rotation movement of the liquid in the wells. Carefully 

seal the plates with parafilm, cover them with aluminum foil and place them back 

into the growth chamber at 21 °C for ˜18 h to allow exogenous gene expression.  

3.4.3 Hormone Induction and Bioluminescence Assay  

As an example, we treated protoplasts transformed with 15 μg StrigoQuant and 15 μg 

pGEN16 (plasmid encoding a constitutively expressed GFP) (see Note 22) with different 

concentrations of rac-GR24 (0 M, 1 pM, 10 pM, 100 pM, 1 nM and 10 nM) resuspended 

in PCA. 

1. Before starting any experiment, check the transformed protoplasts using an 

inverted microscope (see Note 23). Quickly verify the transformation efficiency by 

testing firefly luciferase expression (see Note 24) or checking the fluorescence 

emission in the presence of a reporter plasmid.  

2. Gently resuspend the protoplasts by pipetting up and down with a wide-orifice 

tip, and combine the transformations together in a 15 mL round-bottom tube. 

Adjust the volume with PCA if it is lower than the expected (1.6 mL x number of 

combined transformations).  
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3. Distribute 1 mL of protoplasts per treatment in a 96-deepwell plate following the 

final order of your measuring plate (Figure 3.2). One well is enough for 6 technical 

replicates for one treatment condition (this includes the determination of firefly 

and renilla luciferase activities). 

4. In a separate 96-deepwell plate, prepare the serial dilution of the chemical 

treatment in PCA. The concentration of the solution in the 96-deepwell plate 

should be 11x more concentrated that the tested concentration (see Note 25). In 

our case, we prepared the following GR24 concentrations by serial dilution: 0M, 

11 pM, 110 pM, 1.1 nM, 11 nM and 110 nM. We recommend to organize the 

chemical dilution in the 96-deepwell plate similarly to the final experiment (Figure 

3.2). Store it at 4 °C if not directly used. 

5. Apply 100 μL of each GR24 concentration to the 1 mL protoplast suspension using 

a multistep multichannel pipet. Mix well by gently pipetting up and down. Cover 

the 96-deepwell plate with a dark lid, wrap it in aluminum foil and incubate it for 

˜100 min into the growth chamber at 21 °C. 

6. Gently mix the induced protoplast suspension with the multichannel pipette and 

transfer 80 μl (25,000 protoplasts) into two identical Costar® 96-well flat-bottom 

white plates, including 4–6 replicates for each condition (see Note 26). In our case, 

only 36 wells per measuring plate were used for each substrate (Figure 3.2). 
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Figure 3. 2. Scheme of the Experimental set-up for protoplast induction and 

preparation of the measuring plate.  

The Figure shows the experimental workflow for the induction of sensor 

degradation with the strigolactone analog rac-GR24. (1) Prepare the different 

GR24 dilutions (0 M, 1 pM, 10 pM, 100 pM, 1 nM and 10 nM) and pipet ≥ 150 μL in 

a 96-deepwell plate. Cover the plate and keep it at 4 °C until the induction time. (2) 

Transfer 1 mL of the Arabidopsis protoplasts, transformed 18 h before with 

StrigoQuant, into a different 96-deepwell plate. Induce the protoplasts with 100 μL 

of the GR24 dilutions. We recommend using a multichannel pipette with wide-
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orifice tips for the induction step. Mix the protoplasts gently with the applied 

chemical by pipetting up and down. Cover the induced plate and place it back at 22 

°C. (3) After 2 h of induction, transfer 80 μL protoplasts per replicate to two 

measuring plates, for a total of 6 replicates per condition per plate. Use a 

multichannel pipette with wide-orifice tips and make sure to frequently resuspend 

the protoplast suspension, as they rapidly aggregate at the bottom of the well. We 

recommend following our pipetting scheme as well as the order of pipetting 

(indicated from 1 to 12), to ensure consistency between plates (see Note 28). (4) 

Add 20 μL of substrates for each luciferase and measure the luminescence signal 

for both firefly and renilla.   

 

7. Dim ambient lights before applying the luciferase substrates. Using a multistep 

pipette, supply 20 μL of Firefly substrate (thawed beforehand and kept on ice) to 

each well in the first white plate (measurement plate). For renilla substrate, pipet 

1.5 mL cold PBS directly in the aliquot, resuspend and supply 20 μL of diluted 

renilla substrate to each well in the second white plate. 

8. Run the luminescence determination for both plates in parallel, using two plate 

readers if necessary (dependent on sample number). Use a kinetics measurement 

to track the evolution of luminescence over 20 min at 480 nm for firefly and 570 

nm for renilla (see Note 27). 
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3.4.4 Data Processing 

The data from both plate readers are exported in .csv format. Here, we give guidelines to 

for data processing using the experiment with rac-GR24 treatment (0 M, 1 pM, 10 pM, 

100 pM, 1 nM and 10 nM). 

1. Plot the different luminescence values of each well over time. Firefly and renilla 

luminescence signals reach a luminescence plateau at different time points after 

substrate application: Firefly has constant RLU values in each individual well 

starting, in this case, from 8:17 min while renilla values plateau at 2:44 min (or 164 

s, Figure 3.3a) (see Note 29). 

2. Select the time frame where luminescence values are constant over time (yellow 

rectangle in Figure 3.3a) for firefly and renilla measurement.  

3. Average each RLU value over the selected time frame for each well of the 

measuring plate. We expect renilla signal to be constant throughout the GR24 

concentrations as it is an internal standard for cell expression level. On the other 

hand, the firefly signal should decrease (inversely proportional to GR24 

concentration increase), as the luciferase enzyme is fused to AtSMXL6, which is 

degraded in presence of SL. 

4. Divide the firefly RLU by the renilla RLU for each well to obtain the firefly/renilla 

ratio and identify the outliers for each treatment (Figure 3.3b) 

5. Remove the outliers (Figure 3.3c) (see Note 30). 
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Figure 3. 3. Raw data curation of luciferase-based luminescence assays after 2 hour-

induction with rac-GR24.  
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(a) Representation of the luminescence signal of each well measured every 0.46 s for 

20 min, for both measuring plates: firefly (up) and renilla (down). Exported data from 

the plate reader corresponding to the quantified luminescence values for each 

measuring plate (every 0.46 s for 20 min) were represented. A time frame is selected 

(represented in yellow), where all the curves are reaching a plateau (this time can be 

different between the two measuring plates) and calculated the average luminescence 

value for each well of each plate over this time period. (b) Representation of the 

average ratio of the luminescence signal for each treatment conditions. The ratio for 

each measuring well was calculated by dividing the firefly luminescence value by its 

equivalent in the renilla plate (A1 FLuc/A1 RLuc). The luminescence values for each 

GR24 concentration correspond to the average of the 6 replicates. Outliers were then 

identified following the calculation of Jacobs et al. [20] (represented as orange dots). 

(c) Representation of mean FLuc/RLuc ratio for each GR24 treatment after data 

curation (outlier exclusion). (d) Representation of the normalized average FLuc/RLuc 

ratio for each GR24 treatment after outlier exclusion. The statistical significance is 

determined by one-way ANOVA and Dunnett’s multiple comparison test, n≥4 

(**P < 0.01, ***P < 0.001, ****P ≤ 0.0001, n.s. not significant). The ratio represented is 

normalized to the control condition (0 M GR24). (b-d) Means are depicted as bars with 

error bars that indicate standard error. 

 

6. Normalize the signal ratio Fluc/Rluc to the 0 M GR24 value (Figure 3.3d). Statistical 

analysis, ordinary one-way ANOVAs and multiple comparisons, are performed 

with GraphPad Prism 8 for Mac OS version 8.3.0  
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3.4 Notes 

1. Make sure to add the Gamborg B5 Vit Mix when the media is cooled down, 

reaching a milder temperature, i.e. when placing the inner part of the wrist on the 

bottle, you should not experience a burning but a warm feeling (ca. 30 °C). 

2. Take special care, as the enzyme extracts must not be inhaled. We recommend 

dissolving the enzyme extracts under the fume hood by adding 10 mL MMC 

(prewarmed at 37 °C to facilitate the dissolution) directly in each bottle. Shake and 

pour into a beaker used for enzyme stock solution preparation. Rinse the bottles 

repeatedly with MMC, making sure to respect the 20 mL MMC final volume. Fill 

beaker to 200 mL with H2O. The solution should be turbid and become clear brown 

after filtration. We recommend to use the stated brand to ensure the same 

digestion efficiency for the recommended plant material amount. If one resorts in 

using a different brand, an optimization step is necessary to adapt the quantities 

of macerozyme and cellulase. 

3. Pay attention, the filter might clog. In this case, finish the filtration of the last 20 

mL by hand with a syringe and a 22 μm filter. 

4. Add the different solutions under the fume hood, as they should be sterile. We 

recommend preparing the PEG solution and incubating it prior to starting the 

transformation experiment. Vortexing for 10-15 s every 5 min can help to 

complete dissolving.  
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5. Wide-orifice pipette tips can be purchased or hand-made. For the latter, cut off 

the first 3 mm of the tip with scissors and autoclave them.  

6. Be careful and fast, this preparation should be performed as quickly as possible, 

as luciferin is sensitive to light, oxygen, and high temperature. We recommend 

purchasing small quantities of acetyl-CoA (50 mg for 200 mL firefly luciferase 

substrate), so that the content of the entire vial can then be used at once, avoiding 

loss of this expensive compound by a repeated weighing process.  

7. Tricine, DTT, ATP, and acetyl-CoA stock solutions have to be freshly prepared. The 

other solutions can be made in advance. 

8. Prevent coelenterazine degradation by pre-freezing 125 black Eppendorf tubes 

with the lid open at -80 °C in a closed Eppendorf tube rack with lid. 

9. Spread the seeds on the tube wall with a pipette tip to facilitate ethanol 

evaporation. 

10. We recommend two layers of Parafilm well-stretched and properly pressed 

against the plate, as the parafilm as a tendency to break after a week due to the 

growth chamber conditions. Improperly sealed plates will lead to varying growth 

conditions between plates and negatively impact seedling quality for protoplast 

extraction. Observe the seedlings over the incubation time and reseal any plates 

with additional parafilm strips, where the parafilm becomes porous. Seedlings 

receiving more oxygen through improper sealing will appear darker green than 

those in well-sealed plates and SCA culture media will show visual signs of drying.  
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11. The transfer of the cut leaf material into a new plate prevents the cells from 

getting stuck into the cutting marks imprinted on the cutting plate. It can be done 

by gently pushing and scrapping the material from the cutting plate to the new 

Petri dish. 

12. The addition of a larger volume of MMC to digested plant material-extracted 

protoplasts facilitates pellet formation upon centrifugation.  

13. Maximize the protoplast extraction by centrifuging the supernatant a second time, 

20 min at 100 × g without brake. Then combine the resulting pellet with the pellet 

obtained from the previous centrifugation. 

14. We recommend resuspending the pellet by gently rocking the tube horizontally. 

The liquid needs to wash over the pellet until complete resuspension. Slowly 

pipetting up and down with a wide-orifice tip also works.  

15. Wet the wall of the tube by gently tilting and rolling the tube containing the 

protoplasts in MSC. It will facilitate the 2 layers formation. Add the 3M solution 

using the tip-in-tip technique i.e. place a 10 μl tip on a 100-1000 μl tip attached 

to the pipette. Bend the extremity of the 10 μl tip against the tube wall and 

slowly pipet out 3M. A 3M layer, transparent color, should form on top of the 

green solution of protoplasts in MSC.  

16. Make sure to have more W5 than 3M in the collection tube, to ensure the correct 

sedimentation of the protoplasts.  
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17. Use that time to also verify the quality of the protoplast isolation. Protoplasts are 

usually easily visible at x40 magnification with a microscope. They should appear 

as rounded cells with green colored organelles that are the chloroplasts. If a cell is 

not fully round, it will burst in the next minutes. When burst, the chloroplasts are 

released in the media, that can be a clue for the quality of the extraction.  

18. 15-30 μg DNA account for the total amount of DNA to be transformed. In the case 

of more than one plasmid, each DNA plasmid must be added in the same amount, 

conserving the 15-30 μg total DNA. DNA should be prepared using midiprep or 

maxiprep kits (eluted in sterile ddH2O) to ensure high concentration and quality of 

the DNA preparations. We recommend checking its quality by agarose gel 

electrophoresis, by checking RNA content at the bottom of the running lane or 

potential plasmid degradation by the presence of extra DNA bands.  

19. The transfection of a plasmid containing a reporter gene can be useful later on to 

check rapidly the transformation efficacy (see Subheading 3.3, step 1). 

20. Protoplasts precipitate quite rapidly. Make sure to resuspend the cells every few 

minutes, by gently pipetting up and down using wide-orifice tips. This will ensure 

consistent cell concentration throughout the pipetting of the different 

transformations.  

21. We recommend using a 20-200 μL and a 100-1000 μL pipettes simultaneously, one 

in each hand, set on 120 μL for 3M and 600 μL for PCA that will be used twice in a 

row to deliver 1.2 mL PCA to the well. If it is too complex, sequential addition also 

works. 
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22. In the case of the co-transformation of StrigoQuant with one or more plasmids, 

the control condition (meaning StrigoQuant alone) requires the co-transformation 

of a stuffer. This stuffer plasmid, usually p35S-driven YFP expression cassette, 

allows reflecting the exogenous transcription and translation demand that would 

come from 2 or more co-expressed plasmids.   

23. Successfully transformed and healthy protoplasts tend to aggregate in groups of 

3 or more plant cells.  

24. Use a wide-orifice tip to place 80 μL protoplasts into a measuring 96-well plate. 

Under dimmed ambient light conditions, add 20 μL firefly substrate and read the 

maximum emission signal at 480 nm after 10-15 min incubation. 

25. 100 μL chemical diluted in PCA will then be added to the 1 mL protoplast-

containing 96-deepwell plate described in the previous step (3.3 step 3). The 

applied chemical solution must be 11x concentrated prior induction, to be at a 1x 

concentration in the protoplast solution. 

26. Each 96-well flat-bottom white plate will be used for either firefly or renilla 

luminescence measurement. We insist here on the necessity to create two 

identical plates, as it will facilitate the data processing post measurement. In the 

case of large experiments, different conditions lead to a high number of 

measurement plates. Once the samples are induced, protoplasts can directly be 

transferred to the different white plates and covered to avoid light exposure and 

media evaporation. They are then ready for measurement and can be taken out 

of the growth chamber 2 min before the measuring time.  
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27. For larger experiments, when several plates have to be measured, do not induce 

all the samples at the same time. Make sure that the time during the induction 

and the measurement is consistent throughout the measuring plates. Thus, we 

recommend inducing two plates (for firefly and renilla) every 25-30 min, which 

should give one enough time for measurement (˜20 min) and substrate pipetting.  

28. Pipetting the protoplasts in one plate first and then in the other can create a 

variation of protoplast concentration between the two plates: one plate will most 

probably contain more protoplasts than the other.  

29. Pipet the substrate and start the measurement quickly, especially for renilla, to 

fully record the negative exponential curve. It is important to collect data during 

the increase of luminescence before it reaches the plateau, to have more accurate 

values.  

30. The luminescence measurement is delicate, and several variations can be 

introduced along the process. We recommend extra caution and careful 

resuspension of the plant cells during the protoplasts pipetting into the 96-

deepwell plate, their transfer to the measuring plates after induction, and the fast 

pipetting of substrate prior luminescence measurement. Due to these 3 critical 

steps, we encourage doing 6 replicates for each luciferase measurement when 

possible.  
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3.5 Perspectives 

In light of the diversity of natural SLs in plants and the redundancy of signaling 

components, current biological genetic approaches in higher plants to quantitatively 

analyze SL signaling network remain limited. Using the same design as StrigoQuant, we 

developed a two-module system (containing a normalization and a sensing part) tailored 

for rice and relying also on luminescence as read-out. To build the rice equivalent of 

StrigoQuant, we used OsD53 and OsD53-like genes, homologs of AtSMXL6	(Figure 3.4A). 

In rice, the SL perception is similar to Arabidopsis: SL binds to the α/β-fold hydrolase 

OsD14 and triggers to the formation of the SCF complex, which recruits and targets the 

regulator proteins of the OsD53/AtSMXL family (Figure 3.4B). Similarly, D53 was fused to 

Firefly luciferase and separated from the Renilla luciferase by a 2A self-cleaving peptide. 

In absence of SL, no degradation should be observed for both parts; while with SL, only 

the degradation of OsD53 fusion protein would be monitored (Figure 3.4C). This new tool 

will report the SL dynamics in rice cells and potentially correlate the sensitivity of the 

perception with the structural specificity of natural and synthetic SLs.  

However, we were not able to continue this project further as we encountered an 

experimental limitation: rice protoplasts revealed to be more delicate to isolate and to 

transform than the Arabidopsis ones. We assessed rice protoplast transfection efficiency 

by using a reporter fluorescent protein, GFP, fused to a transit-peptide (TP) that localized 

the fluorescent signal in the plastids (Appendix B for the experimental details). The ratio 

of fluorescent protoplasts versus the total number of protoplasts was not higher than 
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35%. With this low efficiency, when the dual reporter OsD53-based sensor was 

transfected, only a low luminescent signal coming from the renilla luciferase was picked 

up by the spectrophotometer. While the latter is supposed to be the highest luciferase 

signal, the poor transfection efficiency prevented us to further study the SL signal 

transduction in rice. Therefore, there is a need to optimize the rice protoplast 

transformation before moving forward with the project.  
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Figure 3. 4. Schematic diagram of StrigoQuant function in rice. 
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(A) Adapted phylogenetic tree of the OsD53/AtSMXL family proteins in rice and 

Arabidopsis (L. Jiang et al. 2013). This shows OsD53 and OsD53-like genetic proximity to 

AtSMXL6,7 and 8; the latter sharing ̃40% similarities. (B) After transformation in 

Arabidopsis protoplasts, the renilla gene fused to OsD53 and firefly (1) is transcribed. 

The presence of the self-cleavable 2A peptide (2) allows the expression of the two 

modules in a stoichiometric manner. In presence of SL in the system, SL binds to its 

receptor, the α/β-fold hydrolase OsD14, which recruits the SKP1/CUL1/F-box E2 

ubiquitin ligase protein complex (SCF) (3). Follows the binding of OsD53 fusion protein 

(4) and its poly-ubiquitination which leads to proteasome-mediated degradation of 

OsD53 (5). The second part of the sensor, the renilla, is conserved in the system (6). (C) 

After the addition of the specific substrates separately, the amount of luminescence is 

used as a read-out: the firefly signal (FF) is negatively proportional to the SL 

concentration (upper part), while the renilla signal (Re) stays constant (lower part).  
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Chapter 4: Canonical Strigolactones do not play a major role in rice plant 
architecture  
 
The content of this chapter will be submitted as a research article.  

Braguy, J., Wang, J.Y., Fiorilli V., Felemban A., Mazzarella T., Haider I., Ali S., Jamil, M., 

Balakrishna A., Berqdar L., and Rajan C., Lanfranco L., Zurbriggen M. D. and Al-Babili S. 

contributed to this work. 

4.1 Abstract 

Strigolactones (SLs) function as novel plant hormones in regulating shoot branching, 

modulating rhizospheric communications and chemical cues for host proximity by the 

parasitic weeds Striga spp.. However, a decade after the discovery of carlactone (CL) as 

the common precursor in SL biosynthesis, the real shoot branching metabolite(s) remains 

arguable. Here we show that the CRISPR/Cas9-mediated OsMAX1-900 rice mutants were 

free of 4-deoxyorobanchol (4-DO), a major canonical SL, and accumulated two non-

canonical SLs, derived from CL. These loss-of-function mutants did not exhibit high 

tillering and dwarf phenotype, characteristic of SL-deficient plants. However, the change 

of SL composition in the root exudates significantly reduced the seed germination of 

parasitic weeds without negatively impacting Rhizophagus irregularis symbiotic root 

colonization. Hence, our work led to further definition of the role of 4-DO and orobanchol, 

and probably other canonical SLs released into the rhizosphere, as important rhizospheric 

signals but uninvolved regulating plant shoot architecture. Besides, manipulating the 
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content of 4-DO and orobanchol could potentially be utilized for generating Striga-

resistant plants and improving the global food security. 

4.2 Introduction 

Strigolactones (SLs) are peculiar plant hormones due to their structural diversity and 

biological functions, and are characterized by their enol-ether bridge linked to a lactone 

ring (D-ring; Figure 4.1), which is essential for their biological activity (Koichi Yoneyama et 

al. 2018). They are classified as canonical or non-canonical SLs depending on the presence 

or absence of the BC ring (Figure 4.1), respectively (Al-Babili and Bouwmeester 2015b). 

SLs were first discovered as germination stimulants for parasitic weeds, Orobanche and 

Striga spp., (Cook et al. 1966) that  use them as a cue for finding hosts in proximity. Once 

germinated, the SL concentration gradient guides elongation of the weeds’ embryonic 

roots towards the potential host plant’s root (X. Xie, Yoneyama, and Yoneyama 2010a); 

thus the parasitic weeds jeopardize crops worldwide, as their infestation results in 

tremendous yields and economic losses (Mohamed et al. 2006; Chris Parker 2012). 

Interestingly, Striga actually hijacks the strigolactone-based signal, which was later 

identified to be essential for the establishment of plant-arbuscular myccorhiza fungi 

(AMF) symbiosis in nutrient-depleted conditions (Akiyama, Matsuzaki, and Hayashi 2005; 

Marzec 2016; Fiorilli et al. 2019). Additionally, SL have been revealed to be more than 

rhizospheric signals, as they also orchestrate plant architecture: SL-deficient plants 

consistently exhibited a phenotype comprising higher numbers of branches/tillers as well 
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as shorter shoot and primary root lengths than wild-type (WT) (Morris et al. 2001; Gomez-

Roldan et al. 2008; Al-Babili and Bouwmeester 2015b).  

 

Figure 4. 1. Proposed biosynthesis pathway of SLs in rice. 

The enzyme in red was the focus of this study and its corresponding reactions were 

demonstrated here. The enzyme name(s) indicated in light blue are from Arabidopsis 
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thaliana; their homolog(s) in Oryza sativa (rice) are indicated in dark blue. Dashed 

arrows indicate putative pathways. 

Abbreviations: D, Dwarf; CCD, Carotenoid Cleavage Dioxygenase; MAX, More Axillary 

Growth; Os900, OsMAX1-900; Os1400, OsMAX1-1400; Os1900, OsMAX1-1900; Os5100, 

OsMAX1-5100; CYP, Cytochrome P450; MeO-5DS, Methoxy-5-Deoxy-Strigol. 

 

The biosynthetic pathway of SLs was gradually unveiled through generation of a series of 

mutants across a wide range of plant species, including Petunia hybrida (Snowden et al. 

2005); Arabidopsis thaliana (Stirnberg, Furner, and Leyser 2007); Solanum lycopersicon 

(Koltai et al. 2010); and Oryza sativa (Arite et al. 2007; Cardoso et al. 2014); all exhibiting 

high branching characteristics. This very distinct phenotype allowed scientists to identify 

SLs as carotenoid-derived metabolites, more specifically, originated by the action of the 

isomerase DWARF27 on 9-cis-β-carotene (Abuauf et al. 2018). The latter undergoes two 

successive cleavages through the action of carotenoid cleavage dioxygenases (CCDs) - 

CCD7, and CCD8 - yielding carlactone (CL), the core intermediate of SL biosynthesis (Alder 

et al. 2012; Bruno and Al-Babili 2016). Interestingly, SLs form a large chemical family 

encompassing more than 30 natural compounds identified to date, and studies have 

shown that the diversity of SLs originates from CL through the action of MORE AXILLARY 

GROWTH1 (MAX1), a member of the cytochrome P450 monooxygenase (CYP) 711A family 

(Booker et al. 2005; Cardoso et al. 2014; Lazar and Goodman 2006), and of the recently 

identified CYP722C clade (Wakabayashi et al. 2019). MAX1 is present in single or low gene 

copy number(s) in dicots – only one MAX1 homolog in Arabidopsis. Duplication event(s) 

led to increased numbers of homologs in dicots: for instance five MAX1 homologs are 
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found in rice (Os01g0700900 (OsMAX1-900), Os01g0701400 (OsMAX1-1400), 

Os01g0701500 (OsMAX1-1500), Os02g0221900 (OsMAX1-1900) and Os06g0565100 

(OsMAX1-5100)) (Nelson and Werck-Reichhart 2011; R. J. Challis et al. 2013).  

Functional studies of rice MAX1s were conducted through: i) rescue experiments of 

Atmax1 by expressing different OsMAX1s, which revealed the inactivity of OsMAX1-1500 

due to its inability to rescue the Atmax1 high-tillering phenotype (Richard J. Challis et al. 

2013), ii) observation of rice natural variations (Cardoso et al. 2014) and generation of 

rice RNA silencing mutants (X. Wang et al. 2015), and were supported by iii) in vitro 

characterizations in tobacco leaves, bacterial, and yeast microsomes. The latter 

demonstrated that the four functional OsMAX1s (OsMAX1-900, OsMAX1-1400, OsMAX-

1900, and OsMAX1-5100) synthesized carlactonoic acid (CLA) from CL, as well as OsMAX1-

900 and OsMAX1-1400 in the sequential and consecutive conversion of CL to CLA to 4-

deoxyorobanchol (4-DO) to orobanchol (Yanxia Zhang et al. 2014a; Kaori Yoneyama et al. 

2018b). However, the biological functions of OsMAX1 genes in rice plants still remain 

elusive.  

In this work, we generated the OsMAX1-900 CRISPR-mediated mutants, in order to 

confirm, in planta, the role of OsMAX1-900 as the 4-DO synthase. We conducted 

complete analysis of two independent knock-out Osmax1-900 rice lines, Os900-32 and -

34, and identified a putative non-canonical SL, oxo-CL, to be added to the substrate list 

for OsMAX1-900 along with CL, CLA, (Kaori Yoneyama et al. 2018b) and CL+30 (data not 

published). Moreover, Os900 mutants did not display the typical SL-deficient plant 
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phenotype. Thus, the absence of 4-DO, combined with the lack of a high tillering 

phenotype, indicated that the canonical SLs 4-DO and orobanchol are not directly 

involved in plant shoot architecture regulations (Koichi Yoneyama et al. 2018) while AMF 

symbiosis studies and Striga bioassays indicated the importance of 4-DO and orobanchol 

as rhizospheric signals.  

 

4.3 Materials and Methods 

Plant and fungi materials  

Rice (Oryza sativa, cv. Nipponbare) mutant lines were acquired from previous studies: d17 

(dl-2) (Butt et al. 2018) and d10 (cv. Shiokari) (S. Ito et al. 2010), as well as their 

corresponding wild-types.  

R. irregularis DAOM 197198 was acquired from Agronutrition, Labège, France. 

Striga hermonthica seeds were collected from sorghum fields in Sudan during the 2012 

rainy season and were generously provided by Prof. Abdel Gabbar Babiker. Phelipanche 

ramosa  seeds were kindly provided by Philippe Semier, Université de Nantes, France. 

Generation of Os900-KO plants  

The rice (Oryza sativa L. ssp. japonica cv. Nipponbare) OsMAX1-900 

(Os01g0700900/JX235697) gene was targeted using CRISPR/Cas9 guided by two gRNAs 

(sgRNA1: 5’-ggaagtacggccccatcttc-3’, sgRNA2: 5’-aattctcctgttcatcagaa-3’) designed using 



118 
 
the CRISPR-PLANT database (Minkenberg et al. 2019). The tRNA-gRNA-Cas9 cassette was 

constructed through Golden Gate assembly into pRGEB32 binary vector containing 

hygromycin resistance gene (J. Wang et al. 2015). Induced Nipponbare calli, from mature 

seeds, were transformed with Agrobacterium tumefaciens EHA105 culture containing the 

plasmid of interest, selected in the presence of hygromycin. After successive regeneration 

of shoots and roots in a Percival growth chamber (CLF Plant Climatics GmbH, model CU 

36L5), the plantlets were transferred to soil and grown in a greenhouse at 28 °C day/22 

°C night (Hiei and Komari 2008). Transgenic plants were identified by PCR amplification of 

the region surrounding the two sgRNAs insertion site in the pRGEB32 vector with the 

pRGEB32-specific primers pRGEB32-F (5`- ccacgtgatgtgaagaagtaagataaactg-3’) and 

pRGEB32-R (5ʼ-gataggtttaagggtgatccaaattgagac-3ʼ). The CRISPR-mediated mutations 

were identified amplifying the DNA region that contains the sgRNAs target sites with the 

genome specific primers Os900 sg2-sg3 F (5’-gccatactggaaagtgcgg-3’) and Os900 sg2-sg3 

R (3’-tagcttcaggtaaaattgcgcg-5’) and by sequencing the resulting 455-bp-long PCR 

fragment (Figure 4.2).  
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Figure 4. 2. Genotyping of Os900-KO lines 

Genomic DNA amplification of the sequence surrounding the sgRNA target regions in 

wild-type (WT) and Os900-KO lines 32 and 34 (6 plants each; upper panel, mutagenicity 

test) and pRGEB32 region containing the two Os900sgRNAs sequences (lower panel, 

transgenicity test). Water (H2O) was used as a negative control and the pRGEB32 vector 

containing the two Os900sgRNAs sequences was used as a positive control (+).  

 

Hydroponic culture of rice seedlings 

Seeds from T3 homozygous plants were first surface sterilized in 2% sodium hypochlorite 

(v/v) with 0.01% Tween-20 for 20 min under gentle agitation, then rinsed generously with 

sterile water and germinated overnight in the dark (30 °C). The pre-germinated seeds 

were then transferred to round Petri dishes containing two sheets of sterile Whatman 
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filter paper and 5 mL of half-strength Murashige and Skoog (MS; PhytoTechnology 

Laboratories, Cat. No. M519) solution (pH 5.7) and incubated for another 2 days in the 

dark at 30 °C. Finally, 15 mL of modified Hoagland nutrient solution adjusted at pH 5.8 

(0.4 mM K2HPO3*3H2O, 5.6 mM NH4NO3, 0.8 mM MgSO4*7H2O, 0.8 mM K2SO4, 0.18 mM 

FeSO4*7H2O, 0.18 mM Na2EDTA*H2O, 1.6 mM CaCl2, 0.8 mM KNO3, micronutrients (0.023 

mM H3BO3, 4.5 μM MnCl2 *4H2O, 0.3 μM CuSO4*5H2O, 1.5 μM ZnCl2, 0.1 μM 

Na2MoO4*2H2O)) was added, and the seedlings were incubated in a Percival chamber for 

5 days (day/night temperature of 28/22 °C and a 12 h photoperiod, 200 μmol photons m-

2 s-1. 

Hydroponic culture was performed using 50 mL black tubes with a perforated cap, 

containing in its center a 1.5 mL bottomless Eppendorf tube, to which the 1-week-old 

seedlings were transferred into. The nutrient solution with or without 0.4 mM 

K2HPO3*3H2O resulted in +Pi and -Pi conditions, respectively. -Pi conditions were 

achieved by feeding the seedlings with +Pi for two weeks, followed by one week of -Pi 

treatment prior further analysis (seedling phenotyping). The solutions were changed 

every three days.  

For low Pi condition, the same procedure was performed, but the half-strength MS 

solution was replaced with 5 mL of modified Hoagland nutrient solution adjusted to pH 

5.8 containing 0.004 mM K2HPO3*3H2O (low Pi) immediately after the sterilization step. 

Plants were grown for three weeks in low Pi solution.  
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Qualitative and quantitative analysis of SLs in root exudates, root tissues, and the shoot 

base 

Analysis of SLs in rice root exudates and root tissues was performed as previously 

described (J. Y. Wang et al. 2019) (Appendix C and D for the illustrated version, 

respectively). Briefly, we collected 50 mL root exudates produced by two seedlings grown 

together in one 50 mL black tube. The samples were spiked with 0.672 ng of D6–5DS 

before loaded onto on a C18-Fast Reversed-Phase SPE column (500 mg/3 mL; 

GracePure™), preconditioned with 3 mL of methanol and 3 mL of water. After washing 

with 3 mL of water, SLs were eluted with 5 mL of acetone. The SLs fraction was 

concentrated to SL aqueous solution (∼1 mL), extracted with 1 mL of ethyl acetate, and 

750 μL of the SL-enriched organic phase was dried under vacuum.  

For root tissue analysis, approximately 25 mg of lyophilized and grinded root tissues, 

spiked with 0.672 ng of D6–5DS, were extracted twice with 2 mL of ethyl acetate in an 

ultrasound bath (Branson 3510 ultrasonic bath) for 15 min, followed by centrifugation for 

8 min at 3800 rpm at 4 °C. Both supernatants were combined and dried under vacuum. 

The residue was dissolved in 50 μL of ethyl acetate and 2 mL of hexane then purified 

through a Silica Cartridges SPE column (500 mg/3 mL; HyperSep™). After washing with 

3 mL of hexane, SLs was eluted in 3 mL of ethyl acetate and evaporated to dryness under 

a vacuum. The same procedure was followed for shoot base (shoot-root junction) tissue 

extraction, except for the tissue powder preparation: 12 fresh shoot bases were pulled 

together and manually grinded, while preserved liquid nitrogen. The entire sample was 
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used during the extraction. The final extract was re-dissolved in 100 μL of acetonitrile: 

water (25:75, v:v) and filtered through a 0.22 μm filter for LC-MS/MS analysis.  

SLs were identified using UHPLC-Orbitrap ID-X Tribrid Mass Spectrometer (Thermo 

ScientificTM AltisTM) with a heated-electrospray ionization source. Chromatographic 

separation was achieved on the Hypersil GOLD C18 Selectivity HPLC Columns (150 × 4.6 

mm; 3 μm; Thermo ScientificTM) with mobile phases consisting of water (A) and 

acetonitrile (B), both containing 0.1% formic acid, and the following linear gradient (flow 

rate, 0.5 mL/min): 0–15 min, 25%–100 % B, followed by washing with 100 % B and 

equilibration with 25 % B for 3 min. The injection volume was 10 μL, and the column 

temperature was maintained at 30 °C for each run. The MS conditions were as follows: 

positive mode, ion source of H-ESI, spray voltage of 3500 V, sheath gas flow rate of 60 

arbitrary units, auxiliary gas flow rate of 15 arbitrary units, sweep gas flow rate of 2 

arbitrary units, ion transfer tube temperature of 350 °C, vaporizer temperature of 400 °C , 

S-lens RF level of 60, resolution of 120000 for MS; stepped HCD collision energies of 10, 

20, 30, 40, and 50%, and resolution of 30000 for MS/MS. The mass accuracy (accurate 

mass ± 5 ppm mass tolerance) and the MS spectra of the identified compounds were 

acquired using Xcalibur software (Thermo Fischer) version 4.1. 

SLs were quantified by LC-MS/MS using a HPLC-triple quadrupole/linear ion trap 

instrument (QTRAP5500; AB Sciex) and UHPLC-Triple-Stage Quadrupole Mass 

Spectrometer (Thermo ScientificTM AltisTM). Chromatographic separation was achieved on 

a ZORBAX Eclipse plus C18 column (150 × 2.1 mm; 3.5 μm; Agilent) with mobile phases 
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consisting of water:acetonitrile (95:5, v:v; A) and acetonitrile (B), both containing 0.1% 

formic acid, and the following linear gradient (flow rate, 0.5 mL/min): 0–15 min, 25%–

100 % B, followed by washing with 100% B and equilibration with 25% B for 3 min. The 

injection volume was 10 μL, and the column temperature was maintained at 35 °C for 

each run. The MS parameters for the QTRAP5500 were as follows: positive ion mode, 

turbo spray ion source, ion spray voltage of 5500 V, curtain gas of 40 psi, collision gas of 

medium energy level, gas 1 of 60 psi, gas 2 of 50 psi, turbo gas temperature of 400 °C, 

declustering potential of 60 V, entrance potential of 10 V, collision energy of 16 eV, and 

collision cell exit potential of 10 V. The MS parameters for the QTRAP5500 were as 

follows: positive ion mode, ion source of turbo spray, ion spray voltage of 5500 V, curtain 

gas of 40 psi, collision gas of medium energy level, gas 1 of 60 psi, gas 2 of 50 psi, turbo 

gas temperature of 400 °C, declustering potential of 60 V, entrance potential of 10 V, 

collision energy of 16 eV, and collision cell exit potential of 10 V. The MS parameters for 

the Thermo ScientificTM AltisTM were as follows: positive ion mode, ion source of H-ESI, 

ion spray voltage of 5000 V, sheath gas of 40 arbitrary units, aux gas of 15 arbitrary units, 

sweep gas of 20 arbitrary units, ion transfer tube gas temperature of 350 °C, vaporizer 

temperature of 350 °C, collision energy of 17 eV, CID gas of 2 mTorr, and full width at half 

maximum (FWHM) 0.2 Da of Q1/Q3 mass. The characteristic Multiple Reaction 

Monitoring (MRM) transitions (precursor ion → product ion) were 331.15→216.0, 

331.15→234.1, 331.15→97.02 for 4-deoxyorobanchol; 347.14→329.14, 347.14→233.12, 

347.14→ 205.12, 347.14→97.02 for orobanchol; 361.16→ 247.12, 361.16→177.05, 

361.16→208.07, 361.16→97.02 for 4-oxo-MeCLA isomer; 333.17→219.2, 333.17→173.2, 
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333.17→201.2, 333.17→97.02 for putative 4-oxo-hydroxyl-CL (CL+30); 317.17→ 220.14, 

317.17→205.12, 317.17→164.08, 317.17→97.02 for putative oxo-CL; 337.19→222.15, 

337.19→240.16, 337.19→97.02 for D6-5-deoxystrigol. 

13C-labled CL feeding experiment 

13C-CL was prepared by following the protocol described by Bruno et al. 2016 (Bruno and 

Al-Babili 2016). Around 20 ng 13C-CL was fed to two-week old Os900 rice seedlings for 6 h, 

and then 500 mL root exudates were collected for LC-MS/MS analysis. 

Gene expression analysis 

For expression analysis of SL biosynthesis genes, total RNA was extracted from rice roots 

using Direct-zol RNA Miniprep Plus kit (Zymo research, #R2071), according to the 

manufacturer’s instructions, then cDNA was synthetized from 2 µg of total RNA using 

iScript cDNA Synthesis Kit (BIO-RAD Laboratories) according to the instructions in the user 

manual. qRT-PCR was performed using SYBR Green Master Mix (Applied Biosystems). 

Each PCR reaction was carried out in a total volume of 10 μL containing 4 μL of diluted 

cDNA (the cDNA was diluted 1:10 in H2O), 5 μL of 2X diluted SYBR Green Reaction Mix, 

and 0.5 μL of each primer (2 μM working stock). All reactions were performed on 384-

well plates in a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) as follows: 95 °C 

for 90 sec, 40 cycles of 95 °C for 15 sec, 60 °C for 30 sec. All reactions were performed on 

at least three biological replicates and using three technical replicates, including a water 

control to exclude potential unspecific amplifications. The 2-ΔΔCT method was used to 
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calculate the relative gene expression levels  (Livak and Schmittgen, 2001) and the rice 

Ubiquitin (OsUBQ) gene was used as the internal control to normalize target gene 

expression (Table 4.1).  

Table 4.1. Details of the qPCR primers  

Target Primer name Primer sequences (5’>3’) 

Ubiquitin (UbiQ) 
OsUBQ-q-F GCCCAAGAAGAAGATCAAGAAC 

OsUBQ-q-R AGATAACAACGGAAGCATAAAAGTC 

OsMAX1-900 
OsMax1-900 qPCR F2 ATTGTCAGCGATCCACTTC 

OsMax1-900 qPCR R2 GCGCCGTTCTTGAAATTG 

OsMAX1-1400 
OsMAX1-1400 qPCR F3 GAAGTTGCTCAGGGAGATTG 

OsMAX1-1400 qPCR R3 CCTTGCTATCAATGGCGATAA 

OsMAX1-1900 
OsMax1-1900 qPCR F6 GTTCCCCATAGGCCACCTTC 

OsMax1-1900 qPCR R6 GCATTGGCCACAATCACCAG 

OsMAX1-5100 
OsMax1-5100 qPCR F1 GTGATAAAGGAGGCGATGAG 

OsMax1-5100 qPCR R1 CTTTGGGAGTGTGTAGCC 

 

For OsPT11 gene expression analysis (AMF marker), total RNA was extracted from rice 

roots using the Plant RNeasy Kit (Qiagen), according to the manufacturer’s instructions. 

Samples were treated with TURBO™ DNase (Ambion) according to the manufacturer's 

instructions. The RNA samples were routinely checked for DNA contamination by PCR 

analysis, using primers for OsRubQ1 (Guimil et al. 2005). To synthesize single-stranded 

cDNA, about 1000 ng of total RNA was denatured at 65 °C for 5 min and then reverse-

transcribed at 25 °C for 10 min, 42 °C for 50 min, and 70 °C for 15 min. The reaction 

assessing DNA contamination was carried out in a final volume of 20 μL containing 10 μM 
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random primers, 0.5 mM dNTPs, 4 μL of 5X buffer, 2 μL of 0.1 M DTT and 1 μL Super-Script 

II (Invitrogen). Quantitative RT-PCR (qRT-PCR) was performed using a Rotor-Gene Q 5plex 

HRM Platform (Qiagen) in a total volume of 15 μL containing 2 μL diluted cDNA (about 10 

ng), 7.5 μL of 2X SYBR Green Reaction Mix, and 2.75 μL of each primer (3 μM). The 

following PCR program was used: 95°C for 90 sec, 40 cycles of 95 °C for 15 sec, 60 °C for 

30 sec. A melting curve (80 steps with a heating rate of 0.5 °C per 10 sec and a continuous 

fluorescence measurement) was recorded at the end of each run to exclude the 

generation of non-specific PCR products. All reactions were performed on at least three 

biological and three technical replicates. Baseline range and take off values were 

automatically calculated using Rotor-Gene Q 5plex software. The transcript levels of 

OsPT11 (Guimil et al. 2005) were normalized to the housekeeping gene OsRubQ1 (Guimil 

et al. 2005). Only take off values leading to a mean Ct with a standard deviation below of 

0.5 were considered.  

Investigation of the effects of TIS108 on rice WT plants and R. irregularis root 

colonization 

To study the effects of TIS108 on rice WT plants, 10 µM TIS108 dissolved in acetone was 

applied to two-month-old hydroponically grown WT seedlings in low Pi condition. After 

18 hours, root exudates were collected for LC-MS analysis. The control group were 

treated with the same amount of acetone used to dissolve TIS108.  

To assess the impact of TIS108 on the rhizosphere, 10 µM TIS108 dissolved in acetone 

were applied once a week to WT plant grown in low Pi condition in presence of R. 
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irregularis. The treated plants were compared to the mock condition, WT plants without 

TIS108, and a negative control, Os900-34, both in presence of R. irregularis. Several time 

points were considered: 0 dpi, 10 dpi, 20 dpi, 35 dpi.  

Plant phenotyping in soil 

For shoot phenotyping, Os900-32 and -34 seeds, as well as WT and d17, were transferred 

into pots filled with soil and watered with half-strength modified Hoagland nutrient 

solution. The plants were grown in greenhouse located in Thuwal (Saudi Arabia), under 

controlled temperature (day/night temperature of 28/22 °C) during the time period of 

February-June 2020. Once the plants reached maturity, several parameters were 

considered:  plant height, total number of tillers, number of productive tillers, number of 

panicles, total number of seeds per plants, and percentage of empty seed coats 

(corresponding to the number of non-viable seed coats to the total of seed coats).  

For root phenotyping, 3 days-old seedlings were grown in soil in the rhizotron system 

(48 cm × 24 cm × 5 cm). They were supplied every other day with 50 mL of half-strength 

modified Hoagland nutrient solution containing 0.4 mM K2HPO4.2H2O (+Pi) for 2 weeks. 

Root depth, root angle, number of crown roots and root surface area were analyzed with 

the ImageJ software (Schneider, Rasband, and Eliceiri 2012). 

Phenotyping in hydroponic system 

Phenotyping of hydroponically grown seedlings was performed on three-week old plants, 

regardless of the growing conditions (+Pi, with 0.4 mM K2HPO4.2H2O; -Pi, without 



128 
 
K2HPO4.2H2O; feeding experiment; and low Pi+Pi, with 0.004 mM) and the following 

parameters were considered: shoot and root length, number of tillers, number of crown 

roots, and the shoot and root biomass (fresh weight).  

Exogenous applications of zaxinone and 4-DO  

For investigating the effect of zaxinone (customized synthesis from Buchem B.V.; 

Apeldoorn, The Netherlands) on different genotypes, 1 week-old seedlings were grown 

hydroponically in half-strength Hoagland nutrient solution containing 0.4 mM 

K2HPO4.2H2O (+Pi), 2.5 µM zaxinone (dissolved in 0.1% acetone), 1 µM rac-GR24 

(purchased from StrigoLab; Turin, Italy), or the corresponding volume of the solvent 

(mock; acetone) for 2 weeks. The solution was changed twice per week, adding the 

chemical at each renewal. 

For investigating the effect of 4-DO (purchased from OlChemIm; Czech Republic) on d17 

mutant, 1-week-old seedlings were grown hydroponically in half-strength Hoagland 

nutrient solution containing 0.4 mM K2HPO4.2H2O (+Pi) with different concentration of 4-

DO for 2 weeks. 1000 nM 4-DO (dissolved in 0.1% acetone) was prepared as stock 

solution, and using serial dilution to make 100 nM, 10 nM, and 1 nM 4-DO solution 

respectively. 1000 nM rac-GR24 was used as positive control and the same amount of 

acetone was adjusted in each group. The solution was changed twice per week, adding 

the chemical at each renewal. 
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d17 and d10 feeding experiments using root exudates  

WT, Os900-34 and -34 seedlings were hydroponically grown in low Pi condition, two 

plants per 50 mL black tube. Once these plants reached two-week old, d17 and d10 seeds 

were sterilized and germinated into Petri dish with +Pi solution. d17 and d10 seedlings 

were then transferred to 50 mL tubes (one plant per tube for phenotyping and two plants 

per tube for root exudate analysis experiment) containing the root exudates of WT, 

Os900-32 or -34, which Pi content and pH was readjusted by the addition of K2HPO4.2H2O 

and HCl, respectively. Every day, fresh low Pi solution was provided to the WT, Os900-34 

and -34 seedlings. 6 h later, the exudates from the same genotype were poured together, 

adjusted (Pi content and pH) and fed to d17 and d10 plants, until the latter reached three-

week old.  

Plant material and growth conditions for R. irregularis root colonization 

Seeds of WT plants and Osmax1 independent lines (Os900-32 and -34) were germinated 

in pots containing sand and incubated for 10 days in a growth chamber under a 14 h light 

(23°C)/10 h dark (21°C). Plants used for mycorrhization were inoculated with ~ 1000 

sterile spore of R. irregularis DAOM 197198 (Agronutrition, Labège, France). A set of WT 

mycorrhizal plants were treated with TIS108 (10 μM), once per week, by applying 

molecules once a week directly in the nutrient solution. Non-mycorrhizal and mycorrhizal 

plants were grown in sterile quartz sand and used for colonization and were watered with 

a modified Long-Ashton (LA) solution containing 3.2 μM Na2HPO4·12 H2O  (Hewitt, 1966).  

Mycorrhizal level was monitored during a time-course experiment from 10 to 35 days-
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post-inoculation (dpi). In the last time point (35 dpi) wild-type and Os900 mycorrhizal 

roots were stained with 0.1 % cotton blue in lactic acid and the estimation of mycorrhizal 

parameters was performed by Trouvelot method  (Trouvelot, Kough, and Gianinazzi-

Pearson 1986). Four parameters were considered: F%, percentage of segments showing 

internal colonization (frequency of mycorrhization); M%, average percentage of 

colonization of root segments (intensity of mycorrhization); a%, percentage of arbuscules 

within infected areas; A%. 

For the phenotype evaluation of non –mycorrhizal and mycorrhizal plants, we considered 

the following parameters: crown root (CR) number, root and shoot length, leaves number 

and root and shoot fresh weight. Data are means ± SE (n≤10). 

To analyze the fungal intraradical morphology root apparats were stained in Cotton Blue 

(0,1% W/V) in lactic acid, cut in pieces 1cm long and observed under an optical 

microscope. 

Striga hermonthica and Phelipanche ramosa germination bioassays  

Striga hermonthica and Phelipanche ramosa were first sterilized and pre-conditioned as 

described before  (Matusova et al. 2005). The pre-conditioned seeds were spread on a 9 

mm-diameter Whatman filter paper disc. Each disc contains from 40 up to 100 seeds. 

Then, 5 discs were moved to a plastic petri dish, where each disc was used as a technical 

replicate. Eluted in acetone (the same procedure was followed for root exudates’ extracts 

to be used for bioassay experiments, omitting the labelled SL addition as the internal 
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standard), the root exudates were added to water (300 μL of sample in 300 μL of H2O) to 

allow acetone evaporation under vacuum-centrifugation while minimizing samples 

degradation and was applied on each disc containing pre-germinated seeds. 

Corresponding volumes of rac-GR24 (purchased from StrigoLab; Turin, Italy) and sterile 

MilliQ water were included as positive and negative control, respectively; knowing that 

seeds would germinate only in presence of SL-like compounds. The petri dishes were 

sealed with parafilm, enfolded with aluminum foil, and incubated for 24 h at 30°C for 

Striga and 3 days at 28°C for Phelipanche. The germinated and non-germinated Striga 

seeds containing disks were photographed using a Leica LED3000 R binocular microscope, 

adjusted to 50% medium light, mounted with a CCD camera (Leica Microsystems). The 

germination percentage of the acquired images was assessed by the seed counter 

software SeedQuant (Braguy et al. 2021). 

Statistical analysis 

Data are represented as mean and their variations as standard deviation. The statistical 

significance was determined by one-way analysis of variance (one-way ANOVA) and 

Tukey’s multiple comparison test, using a probability level of p<0.05. All statistical 

elaborations were performed using GraphPad Prism 8 for Mac OS, version 8.3.0.	
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4.4 Results 

Generation of Os900-32 and -34 KO lines 

Among the technologies that facilitate precise genetic editing, we chose to use 

CRISPR/Cas9	for targeted mutagenesis due to its high mutation rate and ease of design  

(K. Xie, Minkenberg, and Yang 2015). Once induced, Nipponbare	wild-type callus were co-

cultivated with a modified Agrobacterium tumefaciens strain containing the Cas9	gene 

and sgRNAs cassette. Transformants were then selected and regenerated on hygromycin 

selection media, and the resulting seedlings were transferred to soil for full T0	plant 

maturation (Figure 4.3A). During their development, the T0	plants were genotyped by PCR 

to identify two genomic events: i) the Cas9-sgRNAs insertion in the rice genome verified 

by a transgenicity test, and ii) the introduction of genomic modifications revealed by a 

mutagenicity test (Figures 4.2 and 4.3B) by amplifying the 455-bp-long genomic region 

encompassing the sgRNA target site, which was then cloned and sequenced. Nine months 

after induction of the callus, T1 seeds produced mutant plants with putative genetic 

diversity: wild-type, heterozygotes, homozygotes, bi-allelic, as well as mosaic mutations.  
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Figure 4.3. Illustrated work-flow of the generation of mutant plants from seeds 

through callus induction to genotyping of the resulting plants. 

(A) The scutella first need to be induced from seed (1) before being cut and grown (2). 

Meanwhile, the vector of interest, here containing Cas9 and the sgRNAs cassette, needs 

to be cloned and transformed into A. tumefaciens (3), before being co-cultivated with 

the callus (4). A selection phase, using hygromycin, is then followed by a regeneration 

phase during which the shoot development is triggered (5). Once shoots have emerged, 

they are separated and transferred to a rooting media (6), until the root system is fully 

developed (7). (B) The transformed and regenerated plantlet is then transferred to soil 

and grown in a greenhouse until reaching full maturity (T0 generation). The genetic 

background is identified using a piece of leaf. The extracted DNA, from the leaf (1), is 

amplified by PCR to perform: (2) a transgenicity test to verify the presence of the 

inserted foreign sequence and (3) a mutagenicity test, where the genomic region 

encompassing the sgRNA target site is amplified and sequenced.		
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From the recovered T0 transgenic plants, two independent mutated lines Os900-32 and -

34 (sgRNAs 3 and 4, targeting the first two exons of OsMAX1-900) were propagated until 

the T3 generation. The propagation allowed alleles segregation and facilitated the 

removal of the Cas9-sgRNAs T-DNA insertion, as observed in Os900-32 (Figure 4.2). The 

genotyping data showed that both of the lines had mutations at both gRNAs target sites 

(Figure 4.4), and these were translated into early stop codons, reducing the OsMAX1-900	

protein size from 539 amino acids (aa)—for the wild-type protein - down to 96 aa in 

Os900-32 and to 156 aa in Os900-34. From these mutations, we could confidently expect 

the resulting OsMAX1-900 protein to be non-functional as the heme-iron ligand signature 

of this P450 protein, located at 467-485 aa region and necessary for P450 activity, was 

not translated.  
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Figure 4. 4. Production of the Os900-knockout lines by CRISPR-Cas9 system 

The structure of the Os900 gene is represented as well as the sequences of the two 

CRISPR-Cas9 target sites (1 and 2, red arrows) and the sequencing primers (black 

arrows). Details of the CRISPR-mediated mutations of the two KO lines, Os900-32 and -

34, are reported in the lower panel with the sequencing chromatograms.  

 

Oxo-CL, a new non-canonical substrate of OsMAX1-900, highly accumulates in Os900-

knockout lines. 

To identify differences in the SL patterns between Os900 and wild-type (WT) plants, we 

quantified the levels of SLs in root tissues and exudates of hydroponically grown plants 
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under low Pi conditions, using Liquid Chromatography Tandem-Mass Spectrometry (LC–

MS/MS) analysis (Figure 4.5, 4.6A). We confirmed the absence of 4-DO in the Os900 

knockout (KO)-lines – the known product of OsMAX1-900 –, as well as the accumulation 

of CL+30 (putative 4-oxo-hydroxyl-carlactone) and the reduction of MeO-5DS isomer (also 

known as 4-oxo-MeCLA), compared to WT (data not published). We were unable to detect 

orobanchol from Os900 KO-lines root exudates and root tissues. This confirmed the linear 

biosynthetic pathway of orobanchol observed in vitro, starting from the conversion of CL 

to CLA to 4-DO to yield orobanchol, by the successive action of OsMAX1-900 and OsMAX1-

1400 (Yanxia Zhang et al. 2014a; Kaori Yoneyama et al. 2018b).   

 

Figure 4. 5. Chromatograms of the different SLs in root exudates.   

Multiple reaction monitoring (MRM) was used to quantify SL level in WT and Os900-34 

in root exudates of plants grown under low Pi conditions. 
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Figure 4. 6. SLs contents and expression level of SL biosynthetic genes in WT and 

Os900-KO lines and detection of oxo-CL, a CL-derivative product.  

(A) SLs (orobanchol, MeO-5DS, oxo-CL, CL+30, and 4-DO) were quantified (in pg/mg of 

root dry weight) in root exudates and root tissues for plants grown hydroponically, 

under low Pi conditions. The values are the mean ± SD for a number of 5 biological 

replicates. The statistical significance is determined by one-way ANOVA and Tukey’s 

multiple comparison test. (B) EIC chromatography for the identification of endogenous 

oxo-CL (Retention time: 13.97). Product ion spectra derived from the precursor ion (m/z 

317.17477 [M+H]+ in positive mode) with characterized D-ring at m/z 317.17477 > 

97.02834. [13C]-oxo-CL was characterized with ions pairs at m/z 318.17841 > 98.03163. 

The proposed structures of fragments are inserted. (C) Comparison of the root exudate 

contents with and without TIS108 (10 μM) by quantification of the different SLs: 4-DO, 
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orobanchol, CL+30, orobanchol isomer and oxo-CL. The data are represented as the 

mean ± SD for a number of 5 replicates. Asterisk indicates significant difference without 

(Mock) and with 10 μM TIS108 treatment (TIS108) (**P<0.01, ***P<0.001, 

****P≤0.0001, Student’s t test). 

Abbreviations: MeO-5DS: methyl-O-5-deoxystrigol isomer, *also known as 4-oxo-

methyl-carlactanoic acid (4-oxo-MeCLA); oxo-CL: oxo-carlactone; 4-DO: 4-

deoxyorobancol. 

 

Moreover, we identified a novel putative SL molecule (CL + 14 Da, abbr. CL+14) that 

produces an ion peak characteristic of SLs at m/z 97.02 and a parent ion at m/z 317.17 in 

the root tissues and exudates of the Os900 KO-lines (Figure 4.7). The molecular formula 

of CL+14 was C19H24O4 (m/z 317.17477 as positive ion [M + H]+, calcd. for m/z 317.17474). 

The novel molecule, CL+14, could be expected to include an oxo group at C4 or C19 

position; therefore, we proposed the structure elucidation with MS/MS fragmentation 

(Figure 4.8) and called it oxo-CL. As Os900 catalyzed the carboxylation of CL at C19 

position, it could be speculated this metabolite is 19-oxo-CL, previously hypothesized as 

an unstable intermediate in SL biosynthesis pathway, but this needs further confirmation 

(Abe et al. 2014b). Interestingly, oxo-CL was highly accumulated in Os900 roots exudates 

(39-65 pg/mg in Os900 KO-lines vs 0.39 pg/mg in WT) and root tissues (2.2-5.5 pg/mg in 

Os900 KO-lines vs 0.012 pg/mg in WT) (Figure 4.6A). The significant accumulation of oxo-

CL in Os900 KO-lines suggested that oxo-CL is another CL-derivative and putative 

substrate of OsMAX1-900. 
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Figure 4. 7. The identification of the putative oxo-CL. LC-MS analysis of oxo-CL 

(Retention time: 13.97).  

Product ion spectra derived from the precursor ion (m/z 317.17465 [M+H]+ in positive 

mode) and the precursor ion (m/z 315.19678 [M-H]- in negative mode) of CL + 14 Da in 

Os900 exudate.  
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Figure 4.8. Structure elucidation of CL+14 candidates.  

Putative oxo-CL was proposed based on the interpretation of MS/MS spectra and the 

proposed structures of fragments were inserted 

 

To further investigate the origin of oxo-CL in the SL biosynthesis, we fed Os900-34 rice 

seedlings with [13C]-labeled CL. We identified both [13C]-CL+30 and [13C]-oxo-CL in root 

exudates, indicating that CL+30 and oxo-CL are downstream products of CL (Figure 4.6B, 
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4.9). In addition, none of SL biosynthetic genes in Os900 mutants shown significance in 

their expression level compared to the WT, in both +Pi and -Pi conditions (Figure 4.10); 

revealing the putative presence of other enzyme(s) forming CL-derivative(s), in addition 

to MAX1. To validate this hypothesis, we then treated WT plants with 10 μM TIS108, a 

CYP450 inhibitor (Shinsaku Ito et al. 2011), and analyzed the root exudates (Figure 4.6C, 

4.11). Upon treatment, we observed a significant decrease of 4-DO, orobanchol, and 

MeO-5DS isomer content, and a 400-fold increase of CL+30 and oxo-CL levels (Figure 

4.6C). These observations are in accordance with the SLs quantification of Os900 KO-line 

root exudates and support oxo-CL being a substrate for OsMAX1-900.  

 

Figure 4. 9. [13C]-CL feeding experiment confirming the conversion of CL into CL+30 

(4-oxo-hydroxyl-CL) in Os900-34 plants by using UHPLC-MS/MS.  

Identification of endogenous CL+30 (4-oxo-hydroxyl-CL) (Retention time: 10.89). 

Product ion spectra derived from the precursor ion (m/z 333.16968 [M+H]+ in positive 
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mode) with characterized D-ring at m/z 333.16968 > 97.02834. [13C]-CL+30 was 

characterized with ions pairs at m/z 334.17337 > 98.03156. The proposed structures of 

fragments are inserted 

 

Figure 4. 10. Gene expression analysis of the SL biosynthetic genes under (A) normal 

condition and (B) phosphate deficiency. 

Abbreviations: MAX1, More Axillary Growth 1; D27, Dwarf27  
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Figure 4. 11. TIS108, a MAX1-specific inhibitor of the SL biosynthesis. 

Abbreviations: D, Dwarf; CCD, Carotenoid Cleavage Dioxygenase; MAX, More Axillary 

Growth; Os900, OsMAX1-900; Os1400, OsMAX1-1400; Os1900, OsMAX1-1900; Os5100, 

OsMAX1-5100; CYP, Cytochrome P450; MeO-5DS, Methoxy-5-Deoxy-Strigol. 
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Os900 mutants do not show the characteristic high-tillering and dwarf phenotype 

associated with SL-deficient rice plants 

Three phenotyping studies of the Os900 KO-lines were performed to investigate the 

function(s) of changed SL compositions on plant growth and development. First, WT, 

Os900s, and d17 plants were grown in soil under normal conditions until maturation. The 

data from pots experiments confirmed that the mutant’s shoot phenotype did not differ 

from the WT plants, in opposition to the striking SL-deficient phenotype exhibited by d17 

mutant (Figure 4.12A). While, d17 mutants had 136 tillers and was close to half the size 

of WT plants, the three-month old Os900 plants were of similar height as the WT; 

however, produced slightly less tillers than WT (an average of 30 tillers for WT vs 21.4 and 

23.6 tillers for Os900-32 and -34, respectively) (Figure 4.12B). The reduced number of 

tillers and panicles impacted the seed production of the Os900 lines (Figure 4.12B), while 

the fertility of the mutant lines remained comparable to the WT ones (only around 20% 

of the rice husks were empty compared to >80% for d17) (Figure 4.13A). Next, we used 

rhizotrons to phenotype the root architecture under normal growth conditions (Figure 

4.13B). While variations in root depth and root angle were insignificant between the 

genotypes, the Os900 lines showed a higher number of crown roots; thus, a higher root 

area compared to WT plants (Figure 4.13C). Finally, when hydroponically grown under 

different conditions (+Pi, -Pi, and low Pi), no significant differences were noted for root 

length, nor the number of crown roots; except in -Pi condition, where only Os900-32 

showed a lower crown root number compared to WT (Figure 4.14). When compared to 
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WT seedlings, Os900 mutants exhibited shorter shoots and a decrease in shoot and root 

biomass under +Pi and -Pi hydroponic conditions (Figure 4.14C).  

 

Figure 4. 12. Phenotypes of Os900-KO lines compared to WT and d17 mutant. 

(A) Three-month old rice plants. Scale bar = 10 cm. (B) Phenotypic traits under normal 

growth conditions, such as plant height, number of tillers, and number of seeds per 

plant. The data are represented as mean ± SD for a number of biological replicates (5 ≤ 

n ≤ 7 for WT, Os900-32 and -34, n = 3 for d17). (C) WT and Os900-KO seedling 

phenotypes grown under normal conditions (+Pi) (left). Scale bar = 5 cm. The number 

of tillers is represented as mean ± SD for a number of biological replicates (4 ≤ n ≤ 8) 
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(right). Statistical significance was determined by one-way ANOVA and Tukey’s multiple 

comparison test. 

 

 

Figure 4. 13. Details of panicles and root architecture of WT and Os900-KO grown in 

rhizotron.  

(A) Phenotypic traits collected for WT, Os900-32, -34 and d17 grown in normal 

conditions (+Pi): the number of panicles (left), the number of productive tillers (middle), 

and seed viability, represented by the percentage of empty seed coats (right). The data 

are represented as the mean ± SD for a number of samples n (5 ≤ n ≤ 7 for WT, Os900-

32 and -34, n = 3 for d17). Statistical significance was determined by one-way ANOVA 

and Tukey’s multiple comparison test. (B) Root phenotype of WT, Os900-32 and Os900-

34 grown in rhizotron under normal conditions (+Pi). Scale bar = 5 cm. (C) Quantified 

root phenotypic traits under normal conditions (+Pi): root depth, root angle, number of 

crown roots (CR), and root area (the surface occupied by the roots). The data were 
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collected using ImageJ (Schneider, Rasband, and Eliceiri 2012) and are represented as 

mean ± SD on n = 4. Statistical significance was determined by one-way ANOVA and 

Tukey’s multiple comparison test.  

 

 

Figure 4. 14.Phenotypes of WT, Os900-KO lines and d17 grown in hydroponic.  

(A) In normal conditions (+Pi), WT and the Os900-KO lines were grown with d17. Scale 

bar = 5cm. Shoot and root length, as well as number of tillers and crown roots (CR) were 

reported. The data are represented as mean ± SD for a number of samples n (n = 5 for 

WT, n = 8 for Os900-32, n = 4 for Os900-34, and n = 7 for d17). The statistical significance 

is determined by one-way ANOVA and Tukey’s multiple comparison test. (B) Phenotype 

of WT, Os900-32 and -34 under (left) -Pi and (right) low Pi conditions. (C) In phosphate 



148 
 
starvation and (D) low Pi conditions, number of tillers, shoot and root length as well as 

their respective biomass (fresh weight, FW) were the phenotypic traits collected for WT, 

Os900-32 and Os900-34. The data are represented as mean ± SD for a number of 

samples n (3 ≤ n ≤ 5) and the statistical significance is determined by one-way ANOVA 

and Tukey’s multiple comparison test.  

 

So far, Os900 lines are the first mutants targeting the SL-biosynthetic genes that do not 

exhibit a strong SL-deficient phenotype (high-branching and dwarf shoot), implying that 

the SL signaling pathway seems still activated. We decided to investigate the presence of 

SLs composition at the shoot base of WT and Os900 plants grown under low Pi conditions. 

The shoot base is the tissue corresponding to the root-shoot junction, where the tillers 

are formed. Surprisingly, while no SLs were detected in WT shoot base, CL+30 and oxo-CL 

were identified in the shoot base of Os900 KO-lines (Figure 4.15, 4.16), which could 

indicate a transport of these non-canonical SL-derivative molecule(s) from root to shoot. 

Thus, these two new non-canonical SLs could be keeping the SL signaling pathway 

“activated”.  
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Figure 4. 15.Detection of oxo-CL in Os900-34 root exudate and in the WT, Os900-32 

and -34 shoot bases (low Pi condition).   

From top to bottom: Chromatograms for oxo-CL detection in Os900-34 root exudate, 

and WT,  Os900-32 and -34 shoot base of plants grown in low Pi condition. Oxo-CL was 

detected in Os900-34 root exudate, as well as in Os900-32 and -34 shoot ; however,  

oxo-CL detected in the shoot bases of WT plants. The shoot base extraction samples 

were obtained from a pool of 12 shoot bases of each genotype grown in low Pi 

condition. The red arrows indicate the elution peaks of oxo-CL with a retention time of 

14.46 min.  
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Figure 4. 16. Detection of CL+30 (4-hydroxyl-oxo-CL) in Os900-34 root exudate and 

WT, Os900-32 and -34 shoot bases (low Pi condition).  

From top to bottom: Chromatograms for the detection of 4-hydroxyl-oxo-CL (CL+30) 

detected in Os900-34 root exudate, and WT, Os900-32, and -34 shoot bases of plants 

grown under low Pi condition. CL+30 was detected in Os900-34 root exudate, and 

Os900-32, and -34 shoot bases; however, no CL+30 was detected in the shoot base of 

WT plants. The shoot base extraction samples were obtained from a pool of 12 shoot 

bases of each genotype grown under low Pi conditions. The blue arrows indicate the 

elution peaks of 4-hydroxyl-oxo-CL, which has a retention time of 10.94 min.  

 

To further investigate this observation, we treated d17 and Os900 mutants with 2.5 μM 

zaxinone, a growth promoting apocarotenoid that requires functional SL biosynthesis and 
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signaling (Wang et al. 2019), and 1 μM rac-GR24, a synthetic SL analog (Hassanali 1985) 

(Figure 4.17). As expected, application of GR24 fully rescued d17 phenotype, increasing 

shoot and root length while decreasing the number of tillers. Co-application of GR24 and 

zaxinone led to the same observation; however, application of zaxinone alone failed to 

rescue d17 phenotype (Figure 4.17). The latter revealed the growth promoting effect of 

zaxinone depended on the presence of SLs and was independent from SL perception and 

signaling mechanisms. Interestingly, when 2.5 μM zaxinone was applied to Os900 KO-

lines, the root and shoot length of Os900 KO-line was significantly enhanced by zaxinone 

(Figure 4.18). This suggested that the SL signaling pathway was still activated in the 

mutants, probably through the accumulation of non-canonical SLs, CL+30 and oxo-CL. The 

activation of the SL signaling pathway, despite the absence of 4-DO and orobanchol, led 

us to reconsider the role of these two canonical SLs in the rice tiller regulation mechanism.    
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Figure 4. 17. Phenotypic characterization of d17 mutant fed with zaxinone (Zax) and 

rac-GR24.  

Roots of d17 mutant seedlings were hydroponically grown in the absence (Mock), 

presence of zaxinone (2.5 µM), rac-GR24 (1 µM), or presence of zaxinone (2.5 µM) 

combined with rac-GR24 (1 µM). Data represent the mean ± SD for 6 biological 

replicates. Statistical analysis was performed using one-way analysis of variance 

(ANOVA) and Tukey’s post hoc test. Different letters denote significant differences 

(P < 0.05).  
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Figure 4. 18. Phenotypic characterization of Os900-34 mutant treated with zaxinone 

(Zax).  

Roots of hydroponically grown wild-type and Os900-34 mutant seedlings in the absence 

(Mock) and presence of zaxinone (2.5 µM). Data represent the mean ± SD of 7 biological 

replicates. Statistical analysis was performed using one-way analysis of variance 

(ANOVA) and Tukey’s post hoc test. (*P<0.05, **P < 0.01, ***P < 0.001, ****P ≤ 0.0001, 

n.s. not significant) 

	

The canonical SL 4-DO, a rhizospheric signal, do not involve in rice tillering regulation 

Several studies have shown that SL-deficient rice plants demonstrated higher tillering and 

shorter shoots than WT (Butt et al. 2018).However, the absence of 4-DO and orobanchol 

did not lead to high tillering phenotype in Os900 KO-lines. To test the function of 4-DO in 

regards to tillering in rice, we fed different concentrations of 4-DO (0 nM, 1 nM, 10 nM, 

100 nM and 1000 nM) to hydroponically grown d17 mutant and compared with a 1000 

nM rac-GR24 treatment, used as a positive control (Figure 4.19A). A reduction in the 

number of tillers and second tiller length were observed at 100 nM and 1000 nM; 

however, without full rescue of the d17 phenotype (Figure 4.19B). Indeed, 3 plants over 
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8 still showed the second tiller, while all rac-GR24 treated d17 plants exhibited only one 

tiller. Shoot and root lengths also increased with higher 4-DO concentration compared to 

mock.  

 

Figure 4. 19. Exogenous application of 4-DO partially rescue d17 phenotype 

(A) Phenotypes of d17 plants grown in hydroponic culture, after 2 weeks of exogenous 

application of GR24 (1000 nM) and 4-DO (0, 1, 10, 100 and 1000 nM). Scale bar = 5cm. 

(B) Quantitative phenotypic traits of 4-DO and GR24 feeding experiment on d17 

seedlings, depending on 4-DO concentrations: number of tillers, second tiller length, 

shoot length, root length and their respective biomass were recorded and compared to 

the GR24-rescued phenotype. The values are represented as the mean ± SD number of 

biological replicates (5 ≤ n ≤ 9). The statistical significance is determined by one-way 

ANOVA and Tukey’s multiple comparison test.  



155 
 

 
Figure 4. 20. d17 feeding experiment with WT and Os900-KO root exudates revealed 

the presence of oxo-CL and orobanchol isomer in fed d17 root exudates. 

(A) Phenotype of the d17 plants after hydroponic feeding experiment using mock 

(Mock/d17), WT (WT/d17) and Os900-KO lines (Os900-32/d17 and Os900-34/d17) root 

exudates. Scale bars = 5cm. (B) SLs quantification of d17 root exudates: MeO-5DS, 

CL+30, orobanchol isomer and oxo-CL. The values are represented as the mean ± SD for 

a number of 5 biological replicates. The statistical significance is determined by one-

way ANOVA and Tukey’s multiple comparison test. (C) Gene expression level of the four 

functional MAX1 genes from root tissues of 3-week old d17 seedlings after being fed 

with WT (WT/d17) or Os900-32, -34 (Os900-32/d17 and Os900-34/d17) root exudates, 
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compared to mock (Mock/d17). The values are represented as the mean ± SD number 

of biological replicates n (3 ≤ n ≤ 4). The statistical significance is determined by one-

way ANOVA and Tukey’s multiple comparison test.      

 

We then investigated the role of CL+30 and oxo-CL on tiller regulation. To do so, high 

branching d17 plants were hydroponically grown and fed daily with WT and Os900 root 

exudates grown in low Pi condition; however, the exudate solutions were Pi-readjusted 

prior feeding by adding K2HPO3 (Pi). After 3 week of root exudates treatment, the only 

noticeable phenotypical difference was the plant height: fed plants were significantly 

higher than the mock condition with a longer second tiller, while no change in the number 

of tillers was observed (Figure 4.20A, 4.21). The root exudates and root tissues of fed d17 

plants were analyzed (Figure 4.20B, 4.22) and compared with that of WT and Os900 used 

for feeding (Figure 4.23A). Intriguingly, we observed the uptakes and releases of different 

SLs (Figure 4.23B). When fed with WT exudates, some of the released SLs were fully 

absorbed by d17 (92% oxo-CL, 97% 4-DO and 99% MeO-5DS isomer) (Figure 4.23B). 

Others SLs, orobanchol and CL+30, were partially uptaken (36% and 26%, respectively). 

When fed with Os900 exudates, 100% MeO-5DS and 87.5% oxo-CL were almost fully 

absorbed by d17 root, as a mean of both mutant lines (Figure 4.23B).  
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 Figure 4. 21. Phenotyping of d17 feeding experiment with WT and Os900-KO.  

 Phenotype of the d17 plants after hydroponic feeding experiment using mock 

(LowP+Pi/d17), WT (WT/d17) and Os900-KO lines (Os900-/d17) root exudates. Number 

of tillers, length of the second tiller, shoot and root length and fresh weight (FW) were 

recorded. The data are represented as the mean ± SD for a number of plants n (10 ≤ n 

≤ 13). 



158 
 

 

Figure 4. 22. SL quantification of d17 feeding experiment with WT and Os900-KO.  

(A) Chromatograms of the different SLs in WT and d17 seedlings fed with Os900-34 root 

exudates.  Multiple reaction monitoring (MRM) was used to quantify SL level in WT and 

of d17 root exudates, the later fed with readjusted (Pi and pH) Os900-34 root exudates 

under low Pi grown conditions. Red arrow indicates the elution peaks of orobanchol 

with a retention time of 11.49 min or orobanchol isomer with a retention time of 11.21 

min. (B) 4-DO and orobancol quantification in d17 root exudate after feeding with mock 

(Mock/d17), readjusted (Pi and pH) WT (WT/d17) and Os900-KO lines (Os900-32/d17 

and Os900-34/d17) exudates. The data are represented as the mean ± SD for a number 

of 5 samples. The statistical significance is determined by one-way ANOVA and Tukey’s 

multiple comparison test. (C) Identification and quantification of SLs in d17 root tissues 

after feeding with mock (Mock/d17), readjusted (Pi and pH) WT (WT/d17) and Os900-
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KO lines (Os900-32/d17 and Os900-34/d17) exudates. Only oxo-carlactone (oxo-CL) and 

CL+30 were detected (no 4-DO, orobancol nor MeO-5DS were detected). The data are 

represented as the mean ± SD number of samples n (3 ≤ n ≤ 5). The statistical 

significance is determined by one-way ANOVA and Tukey’s multiple comparison test. 

 

 

Figure 4. 23. Feeding experiments of d17 seedlings using WT, Os900-32 and -34 root 

exudates.  

(A) SLs quantification in the root exudates of WT, Os900-32 and -34 grown 

hydroponically under low Pi and used as feeding solution for the d17. The data are 

represented as the mean ± SD for 3 samples. The statistical significance is determined 

by one-way ANOVA and Tukey’s multiple comparison test. (B) Rate of SLs conversion: 

uptake (-) and production (+) by d17 after being fed with readjusted (Pi and pH) 

exudates from WT, Os900-32 and -34. Percentages indicate how much of the SLs 

present in the exudates were uptaken (-) by d17 (and not released, like 4-DO, 

orobanchol, MeO-5DS isomer and oxo-CL) and produced/released (+) by the d17 such 

as CL+30 and orobanchol isomer for d17 plants fed with Os900 exudates.  
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We also observed the production of CL+30, as its amount almost doubled in the mutants 

root exudates, and detected a new SL compound with the same accurate mass (m/z 

347.14891 as positive ion [M + H]+) as orobanchol (Figure 4.24); however, eluting earlier 

than the orobanchol peak, here named orobanchol isomer. By multiple reaction 

monitoring (MRM), orobanchol isomer contained the same ion-pairs as orobanchol 

(Figure 4.25). Interestingly, orobanchol isomer was only detected in root exudates of d17 

fed with Os900-32 and -34 root exudates (Figure 4.26) and its presence was also 

confirmed in the WT once fed with Os900 root exudates (Figure 4.26). Gene expression 

of Os900/d17 root tissues did not show any change in the SL biosynthetic genes (Figure 

4.20C), meaning that the production of CL+30 and orobanchol isomer is the result of 

unknown enzyme(s) and that the SLs in the exudate did not provoke a negative feedback 

regulation loop.   
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Figure 4. 24. Identification of orobanchol and orobanchol isomer by orbitrap LC-MS. 

Accurate mass m/z 347.14891 ([M+H]+ in positive mode). 
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Figure 4. 25. Multiple reaction monitoring (MRM) chromatograms of orobanchol and 

orobanchol isomer.  

The left side indicated the retention time and the right side showed the ion-pairs.  
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Figure 4. 26. Multiple reaction monitoring (MRM) chromatograms of orobanchol and 

orobanchol isomer.  

The left side indicated the retention time and the right side showed the ion-pairs.  

 

In regards to the production of orobanchol isomer, it seems that an isomerization step is 

necessary. To exclude the possibility that this isomer would come from a CL isomer 

produced by CCD8, we also fed d10 (ccd8 mutant) rice seedlings with Os900-32 and -34 

root exudates. Orobanchol isomer was again only detected in the d10 seedlings fed with 

Os900 mutant root exudates (Figure 4.27). These data showed that 4-DO and, by 

synthesis extension, orobanchol are not involved in rice branching regulation, and rather 

are rhizospheric signals.  
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Figure 4. 27. Feeding experiments of d10 seedlings using readjusted (Pi and pH) WT, 

Os900-32 and -34 root exudates.  

d10 feeding experiment using root exudates of WT, Os900-32 and -34. Different SLs - 4-

DO, orobanchol, CL+30, orobanchol isomer and oxo-CL – were quantified in root 

exudates of d10 grown hydroponically under control conditions (Mock/d10) and using 

WT (WT/d10), Os900-32 (Os900-32/d10) and Os900-34 (Os900-34/d10) root exudates. 

The data are represented as the mean ± SD for a number of 6 replicates. The statistical 

significance is determined by one-way ANOVA and Tukey’s multiple comparison test.  

 

Different SLs necessary for different functions in the rhizosphere 

As an attempt to better understand the role of SLs as rhizospheric signals, we tested the 

effect of the Os900 KO-lines on arbuscular mycorrhizal fungi (AMF) colonization and 

Striga seed germination as both events were shown to be SL-inducible (Cook et al. 1966; 

Akiyama, Matsuzaki, and Hayashi 2005).  
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Figure 4. 28. Evaluation of rhizospheric interactions with Os900-KO roots compared 

to WT roots by evaluating AM symbiosis colonization and Striga seeds germination. 

(A) Details of arbuscule morphology in WT, Os900-32 and -34 roots, stained with cotton 

blue. Abbreviations: Arb: Arbuscule- containing cells; erm: extraradical mycelium. (B) 

Gene expression level of the AM symbiosis marker in rice, OsPT11, after 10, 20 and 35 

days post innoculation (dpi). (i) represents the innoculation time. The values are 

represented as the mean ± SD for a number of 4 biological replicates. The statistical 

significance is determined by one-way ANOVA and Tukey’s multiple comparison test. 

(C) Striga germination bioassay: germination ratio for control conditions (left; with H2O 

and GR24) and for root exudates (right; WT, Os900-32 and -34) grown under low Pi 

condition. The values are represented as the mean ± SD number of 3 biological 

replicates. The statistical significance is determined by one-way ANOVA and Tukey’s 
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multiple comparison test. (D) Phelipanche ramosa germination rate in presence of 

water (H2O), WT, Os900-34 exudates. The data are represented as the mean ± SD for a 

number of 3 replicates. The statistical significance is determined by one-way ANOVA 

and Tukey’s multiple comparison test. 

The parasitic weed seed germination rate in (C) and (D) were calculated using 

SeedQuant (Braguy et al. 2021). 

	

We used the AM fungus Rhizophagus irregularis to observe the impact of SLs changes on 

Os900 root colonization compared to WT. Plants were grown in sand under low Pi 

condition and were observed 35 days post inoculation (dpi): no phenotypic differences 

between the WT and Os900 lines were observable in regards to mycorrhizal colonization, 

frequency and arbuscule abundance (Figure 4.28A, 4.29A). Next, a time course 

experiment, containing 3 time points (10 dpi, 20 dpi and 35 dpi), was then performed to 

study the impact of R. irregularis on WT and Os900 development. No phenotypic 

difference between the WT and Os900 lines was noted in presence of R. irregularis. 

However, when the plants were grown without the AMF, the WT plants showed a 

decrease for the number of CR and the root biomass, while Os900 lines remained 

unaffected (Figure 4.29B). A delay in colonization was observed at 10 dpi of the Os900 

root , through the quantification of the AM marker gene OsPT11 expression level (Guimil 

et al. 2005). That difference became inexistent by the time towards to experiment ended 

(at 35 dpi) (Figure 4.28B). In parallel, we performed another experiment by treating WT 

plant with 10 µM TIS108 to confirm the effect of changed SL composition in the root 

exudates on AM symbiosis. We also observed a delay in the mycorrhization at the early 
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stages of the experiment (10 dpi and 20 dpi) due to the TIS108 treatment, confirming our 

previous observations with Os900 lines. However, by the end of the experiment, the 

treated plants showed no sign of mycorrhization, probably reflecting a negative effect of 

TIS108 on R. irregularis (Figure 4.30).  Through these experiments, we also observed that 

the absence of 4-DO and orobanchol in Os900 mutants seemed to have little 

consequences on the development of rice plant grown in sand. 

 

Figure 4. 29. Evaluation AM symbiosis colonization in Os900 KO-lines roots 

compared to WT roots. 

(A) Mycorrhizal colonization WT and Os900-KO lines by the AM fungi Rhizophagus 

irregularis at 35 dpi. Degree of colonization expressed as mycorrhizal frequency (F %), 
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intensity (M %) and arbuscule abundance (A %); with the percentage of arbuscules 

within infected (a%) in the root system of WT and Os900-KO lines. Data are represented 

as the mean ± SD for 4 plants. (B) Plant phenotype comparison of plants with (plain bars) 

and without (white bars) mycorrhizal colonization by the AM fungi Rhizophagus 

irregularis at 35 dpi for WT and Os900-KO lines. The collected traits were number of 

crown roots (CR), CR and shoot length, number of leaves, root and shoot dry weight 

(DW). The data are represented as the mean ± SD of 9 plants grown with AM fungi and 

7 plants grown without. The statistical significance is determined by one-way ANOVA 

and Tukey’s multiple comparison test.  

 

Figure 4. 30. Evaluation of the effect of TIS108 on R. irregularis root colonization of 

WT plants, vs Os900-34, through the relative expression of OsPT11. 

Time point experiment (10, 20 and 35 days post inoculation (dpi)) comparing WT treated 

plants with 10 µM TIS108 with mock condition and Os900-34. The data are represented 

as the mean ± SD of number of samples n (4 ≤ n ≤ 6). The statistical significance is 

determined by one-way ANOVA and Tukey’s multiple comparison test.  

	

Finally, we test if the Os900 KO-lines root exudates were potent to stimulate Striga and 

P. ramosa seed germination. We found a significant reduction, 50% for Striga seeds and 

˜80% for P. ramosa seeds germination, when comparing Os900 with WT root exudates 
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(Figure 4.28C-D, Figure 4.31). This decrease in root parasitic seeds germination cannot be 

directly correlated with the total of quantifiable SLs of the plants, as the mutant lines 

exhibited a higher number of SLs than WT (40-60 pg/mL in Os900 KO-lines vs 5 pg/mL in 

WT) (Figure 4.6A). However, this reduction in germination could be associated with the 

absence of the canonical SLs, especially 4-DO that was shown to be a stronger Striga 

germination signal than orobanchol (Ueno et al. 2011).  

 

Figure 4. 31. Images of discs containing Phelipanche ramosa seeds under the 

different treatments  

(A) water (H2O), (B) WT (left) and Os900-34 (right) root exudates. Scale bar=1mm 

 

4.5 Discussion	
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The generation of the first CRISPR-mediated Os900 rice mutant allowed to understand 

the role of OsMAX1-900 in planta. The root exudates and root tissues of Os900 mutants 

were free of 4-DO and orobanchol, or at least below the detection level of LCMS. This 

confirmed OsMAX1-900 as the 4-DO synthase in rice, as well as the linear biosynthetic 

pathway from CL, to CLA (not shown here, Kaori Yoneyama et al. 2018), to 4-DO, to 

orobanchol. Interestingly, we detected the accumulation of two new putative non-

canonical SLs, CL+30 and oxo-CL, in Os900 KO-lines and in WT plants treated with CYP450 

inhibitor TIS108. We showed that both, CL+30 and oxo-CL, are products from the 

conversion of CL by unknown enzyme(s), intervening between OsCCD8 and MAX1s. The 

fact that they were the only two SL-derivative compounds to be detected in the shoot 

base tissue of Os900 might shed some light on the origin of the mobile SL signal previously 

observed (Booker et al. 2005). The presence of CL+30 and oxo-CL could also explain the 

unexpected absence of high branching phenotype of Os900 mutants, consistently 

observed throughout the many different growth conditions tested here. We hypothesized 

that non-canonical SLs could contribute to the smaller number of tillers in the Os900 KO-

lines compared to WT, as it was observed in the pot experiment. This absence of 

phenotype also correlated with the gene expression data that showed similar expression 

patterns regardless of the growth conditions for the four MAX1s and D27; thus, 

confirming the absence of potential feedback regulation(s).  

Interestingly, exogenous application of 4-DO to d17 plants only partially rescued their 

high tillering phenotype at high concentrations (100 and 1000 nM, Figure 4.20B), which 
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were far superior than endogenous SL levels (usually detected in pg or pmole). We could 

explain the absence of phenotype rescue, when low concentrations were applied, by 4-

DO being directly metabolized into orobanchol. By opposition, at higher concentrations, 

the system was probably saturated; thus, creating an artificial feedback loop on SL 

signaling.  

The WT/d17 feeding experiment showed that 97% 4-DO (Figure 4.23) was fully taken up 

by the plants when fed hydroponically. Moreover, Os900/d17 showed that 87.5% oxo-CL 

was taken up, and CL+30 and orobanchol isomer were produced, indicating that even at 

low concentration, some released SLs can be converted into downstream metabolites. 

Hence, further investigations by applying those compounds to ccd7/max1-900 or 

ccd8/max1-900 double mutants will help understand the role of CL-derivatives on 

branches. 

The absence of 4-DO and orobanchol, the low tillering phenotype, and the results of the 

feeding experiments revealed the underlying complexity of SL biosynthesis pathway, and 

helped reformulate the roles of 4-DO and orobanchol in rice. Indeed, we were able to 

confirm previous hypothesis that the SL signaling pathway orchestrating plant 

architecture is independent of 4-DO and orobanchol (Koichi Yoneyama et al. 2018). 

Indeed, the conversion of 4-DO to orobanchol and their release into the rhizosphere 

seemed to be the preferred pathway for rice plants, instead of utilizing them for shoot 

architecture regulation. 
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At the rhizosphere level, the absence of 4-DO and orobanchol created a delay at the early 

stage of rice root colonization by R. irregularis (Figure 4.28 B, 10 dpi). However, that delay 

was quickly recovered, and can be explained with the hypothesis that the plant releases 

a cocktail of SLs into the rhizosphere that also play a role in the establishment of R. 

irregularis symbiosis, among them CL+30 and oxo-CL. Indeed, non-canonical SLs have 

been reported the comparable activity in inducing hyphal branches in AMF (Mori et al. 

2016). Moreover, the significant decrease in Striga and P. ramosa seed germination when 

Os900 root exudates were applied in comparison to that of WT indicated that 4-DO and 

orobanchol are important cues for host localization for these root parasitic weeds.  

Therefore, 4-DO and orobanchol seem to be important rhizospheric signals, while CL+30, 

oxo-CL and/or other non-canonical CL-derivative molecules seem to be involved in plant 

architecture. We think that there is still an active alternative pathway coming from CL 

that produces the “true” SL hormone responsible of the plant architecture regulation, and 

keeps the SL perception signaling pathway activated, as suggested the growth responses 

of Os900 mutant to zaxinone.  

In summary, these results led to think that more in-depth work, using in planta 

experiments, is needed to grasp the complexity of the SL-mediated high branching 

mechanism. Additionally, this work modifies our current understanding of SL biology, as 

rice canonical SLs, 4-DO, and orobanchol were important cues for host proximity 

detection by root parasitic weeds and for early stages of the establishment of symbiosis 

between rice roots and R. irregularis. Furthermore, we can use these observations to 
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design the next generation of rice, as 4-DO and orobanchol play little role in plant 

architecture but their absence significantly impacts on Striga germination. By combining 

the growth-promoting effects of zaxinone with Os900 mutants, we could generate Striga-

resistant plants without affecting the yield; thus, offering an alternative to overcome the 

global food insecurity caused by the root parasitic plants.  
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Chapter 5: Synthetic strategies for plant signaling studies: molecular 
toolbox and orthogonal platforms 
 

The contents of this chapter are published as a review article in Plant Physiology: 

Braguy J, Zurbriggen M.D. (2016) Synthetic strategies for plant signaling studies: 

molecular toolbox and orthogonal platforms. Plant Journal, vol. 87: 118-138 

 https://doi.org/10.1093/plphys/kiab173 

Summary 

Plants deploy a wide array of signalling networks integrating environmental cues with 

growth, defence and developmental responses. The high level of complexity, redundancy 

and connection between several pathways hampers a comprehensive understanding of 

involved functional and regulatory mechanisms. The implementation of synthetic biology 

approaches is revolutionizing experimental biology in prokaryotes, yeasts and animal 

systems and can likewise contribute to a new era in plant biology. This review gives an 

overview on synthetic biology approaches for the development and implementation of 

synthetic molecular tools and techniques to interrogate, understand and control 

signalling events in plants, ranging from strategies for the targeted manipulation of plant 

genomes up to the spatiotemporally resolved control of gene expression using 

optogenetic approaches. We also describe strategies based on the partial reconstruction 

of signalling pathways in orthogonal platforms, like yeast, animal and in vitro systems. 

This allows a targeted analysis of individual signalling hubs devoid of inter-connectivity 
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with endogenous interacting components. Implementation of the interdisciplinary 

synthetic biology tools and strategies is not exempt of challenges and hardships but 

simultaneously most rewarding in terms of the advances in basic and applied research. 

As witnessed in other areas, these original theoretical-experimental avenues will lead to 

a breakthrough in the ability to study and comprehend plant signalling networks. 

Introduction 

All living organisms possess a wide array of signalling pathways and regulatory networks 

to integrate environmental and genetic cues into growth, defence and developmental 

responses. Because of their sessile nature, escaping from adverse external stressors is not 

a possibility for plants. Therefore, they have developed responses to cope with the 

environment in which they grow, namely those to nutrient and water status, pathogens 

and predators and temperature variations. In addition, they use light as an energy source, 

which is both essential and hazardous, ever varying in quality and quantity ranging from 

daily cycles (night and day) up to seasonal extremes (Pierik and Testerink 2014). Plants 

have evolved highly efficient and sophisticated systems to sense and provide an adequate 

response to external stimuli; these are responsible for their adaptation and survival as 

well as for taking advantage of favourable external conditions for growth and 

development (Sparks, Wachsman, and Benfey 2013). The wide range of sensors, signal 

integrators, signal transducers and downstream effectors involved compose an intricate 

regulatory network of signalling pathways. There is a high degree of interaction and most 

of the systems are multigenic, which precludes simple and straightforward identification 
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along with functional analysis of each of the molecular actors involved (Harrison 2012; 

Jacobo-Velázquez, González-Agüero, and Cisneros-Zevallos 2015). In the last decades, 

classical genetics and transgenic approaches have contributed a relatively deep 

understanding of the systems. However, these strategies prove to have limitations when 

starting to deal with the combinatorial complexity of the systems and the multifactorial 

dynamic interactions between environment/signalling processing/deployed cellular 

responses. 

Synthetic biology, a recently developed interdisciplinary approach at the interface 

between engineering and life sciences, can provide alternative theoretical-experimental 

strategies to tackle these constraints. This field applies basic engineering principles to the 

rational design of synthetic biological modules and systems for the construction of genetic 

switches and circuits, allowing the rewiring and manipulation of metabolic and signalling 

networks. It has already taken root in prokaryotic and eukaryotic systems, advancing from 

an electronic engineering inspired plug-and-play toy phase to the development of useful 

applications in basic research, biomedicine, drug discovery and synthesis of 

biopharmaceuticals, metabolic engineering, and biofuel production (Gardner, Cantor, and 

Collins 2000; Elowitz and Leibler 2000; Khalil and Collins 2010; W. Weber and Fussenegger 

2012; Lienert et al. 2014; Brophy and Voigt 2014). In particular, the application of 

synthetic biology principles to the integrative research on biological signalling systems is 

a very young, dynamic and innovative field that has started to provide useful avenues to 
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the study of plant regulatory networks (Osbourn et al. 2012; Cabello, Lodeyro, and 

Zurbriggen 2014; Moustafa 2014; Carmichael et al. 2015). 

In this review we focus on synthetic biology approaches for the development and 

implementation of synthetic molecular tools and techniques to interrogate, understand 

and control signalling events in plants. We start by introducing ground-breaking genetic 

tools for the precise and efficient editing and epigenetic control of plant genomes. These 

overcome limitations of current molecular tools used in reverse genetics approaches and 

provide a range of original useful applications. Transcription activator-like effector (TALE)- 

and clustered regularly-interspaced short palindromic repeats/CRISPR associated protein 

9 (CRISPR/Cas9)-based technologies, which are revolutionizing mammalian genome 

manipulation perspectives (biomedicine), have already entered the plant field and 

opened up promising prospects for basic and applied research (Forner et al. 2015; Raitskin 

and Patron 2016). We then discuss methods for the control of gene expression, both at 

the transcriptional and post-transcriptional levels. Besides being possible to constitutively 

overexpress or downregulate a gene, strategies for quantitative and spatiotemporally 

resolved expression are widely applied in eukaryotes, including mammalian cells, but lag 

behind for plants (Muller et al. 2013). We review a series of genetically encoded, 

chemically and light inducible synthetic switches that have already started to be applied 

in plants. In addition, fine tuning of post-transcriptional control is now feasible by 

introducing switches based on small and long non-coding RNAs. We continue by 

describing the strategy of using heterologous, orthogonal platforms for a better 
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understanding of protein function. The aim is to dissect the roles played by individual 

elements within complex signalling networks by reducing the protein environment 

complexity, minimizing redundancy and avoiding possible interactions with other 

pathways. We analyse strategies involving other higher and lower plants, yeasts, Xenopus 

oocytes, in vitro systems and mammalian cells. Throughout the text we illustrate the 

applicability of the different tools and methods by providing examples related to the 

study of regulatory processes involving two major players bridging environmental cues to 

growth and developmental responses, namely the phytohormone auxin and light 

signalling pathways mediated by photoreceptors. Finally, we conclude by describing the 

perspectives arising from innovative tools and approaches already implemented in other 

eukaryotic systems that could similarly be applied within the plant field. A more precise 

and complete understanding of plant signalling networks can be achieved by combining 

different synthetic tools and heterologous platforms (Figure 5.1). Together with the 

implementation of recent synthetic biology resources, this might lead to the development 

of applications ranging from semi to fully synthetic networks with original functionalities 

up to the design and engineering of stress tolerant plants, and crop varieties with 

increased yield and tailored for nutraceutical production. The interdisciplinarity of the 

field requires a change of paradigm in the way plant biologists face the theoretical-

experimental approaches. This might be a challenging endeavour, however, as already 

witnessed in other fields, the opportunities opened up for basic and applied research 

make it worth embarking into this new era.  
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Figure 5. 1. Strategies for synthetic plant signaling study.  

Representation of a typical signaling network, from signal perception and processing up 

to the gene expression response. The synthetic tools and orthogonal platforms mostly 

used for plant signaling studies, and the different intervention points within the 

regulatory network are indicated: (1) environmental or endocrine signal perception 

leading to (2) integration and downstream signaling, which drives (3) a gene expression 

response. In order to study the signal perception and its relay, molecular switches can 

be implemented for instance to regulate the activity of components by (1A) chemical 
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interaction and (1B) directed degradation (sensors). (2) Signal relay mechanisms are 

mostly studied in heterologous systems. The gene expression can be manipulated at the 

level of (3A) transcriptional regulation that can be controlled by the use of (3B) novel 

chemically or light-regulated (optogenetics) synthetic switches, (3C) gene editing and 

chromatin modification (epigenetics). (3D) A post-transcriptional control is also possible 

with non-coding RNAs. The icons depict the orthogonal platforms used to study 

signaling pathway and which are presented in this review: lower and higher plants, 

yeasts, Xenopus, in vitro systems, and mammalian cells.  

Abbreviations: TF: Transcription factors; mRNA: messenger RNA; sRNA: small RNAs; 

lncRNA: long non coding RNA. 

	

Synthetic molecular toolbox 

Synthetic biology approaches have started to yield tools and techniques for a precise and 

on command control of the structure and flow of genetic information in plants. In the 

following section we present an overview of recent genetic engineering tools, with 

applications ranging from gene editing and epigenetic regulation up to the 

spatiotemporally and quantitatively resolved control of gene expression, and selected 

examples of their applications to unravel plant signalling pathways.  

Tools for genome engineering 

Experimental methods for DNA editing are essential for the investigation of gene function 

in forward and reverse genetic approaches (Moresco, Li, and Beutler 2013). The most 

widely used approaches for introducing modifications to the genome for genetic studies 

- including transposon or T-DNA insertions, chemically induced or recombinase-mediated 
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mutagenesis for gene deactivation - provide limited control over the specificity (Krysan, 

Young, and Sussman 1999; Chittela and Sainis 2010). A revolution regarding genome 

engineering was triggered with the introduction of zinc-finger nucleases (ZFNs) which 

provided better accuracy and control of targeted mutagenesis (Carroll 2011). Thereafter, 

more precise, efficient and multi-targeting tools have been sequentially introduced: DNA-

directed TALE nucleases (TALENs) and RNA-directed nucleases, for instance CRISPR/CAS9. 

These techniques, extensively applied in yeasts and mammalian cells, are in their early 

stages in plants. We comment here on the applicability of these innovative tools and 

further perspectives for studying molecular processes. 

TALE-based technologies 

TALENs are synthetic tools designed for targeted genome modifications and have already 

been successfully implemented in a wide range of organisms (N. Sun and Zhao 2013; 

Nemudryi et al. 2014). In plants, the versatile gene editing capabilities of the technology, 

e.g. targeted gene deactivation (Figure 5.2A, illustrated for CRISPR), have been applied to 

improve traits of agricultural interest, including the amelioration of food-storage damage 

in potatoes (Clasen et al. 2015), seed stability in rice (Ma et al. 2015), increase of disease 

resistance in rice (Pereira et al. 2014) and sweet orange (T. Li et al. 2012), as well as the 

improvement of food content and quality in soybean (Haun et al. 2014). 

The sequence-specific synthetic TALE nucleases were engineered by Christian and 

colleagues (2010) by fusing i) TAL effectors, customizable sequence-specific DNA-binding 

domains from the plant pathogen Xanthomonas spp. (Boch and Bonas 2010), to ii) a FokI 
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nuclease, which cleaves double-stranded DNA in a non-specific manner upon dimer 

formation (N. Sun and Zhao 2013). The TALE DNA binding domain (DBD) is composed of 

a succession of repeats differing in two amino acids, each conferring binding specificity 

towards a single DNA base (K. Chen and Gao 2013) according to the following code: HD 

−> C, NI −> A, NG −> T, NN −> G, NS −> N (N = any base) (Boch et al. 2009). Recruitment of 

a pair of TALENs to the sequence of interest promotes DNA cleavage. The activity of the 

cellular DNA repair machinery can subsequently introduce frameshift mutations, insert 

double-stranded DNA if supplied, or generate large deletions leading to gene deactivation 

(Figure 5.2A, illustrated for CRISPR) (K. Chen and Gao 2013; Joung and Sander 2013). 

Synthetic TALE domains can be engineered to target any sequence of interest just by the 

combinatorial assembly of modules. TALENs are reliable and efficient molecular tools to 

obtain site-specific modifications, being an improvement and an alternative to the 

previously introduced ZFNs (Bibikova et al. 2003; Porteus and Baltimore 2003). 
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Figure 5. 2. Novel synthetic molecular tools for genome engineering and 

transcriptional control for use in plants. 	

The TALE- and CRISPR-based technologies allow the targeted regulation of genetic 

information structure and flow, at different levels: (A) genome engineering/DNA editing 

through gene insertion, mutation and fragment deletion (illustrated for CRISPR 

technology but also available using TALENs), (B) chromatin remodeling/epigenetic 

modifications achievable by fusing enzymes (synthetic domain) to precise DNA 

sequence targeting tool, leading to methylation (Me), phosphorylation (P), acetylation 

(Ac), ubiquitinilation (Ub) and sumoylation (SUMO) (in plants only developed for TALE), 

(C) targeted gene expression modulation through the use of deactivated nucleases 
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(available for TALE and CRISPR technologies) for (up) repression by competition with TF 

or (down) activation by fusion with a transactivator protein, allowing precise gene 

transcription. (D) Synthetic chemically and light-regulated molecular devices (left and 

right, respectively) are used for the quantitative and spatiotemporally resolved control 

of gene expression. (left) Addition of a chemical promotes TF detachment from 

promoter sequence, resulting in controlled gene deactivation. (right) Light triggers the 

association of light-dependent interactors, one fused to a DNA binding domain (DBD) 

whereas the other is linked to a transactivator driving gene expression. 

Abbreviations: TF: transcription factor; mRNA: messenger RNA. 

 

TALEN technology overcomes limitations of previously used approaches that failed to give 

consistent results or are time demanding (e.g. classical mutagenesis analysis, antisense 

technology). For instance, the bacterial blight defence response in rice is based on the 

activation, upon Xanthomonas oryzae infection, of a set of polymorphic genes conferring 

disease resistance. The identification and functional analysis of these genes is 

cumbersome, making the TALEN-based gene editing a useful experimental strategy by 

directly deactivating - in a precise manner - the putative elements in the defence response 

(T. Li et al. 2012). Further examples include the successful TALEN-directed deactivation of 

two genes coding for the fatty acid desaturase 2 in soybean, leading to a healthier 

soybean oil containing reduced levels of unsaturated fatty acids (Haun et al. 2014). Such 

modification was already attempted via RNA interference (RNAi), however with limited 

success due to the lack of control over specificity (off-target effects) and on the variable 

expression levels obtained, yielding a heterogeneous composition of fatty acids in the 

soybean seeds. In addition, this technology allows achieving stable germ line 
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modifications, as recently performed in Arabidopsis thaliana via Agrobacterium-mediated 

transformation of the engineered nucleases (Forner et al. 2015). Clavata 3 (CLV3), a 

member of a large gene family with a distinguishable mutant phenotype - misshaped 

siliques -, was targeted with high editing specificity resulting in loss-of-function mutations 

with up to 100% efficiency. The acquisition of mono- or di-allelic editing events as well as 

segregation of the TALEN-inducible cassette, leading to the conservation of the genetic 

modification without the presence of the nuclease, has already been demonstrated in 

maize (Char et al. 2015). Nevertheless, the major drawback of TALEN-based approaches 

is the requirement of cloning a stretch of repetitive sequences, which, depending on the 

length of the target sequence, can be challenging: a single repeat targeting one DNA base 

is composed of 34 amino acids. This limitation motivates the implementation of adequate 

and efficient sequential assembly approaches for building the DNA binding domain, such 

as cloning technologies like Golden Gate/Golden Braid cloning (E. Weber et al. 2011; 

Sarrion-Perdigones et al. 2011), in combination with gene synthesis to allow performing 

long assemblies at reduced costs (Cermak et al. 2011). Likewise, the generalized 

implementation of standardized high-throughput procedures like DNA assembly on solid-

phase magnetic beads (Reyon et al. 2012) enables to speed up the process and minimize 

errors (Uhde-Stone et al. 2013). 

It is worth noting that the length of the target sequence also plays a role in the specificity 

of the targeting: the longer the sequence, the more specific the editing will be. The 

degenerate nature of the TALEN code - some of the modules used to target a specific base 
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can also bind other nucleotides, albeit with lower efficiency - jeopardizes the precise 

action of the nuclease, leading to off-target effects. The use of available bioinformatics 

tools for TALEN design, such as Talvez, helps minimizing off-target binding (Garg et al. 

2012; Pérez-Quintero et al. 2013). As dimerization of the Fok1 domains induces double-

strand DNA breaks, a suboptimal design of the spacer length between TALEN targets can 

also be the source of undesired editing events. This can be circumvented by the use of 

monomeric TALEN (Miller et al. 2011). The efficiency of TALEN strongly relies on the 

TALEN DBD design and the choice of promoters used to drive their expression in planta 

(Forner et al. 2015), as well as the DNA delivery method used for different plant species. 

Constitutive expression of TALENs has oftentimes been reported to be harmful/toxic for 

the plants (Forner et al. 2015). The introduction of inducible expression systems (see 

below) can provide better control capabilities for the technology. 

The exchange of the nuclease Fok1 for alternative synthetic domains can be used to 

develop DNA sequence-specific targeting tools for diverse applications (Figure 5.2B-C). 

For instance, the high-specificity of the TALE DNA-binding domain can be combined with 

a viral transactivator (VP16) domain, developing a synthetic transcription factor (TF) (W. 

Liu et al. 2014). Alternatively, fusion to a fluorescent protein can be used to monitor, with 

high spatial and temporal resolution, the organization of targeted repeated genomic 

elements in cultured cells and living organisms (Miyanari, Ziegler-Birling, and Torres-

Padilla 2013). A chimera with the lysine-specific demethylase 1 was employed to induce 

histone de-methylation, leading to epigenetic modifications (Bogdanove 2014). 
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Introduction of other applications for the specific targeting of DNA loci already proved to 

be working in mammalian cells, such as a light-controlled inducible system relying on 

light-directed dimerization of TALENs. They might represent an experimental 

breakthrough for plant genetic engineering (Konermann et al. 2013). 

CRISPR/Cas9-based technologies 

The CRISPR/Cas9 technology, engineered from the bacterial clustered immune systems 

(Wiedenheft, Sternberg, and Doudna 2012), is a convenient tool for gene editing allowing 

gene insertion, mutation or large DNA deletion (Figure 5.2A). It is based on the sequence-

specific recruitment of a Cas9 endonuclease to DNA, mediated by base pairing 

complementarity between an associated short-guide RNA (sgRNA) and the target 

sequence (Cong et al. 2013). The sgRNA sequence comprises 20 target-specific 

nucleotides, followed by the PAM (Protospacer-Adjacent Motif) sequence NGG, and a 

sequence required for Cas9 recruitment. The sgRNA directs the Cas9 nuclease to the 

target DNA, where it generates double strand breaks. The modification of the target 

sequence is then achieved by the non-homologous end joining or homology-directed 

repair machinery of the cell at the site of cleavage (Bortesi and Fischer 2015). Unlike 

TALENs and ZFNs, CRISPR/Cas9 also recognizes methylated DNA (Hsu et al. 2013). This 

RNA-guided gene editing technique is already widely used for unraveling signaling 

pathways in animals and yeasts, as exemplified in the studies of neural circuit diseases in 

human induced pluripotent stem (PSCs) cells (J. Liu et al. 2016), the mantle cell lymphoma 
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cell survival mechanism in the bone marrow (Z. Chen, Teo, and McCarty 2016) or PSCs 

editing (Horii and Hatada 2016). 

Despite the explosive development of applications reported in animal cells and even in 

vivo, CRISPR/Cas9 implementation is still in its early stages in plants. The main efforts 

performed until now are proof of principle studies, in plant cells and in planta, to 

characterize the tool in terms of efficiency and specificity. For instance, the targeting of a 

phytoene desaturase (PDS), whose disruption leads to an albino phenotype by promotion 

of chlorophyll oxidation, was successfully carried out by transient and stable expression 

in the model plants Arabidopsis (Shan et al. 2012) and Nicotiana benthamiana (J.-F. Li et 

al. 2013), as well as crops including rice, tomato and maize (Shan et al. 2013). Recently, 

the general applicability of the system was demonstrated by efficient editing in woody 

plants (D. Fan et al. 2015). Nevertheless, applications of the CRISPR/Cas9 technology to 

the study of signalling pathways have already started to be reported (Duan et al. 2015). 

The transcriptional regulation mechanism of the gene of OsRAV2 (Oryza sativa related to 

abscisic acid insensitive 3 (ABI3)/viviparous 1 (VP1) 2), which in rice is exclusively 

expressed under salt stress, was investigated in an effort to identify the salt responsive 

element within its promoter. In vivo CRISPR-directed mutagenesis helped identifying and 

confirming the function of the G1-T regulatory element, located upstream from the 

OsRAV2 promoter, as responsible for conferring NaCl sensitivity (Duan et al. 2015). This 

work shows the suitability of the CRISPR approach for the identification and fast 
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determination of the function of a regulatory element in planta, which would be much 

more time consuming and labour intensive when employing classical approaches. 

However, low transformation/mutation efficiencies often reported in some plants pose 

experimental constraints that need to be overcome (2.1% and 15% mutation efficiency 

obtained by (J.-F. Li et al. 2013; Shan et al. 2013), respectively). Additionally, Cas9 

tolerates 5' mismatches (X. Huang et al. 2014) and has an overall high cleavage ability that 

leads to cutting even in areas of suboptimal complementarity between the sgRNA(s) and 

their DNA target(s), together resulting in off-target effects. Nevertheless, efforts are being 

made to improve CRISPR efficiency in plants via i) Cas9 codon optimization to increase 

the expression rate of the enzyme, and ii) improvement of CRISPR targeting specificity 

with the development of free web tools for sgRNAs design. These latter include CRISPR-

PLANT, a database allowing sgRNAs predictions to decrease off-target effects (K. Xie, 

Zhang, and Yang 2014), and CRISPR-P, which in addition to the potential off-target 

regions, identifies mismatch sites for 20 annotated plant genomes (Lei et al. 2014). The 

specificity of the cleavage has also recently been enhanced by mutation of the Cas9 

catalytic residues leading to a nickase activity, generating only single strand DNA breaks. 

This implies that for a double stranded rupture of the DNA, two Cas9-nickases - each 

targeting one DNA strand - are required, thus doubling the sequence specificity from 20 

nt up to 40 nt (Fauser, Schiml, and Puchta 2014). In addition to reduce off-target effects, 

the Cas9-nickase is considered to induce a different and more precise repair mechanism 

than for double stranded DNA breaks, as already observed in mammalian cells (Dianov 
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and Hübscher 2013). Recently, a high fidelity CRISPR/Cas9 has been developed by 

introducing mutations to reduce the intrinsic affinity of Cas9 for DNA, which leads to the 

interaction relying mostly on the sgRNA base-pairing specificity (Kleinstiver et al. 2016). 

The selection of the editing events, both for TALE- and CRISPR-based approaches, is a key 

factor to consider. The modification(s) can be monitored at a i) genomic level by southern 

blot or polymerase chain reaction (PCR) followed by Sanger sequencing, or ii) mRNA and 

protein levels by Northern blot/sequencing, Western blot/mass spec, respectively 

(Pauwels et al. 2015). 

One of the strengths of CRISPR is the possibility of simultaneous multigene targeting. The 

target genes can have a different sequence - targeted with a set of sgRNAs - or can be 

identical (polyploidy) - targeted with a single sgRNA. The latter is exemplified by the 

targeting of PDS in the tetraploid cultivated potato, leading to rapid gene function 

determinations by directly engineering a homozygous mutant plant in one generation (S. 

Wang et al. 2015). The precise and multi targeting capability of CRISPR can be exploited 

to generate tools for specific targeting of genomic loci (Bortesi and Fischer 2015). For 

instance, an engineered version of Cas9 with impaired endonuclease catalytic activity, 

dCas9 (Gilbert et al. 2013), can be customized for different functions by fusing different 

elements to it: i) a fluorescent marker allowing the monitoring of a DNA locus of interest 

(not yet achieved in plants), ii) a binding partner for protein recruitment at a specific locus, 

for instance enzymes for histone modification and therefore control of chromatin 

remodelling/epigenetic changes  (not yet achieved in plants) (Figure 5.2B, exemplified for 
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TALENs as it has not been yet applied in plants for CRISPR), and iii) transactivators or 

repressors for transcriptional regulation (Figure 5.2C). Other variants of the system, 

currently being developed and implemented in mammalian systems such as light 

regulation of CRISPR activity (using cryptochromes, Polstein and Gersbach, 2015; or 

phytochromes Nihongaki et al., 2015), will expand the applicability and possibilities for 

precise and inducible plant engineering. 

Inducible synthetic switches for the control of gene expression 

To determine protein function within a complex signalling network, it is desirable to 

achieve a precise control on the protein levels, as well as time scale and spatial resolution 

of expression, which is difficult to achieve when using constitutive promoters or 

endogenous regulatory sequences. In the following, we will introduce recent applications 

of synthetic chemically and light-regulated (switchable) molecular devices for 

transcriptional control (Figure 5.2D). To continue, we explore a downstream layer of 

regulation, namely the control of protein expression exerted by short and long non coding 

RNAs, and the promising potential of engineering them for understanding and controlling 

signalling cascades. The post-transcriptional fate can also be manipulated with synthetic 

switches for controlled protein destabilization by external stimuli, e.g. hormones, 

chemicals, and light. This last regulatory layer will not be presented here as it was recently 

reviewed (Faden et al. 2014). 

Chemically- and light-regulated transcriptional switches 
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The ability to achieve a precise control of gene expression, up- or downregulation, is 

useful for studying the role of a protein within a signalling cascade. A common strategy is 

to vary the levels of a given component by transgenic approaches involving over 

expression (using constitutive or endogenous promoters), or by generating knock-down 

or knock-out mutants. However, the regulating capabilities of these approaches are 

limited (Moore, Samalova, and Kurup 2006). Inducible systems based on chemically-

regulated synthetic switches overcome the limitations of the above-mentioned 

approaches (reduced quantitative and temporal control) (W. Weber and Fussenegger 

2011; Dutt et al. 2014; Liang, Reid, and Jiang 2014). Such systems will ideally include 

inexpensive and non-toxic inducers, orthogonal components to reduce possible 

interactions with endogenous elements, reliable control over the expression levels and 

high dynamic range, with low basal expression levels when inactive (reduced leakiness) 

(Dey et al. 2015; W. Liu and Stewart 2015). 

Several chemically regulated systems have already been implemented in plants based on 

a wide range of inducers including hormones, antibiotics, ethanol, or even metals (Junker 

and Junker 2012; Dutt et al. 2014; W. Liu and Stewart 2015). For instance, a widely applied 

synthetic switch sensitive to dexamethasone (DEX) consists of a fusion protein between 

the hormone-binding domain of the glucocorticoid receptor (GR) from rat to a 

heterologous DNA-binding domain (Aoyama and Chua 1997). In the presence of the 

hormone, the GR undergoes a conformational change and the fusion protein is then 

translocated into the nucleus where it drives gene expression of a gene of interest from 
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a cognate synthetic promoter. This inducible nuclear shuttle system was employed 

(Ohmori et al. 2013) in rice to investigate the mechanism of stem cells maintenance in 

shoot apical meristem during development. They induced the synthesis of a set of 

antisense RNAs targeting for degradation (silencing) mRNAs of proteins potentially 

involved in clavata signalling, design based on sequence homology with genes of known 

function in Arabidopsis (Lee and Torii 2012; Stahl et al. 2013). In this way, they identified 

FPC1 (floral organ number (FON) 2-like CLE protein1), a negative regulator homologous 

to CLV3, and WOX4 (wuschel-like homeobox 4) a wuschel (WUS) homologue which 

promotes stem cell identity.  

Despite the clear advantages and experimental opportunities provided by these systems, 

they are not exempt of limitations. Some of the chemicals used as inducers, DEX for 

instance, have non-negligible toxicity in plants and can lead to developmental defects 

(Ouwerkerk et al. 2001). Circumventing toxicity by short induction schemes or by the use 

of non-pharmacologic active components is not always feasible. In addition, the space 

resolution might be limited due to the diffusion processes involved. Finally, the systems 

are usually not readily reversible as it is difficult to remove the inducers. The intrinsic 

limitations of chemically inducible systems can be overcome by using light as inducer. The 

field of optogenetics, the development and implementation of synthetic molecular 

devices to control cellular processes with light, is revolutionizing experimental biology 

(Deisseroth 2011; Hausser 2014). Several photoreceptors of plants and bacteria, sensitive 

to light of different wavelengths, have been engineered and applied mostly in animal cells 
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to regulate a wide range of cellular processes ranging from membrane receptors up to 

protein kinase activity and protein stability (K. Zhang and Cui 2015). For instance, this 

approach has already been widely used to control gene expression in prokaryotes (Tabor, 

Levskaya, and Voigt 2011; Ohlendorf et al. 2012; Olson et al. 2014; Ryu and Gomelsky 

2014) and mammalian cells (Müller et al. 2015). Moreover, by combining synthetic 

modules sensitive to three wavelenghts, UV-B, blue and red, the simultaneous and 

orthogonal control of the expression of multiple genes can also be achieved (Muller et al. 

2013; Müller, Engesser, et al. 2014). 

However, their application in plant systems lags behind: the fact that plants are 

perceptive and need to be exposed to different light conditions for growth and 

development hampers the straightforward implementation of such tools. Nevertheless, 

the application of an optogenetic system in plants for the red light-inducible control of 

gene expression, as a proof of principle, was demonstrated possible (Müller, Siegel, et al. 

2014). The synthetic switch is a split transcription factor composed of Arabidopsis 

phytochrome B (PhyB) - a red/far-red light sensitive photoreceptor - fused to a 

transactivator domain, and the phytochrome-interacting factor 6 (PIF6) linked to a DBD. 

Upon irradiation with red light, PhyB undergoes a conformational change leading to its 

association with PIF6, thus reconstituting an active transcription factor. This results in the 

activation of expression of a gene of interest under the control of a cognate synthetic DNA 

sequence placed upstream of a minimal promoter (Figure 5.2D). Far-red light terminates 

this interaction, thereby ceding transcription of the target gene (Müller, Siegel, et al. 
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2014; Ochoa-Fernandez et al. 2016). The system has high dynamic ranges in plant cells 

(up to ca. 400-fold induction rates), low basal expression levels, and it is easily switched 

between on and off states. In addition, when complementing with far-red light, the 

system remains in the off state under white light illumination (ambient conditions). This 

optogenetic tool was applied in cells to interrogate auxin perception and signaling by 

tightly modulating the levels of the auxin co-receptor protein transport inhibitor response 

1 (TIR1): i) upregulation through its light induced overexpression, or ii) downregulation 

upon the synthesis of an antisense miRNA targeting its mRNA. The sensitivity of the auxin 

regulatory system was monitored with a genetically encoded quantitative auxin biosensor 

(Wend et al. 2013). This pioneer work opens up perspectives for interrogating and 

deciphering signaling pathways in plants by the design of optogenetic devices as it is the 

case in mammalian cells (Weitzman and Hahn 2014; K. Zhang and Cui 2015). 

Post transcriptional control: small and long non-coding RNAs 

Initially considered as part of the “junk DNA”, non-coding RNAs (ncRNAs) - comprising 

small (sRNAs) and long RNAs (lncRNAs) - are actually key players of transcriptional and 

post-transcriptional regulation processes (Ku et al. 2015) and associated with a wide 

range of developmental, physiological and stress-related signalling networks in plants 

(Guleria et al. 2011; Kumar 2014). The understanding of the functional mechanism of 

ncRNAs in the regulation of stress-related signaling pathways has contributed to the 

development of stress resistant crops by either overexpression or downregulation of 

microRNAs (Khraiwesh, Zhu, and Zhu 2012).  
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MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are 20-24 nt, genetically 

encoded, single-strand RNAs that regulate gene expression by controlling i) the chromatin 

structure via DNA methylation and histone modification (Bond and Baulcombe 2014; 

Holoch and Moazed 2015), ii) RNA stability (Borges and Martienssen 2015), or iii) directly 

precluding translation (Brodersen et al. 2008). Known to act as master regulators of 

signaling networks (Sunkar, Li, and Jagadeeswaran 2012), genetic engineering approaches 

involving the overexpression or downregulation of miRNAs, or the introduction of 

insensitive variants of the targets have been employed for the study of signalling cascades 

(Raghuram, Sheikh, and Sinha 2014) as well as to generate stress tolerant plants (Younis 

et al. 2014). Synthetic small RNAs can be tailor-designed for the study of protein function 

by a reverse genetics approach. For instance, the generation of loss- or gain-of-function 

mutants proved to be useful in pioneering works for the characterization of the direct 

repeat 12 (DR12) element, a homologue of auxin response factor (ARF) transcription 

factors (Jones et al. 2002), and of Sl-IAA3 (indole-3-acetic acid), an auxin-regulated 

tomato protein also involved in the ethylene pathway (Chaabouni et al. 2009). The 

disruption of the mRNAs contributed to the understanding of the interconnectivity 

between auxin and ethylene signalling in growth. Yu and colleagues (2014) have recently 

employed this approach to determine some of the players required for establishment of 

symbiosis between mycorrhizal fungi and rice: targeting by RNA interference confirmed 

the involvement of the DELLA Interacting Protein1 in mycorrhizal colonisation. A 

ratiometric method for quantitatively monitoring the efficiency of miRNA-directed knock-

out at the mRNA and protein level, without relying on the usual targeted mRNAs level or 
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direct phenotype, was developed by Liu et al. (2014) by implementing a dual luciferase 

assay. Despite the generalized use of sRNAs in model organisms and even crops such as 

banana (Vi et al. 2014), these molecular tools often entail pitfalls. Variations in efficiency 

and specificity dependent on the degree of complementarity between the synthetic sRNA 

and the target sequence are observable in plants, leading to non-negligible, undesired 

off-target effects often precluding a correct analysis (Jackson et al. 2003). Therefore, a 

thorough preliminary study of the targets at the genomic and transcriptional levels and in 

silico validation of the designs is required. The design of the synthetic sRNAs can be aided 

by bioinformatic tools such as Plant Small RNA Maker Site (P-SAMS), which upon the input 

of the target transcript of interest, yields several potentially effective, specific 21-

nucleotide sequences of artificial small RNAs (Fahlgren et al. 2015). A complete inventory 

of tools for analysing and designing small RNAs and their targets can be found in the work 

of (Tripathi, Goswami, and Sanan-Mishra 2015). 

It is important to note that in in planta applications, transgenic plants might express the 

sRNAs at different rates in individual cells/developmental stages, leading to a wide range 

of repression and thus resulting in different expression levels of the target protein. To 

circumvent this issue, a further layer of control can be added to the system by rendering 

the expression of the sRNAs under the control of an inducible system as previously 

exemplified (Müller, Siegel, et al. 2014) (see “light regulated-transcriptional switches”). 

This promising approach allowed the precise manipulation and quantitative monitoring 

of the auxin signalling network through the control of the co-receptor expression levels.  
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In contrast to small RNAs, lncRNAs are, due to their larger sizes - ca. 200 nt -, harder to 

differentiate from the coding mRNAs. Although their role in regulatory processes has 

been uncovered in mammals, for instance in cancer development (Cheetham et al. 2013), 

less is known about their involvement in regulatory mechanisms in plants. In principle, 

some of them act in a similar way in planta as in mammals, i.e. controlling, i) transcription 

by favouring or blocking the access of the regulatory sequences to transcriptional factors, 

ii) as mediators for protein complex formation or by chromatin modification, iii) post-

transcriptionally by regulating the splicing machinery, sRNA induced silencing, protein 

interaction or protein complex formation by mimicry (W. Liu and Stewart 2015). An 

additional function assigned to lncRNAs is to act as precursors of sRNAs (Yoshikawa 2013). 

However, the mechanism of function remains largely unclear. 

The transcriptional control activity of lncRNAs in stress conditions has already been 

reported in Arabidopsis for the TFs auxin regulated promoter loop RNA (APOLO) and 

At4/induced by Pi starvation I (IPSI), involved in root development and phosphate 

homeostasis, respectively (Q. Sun et al. 2013; Csorba et al. 2014; Bazin and Bailey-Serres 

2015). Well established plant database and online prediction tools like PLNlncbase and 

GREENC, offer a list of lncRNAs and their functions when known (Xuan et al. 2015; Paytuví 

Gallart et al. 2016). As of today, there is yet no approach based on lncRNAs applied to the 

study of signalling pathways in planta. However, much research is currently being carried 

out by global lncRNA identification for a deeper understanding of lncRNAs function, e.g. 

in strawberry (C. Kang and Liu 2015) or in tomato (C.-Q. Wang et al. 2015). The use of 
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gene editing tools such as CRISPR might also be the key to unravel lncRNAs functional 

black-boxes (Basak and Nithin 2015). We anticipate that in addition to sRNAs, the 

engineering of lncRNAs will soon produce an experimental breakthrough for the study of 

regulatory networks and the engineering of growth and stress responses. 

Synthetic biology strategies and orthogonal platforms for studying 

signaling pathways 

The large genetic redundancy and complexity of the signalling networks in higher plants 

represents an experimental limitation for the comprehension of the function of the 

individual components and the system as a whole (Cannon et al. 2004). Such intricate 

pathways are best studied by simplification: in lower organisms, in isolated signalling 

blocks/modules or in completely heterologous systems, disposing of the environment 

complexity and factors likely to interfere with the study of the isolated actors. We 

describe here the application of synthetic biology strategies and a set of heterologous 

platforms that can be implemented to facilitate the analysis and signalling pathway 

dissection. These systems span a range of evolutionary distance and orthogonality, from 

other higher and lower plants, up to yeast, animal and in vitro systems. We discuss the 

suitability of the different strategies and the advantages and limitations of each of them 

(Figure 5.3). 
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Figure 5. 3. Synthetic biology approach exemplified for the study of auxin signaling. 

Illustration of the intervention points and orthogonal platforms employed for the study 

of auxin signaling. (A) cellular auxin transport dynamics, (B) binding of auxin to the co-

receptor proteins of the F-box TIR1/AFB family and Aux/IAA family. This leads to 

formation of an SCF (Skp, Cullin, F-box) E3 ubiquitin ligase complex and the recruitment 

of Aux/IAAs, resulting in the (C) proteosomal degradation of the Aux/IAAs. (D) The ARF 

TFs control the auxin response and are regulated by Aux/IAAs, therefore the auxin-

mediated degradation of the Aux/IAAs, triggering the auxin response. The icons depict 

the orthogonal platforms presented in this review: lower and higher plants, yeasts, 

Xenopus, in vitro systems, and mammalian cells. 
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in planta  

Choosing to use an alternative plant model for studying a part of a signalling network of 

a given plant presents the advantage of maintaining a generally conserved cellular 

environment while exhibiting some genetic differences, which may consequently aid in 

gene/protein function determination. In particular, the use of lower plants, such as 

mosses and liverworts, is gaining relevance as they are simpler organisms than land 

plants. They are preserving several conserved regulatory mechanisms with considerably 

reduced redundancy of components what facilitates the study. These approaches are not 

limited to the study of protein function but also of gene regulatory regions (Morey et al. 

2012). 

Higher plants 

By using different plant species - usually a well-established model plant - as a 

heterologous system to study plant signalling processes, there is normally no need to 

optimize the coding sequence of the protein of interest. Due to the close evolutionary 

relation between the organisms, proper expression and function of the gene of interest 

is assured, while profiting from the available genetic tools of the model plants. 

Arabidopsis constitutes an optimal heterologous plant system due to its fully sequenced 

and thoroughly characterized genome, the availability of a plethora of genetic tools and 

already gathered molecular and functional knowledge of a broad set of signalling 

pathways and regulatory networks (Basak and Nithin 2015; W. Liu, Yuan, and Stewart Jr 

2013; Ravi et al. 2014; Petersson et al. 2015). 
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Working with a model plant like Arabidopsis is particularly useful when it comes to 

studying signalling components of slow developing plants like trees, or plants not readily 

amenable to genetic modification, therefore speeding up the process (Lloyd et al. 2015). 

For instance, by performing functional complementation assays of the protein of interest 

in a genetic background knock-out for the gene of interest, Hoyerová et al. studied the 

function of like-auxin1 (LAX1) from the cherry tree Prunus avium (Hoyerová et al. 2008). 

The cherry tree encodes, as Arabidopsis, both subfamilies of auxin carriers, LAX and AUX, 

and upon expression of PaLAX1 in aux1 Arabidopsis mutants, the auxin influx carrier 

activity was confirmed.  However, the high redundancy exhibited by Arabidopsis for 

certain gene families poses a limitation to this approach, as obtaining multiple knock-out 

mutants required for complementation assays is labour intensive and not always feasible. 

A further limitation of using Arabidopsis is exemplified in the case of the characterization 

of the soybean GmNAC004 (NAM, ATAF1/2, CUC1 domains) transcription factor in its role 

as a stimulant of lateral root development upon water deficit (Quach et al. 2014): 

constitutive expression of GmNAC004 in Arabidopsis did not lead to lateral root 

development in response to water deficit, as observed in soybean. Indeed, in Arabidopsis, 

water deficiency represses the overall plant development, thus not showing the same 

stress response as in soybean. This highlights the need to be aware of the regulatory 

mechanisms involved in stress responses of the heterologous system of choice, as 

interaction with other pathways or redundancy of elements can prevent a correct 

understanding of a protein function. In addition, overexpression of a plant protein in 

other plants might induce competition for shared cellular resources (Mather et al. 2013; 
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Gyorgy and Del Vecchio 2014) or to gene silencing effects (Shaul 2015), thus posing a 

limitation to this strategy. Finally, the expressed recombinant protein is not safe from 

interacting with unknown/unidentified endogenous proteins, possibly leading to a 

misleading interpretation of the observations. 

Mosses 

The appealing feature of mosses, as organisms of choice to investigate signalling 

pathways of higher plants, is their simple morphological organization and genetic 

structure (Schaefer 2002). The lack of vascular tissues or flowers, however, limits direct 

developmental studies specific to higher plants. But some of the cellular and signalling 

processes are well-conserved, allowing successful dissection in this system and 

evolutionary studies. Certain regulatory networks often show a higher redundancy of 

components in higher plants than in mosses, as it is the case of light signalling: while 

Arabidopsis encodes five phytochromes, Physcomitrella patens has only one (Possart and 

Hiltbrunner 2013). These simplified organisms more easily allow the derivation of useful 

functional, genetic and biochemical information on plant signalling networks for a 

straightforward analysis. 

P. patens, whose genome has been fully sequenced and thoroughly assigned 

(www.mossgenome.org, (Rensing et al. 2008; Zimmer et al. 2013)), has become a well-

established platform for genetic studies with powerful available tools ranging from 

transformation to gene targeting, and might be considered as the plant equivalent of 

yeast cell systems (Schaefer 2001; Strotbek, Krinninger, and Frank 2013). Due to higher 
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homologous recombination frequencies than flowering plants, targeted gene editing by 

disruption or integration of an exogenous gene is very efficient (Kamisugi et al. 2006; 

Strotbek, Krinninger, and Frank 2013). Moreover, its life cycle is dominated by haploidy, 

facilitating the selection of mutants, a non-trivial task in higher plants possessing more 

complex tissue interactions and redundancy in their regulatory pathways, likely to mask 

the effect of loss-of-function mutations (Szövényi et al. 2014). On top of that, its use is 

favoured by the flexible culture conditions compared to other mosses (Cove et al. 2009), 

but also due to the transparency and the large size of the cells (Thornton et al. 2005). 

The advantages provided by mosses is exemplified in the case of the study of two 

transcription factors of Arabidopsis, NAC and a MYB31, which according to bioinformatics 

analysis were presumed to be involved in drought stress responses. The regulatory role 

and cis-acting sequences involved could only successfully be determined upon 

introduction into P. patens, as in planta assays in Arabidopsis using classical genetics 

approaches failed to show drought resistance induction by these TFs, implying that other 

factors might also be involved in this regulatory pathway precluding a straight-forward 

analysis (Nakashima, Yamaguchi-Shinozaki, and Shinozaki 2014; Dubos et al. 2014). Xu et 

al. applied moss protoplast cultures as a high-throughput quantitative platform for the 

identification of cis-regulatory elements targeted by plant TFs regulating 

proanthocyanidin biosynthesis: constructs comprising target promoter sequences 

upstream of a GFP gene, were introduced in moss alone or together with one or several 

TFs (Xu, Lepiniec, and Dubos 2014). The combinatorial analysis allows the identification 
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of the direct targets of the TFs in a more precise and simple way than the in planta over-

expression approaches normally used. This can be extrapolated to the study of more 

complex gene regulatory networks. The relatively close evolutionary relationship 

between moss and some higher plants, in opposition to the use of mammalian cells as an 

orthogonal system for instance (see "mammalian cells"), could lead to false positive 

assessments resulting from interplay between moss factors and the gene of interest 

under study. However, this likeness might also be of strategic advantage by providing 

appropriate expression conditions, stabilization or by the presence of particular proteins 

contributing to complex formation. 

Heterologous systems 

As described above, the transplantation of components to other green systems can 

provide useful insights into protein and networks functionality, however, in several cases 

the use of a more orthogonal platform is needed to minimize interferences between 

elements/pathways. We introduce here the opportunities provided by the introduction 

of proteins and reconstruction of signalling hubs in heterologous platforms including 

yeasts, Xenopus oocytes, in vitro systems, and mammalian cells. In addition to the 

orthogonality, there is a broad suite of synthetic switches available and methods to 

analyse and monitor the processes. We exemplify throughout for the case of two very 

well studied plant signalling networks which have no homolog in these systems, namely 

light and the phytohormone auxin signalling cascades. The superior experimental 

prospects provided by these approaches, to get a deeper insight into mechanistic and 
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functional properties, are discussed in the context of the constraints imposed by more 

classical strategies. 

Yeasts 

Yeasts, e.g. Saccharomyces cerevisiae and Schizosaccharomyces pombe, are mainly used 

as versatile protein production platforms, however, they are also employed as an easy-

to-manipulate single cell heterologous system due to i) their similar molecular, genetic 

and biochemical characteristics to higher eukaryotes, ii) the availability of a broad range 

of genetic and synthetic biology tools and approaches (Jensen and Keasling 2014; Redden, 

Morse, and Alper 2014), and iii) the low cost of culturing. In addition to genetic 

complementation assays for the study of protein function (Mehlmer, Scheikl-Pourkhalil, 

and Teige 2009; Kubeš et al. 2012), yeast culture constitutes an appropriate and 

adaptable platform for performing large combinatorial screenings of protein-protein, 

protein-metabolite and protein-DNA association with high-throughput methods 

(Walhout and Vidal 2001; Pruneda-Paz et al. 2014; J. Feng et al. 2015; Mehla, Caufield, 

and Uetz 2015). The popular yeast-one-hybrid (Y1H), Y2H and Y3H assays continue to 

provide useful insights into plant light and auxin signaling through the monitoring of 

protein interactions, as exemplified with the identification of PhyA binding partners (W. 

Liu, Yuan, and Stewart Jr 2013; Sheerin et al. 2015), the understanding of the molecular 

basis of auxin regulation (Calderón Villalobos et al. 2012) or the interaction characteristics 

of Aux/IAA with the co-receptor TIR1 (Gilkerson et al. 2015). 
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However, recent experimental approaches including the reconstruction of parts of 

signalling pathways as well as the application of synthetic switches and regulatory 

elements, already available for use in yeast cells, is currently helping to obtain a more 

complete description of regulatory networks of other eukaryotes. These strategies have 

recently started to gain interest for plant research. For instance, partial reconstruction of 

the auxin perception and downstream signalling has helped advancing our understanding 

of the hormone-dependent molecular mechanisms involved, which is otherwise 

cumbersome to study in planta (Figure 5.3). Co-expression of single Aux/IAAs (29 

members in Arabidopsis) with any of the six F-Box receptors of the TIR1/auxin signalling 

F-box (AFB) family allowed the study of the auxin specificity of the resulting combinatorial 

co-receptor complexes formed (Havens et al. 2012). Among the F-box proteins, TIR1 and 

AFB2 seem to be the main mediators of Aux/IAAs degradation (Shimizu-Mitao and 

Kakimoto 2014). A further step towards understanding auxin signalling was made by 

Pierre-Jerome et al. (Pierre-Jerome et al. 2014). They succeeded in reproducing a minimal 

auxin response circuit in S. cerevisiae, corresponding to a simplified version of the Aux/IAA 

regulated transcriptional pathway comprising: an AFB, an Aux/IAA, TPL, an auxin-depend 

TF of the ARF family and a cognate auxin-responsive plant promoter region from 

Arabidopsis controlling the expression of a reporter protein.  

In addition to the reconstruction strategy, there is an array of molecular tools available in 

yeast, but still scarcely applied to plant signalling studies, for conditional protein 

suppression controlled with chemicals or light (see “inducible systems”) (Renicke et al. 
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2013; Usherenko et al. 2014; Tanaka et al. 2015). It is also possible to control the 

subcellular localization of proteins on command and therefore regulate their activity. For 

instance, nuclear exclusion is possible using the anchor away strategy, which targets a 

nuclear protein for export into the cytoplasm. The system relies on the rapamycin-driven 

association of two interacting binding domains, 12-kDa FK506-binding protein (FKBP12) 

and FKBP12-Rapamycin-binding domain (FRB), fused respectively to a highly expressed 

cytoplasm protein (anchor) and to the target protein (X. Fan et al. 2011). The same 

principle directed by light, using a photoreceptor/interacting protein pair, can be used to 

achieve a more spatiotemporally resolved control over the nuclear exclusion of a protein 

of interest and/or the recruitment to other subcellular compartments (X. Yang et al. 

2013). This non-exhaustive list of tools already available in yeast places this heterologous 

system as an easy to handle and promising platform for plant signalling studies. 

Xenopus oocytes 

Due to the complete lack of plant hormone transporters and the low endogenous ion 

transport activity (Terhag, Cavara, and Hollmann 2010), Xenopus oocytes are suitable for 

the identification and functional analysis of putative plant hormone and ion translocators 

(Swarup et al. 2008; Ben Amar et al. 2014; Léran et al. 2014; Saito et al. 2015). Key 

advantages of using amphibian eggs include i) the efficient translation machinery allowing 

ectopic expression of microinjected synthetic mRNAs for direct validation and 

characterization of hypothetic gene functions, ii) rapid and external oocyte development 

permitting their access at the earliest stage of development, iii) the large size favouring 
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microinjection techniques, iv) egg transparency facilitates the use of fluorescent 

microscopy for visual analysis, and v) the availability of a large number of eggs suitable 

for research at low cost. It is worth noting that it is usually necessary to perform a codon 

optimization of the plant cDNA sequences for optimal expression in frog oocytes (H. Feng 

et al. 2013), which can be aided by online tools such as: http://www.kazusa.or.jp/codon/ 

and http://genomes.urv.es/OPTIMIZER/. 

Applications of this platform include the confirmation of the function and specificity of 

the high-affinity auxin uptake carriers AUX1 (Y. Yang et al. 2006) and LAX3 (Swarup et al. 

2008) employing transport competitive assays using indole-3-acetic acid (natural auxin), 

the synthetic analogue 2,4-dichlorophenoxyacetic acid, and the transport inhibitor 

naphthoxy-1-acetic acid. However, monitoring of auxin uptake in the amphibian eggs 

requires lysis of the cells after manipulation to determine auxin accumulation, which 

precludes the live study of transport dynamics (Y. Yang et al. 2006). Introduction of 

fluorescent quantitative biosensors can help in overcoming this limitation. The 

heterologous expression of glucosinolate transporter 1 (GTR1) reveals selective transport 

of both bioactive Ile-jasmonate and gibberellin3, confirming hormone signalling 

interconnection during plant development (Saito et al. 2015). 

This system is mainly used for ion flux studies, as ion currents can be traced by monitoring 

changes in electrochemical potentials in a non-destructive manner with 

electrophysiological techniques like voltage-clamp (Papke and Smith-Maxwell 2009; 

Maksaev and Haswell 2015). This method is applied to study plant ion channel activation, 
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as exemplified in the investigation of the role of a Ca2+-insensitive isoform of Ca2+-

dependent protein kinases (CPKs) of Arabidopsis in stomata closure through the specific 

control of inward K+ channel subunits KAT1 (potassium channel in Arabidopsis thaliana 1) 

and KAT2 (Ronzier et al. 2014), or the interactions of a slow anion channel 1 homologue 

3 (SLAH3) with tip-localized pollen-specific CPKs (Gutermuth et al. 2013). It is worth 

mentioning, however, that Xenopus oocytes are not readily available for non-specialized 

laboratories, their nuclei are easily damageable by microinjection and that current 

measurement interferences can occur due to endogenous channels (Sobczak et al. 2010). 

Nevertheless, as shown in the applications described above, Xenopus oocytes constitute 

an interesting platform for studying plant metabolism and signalling, especially 

membrane transporter events. 

in vitro 

The use of in vitro systems to dissect molecular mechanisms of signalling processes is an 

alternative approach providing complementary information not easily obtainable in 

cellular systems or in vivo due to technical limitations, redundancy or interconnection 

with other components. It can be used both to validate hypotheses and to serve as a 

predictive tool. One example is the study of the regulation of the auxin transporter 

ABCB19 by the photoreceptor phototropin 1 (phot1). In planta analysis proved to be 

cumbersome, and simultaneous co-expression in either insect cells or S. pombe was 

unsuccessful. However, by mixing active phot1 purified from insect cells and ABCB19 



211 
 
produced in S. pombe membranes, Christie et al. demonstrated in vitro the targeted 

phot1-dependent phosphorylation and regulation of ABCB19 (Christie et al. 2011). 

In vitro approaches are employed particularly to evaluate protein-protein and protein-

metabolite interactions, kinetic properties and affinity constants, DNA binding affinities 

of transcription factors, and post-translational modifications of substrates (kinase 

activity/phosphorylation, ubiquitinylation, sumoylation) among other factors (Pan et al. 

1999; Zhao et al. 2013; Ramegowda et al. 2014). An absolute requirement for these 

experimental setups is the availability of the individual components of interest in a 

purified and active form, isolated from any other plant factors. It constitutes a minimal 

component system, and prevents interactions with other components that could hamper 

the investigation of the protein function (Z. Lin, Ho, and Grierson 2009). The isolation or 

purification of the proteins of interest maintaining full functionality is, however, not 

always trivial. They can be obtained from i) plant material or their recombinant form 

expressed in heterologous systems - yeast, mammalian or bacteria (Mattanovich et al. 

2012; Almo and Love 2014; Rosano and Ceccarelli 2014) or with ii) cost-effective kits and 

methods for in vitro transcription and translation (Horvatovich et al. 2015).  

In a pioneering work, Calderon-Villalobos et al. quantitatively determined in vitro the 

binding parameters for auxin to the co-receptor complex by performing a combinatorial 

analysis of the affinity of a set of recombinant members of the Aux/IAA family and the 

TIR1/AFB F-box proteins for radioactive labelled auxins (Calderón Villalobos et al. 2012). 

The unexpected light independent interaction and phosphorylation of AUX/IAA proteins 
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by PhyA was described by using this approach, also revealing a regulatory linkage 

between phytochromes and hormone signalling (Colón-Carmona et al. 2000; OuYang et 

al. 2015). In vitro assays are widely used to study phytochrome signalling and have been 

key for the understanding of regulatory events as described in the following selected 

examples. It has been long known that, in order to perform its signal relay, activated PhyB 

needs to be localized to the nucleus. However, the transport mechanism was under 

debate, the major question being whether PhyB exposes a hidden nuclear localization 

sequence (NLS) upon conversion into the Pfr form or a carrier protein transports the 

photoreceptor to the nucleus, as it is the case for PhyA (Rausenberger et al. 2011). By 

mixing purified PhyB and PIFs with isolated nuclei of the algae Acetabularia, Pfeiffer and 

collaborators were able to demonstrate the PIF-mediated transport of PhyB to the 

nucleus upon red light activation of the photoreceptor (Anne Pfeiffer et al. 2009; A. 

Pfeiffer et al. 2012). Jang et al. studied the degradation of PhyB mediated by 

polyubiquitinylation by combining the protein-protein interaction validation of a reduced 

part of the signalling pathway and a progressive investigation approach (Jang et al. 2010). 

After verifying the interaction and observing in vitro ubiquitinylation of PhyB by COP1, 

they managed to identify the light-dependency and thus the preferred conformation of 

PhyB for COP1 activity, showing that the Pfr form was the target for degradation. Finally, 

addition of PIFs to the systems led to an increase in the affinity of COP1 towards PhyB, 

resulting in higher degradation rates of the latter . By combining physiological, genetic 

and biochemical data, Sadanandom et al. demonstrated that light-induced SUMOylation 

of PhyB negatively regulates light signalling (Sadanandom et al. 2015). 
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Mammalian cell systems 

Mammalian cell systems are starting to become a popular orthogonal platform of choice 

for the partial and total reconstruction and analysis of plant signalling components. There 

is a wide range of expression vectors and analytical tools available that facilitate the 

experimental set up (Lienert et al. 2014; Kelwick et al. 2014). In addition, mammalian 

synthetic biology has been a very active field for the last decade having already yielded a 

plethora of synthetic molecular switches for controlling expression, stability, and 

localization of the alien proteins, quantitative readout systems and genetic engineering 

tools (Brophy and Voigt 2014; Lienert et al. 2014). Several plant regulatory networks, 

including light and hormone signalling, have no mammalian homologs, which guarantees 

high levels of orthogonality and thus reduced interference, allowing the establishment of 

minimal component systems. The high degree of orthogonality is however a major 

drawback for complex networks, requiring the addition of multiple components to 

recover the full functionality of the isolated actors. Despite these convenient differential 

characteristics, it is normally not necessary to perform codon optimization of the 

constructs, as plant proteins are usually readily expressed and active in the most widely 

used cell lines (Beyer, Juillot, et al. 2015). For this reason, they are often employed for the 

production of recombinant proteins for in vitro functionality assays. In the following we 

introduce selected examples of the implementation of mammalian cells for the “in cell" 

study of plant protein function and activity in the context of regulatory networks. 
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Upon co-expression of Ca2+ sensor proteins of the Calcineurin B-like (CBL) family (CBL1 or 

CBL9) with their interacting kinases (e.g. CIPK26) in Human Embryonic Kidney 293T cells 

(HEK293T), researchers observed reactive oxygen species (ROS) production by the NADPH 

oxidase RBOHF (Drerup et al. 2013). In this way, in combination with biochemical data 

obtained in plants, yeasts and in vitro systems, the authors could directly determine a 

functional interaction between CBL-CIPK-mediated Ca2+ and ROS signalling networks 

(Steinhorst and Kudla 2013; Drerup et al. 2013). Reconstruction of the auxin co-receptor 

complex in mammalian cells and the interfacing of biological modules (Aux/IAA proteins) 

with output signalling/reporter domains allowed Wend et al. to i) develop a genetically 

encoded quantitative sensor for monitoring auxin fluxes, and ii) engineer a synthetic 

switch that could serve as a proxy of the hormone signalling complex (Wend et al. 2013). 

This sensor can provide, in an in vivo system, valuable information on auxin binding 

affinities of the universe of possible combinatorial co-receptor complexes, 

complementing the data obtained in in vitro systems as discussed above (Calderón 

Villalobos et al. 2012), but in a faster and simpler experimental setup up. To further 

characterize the regulatory mechanism of ABCB19 activity by phot1, Christie et al. (2011) 

expressed both proteins in cervical cancer cells (HeLa). They could determine in a 

straightforward way that the light-dependent phosphorylation of ABCB19 by phot1 led to 

reduced auxin transport activity of the former, whereas phot1 had no effect on auxin 

efflux by the closely related ABCB1 protein. These results complement the experimental 

data obtained in planta, yeasts and in vitro (see “in vitro”) and helped understanding the 

role of ABCB19 in phototropic growth in angiosperms. By expressing Arabidopsis 
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cryptochrome2 (CRY2) in mammalian cells, Ozkan-Dagliyan et al., observed that 

irradiation with blue light induced the formation of photobodies (PB) composed of the 

photoreceptors, as it occurs in plants (Ozkan-Dagliyan et al. 2013). Formation of the CRY2-

PB did not require any other plant protein or DNA sequence, however the mammalian 

COP1 E3 ligase was associated to the photoreceptor in a light dependent manner. A final 

illustration of the applicability of mammalian cell systems to the analysis of plant 

signalling processes is the validation in an in vivo cell system of the PIF3-mediated red 

light-dependent translocation of PhyB to the nucleus (Beyer, Juillot, et al. 2015). 

Arabidopsis encodes 5 Phys and dozens of interacting factors (J. Li et al. 2011), and this 

combinatorial complexity makes the study of the mechanistic aspects of the light-

regulated differential translocation of Phys in planta a hopeless endeavour. In addition, 

based on the natural PIF3-PhyB light-regulated nuclear transport the authors developed 

an optogenetic tool for the spatiotemporally resolved light-controlled shuttling of 

proteins in and out of the nucleus, e.g. transcription factors, and successfully applied it in 

mammalian cells, mouse fibroblasts (NIH-3T3) and chinese hamster ovary cells (CHO-K1), 

and in zebra fish embryos. Further application of this optogenetic tool in mammalian cells 

can be of use for the study of plant TF activity, regulatory kinetics and effect of mutations, 

as well as post-translational modifications and interactions with other components 

selectively co-expressed. 

We envision that the prompt implementation of synthetic molecular switches and 

synthetic biology approaches in mammalian cells to the study of plant signalling networks, 
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by providing a fully and fine-tuned control over the introduced components, will allow 

obtaining a more precise regulation of the kinetics of the processes and derive 

quantitative information. For instance, the expression levels of individual components 

under study of a signalling cascade can be placed under optogenetic control (K. Zhang and 

Cui 2015), thereby being possible in combination with mathematical modelling, to explore 

the effects of varying compositions and kinetics of the system. 

Perspectives 

The first productive outcomes of implementing synthetic biology strategies have already 

demonstrated the ground-breaking potential for the mechanistic and functional 

understanding of signalling networks in plants. We anticipate that the introduction of 

technological advances and modern molecular resources will accelerate the pace of 

implementation of these approaches. This include for instance i) the generalized use of 

more efficient and inexpensive cloning approaches such as Golden Gate/Golden Braid 

(Sarrion-Perdigones et al. 2011; E. Weber et al. 2011), Gibson (Gibson et al. 2009) and 

AQUA (Beyer, Gonschorek, et al. 2015), in combination with DNA synthesis and 

computational tools for construct and network design (W. Liu and Stewart 2015); ii) 

development of vectors with improved regulatory features for optimized gene expression 

and engineered to carry several gene cassettes for introduction of multigene complex 

networks (Ullrich, Hiss, and Rensing 2015; Jirschitzka et al. 2013); iii) more efficient 

transformation technologies, in particular for non-model or difficult to engineer plants; 

and finally iv) innovative molecular reporters and high throughput technologies for the 
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generation of quantitative data. The implementation of mathematical modelling to the 

experimental design, as well as to the analysis of the quantitative data obtained, is 

essential to generate a comprehensive picture of regulatory networks of increasing 

complexity and is currently gaining relevance in the field (Rausenberger et al. 2011; 

Middleton et al. 2012; De Rybel et al. 2014). We will witness in the next years the 

blooming of optogenetic applications as it is already occurring in prokaryotes, yeast and 

animal research. The control of cellular processes by light provides unmatched 

spatiotemporal resolution, fast switch-like characteristics, quantitative control and 

reduced invasiveness constituting these systems most promising tools for performing 

signalling studies in planta (Müller, Siegel, et al. 2014). 

Synthetic biology can also contribute to the development of useful biotechnological 

applications including (semi) synthetic signalling and metabolic pathways with additional 

functionalities. For instance, by the wiring and modular assembly of natural and synthetic 

cellular receptors of metabolites with the transcription machinery, it is feasible to 

construct environmental sensors or applications for soil bioremediation (Antunes et al. 

2011; W. Liu, Yuan, and Stewart Jr 2013; Zurbriggen, Moor, and Weber 2012). Interesting 

examples of successful synthetic metabolic applications are the introduction of 

biosynthetic pathways for the synthesis of halogenated alkaloids for the production of 

biopharmaceuticals in medicinal plants, and the relocalization from the endoplasmic 

reticulum to the chloroplast of pathways for the highly efficient production of defence 

secondary metabolites (Runguphan, Qu, and O/’Connor 2010; Nielsen et al. 2013). 
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Synthetic biology is a multidisciplinary field, profiting from the synergistic interactions 

between scientists with a wide range of expertise, from molecular, structural and 

developmental biologists, biochemists and physiologists up to physicists, engineers and 

mathematical modelers. Therefore, the implementation of synthetic biology strategies 

requires a change in the current paradigm of experimental design and technological 

assets. This might entail a certain activation energy to be invested to overcome the 

reluctance to introduce innovative concepts and theoretical-experimental approaches in 

the research lines. This is both risky and demanding, but as already experienced in other 

fields, most rewarding in terms of the kind of biological questions that can potentially be 

answered in the near future and the prospects for biotechnological applications.  
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Chapter 6: Concluding remarks  
 
With this work, we generated computational, molecular, and biological tools to ease and 

SL-related research and understand the biological background of SL diversity.  In Chapter 

2, we described the establishment of SeedQuant, a computational tool, which is an 

artificial intelligence driven object classification software. SeedQuant significantly 

shortens the time required to process germinated parasitic seeds images, which usually 

represent large datasets commonly used for SL study. Indeed, to evaluate the germination 

stimulant ability of a SL-like compound, one of the wide-spread techniques is the 

Striga/Orobanche	 bioassay. The latter relies on the ratio of germination of pre-

conditioned - ready to germinate - parasitic seeds that germinated or not after the 

application of a germination stimulant/inhibitor compound. This ratio is usually assessed 

by manual counting of the germinated seeds. SeedQuant is an user-friendly software and 

its embedded algorithm is able to successfully segregate parts of the germinated seeds: 

composed of i) a seed coat and ii) a radicle, the embryonic root; count each instance with 

an accuracy of >90%; define the germination ratio after application of the chemical(s) of 

interest. The automation of the counting process considerably reduces the working load 

of plant scientists: hundreds of images can now be processed in minutes instead of days. 

Trained on Striga seeds, the algorithm can also help in detecting and counting other 

parasitic seeds such as Pheliphanche and Orobanche spp., even though the detection is 

less accurate (from 55.2% to 77.9% counting accuracy). Moreover, SeedQuant is an open 

source and available for anyone who wishes to use it and train it further.  
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Besides parasitic seed germination bioassays, another way of assessing SL bioactivity is to 

build the SL-signal transduction mechanism and to quantify the effect of SLs at molecular 

level. We focused on the SL-sensing machinery, from which the SL-repressor protein 

(SMXL6 in Arabidopsis and D53 in rice) was isolated. Based on the work of Salmodelov et 

al. (2016), we generated a detailed and guided protocol for the use of StrigoQuant 

(Chapter 3), a SL-responsive sensor utilizing AtSMXL6. Fused to a luciferase reporter 

protein, StrigoQuant allows to record the degradation of SMXL6 in a concentration- and 

SL-specific manner (in presence of SLs). We tried to continue the work with the rice 

orthologue D53	 to	define its affinity towards specific SLs, as well as its role in the SL-

sensing mechanism. However, rice protoplasts were revealed to be more delicate to 

transform than Arabidopsis, and the low transformation efficiency prevented further 

characterization of the rice sensor. 

We then investigated the bioactivity of different SLs in planta, through the generation of 

two genetically independent OsMAX1-900 rice mutants, using the precise gene editing 

technology CRISPR-Cas9. Thanks to this biological tool, we were able to decipher the 

function of canonical SLs in rice (Chapter 4). A chemical analysis of the SL content revealed 

that 4-DO was undetectable in mutant root tissues and exudates, as well as orobanchol, 

identified in vitro as the direct product of 4-DO conversion by OsMAX1-1400 (Yanxia 

Zhang et al. 2014). We also detected two novel non-canonical SLs, CL+30 and oxo-CL, 

derived from CL that were highly accumulated in Os900 mutants. Interestingly, no strong 

SL-deficient related phenotypes were observed in 3-week-old mutant seedlings and 
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mature plants. Therefore, we concluded that the absence of 4-DO (due to the knock-out 

of OsMAX1-900, the carlactone oxidase gene) had little impact on rice architecture, 

particularly the number of tillers. In contrast, the absence of 4-DO had pronounced effects 

on the SL activity of root exudates: reduced germination of the parasitic Striga and 

Phelipanche seeds compared to WT, and observed significant delay of AMF root 

colonization at the early stage, which was recovered after 35 days post inoculation. This 

discovery opens up possibilities for agricultural applications, as the absence of 4-DO 

reduced Striga	 germination without heavy developmental costs for the SL producing 

plant. In addition, this study will help in identifying the final product of SL biosynthesis, 

which is probably the most efficient SL in regulating tillering and likely a non-canonical 

one. In addition to Osmax1-900 mutant lines, we have generated more CRISPR-mediated 

mutant lines disrupted in  one, two, or multiples OsMAX1 genes (Appendix E-F). These 

lines will very helpful in elucidating the biological function of rice MAX1 enzymes and their 

products.   
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APPENDICES 
 
Appendix A: Parasitic seeds pre-conditioning, illustrated protocol 
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Appendix B: Isolation and transfection of rice protoplasts protocols 

Plant material  

Seeds were first surface sterilized in 50% sodium hypochlorite (v/v) (4% of NaClO stock 

solution) with 0.01% Tween-20 for 20min under gentle agitation before being rinsed 

generously with sterile water and germinated overnight in dark at 30°C. Further, pre-

germinated seeds were transferred to round petri dishes containing two sheets of sterile 

Whatman filter paper and 5mL of half-strength Murashige and Skoog (½ MS) 

(PhytoTechnology Laboratories, Cat. No. M519) solution (pH 5.7) and incubated for 

another 2 days in dark at 30°C. Finally, 15mL of ½ MS solution was added and the seedlings 

were incubated in a Percival for 5 days or more (day/night temperature of 28/22°C and a 

12h photoperiod, 200μmol photons/(m2s).  

Rice protoplasts isolation  

The rice protoplasts isolation protocol was adapted from a previous work (Yang Zhang et 

al. 2011). Briefly, 7 day up to 3-week-old rice seedlings’ stems were separated from leaves 

and roots, placed into a petri dish containing 5mL W5 solution (154mM NaCl, 125mM 

CaCl2, 5mM KCl, 2mM MES pH 5.7) and sliced in very thin pieces. W5 solution was 

replaced with 5mL of 0.6M Mannitol and incubated for 10min in the dark. Then, 5mL of 

enzyme solution (1.5% Cellulase RS, 0.75% Macerozyme R-10, 0.6M Mannitol, 10mM MES 

pH 5.7, 10mM CaCl2, 0.1% BSA at 100mg/mL) was added and the digestion was performed 

for 5 hours at room temperature under gentle agitation (60-80 rpm). The lysate, showing 
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a greenish tint, was gently resuspended with wide tips; the latter are important for 

protoplasts handling and prevent cell burst. It was then filtered through a 40μm nylon 

mesh placed on top of a 50mL collecting tube. The digested plant material was rinsed five 

times with 5mL of W5 solution and filtered to ensure maximization of the protoplast 

extraction. Protoplasts were isolated from the rest of the solution, in the pellet, after 

20min of centrifugation at 100g (with a low centrifuge acceleration value and no brake). 

The pellet was then resuspended three times with 10mL of W5 to remove the left-over of 

the enzymatic solution. The number of cells was assessed using a hemocytometer.  

Protoplasts transfection  

The pellet, containing the previously isolated protoplasts, was resuspended in MMG 

solution (0.4M Mannitol, 15mM MgCl2, 4mM MES pH 5.7) with a final concentration of 

5x105	cells per 100μL. Then, 100μL aliquots of the protoplast solution were made in 2mL 

tubes, to which 15μg DNA was added. To ensure the success of the transformation, a 

plasmid containing OsCCD7	transit peptide fused to YFP (pSB025) was using as positive 

control. The presence of the transit peptide redirects the YFP protein into the protoplasts’ 

plastids.  

Further, 100μL Poly-ethylene glycol (PEG) (40% PEG4000, 0.2M Mannitol, 0.1M CaCl2) was 

added on top of the cells and the tubes were lightly flicked. Being incubated for 10min at 

room temperature in the dark, 400μL W5 solution was used to stop the reaction before 

being centrifuged for 3min at 100g. The supernatant, a mix of W5 and PEG, was replaced 
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with 100μL WI solution (0.5M Mannitol, 20mM KCl, 4mM MES pH 5.7) and the cells were 

incubated for 6 to 16 hours at room temperature in the dark.  

Isolation and transfection optimization  

One of the key steps for protoplast isolation is the cutting step. It ensures a good yield of 

isolated protoplasts (in regards to isolated cells number). In fact, according to how well 

the leaf is cut (and not crushed), the resulting number of cells can significantly vary. 

Therefore, I investigated the effect of the cutting technique on 45 rice seedlings by slicing 

either large fragments of 50mm or thin strips of 0.5mm, resulting in 4x106	and 22x106	

isolated protoplasts respectively (Figure A.1A). This shows that rice stems have to be cut 

in thin and small pieces to maximize the extracted number of cells.  

After successful transfection, I observed a fluorescent signal coming from the reporter 

plasmid that contained YFP	(Figure A.1B). The number of cells per transfection varies in 

the literature: some used 0.2x106	 protoplasts (Yang Zhang et al. 2011) while others 

worked with 0.5x106	Arabidopsis protoplasts (Ochoa-Fernandez et al. 2016). I decided to 

compare different number of cells (2x106, 0.5x106 and0.2x106) and assess the 

corresponding transfection efficiency. While 2x106 cells’ transfection was very inefficient 

(1.8% of the cells were expressing YFP), 0.2 and 0.5x106 protoplasts allowed to reach 20-

35% of fluorescent protoplasts (Figure A.1C). However, the transformation efficiency has 

way lower than the one reported in the literature (50-70%), indicating room for 

improvements (Yang Zhang et al. 2011) 
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Figure A. 1. Optimization of the rice protoplast extraction and transfection.	

(A) Yield of isolated protoplasts using 45 seedling of 8-day old stems cut in different 

way: big pieces (left) and thin pieces (right), showing the importance of the cutting 

technique in the number of isolated cells. (B) Assessment of the transfection efficiency 

according to the number of cells used per transfection. A reporter plasmid, containing 

YFP, was used and the percentage of transfection was calculated by counting 

fluorescent cells versus non-fluorescent cells. (C) Validation of the transfection where 

the expression of YFP is observable in the plastids of the transformed protoplasts.  

 

D53 ratiometric sensor, plasmid construction  

The dual luciferases reporter module was present in the plasmid pHB1105 (Wend et al. 

2013) with the ampicillin resistance gene. The rice biosensor’s backbone was amplified 

from pHB1105 to extract the ampicillin resistance and the renilla luciferase and firefly 

luciferase genes. The primers pair pHB1105 Fw and Amp-split Fw amplified the firefly 

gene with half of the ampicillin resistance gene, while the pair pHB1105 Rv and Amp-split 
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Rev amplified the second part of the ampicillin resistance gene and the renilla gene. The 

renilla is the normalization module of the biosensor to assess the endogenous gene 

expression level. To insert OsD53, the coding sequence was gene amplified by PCR using 

OsD53-aqua-F and OsD53-aqua-R primers, and the stop codon excluded to allow the 

fusion of OsD53	with firefly luciferase gene. The three fragments - Firefly-Amp, Amp-

35Sp-Renilla and OsD53	- were assembled following the AQUA Cloning method (Beyer, 

Juillot, et al. 2015), transformed into competent E.	coli, strain Top10 and confirmed by 

Sanger sequencing (Core labs, KAUST).  

Table A. 1. Primer details for the construction of the OsD53 sensor plasmid. 

Amplified fragment Primer name Primer sequence (5’ > 3’) 

Firefly - Amp  
pHB1105 Fw  gctagcatggaagacgccaaaaac  

Amp-split Fw  caaactattaactggcgaactacttactctag  

Amp - 35Sp - Renilla  
pHB1105 Rv  gcgcgcgggtccaggatttgattccacg  

Amp-split Rev  ctagagtaagtagttcgccagttaatagtttg  

OsD53 without stop 

codon  

OsD53-aqua-F  
GCGACGTGGAATCAAATCCTGGACCCGCGCG 

cgacgttgtaaaacgacggccagtg  

OsD53-aqua-R  
TTCTTTATGTTTTTGGCGTCTTCCATGCtagca 

caatctagaattattcttggcgggagc  

 

The backbone was separated into two fragments, in the middle of the ampicillin 

resistance gene, allowing the growth on ampicillin plate of closed plasmids only. The 

capital letters are indicating the short region of homology allowing the integration of the 

insert in the plasmid.  
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Luminescence measurement  

After transfection of the sensor plasmid in the protoplasts as previously described, the 

protoplasts were pulled together and a volume of 80μL transformed protoplast 

resuspension (approximately 20,000 cells) was pipetted per replicate into a white 96-well 

assay plates. The luminescence of both luciferases was assessed at the same time: the 

activities of renilla (REN) and firefly (FF) activities were determined by adding 20μL of 

either coelenterazine (472mM coelenterazine stock solution in methanol, diluted directly 

before use, 1:15 in phosphate-buffered saline) or firefly substrate, respectively. The latter 

was prepared in a 230mL solution using 0.47mM D-luciferin (biosynth AG), 20mM tricine, 

2.67mM MgSO4*7H2O, 0.1mM EDTA*2H2O, 33.3mM dithiothreitol, 524μM adenosine 5’-

triphosphate, 218μg/mL acetyl- coenzyme A, 131	g/mL Luciferin, 5mM NaOH and 264μM 

MgCO3*5H2O. Aliquots were made in pre-frozen black 15mL tubes and stored at -80°C.  
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Appendix C: SL extraction from root exudates, illustrated protocol 
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Extraction of the SL-containing elutions  
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Appendix D: SL extraction from root tissue, illustrated protocol 
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Appendix E: List of generated MAX1 rice mutants 

 

sgRNA target sequences 

MAX1 sgRNA detail Target sequence 

Os900 sgRNA1 cacagtgctgggcgcaatat 

Os900 sgRNA2 acgtgttctcagtgctcacg 

Os900 sgRNA3 ggaagtacggccccatcttc 

Os900 sgRNA4 aattctcctgttcatcagaa 

Os1400 sgRNA1 tgcagtcgtgcattgagtgc 

Os1400 sgRNA2 ggcttcgccaccgatgtcat 

Os1400 sgRNA3 tgcgaacaggttgaaattgg 

Os1400 sgRNA4 ctcgagtttcagtactcgat 

Os1900 sgRNA1 caggtttacctgtcctgctg 

Os1900 sgRNA2 ggagcttgaggacagttcca 

Os1900 sgRNA3 ctctggtggacaacatcgcc 

Os1900 sgRNA4 atcgacgggttcgcgccgcg 

Os5100 sgRNA1 tggtggggcgtccggcgggt 

Os5100 sgRNA2 ctggtgattgtggcggaggc 

Os5100 sgRNA3 gctcatcgcgagggagacgt 

Os5100 sgRNA4 gcgtacgcgcacgtgccgtt 
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Generated construct details 

Construct # Targets details Cloner Vector 

3 Os900 (tRNA-gRNA3 -tRNA-gRNA4) Company pRGEB32 

4 
Os1400-900 

(tRNA-gRNA2-tRNA-gRNA1-tR NA-gRNA4-tRNA-gRNA3) 
Company pRGEB32 

5 
Os1400-1900-900-5100 

(tRNA-gRNA2-tRNA-gRNA3-tRNA-gRNA4-tRN A-gRNA2) 
Company pRGEB32 

11 Os900 (tRNA-OsgRNA1-tRNA-OsgRNA2) Braguy J. pRGEB32 

12 Os1400 (tRNA-OsgRNA3-tRNA-OsgRNA4) Braguy J. pRGEB32 

13 Os1900 (tRNA-OsgRNA1-tRNA-OsgRNA2) Serikbayeva A. pRGEB32 

14 Os1400 (tRNA-OsgRNA1-tRNA-OsgRNA2) Serikbayeva A. pRGEB32 

15 Os5100 (tRNA-OsgRNA1-tRNA-OsgRNA2) Serikbayeva A. pRGEB32 

16 Os5100 (tRNA-OsgRNA3-tRNA-OsgRNA4) Serikbayeva A. pRGEB32 

17 Os900-5100(tRNA-OsgRNA1-tRNA-OsgRNA1) Serikbayeva A. pRGEB32 

18 
Os1400-1900-900-5100 

(tRNA-gRNA1-tRNA-gRNA2-tRNA-gRNA2-tRNA-gRNA1) 
Serikbayeva A. pRGEB32 

21 
Os1900-5100 

(tRNA-gRNA1-tRNA-gRNA2-tRNA-gRNA1-tRNA-gRNA2) 
Serikbayeva A. pRGEB32 
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Details on the line names 

Each line name is built in a similar way:  

#construct / Letter / Roman number – Number1 . Number2  

- #construct: the first number correspond to the construct number which, referring 

to the tables above, indicates the sgRNA targets (MAX1s genes and specific target 

sequences). 

- Letter: the letter (all caps) gives an information about the original callus from 

which the T0 plant comes from. It indicates the lines sprouting from the same 

callus as, during the callus transformation process, one transformed callus led to 

the emergence of several shoots that were then moved to rooting media. Lines 

having the same letter are originated from the same callus, thus having higher 

probability to have the same genetic background compared to two lines with 

different letters. This information is useful when searching for new mutation(s) 

for a defined construct; the chances are higher if one takes lines with different 

letters than from the same letter. 

- Roman number: the roman number gives an information about the T0 generation. 

Having the same roman number indicates that the plants are more genetically 

related than plants with a different roman number or letter. 

Note: the roman number always follows the letter, meaning that in the case of 5II-

2 it is construct number 5, line I (i) and roman number I (1).  
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- Number 1: the first decimal number gives an information about the T1 generation. 

It is usually separated from the roman number with a dash “-“. Seeds from T0 were 

grown to maturation, each resulting plant was differentiated with a decimal 

number from its “sibling” plants.  

- Number2: the second decimal number gives an information about the T2 

generation and is usually separated from the first decimal number with a stop “.”. 

 

List of MAX1(s) rice mutants produced in this work 

Line Generation Target(s) Genotype Transgenic 

3AII-2.rep1 T3 900 Homozygot 
 

3AII-2.rep2 T3 900 Homozygot 
 

3AII-2.rep4 T3 900 Homozygot 
 

3AII-4.rep1 T3 900 Homozygot 
 

3AII-4.rep2 T3 900 Homozygot 
 

3AII-4.rep3 T3 900 Homozygot 
 

12YIV-3 T2 1400 Homozygot 
 

13DI-6.1 T2 1900 
  

13DI-6.2 T2 1900 
  

13DI-7.1 T2 1900 Heterozygot CRISPR free 

13DI-7.2 T2 1900 Bi-allelic Homo. CRISPR free 

13DI-7.3 T2 1900 Heterozygot CRISPR free 

13DI-7.5 T2 1900 Heterozygot CRISPR free 

13DI-7.7 T2 1900 Heterozygot CRISPR free 

13DI-8.2 T2 1900 Homozygot 
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13DI-8.3 T2 1900 Heterozygot 
 

13DI-8.5 T2 1900 
  

13DI-8.8 T2 1900 
  

13EI-8.1 T2 1900 Homozygous CRISPR free 

13EI-8.2 T2 1900 Homozygous Transgenic 

13EI-8.3 T2 1900 Homozygot 
 

13EI-8.4 T2 1900 Homozygot 
 

13EI-8.8 T2 1900 
  

13EI-8.9 T2 1900 
  

13FII-9.10 T2 1900 Homozygot 
 

4BI-1.1 T2 1400; 900 Homozygot 
 

4BI-1.10 T2 1400; 900 
  

4BI-1.2 T2 1400; 900 Homozygot 
 

4BI-1.3 T2 1400; 900 
  

4BI-1.4 T2 1400; 900 
  

4BI-1.5 T2 1400; 900 
  

4BI-1.6 T2 1400; 900 
  

4BI-1.7 T2 1400; 900 
  

4BI-1.8 T2 1400; 900 
  

4BI-1.9 T2 1400; 900 
  

12BI-1 T1 1400 
  

12BI-2 T1 1400 Homozygot 
 

12BI-4 T1 1400 
  

12BI-5 T1 1400 
  

12BI-6 T1 1400 
  

12SIII-2 T1 1400 Biallelic hetero. CRISPR free 

12SIII-3 T1 1400 
  

12SIII-4 T1 1400 
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12SIII-5 T1 1400 Homozygot 
 

12SIII-5 T1 1400 Homozygot 
 

12SIII-7 T1 1400 
  

12SIII-8 T1 1400 Homozygot 
 

12SIV-2 T1 1400 
  

12SIV-3 T1 1400 Homozygot 
 

12SIV-3 T1 1400 Homozygot 
 

13DI-6 T1 1900 Bi-allelic homo. 

13DI-7 T1 1900 Bi-allelic homo. CRISPR free 

13DI-8 T1 1900 Biallelic hetero. 
 

13DI-9 T1 1900 
  

13EI-7 T1 1900 
  

13EI-8 T1 1900 Homozygot 
 

13FII-3 T1 1900 
  

13FII-4 T1 1900 
  

13FII-5 T1 1900 
  

13FII-6 T1 1900 
  

13FII-7 T1 1900 
  

13FII-8 T1 1900 
  

16AII-1 T1 5100 
  

16AII-2 T1 5100 
  

16AII-4 T1 5100 
  

16AII-5 T1 5100 
  

16AII-6 T1 5100 
  

16AII-7 T1 5100 
  

16AII-8 T1 5100 
  

16AIII-1 T1 5100 
  

16AIII-11 T1 5100 
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16AIII-2 T1 5100 
  

16AIII-3 T1 5100 
  

16AIII-5 T1 5100 
  

16AIII-6 T1 5100 
  

16AIII-7 T1 5100 
  

16AIII-8 T1 5100 
  

16AIII-9 T1 5100 
  

16AIV-1 T1 5100 
  

16AIV-2 T1 5100 
  

16AIV-3 T1 5100 
  

16AIV-4 T1 5100 
  

16AVI-3 T1 5100 
  

16BI-1 T1 5100 
  

16BI-2 T1 5100 
  

16BI-3 T1 5100 
  

16BI-4 T1 5100 
  

16CV T1 5100 
  

17CIII-1 T1 900; 5100 
  

17CIII-2 T1 900; 5100 
  

17CIII-3 T1 900; 5100 
  

17CIII-4 T1 900; 5100 
  

17CIII-5 T1 900; 5100 
  

17CIII-6 T1 900; 5100 
  

17CIII-7 T1 900; 5100 
  

17CIII-8 T1 900; 5100 
  

17DI-1 T1 900; 5100 
  

17DI-2 T1 900; 5100 
  

17DI-3 T1 900; 5100 
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17DI-4 T1 900; 5100 
  

17DI-5 T1 900; 5100 
  

17DI-6 T1 900; 5100 
  

17DI-7 T1 900; 5100 
  

17FII-1 T1 900; 5100 
  

17FII-10 T1 900; 5100 
  

17FII-2 T1 900; 5100 
  

17FII-3 T1 900; 5100 
  

17FII-4 T1 900; 5100 
  

17FII-5 T1 900; 5100 
  

17FII-6 T1 900; 5100 
  

17FII-7 T1 900; 5100 
  

17FII-8 T1 900; 5100 
  

17FII-9 T1 900; 5100 
  

17FII-A T1 900; 5100 
  

4BI-1 T1 1400; 900 
  

4QI-2 T1 1400; 900 
  

5AVIII-12 T1 4 MAX1s 
  

5BI-5 T1 4 MAX1s 
  

5CII-1 T1 4 MAX1s 
  

5CII-2 T1 4 MAX1s 
  

5CII-5 T1 4 MAX1s 
  

5GI-2 T1 4 MAX1s 
  

5HI-1 T1 4 MAX1s 
  

5HI-10 T1 4 MAX1s 
  

5HI-2 T1 4 MAX1s 
  

5HI-3 T1 4 MAX1s 
  

5HI-5 T1 4 MAX1s 
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5HI-7 T1 4 MAX1s 
  

5HI-8 T1 4 MAX1s 
  

5HI-9 T1 4 MAX1s 
  

5II-2 T1 4 MAX1s 
  

5MII-1 T1 4 MAX1s 
  

5MII-2 T1 4 MAX1s 
  

5MII-3 T1 4 MAX1s 
  

5MII-4 T1 4 MAX1s 
  

5MII-5 T1 4 MAX1s 
  

5MII-6 T1 4 MAX1s 
  

5MII-7 T1 4 MAX1s 
  

12AI T0 1400 
  

12JI T0 1400 
  

12KI T0 1400 
  

12RIII T0 1400 
  

12SIII T0 1400 
  

12SIV T0 1400 
  

12VI T0 1400 
  

12VIII T0 1400 
  

12YIV T0 1400 
  

13DI T0 1900 
  

13DIII T0 1900 
  

13EI T0 1900 
  

13EIII T0 1900 
  

13FI T0 1900 
  

13FII T0 1900 
  

13FII T0 1900 
  

13GI T0 1900 
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13GIII T0 1900 Heterozygot 
 

16AI T0 5100 
  

16AII T0 5100 
  

16AIII T0 5100 
  

16AIII-4 T0 5100 
  

16AIV T0 5100 
  

16BI T0 5100 
  

16BII T0 5100 
  

16BIII T0 5100 
  

16CII T0 5100 
  

16CVIII T0 5100 
  

17AI T0 900; 5100 
  

17AII T0 900; 5100 
  

17AIV T0 900; 5100 
  

17BI T0 900; 5100 
  

17BII T0 900; 5100 
  

17BIV T0 900; 5100 
  

17BVI T0 900; 5100 
  

17CIII T0 900; 5100 
  

17cIVb T0 900; 5100 
  

17CV T0 900; 5100 
  

17DI T0 900; 5100 
  

17FII T0 900; 5100 
  

3AIII T0 900 
  

4AI T0 1400; 900 Heterozygot 
 

4CI T0 1400; 900 Heterozygot 
 

4FIII T0 1400; 900 Heterozygot 
 

4GI T0 1400; 900 
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4GI-1 T0 1400; 900 
  

4JI T0 1400; 900 
  

4KII T0 1400; 900 Heterozygot 
 

4LI T0 1400; 900 WT 
 

4MI T0 1400; 900 Heterozygot 
 

4NIII T0 1400; 900 Heterozygot 
 

4OI T0 1400; 900 
  

4PI T0 1400; 900 
  

4QI T0 1400; 900 
  

4QI-1 T0 1400; 900 
  

4YVI T0 1400; 900 
  

5AVIII T0 4 MAX1s 
  

5BI T0 4 MAX1s 
  

5CIIA T0 4 MAX1s 
  

5CIIB T0 4 MAX1s 
  

5GI T0 4 MAX1s 
  

5HI T0 4 MAX1s 
  

5II T0 4 MAX1s 
  

5MII T0 4 MAX1s 
  

21BI-1.2 
 

1900; 5100 
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Appendix F: Primer list for MAX1 rice mutants genotyping 

The annealing temperature (Ta) correspond to the Phire polymerase. 

Target Primer N° Primer pairs Ta (Phire) PCR size 

900 3-4 Common   64 350bp 

1900 1-2 Common   62 250-300bp 

1900 3-4 Common   62.5 400bp 

5100 1-2 J345-J346 5100(gRNA1-2) F4 +R4 63.9 638bp 

5100 1 J354-J355 5100(gRNA1) for seq F1 + R1 64 554bp 

5100 2 J356-J357 5100(gRNA2) for seq F1 + R1 63.4 487bp 

5100 3-4 J352-J353 5100(gRNA3-4) F4 +R4 63.8 839bp 

1400 3-4 Common   62.5 800bp 


