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ABSTRACT 

Zaxinone, a Natural Apocarotenoid, Regulates Growth and Strigolactone 

Biosynthesis in Rice 

Jian You Wang 

Carotenoids are the precursor of several metabolites with regulatory functions, which 

include the plant hormones abscisic acid (ABA) and strigolactones (SLs), and signaling 

molecules, such as β-cyclocitral. These carotenoid-derivatives originate from oxidative 

breakdown of the double bond resulting in carbonyl cleavage-products designated as 

apocarotenoids. The cleavage reaction causing apocarotenoid formation is catalyzed 

frequently by Carotenoid Cleavage Dioxygenases (CCDs). Several lines of evidence 

indicate the presence of yet unidentified apocarotenoids with regulatory or signaling 

function. Here, we first characterized the biological functions of the apocarotenoid 

zaxinone formed by ZAXINONE SYNTHASE (ZAS), a member of an overlooked, widely 

distributed plant CCD clade. The loss-of-function rice zas mutant contains less zaxinone, 

exhibiting retarded growth with elevated levels of SLs that determines plant 

architecture, mediates mycorrhization, and facilitates the germination of root parasitic 

seeds, such as Striga spp. The zaxinone treatment rescued zas phenotypes, down-

regulated SL biosynthesis and release, and enhanced root growth in the wild-type rice 

seedlings. Next, we performed multi-omics analysis demonstrating zaxinone increased 

sugar metabolism and induced photosynthesis in a manner that led to phenotypical 

changes in rice roots. Besides, transcriptome analysis showed that zaxinone upregulated 

CYTOKININ GLUCOSYLTRANSFERASES expression in roots, which might explain the 
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increase in the apex and meristem length, and in the number of cellular layers. Finally, 

the investigation of zaxinone biology and the utilization of its application is constrained 

by its laborious organic synthesis and low abundance in natural sources. Therefore, we 

developed easy-to-synthesize and highly efficient Mimic of Zaxinone (MiZax), based on 

the structure-activity-relationship study using a series of apocarotenoids. Activity-based 

experiments unraveled MiZax3 and MiZax5 were at least as active as zaxinone in 

rescuing root phenotypes of the zas mutant, promoting root growth in wild-type 

seedlings, and reducing SL biosynthesis and release. Taken together, zaxinone is a key 

regulator of rice growth and development, which regulates sugar metabolism, 

suppresses SL biosynthesis, fine-tunes cytokinins level, and modulates biotic 

interactions with arbuscular mycorrhizal (AM) fungi. Our work also provides easy-to-

synthesize mimics for illuminating zaxinone biology and as a tool to improve crop 

growth and reduce the infestation by Striga hermonthica, a severe threat to food 

security worldwide.  
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Chapter 1 Introduction 

Parts of the contents in this chapter are published as two review articles: 

Fiorilli, V., Wang, J. Y., Bonfante, P., Lanfranco, L., and Al-Babili, S. (2019). Apocarotenoids: 

old and new mediators of the arbuscular mycorrhizal symbiosis. Front. Plant Sci. 

10:1186. doi: 10.3389/fpls.2019.01186 

Wang, J. Y., Lin, P-Y., and Al-Babili, S. (2020). On the Biosynthesis and Evolution of 

Apocarotenoid Plant Growth Regulators. Semin. Cell Dev. Biol. 

https://doi.org/10.1016/j.semcdb.2020.07.007 

 

1.1. Carotenoids and apocarotenoids 

1.1.1. Introduction 

Carotenoids are widely spread isoprenoid pigments produced by all photosynthetic 

organisms as well as by many heterotrophic microorganisms (Nisar et al., 2015; Tianhu 

et al., 2018). In plants, carotenoids are characterized by a common C40 polyene 

backbone, but vary with respect to the numbers of conjugated double bonds, the 

stereo-configuration, the presence of oxygen, and structure of their end groups (Hou et 

al., 2016). The conjugated double bond system of carotenoids builds the basis for their 

different physiological functions, including the protection of the photosynthetic 

apparatus from photo-oxidation and harvesting of light energy, and their role as 

colorants accumulated in many fruits and flowers to attract animals for pollination and 

seed distribution (Hirschberg 2001). In addition, the polyene of carotenoids makes them 

https://doi.org/10.1016/j.semcdb.2020.07.007
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prone to oxidative cleavage, a ubiquitous metabolic process and the initial reaction in 

the biosynthesis of a wide range of biologically important compounds and regulatory 

metabolites across all clades of life, which include volatiles, pigments, retinoids, 

signaling molecules and hormones.  The diversity of carotenoids in structure and stereo-

configuration together with the presence of several double bonds explains the different 

physicochemical properties and the wide variety of carotenoid cleavage products, 

generally called apocarotenoids. The plentitude of apocarotenoids is further increased 

by enzymes modifying the primary products (Hou et al., 2016).  

In plants, carotenoid-derived metabolites, such as the hormones abscisic acid (ABA) and 

strigolactones (SLs), the signaling molecule cyclocitral, and the recently identified 

anchorene, are key regulators of different developmental and physiological processes, 

including plant response to biotic and abiotic stress, and mediators in the interaction 

with surrounding organisms (Felemban et al.,2019; Wang et al., 2020a). Hence, the 

investigation of plant apocarotenoid metabolism is an important research field that 

provides insights into literally all aspects of plant life. In general, carotenoid cleavage is 

catalyzed by Carotenoid Cleavage Dioxygenases (CCDs) constituting a ubiquitous, 

evolutionarily conserved family of non-heme Fe2+ dependent enzymes (Floss et al., 

2008; Alder et al.,2008) that incorporate molecular oxygen between adjacent carbon 

atoms, leading to carbonyl products via unstable intermediates. Specificity with respect 

to substrate structure and stereo-configuration, and the targeted double bond 

distinguish the different types of plant CCDs and give rise to various classes of plant 
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apocarotenoids. Plant apocarotenoids can also arise from non-enzymatic oxidation 

processes that are triggered by ROS, i.e. singlet oxygen, as shown for cyclocitral 

(Harrison and Bugg 2014; Ahrazem et al., 2016). 

1.1.2. Formation of apocarotenoids via enzymatic cleavage in plants 

A number of reports indicate that CCDs play a central role in the generation of 

apocarotenoids in plants (Hou et al., 2016). The identification of the Viviparous 14 gene 

in the in the maize (Zea mays) ABA-deficient mutant (vp14) is a breackthough in 

apocarotenoid and carotenoid cleavage research research (Figure 1.1a) (Schwartz et al., 

1997).  Indeed, the corresponding enzyme, VP14, wich catalyzes the cleavage of 9-cis-

configured epoxycarotenoids into the ABA precursor xanthoxin and a C25-

apocarotenoid, was the first characterized carotenoid cleaving enzyme (Schwartz et al., 

1997). According to their enzymatic activity, VP and parthologous have been designated 

as Nine-Cis-Epoxycarotenoid Dioxygenases (NCEDs) (Tan et al., 2003). Other CCDs were 

then identified mainly based on sequence homology, which unraveled the presence of 

diiferent types and clades in the corresponding enzyme family, which differ in their 

substrate and cleavage site specificity (Hou et al., 2016). For instance, the genome of 

Arabidopsis thaliana encodes nine CCDs, including five NCEDs (NCED2, NCED 3, NCED 5, 

NCED 6, and NCED 9) that are rate-limiting in ABA biosynthesis (Hauser et al., 2011). The 

other 4 Arabidopsis CCDs are classified as CCD1, CCD4, CCD7, and CCD8 (Figure 1.2; 

Walter et al., 2010).  
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Studies from different species indicate that CCD1 enzymes have a wide-range substrate 

specificity and are likely scavengers of destructed carotenoids, which may be associated 

with their cytoplasmic localization (Ilg et al., 2009; Ilg et al., 2010; Ilg et al., 2014). In 

carotenoid-accumulating E. coli cells, CCD1 catalyzes the C9-C10; C9'-C10' double bond 

of β-carotene and other carotenoids forming two C13-ketones, such as -ionone, and a 

C14-dialdehyde. Interestingly, O. sativa, L. esculentum, and Z. mays CCD1s cleave further 

double bonds, i.e. the C5-C6; C5'-C6' and C7-C8; C7'-C8' double bonds, of lycopene 

(Vogel et al., 2008; Ilg et al., 2009; Ilg et al., 2014) (Figure 1.1b). Regardless of the 

stereo-configuration of the substrate, CCD1s cleave various linear, monocyclic, and 

bicyclic carotenoids in various positions in vitro (Vogel et al., 2008; Ilg et al., 2009; Ilg et 

al., 2014). In planta, their activity is responsible for the production of the pigments and 

volatile aroma in fruits and flowers (Mathieu et al., 2005; Baldermann et al., 2010; 

Simkin et al., 2004). Moreover, CCD1 in Medicago truncatula may be involved in 

production the production of mycorracidin, a yellow pigment accumulated in 

mycorrhizal roots, indicating a special role of a non-volatile apocarotenoids in arbuscular 

mycorrhiza (AM) symbiosis (Fester et al., 2002a; Fester et al., 2002b; Schliemann et al., 

2006).  



18 
 

 

Figure 1.1. Site-specific cleavage of CCDs on apocarotenoid formations.  
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Figure 1.2. Plant CCDs sub-families. (Walter et al., 2010) 

Owing to the availability of genome sequences, several CCD genes have been identified 

from various plant species. Phylogenetic studies revealed that CCDs are generally 

classified into orthologous groups characterized by the previously described enzymatic 

activities (NCED, CCD1, CCD4, CCD7, and CCD8) (Walter et al., 2010; Vallabhaneni et al., 

2010; Wang et al., 2013; McQuinn et al., 2015; Wei et al., 2016; Chen et al., 2018). 

However, this classification is not restrictive; indeed, Frusciante et al. (2014) reported a 

novel CCD (CsCCD2)  from Crocus sativus, phylogenetically predicted as a CCD1 

orthologue, which involved in the formation of crocin and safranal, which are 

responsible for the color and bitter taste of saffron, respectively (Frusciante et al., 

2014). In vitro, CsCCD2 cleaves zeaxanthin (C40) sequentially at the C7-C8 and C7'-C8' 

double bonds into crocetin (C20) and 3-OH-cyclocitral (C10) via the intermediate 3-OH-β-
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apo-8'-carotenal (β-citraurin, C30) (Figure 1.1b).  Moreover, CsCCD2 can cleave lutein 

(C40) at the C7-C8 position into 3-OH-ε-apo-8'-carotenal (C30) and 3-OH-cyclocitral (C10), 

indicating the regio-specificity of CsCCD2 for the double bond adjacent to the 3-OH-β-

ionone ring.  

Similar to CCD1, CCD4 enzymes are known for the production of apocarotenoid-derived 

pigments, flavors, and aromas in planta, but their substrate and region-specificity differ 

from those of CCD1 enzyeme (Schwartz et al., 2001; Auldridge et al., 2006; Ilg et al., 

2009; Bruno et al., 2015; Bruno et al., 2016). CCD4 enzymes from Arbidopsis and potato 

were shown, in vitro and in vivo, to cleave C9-C10 or C9'-C10' position of all-trans-cyclic 

carotenoids (Bruno et al., 2015, 2016). Although zeaxanthin (C40), lutein (C40), 

neurosporene (C40), ζ-carotene (C40), and β, β-epoxyxanthophylls (C40) can be substrates 

of this enzyme, some studies have indicated that most plant CCD4s (i.e., Arabidopsis, 

Potato, Saffron, Rape) preferentially take β-carotene (C40) as the main substrate (Bruno 

et al., 2015; Rubio et al., 2008; Zheng et al., 2015; Latari et al., 2015). There is also a 

second type of CCD4 enzymes, represented by Citrus CCD4, which cleaves zeaxanthin 

(C40) and β-cryptoxanthin (C40) at C7'-C8' or C7-C8 double bond into β-citraurin (C30)  and 

β-apo-8'-carotenal (C30) respectively (Ma et al., 2013; Rodrigo et al., 2013) (Figure 1.1c). 

The produced C30 apocarotenoids are the pigments responsible for the color of citrus 

peel. A recent in silico investigation narrowed down the putative substrates of the Citrus 

CCD4 family, revealing that the hydroxylated β-ionone ring is highly essential for the 

binding of the substrate to the enzyme (Vega-Teijido et al., 2018). CCD4 enzymes exert 
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different biological functions. For instance, they determine carotenoid and 

apocarotenoid content in different plant tissues, such as Arabidopsis seeds, and release 

β-ionone that may have anti-microbial activity (Lalko et al., 2007; Gonzalez-Jorge et al., 

2013; Bruno et al., 2016). Moreover, by its localization in plastoglobules (PGs), CCD4 is 

up-regulated under dark-induced senescing conditions, which significantly influences 

the carotenoid levels while they were strongly downregulated in the senescence 

process, regulating the development of leaf and plastid (Avendano-Vazquez et al., 2014; 

Bhuiyan et al., 2016; Sarah et al., 2016; Bhuiyan et al., 2017). Interestingly, RNAi 

knockdown of CCD4 in potato enhanced carotenoid accumulation, elongated tubers, 

and increased stolon-like stem growth, which indicates that this enzyme might also 

produce a yet unidentified regulatory metabolite (Ohmiya et al., 2006).   

The biosynthesis of the plant hormone SLs involves the successive action of CCD7 and 

CCD8, which leads to carlactone (CL, C19), the general precursor of SLs (Alder et al., 

2012; Bruno et al., 2017). CCD7s catalyze at the C9'-C10' double bond of 9-cis-β-

carotene (C40) yielding β-ionone and 9-cis-β-apo-10'-carotenal (C27) (Alder et al., 2012; 

Booker et al., 2004). Initially, AtCCD7 was reported to cleave all-trans-β-carotene at the 

C9-C10 bond to generate all-trans-β-apo-10’-carotenal (C27), which can be further brock 

down by AtCCD8 to β-apo-13-carotenone (C18). However, investigation of the 

stereospecificity of CCD7 enzymes from rice, pea, and Arabidopsis unraveled a strict 

specificity for 9-cis-configured carotenoids, i.e., 9-cis--carotene,  -lutein, -zeaxanthin, 

and -ζ-carotene, resulting in the formation of the corresponding 9-cis-apocarotenoids 
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(C27) (Alder et al., 2012; Bruno et al., 2014; Bruno et al., 2016) (Figure 1.1d). In addition 

to its role in SL biosynthesis, CCD7 enzymes may be also involved in the biosynthesis of 

other important apocarotenoids (i.e., cyclohexenone, mycorradicin) related to 

mycorrhizal colonization (Floss et al., 2008; Vogel et al., 2010).  

CCD8 enzymes catalyze the stereospecific conversion of 9-cis-apo-10'-carotenal (C27), 

formed by the CCD7, into CL, an essential metabolite and key precursor in the SL 

biosynthetic pathway (Figure 1.1d). This conversion combines complex reactions 

including repeated deoxygenation and intramolecular cyclizations for generating the tri-

oxygenated CL (Alder et al., 2012; Harrison et al., 2015; Jia et al., 2018). A recent study 

reported that the combined action of Physcomitrella Patens CCD7 and CCD8 can also 

produce carlactone, which revealed that SL biosynthesis mediated by CCD7 and CCD8 is 

evolutionary conserved and has occurred since the emergence of the first primitive land 

plants (Decker et al., 2017). CCD8 can also convert 9-cis-3-OH-β-apo-10'-carotenal (C27), 

produced by CCD7, into 3-hydroxy-carlactone (3-H-CL, C27), which indicates the presence 

of a further branch in the SL biosynthetic pathway (Figure 1.1d) (Baz et al., 2018). It has 

been shown that the reactions catalyzed by CCD8 are highly stereospecific, as CL is 

exclusively generated in the R configuration, disclosing why all known natural SLs 

contain this stereo-configuration at the corresponding C2’-atom (Flematti et al., 2016; 

Seto and Yamaguchi 2014). Loss-of-function ccd8 mutants show reduced plant height 

and increased tillering numbers due to SL deficiency. Application of CL and 3-H-CL can 

restore the rice ccd8 mutant tillering phenotype (Alder et al., 2012; Baz et al., 2018), 
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which confirms that CL, and likely also 3-H-CL, is the CCD product in planta. In addition 

to 9-cis-apocarotenoids cleavage, in vitro studies showed that CCD8 also catalyzes a 

typical CCD cleavage reaction at the C13-C14 double bond in all-trans-β-apo-10'-

carotenal (C27), yielding to D'orenone (β-apo-13-carotenone, C18) and an unidentified 

dialdehyde product, but at a relatively slow conversion rate (Alder et al., 2012) (Figure 

1.1e). This activity led to the previous assumption that D'orenone is the precursor of 

SLs; however, exogenous D'orenone treatment fails to restore the high-tillering 

phenotype of rice ccd8 mutant. Interestingly, D’orenone can affect ectomycorrhizal 

formation, possibly by modulating auxin metabolism in both partners (Wagner et al., 

2016), indicating a biological function of this compound.  

To sum up, even though CCDs are well grouped by functional prediction, there might be 

many unknown or misclassified subtypes in CCDs (Walter et. al, 2010). Indeed, several 

CCDs, which differ from the five main clusters, were temporarily classified as a CCD-like 

subfamily in rice, sorghum, tomato, and maize (Vallabhaneni et al., 2010; Wang et al., 

2013; Frusciante et al., 2014; McQuinn et al., 2015; Wei et al., 2016; Chen et al., 2018), 

indicating the presence of yet unidentified apocarotenoids including undiscovered 

apocarotenoid regulatory molecules. 
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1.2. Strigolactones 

1.2.1. SL biosynthesis and signaling 

Strigolactones (SLs) are the novel class of phytohormones, which have become 

importance due to their various biological roles in plants (Al-Babili and Bouwmeester 

2015). Natural SLs are characterized by a methylbutenolide ring (D-ring) linked by an 

enol ether bridge (R)-configuration to a structurally variable second moiety (Al-Babili 

and Bouwmeester, 2015). Depending on the structure of the second moiety, natural SLs 

are classified as canonical SLs that contain a tricyclic lactone (ABC-ring) and non-

canonical SLs that have other structures instead (Figure 1.3). Canonical SLs are further 

divided based on the stereochemistry of the B/C junction into orobanchol-type (C-ring in 

α-orientation/down) and strigol-type (C-ring in β-orientation/up) SLs, or to a different 

structure in non-canonical ones (Al-Babili and Bouwmeester, 2015; Jia et al., 2018) 

(Figure 1.3). So far, approximately 30 SLs have been isolated from the root exudates of 

different plant species (Yoneyama et al., 2018a).   
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Figure 1.3. Structures of natural strigolactones (SLs). Natural SLs are classified into 

canonical SLs (I and II) and non-canonical SLs (III). (Jia et al., 2018) 

 

The biosynthesis of SLs starts with the D27-catalyzed isomerization of all-trans-β-carotene 

into 9-cis-β-carotene that is cleaved by the carotenoid cleavage enzyme CCD7 to produce 

9-cis-β-apo-10’-carotenal and β-ionone (Bruno and Al-Babili, 2016; Bruno et al., 2017; 

Bruno et al., 2014; Abuauf et al., 2018). Consequently, CCD8 converts 9-cis-β-apo-10’-

carotenal through a combination of reactions into the central intermediate carlactone 

(CL) that already contains the D-ring characteristic for SLs (Alder et al., 2012). CL is 

transported into the cytosol where it is converted by CYP enzymes in particular the 
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Arabidopsis MORE AXILLARY GROWTH1 (MAX1) and its homologs of the 711 clade (Zhang 

et al., 2014; Abe et al. 2014) (Figure 1.4). MAX1 homologs can be grouped into three 

types: A1, A2, and A3. Type A1 enzymes, including the Arabidopsis AtMAX1 and its 

orthologues, convert CL into CLA (Yoneyama, K., et al. 2018b). Type A2 enzymes, 

represented by the rice Os900, transform CL into the 4-deoxyorobanchol (4DO), which 

involves the generation of CLA and additional oxygenation followed by B/C lactone ring 

closure (Zhang et al., 2014). Enzymes of the CYP711A3 type, represented by the rice 

Os1400, conduct the hydroxylation of 4DO to produce orobanchol (Yoneyama et al. 

2018b) (Figure 1.4). Further enzymes, such as members of the CYP722  clade are also 

involved in SL biosynthesis in Solanum lycopersicum/Vigna unguiculata and Gossypium 

arboreum and contribute to the structural diversity of this class of compounds 

(Wakabayashi et al. 2019, 2020) (Figure 1.4). 
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Figure 1.4. SL biosynthesis. D27 isomerizes all-trans- into 9-cis-β-carotene that is 

cleaved by CCD7 to produce 9-cis-β-apo-10'-carotenal and β-ionone. Through a 

combination of reactions, CCD8 transforms 9-cis-β-apo-10'-carotenal to carlactone (CL). 

CL is further modified by cytochrome P450 enzymes to produce different type of 

canonical, e.g. 4-deoxyorobanchol, and non-canonical, e.g. carlactonoic acid, SLs. SL 

biosynthesis involves further enzymes, such as LBO and a postulated methyl transferase. 

Abbreviations: MAX: more axillary growth; LBO, lateral branching oxidoreductase; Os, 

Oryza sativa; Sl, Solanum lycopersicum; Vu, Vigna unguiculata; Ga, Gossypium 

arboreum; At, Arabidopsis thaliana. (Wang et al. 2020a) 

Despite structural diversity, SLs are perceived by the same receptor, DWARF14 (D14), an 

α/β-hydrolase containing a conserved Ser-His-Asp catalytic triad (Blazquez et al., 2020). 

Following binding, D14 hydrolyzes the SL ligand into the D-ring that remains covalently 

bound to the catalytic His residue, forming a covalently linked receptor molecule (CLIM) 

and releasing the second moiety (Jiang et al., 2013). CLIM formation is accompanied by 

changing D14 conformation, which stimulates its interaction with MAX2/DWARF3 (D3), a 
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component of Skp1/Cullin/F-box (SCF)-type E3 ubiquitin ligase (Jiang et al., 2013). The 

D14-SCFMAX2/D3 complex recruits a subset of transcription factors, such as the Arabidopsis 

SUPPRESSOR OF MAX2 1-LIKE (SMXL), and triggers their poly-ubiquitination and 

proteasomal degradation (Soundappan et al., 2015; Wang et al., 2015; Tal et al., 2020) 

(Figure 1.5).  Thus, the SL signaling cascade relies on regulated protein turnover through 

the ubiquitin-proteasome pathway, similar to auxin, jasmonic acid, and gibberellic acid 

(Blazquez et al., 2020; Tal et al., 2020) 

 

Figure 1.5. Scheme of SL signaling. The receptor D14 binds and hydrolyzes SLs, forming 

a covalently linked receptor molecule (CLIM) that contains the SL D-ring (linked to the 

catalytic His-residue) and releasing the second SL moiety. These steps are accompanied 

by a conformational change of D14, which promotes the interaction with MAX2 and 

repressor proteins, e.g. the Arabidopsis SMXL or the rice D53. The exact configuration of 

these components is still elusive. The recruitment into the SCF complex leads to 

polyubiquitination and proteasome-mediated degradation of repressor proteins. 
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Abbreviations: MAX: more axillary growth. D14, DWARF14; SMXL, SUPPRESSOR OF 

MAX2 1-LIKE; D53, DWARF53. Created with ‘Biorender’. (Wang et al. 2020a) 

 

1.2.2. The bioactivity of strigolactones in plants 

SLs are involved in different developmental processes, including shoot branching, 

secondary growth and the establishment of root system architecture, i.e. primary, 

lateral, crown, and adventitious roots, and root hairs (Al-Babili and Bouwmeester, 2015; 

Waters et al., 2017) (Figure 1.6), as well as in plant response to biotic communications 

and abiotic stress factors (Ha et al., 2014; Decker et al., 2017). 

 

Figure 1.6. Functions of strigolactones in plant development. a. stimulation of 

internode growth, b. increasing of leaf senescence, c. enhancement of root hair 

elongation and primary root growth, d. induction of growth of secondary root and 

increase the thickness of stem, e. reduction of the outgrowth of axillary buds, and f. 

inhibition of adventitious root formation and g. lateral roots formation. (Al-Babili and 

Bouwmeester 2015) 
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Besides in-planta activities, plants release SLs into the soil where they were originally 

discovered as seed germination stimulants of root parasitic weeds (Cook et al., 1966; Xie 

and Yoneyama, 2010) and later identified as hyphal branching factor for AM fungi (AMF) 

(Akiyama et al., 2005) (Figure 1.7). Since then, SLs have become the best-known 

molecules in early plant-AMF interaction (Lanfranco et al., 2018a,b) and have been shown 

to be involved in the communication with further beneficial microorganisms, such as 

rhizobia and in the interaction with detrimental organisms (Marzec 2016; Lopez-Raez et 

al., 2017). In addition to inducing hyphal branching, SLs trigger a range of responses in 

AMF, which include spore germination, hyphal elongation and hyphopodia formation 

(Lanfranco et al., 2018b and references therein). However, it is still unclear how SLs are 

perceived by AMF and how they influence AMF. Nevertheless, it has been shown that SLs 

boost the AMF ATP production and mitochondrial division, activate the expression of 

mitochondrial and effector genes (Besserer et al., 2006, 2008; Tsuzuki et al., 2016; Salvioli 

et al., 2016) and promote the release of chitin oligomers (Genre et al., 2013) that are 

perceived by the plant partner (Sun et al., 2015a). The specific role of SLs during the 

colonization process within plant roots is still ambiguous; however, SLs deficient mutants 

show normal arbuscule morphology but lower colonization levels. Taken together, SLs act 

as positive regulators of the AM symbiosis; they are essential to achieve the full extent of 

mycorrhization and, probably, more relevant during the early stage of interaction by 

activating the fungal metabolism and enhancing its ability to colonize roots.  
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Figure 1.7. Carotenoid derived-hormones and apocarotenoid signaling molecules 

involved in the establishment of AM symbiosis.  SP, spore; HP, hyphopodium, IRM, 

intraradical mycelium; ERM, extraradical mycelium; ARB arbuscule-containing  cells. Note 

that the specific localization of ABA and zaxinone is not known (indicated with a question 

mark). Positive and negative effects are illustrated by arrows and blunt-ended bars, 

respectively (Fiorilli et al., 2019). 

In addition to AM symbiosis, SLs are also perceived by the seeds of root parasitic plants, 

such as Striga spp., as a germination signal ensuring host availability required for the 

survival of these obligate parasites. (Cook et al., 1966). Root parasitic weeds, especially 

Striga spp. (Witchweeds), and Phelipanche and Orobanche spp. (Broomrapes; 

Orobanchaceae family), are of huge economic importance, as they infest a wide range 

of cereal and non-cereal crops, causing a severe food security issue (Ejeta, 2007; Parker, 

2009; Mandumbu et al., 2019). These parasites have developed a host recognition 
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strategy, by sensing host-released underground signaling molecules, particularly SLs. 

After germination, emerging parasites develop a haustorium that connects to the 

vascular system of the host, to uptake water, minerals, and photosynthetic products 

(Figure 1.8) (Xie et al., 2010; Yoneyama et al., 2010). Most of the damage occurs at this 

underground phase. Infestation by root parasitic weeds is a severe problem for 

agriculture in warm and temperate zones, causing enormous yield losses.  In particular, 

S. hermonthica, which devastates cereal yields, has now been considered as a major 

threat to global food security (Pennisi, 2010). Another example is Phelipanche spp. that 

attacks non-cereal crops in Eastern Europe and Asia (Parker, 2009, 2012). Although 

farmers have tried to develop several manual, cultural and mechanical control 

measures, the infestation of these parasites is spreading over large areas due to 

enormous production of thousands of long-lasting tiny seeds, which is one of the 

important research questions for plant scientists. 
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Figure 1.8. Life cycle of a root parasitic plant, Orobanche minor. (I) Pre-conditioning. (II) 

Germination is stimulated by host-released compounds, such as SLs. (III) Haustorium 

formation. (IV) Penetration and attachment. (V) The parasitic plants absorb water and 

nutrients from the host. (VI) Development and emergence. (VII) Flowering and seed 

production. I–III (pre-parasitic stages) and IV-VII (parasitic stages) (Yoneyama et al., 

2010). 
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1.3. Objectives 

This dissertation focuses on characterizing the biological role of zaxinone, which is 

formed by ZAXINONE SYNTHASE (ZAS). ZAS represents an overlooked sixth CCD 

subfamily, which is common across the plant kingdom and has an important impact on 

plant growth and AM symbiosis in rice (Ch.2). To understand the growth-promoting 

effect of zaxinone, we integrated metabolome, transcriptome, and phenome 

approaches to decode the metabolic pathways affected by zaxinone (Ch.3). Moreover, 

to explore the potential applications for fundamental research and agriculture of 

zaxinone, we studied the structural activity relationship of this apocarotenoid 

metabolite, and developed easy-to-synthesize zaxinone mimics (MiZax), and 

investigated the bioactive roles of these new compounds (Ch.4). Finally, a general 

overview on the function and evolution of plant apocarotenoid hormone and signaling 

molecules are discussed (Ch. 5). 

 

 
 
 
 
 
 
 
 
 
 



35 
 

Chapter 2 The Apocarotenoid Metabolite Zaxinone Regulates Growth and 

Strigolactone Biosynthesis In Rice 

 

The contents of this chapter are published as a research article in Nature 

Communications: 

Wang, J.Y., Haider, I., Jamil, M., Fiorilli, V., Saito, Y., Mi, J., Baz, L., Kountche, B.A. , Jia, K-

P., Guo, X., Balakrishna, A., Ntui, V. O., Reinke, B., Volpe, V., Gojobori, T., Blilou, I., 

Lanfranco, L., Bonfante, P., and Al-Babili, S. (2019) The apocarotenoid metabolite 

zaxinone regulates growth and strigolactone biosynthesis in rice. Nat. Commun. 10, 

810–819. doi: 10.1038/s41467-019-08461-1 

 

2.1. Abstract 

Carotenoid cleavage dioxygenases (CCDs) form hormones and signaling molecules. Here 

we show that a member of an overlooked plant CCD subfamily from rice, that we name 

Zaxinone Synthase (ZAS), can produce zaxinone, a novel apocarotenoid metabolite in 

vitro. Loss-of-function mutants (zas) contain less zaxinone, exhibit retarded growth and 

showed elevated levels of strigolactones (SLs), a hormone that determines plant 

architecture, mediates mycorrhization and facilitates infestation by root parasitic 

weeds, such as Striga spp. Application of zaxinone can rescue zas phenotypes, decrease 

SL content and release and promote root growth in wild-type seedlings. In conclusion, 

we show that zaxinone is a key regulator of rice development and biotic interactions 
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and has potential for increasing crop growth and combating Striga, a severe threat to 

global food security. 

2.2. Introduction 

Plants rely on hormones and other chemical signals to coordinate growth and 

developmental processes, to adapt to environmental changes, and to communicate with 

surrounding organisms (Chaiwanon et al., 2016). Many of these signals originate from 

secondary metabolic pathways, such as carotenoid biosynthesis (Moise et al., 2014), 

that provides precursors for the phytohormones abscisic acid (ABA) (Cutler et al., 2010) 

and strigolactones (SLs) (Al-Babili and Bouwmeester, 2015). SLs regulate plant 

development, best-known for determining shoot and root architectures, in accordance 

to nutrients availability (Gomez-Roldan, V. et al. 2008; Umehara, M. et al. 2008). In 

addition, SLs are rhizospheric signals released by roots, particularly under phosphate (Pi) 

starvation, to facilitate the recruitment of arbuscular mycorrhizal (AM) fungi and 

establish the widespread beneficial AM symbiosis (Bonfante and Genre, 2008; Gutjahr 

and Parnisk 2013). However, SLs are also perceived by seeds of root parasitic plants, 

such as Striga spp., as germination signal ensuring host availability required for the 

survival of these obligate parasites (Xie, et al., 2010). Infestation by Striga spp. is a 

severe problem for agriculture in warm and temperate zones, causing enormous yield 

losses (Parker, 2012), and a major threat to global food security (Pennisi, 2010). 
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Carotenoids are isoprenoid pigments characterized by an extended, conjugated double 

bond system. Plant carotenoids consist of a common C40-skeleton, but differ by the 

number of their conjugated double bonds, stereo-configuration, the presence of 

oxygen, and end-group structures (Moise et al., 2014). SLs, ABA, and other carotenoid-

derived compounds, such as the vision chromophore retinal, are the result of an 

oxidative cleavage of specific double bond(s) in defined carotenoid precursor(s) (Hou et 

al., 2016; Moise et al., 2005). This conversion is a common metabolic process yielding 

apocarotenoids, generally catalyzed by carotenoid cleavage dioxygenases (CCDs) 

represented in all taxa (Moise et al., 2005; Ahrazem et al., 2016). However, reactive 

oxygen species (ROSs) can also trigger carotenoid cleavage, for example in the 

formation of the signaling molecule cyclocitral (Ramel et al., 2012). Apocarotenoids 

themselves are substrates of several CCDs (Alder et al., 2008) and frequently modified 

by different enzymes, such as cytochrome P450 enzymes (Zhang  et al., 2014). The 

Arabidopsis genome encodes nine CCDs, including five 9-cis-epoxycarotenoid cleavage 

dioxygenases (NCED2, 3, 5, 6, and 9) involved in ABA biosynthesis (Tan et al., 2003). The 

further enzymes represent the four other plant CCD subfamilies, designated as CCD1, 

CCD4, CCD7, and CCD8 (Auldridge et al., 2006). CCD1 enzymes are likely scavengers of 

destructed carotenoids (Ilg et al., 2010), generating a plentitude of different products 

from a wide range of carotenoids and apocarotenoids (Vogel et al., 2008; Ilg et al., 2009; 

Ilg et al., 2014). CCD4 enzymes cleave all-trans-cyclic carotenoids (Bruno et al., 2016), 

determining carotenoid content in different tissues (Gonzalez-Jorge, S. et al., 2013), and 

forming apocarotenoid pigments in some fruits (Hou et al., 2016). Additionally, the 
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Arabidopsis CCD4 may generate a yet unidentified signal required for normal plastid and 

leaf development (Hou et al., 2016). CCD7 is a SL biosynthetic enzyme cleaving 9-cis-β-

carotene formed by the all-trans/9-cis-β-carotene isomerase DWARF27 into 9-cis-β-apo-

10′-carotenal (Alder, A. et al., 2012). CCD8 converts this intermediate into carlactone, 

the central intermediate of SL biosynthesis (Alder et al., 2012; Bruno et al., 2017)  and 

the substrate of cytochrome P450 enzymes (711 clade), such as the rice orobanchol 

oxidase, that form SLs (Zhang et al., 2014; Abe et al., 2014). 

A survey of grass CCDs revealed a clade missing in Arabidopsis (Vallabhaneni et al., 

2010). In our study, we analyzed the distribution of this subgroup in plant kingdom, 

investigated the enzymatic activity of a rice representative encoded by 

LOC_Os09g15240 in vitro, and characterized a corresponding loss-of-function mutant. 

This enabled us to identify a carotenoid-derived, growth-regulating metabolite that is 

required for normal rice growth and development, as well as a bona fide, undescribed 

plant CCD subfamily common in most land plants. 

2.3. Material and Methods 

Plant material and growth conditions 

Rice plants were grown under controlled conditions (day/night temperature of 28/22 oC 

and a 12 h photoperiod, 200 µmol photons m−2 s−1). Rice seeds were surface-sterilized 

in 50% sodium hypochlorite solution with 0.01% Tween-20 for 20 min. The seeds were 

rinsed with sterile water and germinated in the dark. The pre-germinated seeds were 
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transferred to petri dishes containing half-strength liquid Murashige and Skoog (MS) 

medium and incubated in a percival for 7 days. 

For phenotyping of zas mutant, the seedlings were transferred into pots filled with soil 

containing half-strength modified Hoagland nutrient solution. The nutrient solution 

consisted of 5.6 mM NH4NO3, 0.8 mM MgSO4.7H2O, 0.8 mM K2SO4, 0.18 mM 

FeSO4.7H2O, 0.18 mM Na2EDTA.2H2O, 1.6 mM CaCl2.2H2O, 0.8 mM KNO3, 0.023 mM 

H3BO3, 0.0045 mM MnCl2.4H2O, 0.0003 mM CuSO4.5H2O, 0.0015 mM ZnCl2, 0.0001 mM 

Na2MoO4.2H2O, and with or without 0.4 mM K2HPO4.2H2O, resulting in the +Pi and -Pi 

conditions, respectively. The pH of the solution was adjusted to 5.8, and the solution 

was applied every third day. On day 56, phenotypic data were recorded. 

For rescuing zas mutant phenotypes and investigating the effect of zaxinone on 

different genotypes, 1 week-old seedlings were grown hydroponically in Hoagland 

nutrient solution containing K2HPO4.2H2O (+Pi), 2.5 µM zaxinone (solved in 0.1% 

acetone) or the corresponding volume of the solvent (control) for 3 weeks. The solution 

was changed every other day, adding the chemical at each renewal. 

For rescuing zas mutant phenotypes in the rhizotron system (48 cm × 24 cm × 5 cm), 3 

days-old seedlings were grown in soil with Hoagland nutrient solution containing 

0.4 mM K2HPO4.2H2O (+Pi) and10 µM zaxinone for 2 weeks. The solution was changed 

every other day, adding the chemical at each renewal. To increase zaxinone stability, 

1 µl/mL emulsifier (cyclohexanone + Atlas G1086 kindly provided by Mr. Han Rieffe of 
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CRODA, Gouda; The Netherlands) was added into Hoagland nutrient solution. Root 

surface area was analyzed with the ImageJ software. 

For transcript analysis, 1 week-old seedlings were grown hydroponically in half-strength 

modified Hoagland nutrient solution with K2HPO4.2H2O ( + Pi) and without K2HPO4.2H2O 

(-Pi) for 7 days. Seedlings were further treated with zaxinone for 6 h, and tissues were 

collected. 

For SL analysis, 1 week-old seedlings were transferred into 50 mL falcon tubes (three 

seedlings per tube), containing Hoagland nutrient solution with K2HPO4.2H2O (+Pi), and 

grown in the growth cabinet for 1 week. Rice seedlings were then subjected to 

phosphate deficiency (-Pi) for another 1 week. On the day of root exudates collection, 

rice seedlings were first treated with 5 µM zaxinone for 6 h, and then root exudates and 

root tissues were collected from each tube for LC-MS/MS analysis and Striga bioassays. 

Synthetic zaxinone was purchased (customized synthesis) from Buchem B.V. (Apeldoorn, 

The Netherlands). 

Qualitative and quantitative analysis of zaxinone 

For the identification and quantification of zaxinone in planta, plant material was 

lyophilized and grinded. Twenty five milligrams of tissue powder, spiked with 1.65 ng of 

D3-zaxinone (customized synthesis; Buchem B.V., Apeldoorn, The Netherlands), was 

extracted with 2 mL of ethyl acetate twice, by sonication for 15 min in an ultrasonic bath 

followed by centrifugation for 8 min at 1356 × g at 4 °C. The two supernatants were 
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combined and dried under vacuum. The dried extract was dissolved in 100 µl of ethyl 

acetate and 2 mL of hexane prior the following purification. The sample was run through 

a Silica gel SPE column (500 mg/3 mL) preconditioned with 3 mL of ethyl acetate and 

3 mL of hexane. After washing with 3 mL hexane, zaxinone were eluted in 3 mL ethyl 

acetate and evaporated to dryness under vacuum. The residue was re-dissolved in 

200 μL of acetonitrile: water (25:75, v:v) for zaxinone, and filtered through a 0.22 μm 

filter for LC-MS/MS analysis. Qualitative analysis of zaxinone extracted from plant 

material was performed on a Dionex Ultimate 3000 UHPLC system coupled with a Q-

Exactive plus MS (Thermo Scientific) with a heated-electrospray ionization source. 

Chromatographic separation was carried out on a Phenomenex Gemini C18 column 

(150 × 2.0 mm, 5 μm) with the mobile phase of water: acetonitrile: formic acid (95:5:0.1, 

v:v:v, A) and acetonitrile: formic acid (100:0.1, v:v, B) in a gradient program (0–20 min, 

25–100 % B, followed by washing with 100 % B and equilibration with 25 % B). The flow 

rate was 0.2 mL/min. The injection volume was 10 μL, and the column temperature was 

maintained at 35 °C for each run. The MS conditions were as follows: positive mode, 

spray voltage of 4.0 kV, auxiliary gas heater temperature of 310 oC, sheath gas flow rate 

of 30 arbitrary units, auxiliary gas flow rate of 10 arbitrary units, capillary temperature 

of 320 oC, S-lens RF level of 55, resolution of 70,000, and NCE of 15 eV for MS/MS. The 

quantification of zaxinone in rice tissues was performed by using HPLC-Q-Trap-MS/MS 

with MRM mode. Chromatographic separation was achieved on an Acquity UPLC BEH 

C18 column (50 × 2.1 mm; 1.7 μm; Waters) with mobile phases consisting of water: 

acetonitrile (95:5, v:v, A) and acetonitrile (B), both containing 0.1% formic acid, and the 
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following linear gradient (flow rate, 0.2 mL/min): 0–20 min, 25–100 %, followed by 

washing with 100 % B and equilibration with 25 % B. The injection volume was 5 μL, and 

the column temperature was maintained at 30 °C for each run. The MS parameters 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, 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 20 eV, collision cell exit potential of 10 V. The characteristic MRM 

transitions (precursor ion → product ion) were 275 → 257, 275 → 239, 275 → 173 for 

zaxinone; 278 → 260, 278 → 242, 278 → 173 for D3-zaxinone. 

Quantitative analysis of 4-DO in root exudates and tissues 

For the quantification of 4-deoxyorobanchol in rice root exudates, 50 mL of root 

exudates spiked with 0.672 ng of D6–5-deoxystrigol, was brought on a 500 mg/3 mL fast 

SPE C18 column preconditioned with 6 mL of methanol and 6 mL of water. After washing 

with 6 mL of water, SLs were eluted with 5 mL of acetone. The 4-deoxyorobanchol 

fraction (acetone-water solution) was concentrated to SL aqueous solution (∼1 mL), 

followed by the extraction with 1 mL of ethyl acetate. 750 μL of 4-deoxyorobanchol 

enriched organic phase was then transferred to 1.5 mL tube and evaporated to dryness 

under vacuum. The dried extract was dissolved in 100 μL of acetonitrile: water (25:75, 

v:v) and filtered through a 0.22 μm filter for LC-MS/MS analysis. 

For the quantification of 4-deoxyorobanchol in rice root, plant tissue material was 

lyophilized and grinded. 30 mg root tissue spiked with 0.672 ng of D6–5-deoxystrigol was 
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extracted with 2 mL of ethyl acetate in an ultrasound bath (Branson 3510 ultrasonic 

bath) for 15 min, followed by centrifugation for 8 min at 1356 × g at 4 oC. The 

supernatant was collected and the pellet was re-extracted with 2 mL of ethyl acetate. 

Then the two supernatants were combined and dried under vacuum. The residue was 

dissolved in 100 µl of ethyl acetate and 2 mL of hexane. The resulting extract solution 

was loaded on a Silica gel SPE column (500 mg/3 mL) preconditioned with 3 mL of ethyl 

acetate and 3 mL of hexane. After washing with 3 mL of hexane, 4-deoxyorobanchol was 

eluted in 3 mL of ethyl acetate and evaporated to dryness under vacuum. The residue 

was re-dissolved in 200 μL of acetonitrile: water (25:75, v:v) and filtered through a 

0.22 μm filter for LC-MS/MS analysis. 4-deoxyorobanchol was analyzed by using HPLC-Q-

Trap-MS/MS with MRM mode. Chromatographic separation was achieved on an Agilent 

1200 HPLC system with an Acquity UPLC BEH C18 column (50 × 2.1 mm; 1.7 μm; Waters). 

Mobile phases consisted of water: acetonitrile (95:5, v:v, A) and acetonitrile (B), both 

containing 0.1 % formic acid. A linear gradient was optimized as follows (flow rate, 

0.2 mL/min): 0–10 min, 25 to 100 % B, followed by washing with 100% B and 

equilibration with 25% B. The injection volume was 5 μL and the column temperature 

was maintained at 30 °C for each run. The MS parameters were listed as follows: 

positive ion mode, ion source of turbo spray, ion spray voltage of 5500 V, curtain gas of 

20 psi, collision gas of medium, gas 1 of 80 psi, gas 2 of 70 psi, turbo gas temperature of 

400 °C, declustering potential of 60 V, entrance potential of 10 V, collision energy of 

20 eV, collision cell exit potential of 15 V. The characteristic MRM transitions (precursor 
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ion → product ion) were 331 → 216, 331 → 97 for 4-deoxyorobanchol; 337 → 222, 

337 → 97 for D6–5-deoxystrigol. 

Quantitative analysis of rice apocarotenoids 

Quantitative analysis of apocarotenoids was carried out as the method described (Mi et 

al., 2018). Approximate 20 mg tissue powder spiked with internal standard (IS) mixture 

(1 ng each standard) was extracted with 2 mL of MeOH containing 0.1% BHT by 

sonication for 15 min in an ultrasound bath (Branson 3510 ultrasonic bath), followed by 

centrifugation for 8 min at 1356 × g at 4 °C. The supernatant was collected and the pellet 

was re-extracted with 1 mL of the same solvent. Then, the two supernatants were 

combined and dried under vacuum. The residue was re-dissolved in 150 μL of 

acetonitrile and filtered through a 0.22 μm filter for LC-MS analysis. APOs analysis was 

performed on a Dionex Ultimate 3000 UHPLC system coupled with a Q-Orbitrap- MS (Q-

Exactive plus MS, Thermo Scientific) with a heated-electrospray ionization source. 

Chromatographic separation was carried out on an ACQUITY UPLC BEH C18 column 

(100 × 2.1 mm, 1.7 μm) with an UPLC BEH C18 guard column (5 × 2.1 mm, 1.7 μm) 

maintained at 35 oC. The mobile phases A (H2O/ACN/FA, 80/20/0.1, v/v/v) and B 

(ACN/IPA/FA, 60/40/0.1, v/v/v) were used following the gradient program: 0–1 min, 0% 

B; 1–3 min, 0% B to 40% B; 3–8 min, 40% B to 80% B; 8–14 min, 80% B to 90% B; 14–

15 min, 90% B to 100% B; followed by washing with 100% B and equilibration with 100% 

A. The flow rate was 0.2 mL/min, and the injection volume was 5 µl. The MS parameters 

were as follows: sheath gas flow rate of 40 arbitrary units, auxiliary gas flow rate of 20 
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arbitrary units, spray voltage of 4.0 kV, capillary temperature of 350 oC, auxiliary gas 

heater temperature of 250 oC, S-lens RF level of 50, and resolution of 280,000. 

In vitro assays 

Full-length ZAS cDNA was produced from total rice RNA by RT-PCR. The cDNA was then 

amplified, lacking the stop codon, and ligated into pBAD/Thio-TOPO (Invitrogen), 

enabling the expression of the enzyme fused with thioredoxin at the N-terminus and 

equipped with a C-terminal 6-His-tag. Integrity of the obtained plasmid pThio-ZAShis 

was confirmed by sequencing. The fusion protein was expressed in E. coli BL21 cells 

transformed with the plasmid pGro7 (Takara Bio Inc.; Mobitec, Göttingen, Germany) 

that enables co-expression of the groES-groEL-chaperone system. Bacterial growth, 

induction, and preparation of soluble supernatants were carried out as method 

described (Alder et al., 2008). To study the enzymatic activity of ZAS, we incubated the 

soluble supernatants of overexpressing E. coli cells with the following carotenoids: β-

carotene, 9-cis-β-carotene, zeaxanthin and lycopene. We also tested 3-OH-β-apo-10′-

carotenal, 3-OH-β-apo-8′-carotenal, 3-OH-β-apo-12′-carotenal, β-apo-10′-carotenal, β-

apo-8′-carotenal, 9-cis-α-apo-10′-carotenal, 3-OH-9-cis-α-apo-10′-carotenal, 9-cis-β-apo-

10′-carotenal, 3-OH-9-cis-β-apo-10′-carotenal, apo-10′-lycopenal, and apo-8′-lycopenal. 

Assays were prepared, performed, and extracted according to the protocol (Alder et al., 

2008). β-carotene, 9-cis-β-carotene, zeaxanthin, and lycopene were purchased from 

Sigma-Aldrich. Synthetic apocarotenoids were purchased from Buchem B. V. 

(customized synthesis, Apeldoorn; The Netherlands). For conversion rate 
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measurements, in vitro assays were stopped by freezing in liquid nitrogen at nine 

different time points during 2 h of incubation and extracted as method described (Alder 

et al., 2008). In vitro assays sample spiked with 60 µM retinal (internal standard, 

purchased from Buchem B. V., Apeldoorn; The Netherlands), was extracted as described 

for UHPLC-DAD analysis (Alder et al., 2008). The quantification of the product, zaxinone, 

was performed by calculating peak areas at maximum absorption wavelength, using a 

standard curve. Analysis of ZAS in vitro assays sample was performed on Ultimate 3000 

UHPLC system with a YMC Carotenoid C30 column (250 × 4.0 mm, 5 µm) at a flow rate of 

0.6 mL/min and a column temperature of 30 oC. Mobile phases included methanol: tert-

butylmethyl ether (1:1, v:v, A) and methanol: water:tert-butylmethyl ether (30:10:1, 

v:v:v, B). The gradient started from 100% B to 45% B in 15 min followed by isocratic 

elution with 45% B for 9 min. 

To detect the expected C9-dialdehyde product, C9-dialdehyde was identified by using LC-

MS after derivatization with O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine 

hydrochloride. Briefly, C9-dialdehyde was extracted with 200 μL of chloroform: 

methanol (2:1, v:v). The extract was dried under vacuum and re-dissolved in 100 μL of 

methanol, followed by the derivatization with 50 μL of O-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine hydrochloride (25 mg mL−1 in MeOH) at 35 °C for 1 h. 

The C9-dialdehyde derivative was dried and re-dissolved in 50 μL of DMSO for LC-MS 

analysis. Analysis was performed on a Dionex Ultimate UHPLC system coupled with a Q-

Exactive plus MS. Chromatographic separation was carried out on a Phenomenex 
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Gemini C18 column (150 × 2.0 mm, 5 μm) with the mobile phase of acetonitrile: water: 

formic acid (95:5:0.1, v:v:v, A) and acetonitrile: water: formic acid (5:95:0.1, v:v:v, B) at 

the flow rate of 0.2 mL/min and the column temperature of 35 oC. The gradient was as 

follows: 0–20 min, 50–100% B, followed by washing with 100% B and equilibration with 

50% B. The MS parameters were as follows: positive mode, spray voltage of 4.0 kV, 

auxiliary gas temperature of 310 oC, sheath gas flow rate of 30 arbitrary units, auxiliary 

gas flow rate of 10 arbitrary units, capillary temperature of 320 oC, S-lens RF level of 55, 

resolution of 70,000, and NCE of 15 eV. 

Recombinant protein expression and purification 

For purified maltose-binding protein (MBP)-fusion protein, full-length ZAS cDNA was 

amplified with PCR using primers (Table 2.1) and cloned into the pET-His6 MBP N10 TEV 

LIC cloning vector (2C-T vector; http://www.addgene.org/29706/) with 6xHis and MBP 

tags at the N-terminus37. After sequence confirmation (KAUST, Bioscience Core Lab), 

plasmid was then transformed into E. coli BL21 (DE3) cells. The cells were grown in LB 

broth containing ampicillin (100 mg/mL) at 37 °C until an OD600 of 0.5 and expression 

was induced with 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 16 °C for 16 h 

under shaking. Harvested cells were resuspended in lysis buffer: 50 mM Tris–HCl (pH 

8.0), 200 mM NaCl, detergent (0.5% Triton X-100), and 2 mM DTT. After sonication (40% 

amplitude (10 min), 2 s ON, 1 s OFF) on ice for 10 mins, the lysate were centrifuged at 

74,766 × g for 30 min at 4 °C. Further, the supernatant was allowed to bind to MBP-

beads-Amylose Resin (New England BioLabs) for 2 h at 4 °C. Then, washed three times 
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with buffer (50 mM Tris–HCl (pH 8.0), 200 mM NaCl, 2 mM DTT) for 15 min each at 4 °C 

and eluted with 50 mM maltose monohydrate after shaking for 30 min at 4 °C. The 

eluted protein was further used for in vitro assays described previously (Alder et al., 

2008). 

Striga hermonthica seed germination bioassays 

Striga seed germination bioassay was carried out according to the protocol (Jamil et al., 

2012). After 10 days of pre-conditioning (30 oC under moist for 10 days), Striga seeds 

were supplied with 50 μL of root exudates of zaxinone treated and non-treated wild-

type and zas mutant. After application, Striga seeds were incubated at 30 oC in dark for 

2 days. Germinated (seeds with radicle) and non-germinated seeds were counted under 

a binocular microscope to calculate germination rate (%). 

Striga hermonthica infection in rice 

About 10 mg (~4000) Striga seeds were thoroughly mixed in 2 L of soil and sand mixture 

(1:1), added in a 3 L plastic pot and kept under moisture conditions at 35 oC for 10 days. 

Then three 5 days-old rice seedlings (Oryza sativa L. cv. IAC-165) were planted in the 

middle of each Striga pot. A stock of 10 mM of zaxinone was prepared by mixing with an 

emulsifier (cyclohexanone + Atlas G1086) kindly provided by Mr. Han Rieffe of CRODA, 

Gouda; The Netherlands). After 3 days of rice planting, zaxinone was applied at 10 μM 

concentration in 20 mL water in each pot. Zaxinone was applied twice a week for 5 

weeks. Striga emergence were recorded after 6 weeks of rice planting. 
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Gene expression analysis 

Total RNA was extracted from roots and shoots using a Qiagen Plant RNeasy Kit 

according to the manufacturer’s instruction (Qiagen, Hilden; Germany). cDNA was 

synthesized from 1 µg of total RNA using iScript cDNA Synthesis Kit (BIO-RAD 

Laboratories, Inc., 2000 Alfred Nobel Drive, Hercules, CA; USA) according to the 

instructions in the user manual. For mycorrhizal samples single-strand cDNA was 

synthesized from 1 µg of total RNA using Super-Script II (Invitrogen) according to the 

instructions in the user manual. Primers used for real-time quantitative RT-PCR (qRT-

PCR) analysis are listed in (Table 2.1). qRT-PCR was performed using SYBR Green Master 

Mix (Applied Biosystems; www.lifetechnologies.com) in a StepOnePlus (Life 

Technologies, Carlsbad, CA, USA). For mycorrhizal samples qRT-PCR was performed 

using a Rotor-Gene Q 5plex HRM Platform (Qiagen, Hilden; Germany). The 2-ΔΔCT 

method was used to calculate the relative gene expression levels (Livak and Schmittgen, 

2001) and rice Ubiquitin (OsUBQ or OsRubQ1) gene (Table 2.1) was used as the internal 

control to normalize target gene expression. 
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Table 2.1 Primer sequences used in chapter 2 
 

Experiment Primer name  Sequence (5′–3′) 

qRT-PCR D27-F TCTGGGCTAAAGAATGAAAAGGA 
 D27-R AGAGCTTGGGTCACAATCTCG 
 CCD7/D17-F CATTGGAAAAGTGAGGTTCTTTGG 
 CCD7/D17-R AATGCACTTGTGGCAAAACTAGAG 
 CCD8/D10-F GTTCCAGTACACGGACAAG 
 CCD8/D10-R ACTGCCTCTCGTTGCTA 

 OsCO/MAX1-F GGCTTCTCTGCTTGCTGCTTC 

 OsCO/MAX1-R ACCAACGGTTGCCTTCCC 
 OsUBQ-F GCCCAAGAAGAAGATCAAGAAC 
 OsUBQ-R AGATAACAACGGAAGCATAAAAGTC 
 RiEFα-F GCTATTTTGATCATTGCCGCC 
 RiEFα-R TCATTAAAACGTTCTTCCGACC  
 OsRubQ1-F GGGTTCACAAGTCTGCCTATTTG 

 OsRubQ1-R ACGGGACACGACCAAGGA 

 OsPT11-F GAGAAGTTCCCTGCTTCAAGCA 

 OsPT11-R GAGAAGTTCCCTGCTTCAAGCA 

 OsNCED3-F CGCCTTGCTCTGTTCTAC 

 OsNCED3-R CCTGCCGTTGAAGTAGATG 

 OsNCED4-F GGGAGGTACGACTTCCAT 

 OsNCED4-R GACACGACATTGTAGCTGAG 

 OsNCED5-F ACGTGATCAAGAAGCCATAC 

 OsNCED5-R CACGAAGTTCTCGGTGATG 

 OsDREB1A-F GGGATCAAGCAGGAGATGA 

 OsDREB1A-R CGTCTCCCTGAACTTGGT 

 OsDREB2A-F TCCTTTCATCGTGGCTAATG 

 OsDREB2A-R CCATTGCTCCCTTCTGTTT 

 OsHOX22-F TCACGGAGGAGCAGATAC 

 OsHOX22-R GTTCTGGAACCAGATGGC 

 OsCIPK02-F CGGAGCAGAGAGGAAATATG 

 OsCIPK02-R GTGTTACGGGCATGGTAAA 

 OsDIP1-F ATGGAGGATGAGAGGAACA 

  OsDIP1-R CAAGGAGGTTGTCGAAGAG 

zas mutant screening ZAS-F AGTTATGCCCCGTTATGGTG 

 ZAS-R AGCACCTTCAAATGTTTGGG 

  Tos17-R ATTGTTAGGTTGCAAGTTAGTTAAGA 

ZAS protein cloning ZAS-MBP-F CCAGGGAGCAGCCTCGATGATGACAGCTTCTCTGCATCCATG 

  ZAS-MBP-R GCAAAGCACCGGCCTCGTCACGTCATTGTGTTTGCTAGTGATG 
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Statistical analysis 

All of the experiments were performed with at least three biological replicates each. 

Statistical tests were carried out through one-way analysis of variance (one-way 

ANOVA) and Tukey’s post hoc test or via two-tailed Student’s t-tests, using a probability 

level of P < 0.05. All statistical elaborations were performed using R program or PAST 

statistical package version 2.16 (Øyvind et al., 2001). 

Survey of CCD orthologues in plants 

We obtained 68 land plant genomes (protein fasta files) from in NCBI RefSeq assembly 

and one genome from NCBI Genbank assembly. Information regarding genome 

assemblies used in this study is described in (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx). Obtained protein sequences 

were annotated were by Pfam-A data base (1) using Hmmscan program included in 

HMMER v3.1b1 package (http://www.hmmer.org/). We then extracted protein 

sequences annotated as PF03055 (Retinal pigment epithelial membrane protein). The 

obtaining sequences were filtered with respect to their length of PF03055 regions (≥ 400 

aa). We then checked position of the sequences on their species genomes and removed 

transcript variants (the longest one was used for the analysis). We obtained 783 

sequences after the filtration and used them as CCD orthologues for the phylogenetic 

analysis. 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
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Phylogenetic analysis 

We obtained the sequence alignment of CCD orthologues using MAFFT ver. 3 (2) with 

default settings. Neighbour-joining trees were constructed from the aligned sequences 

with MEGA7 (3). Bootstrap values were generated from 100 pseudoreplicates using 

MEGA7. We extracted 106 sequences belonging to ZAS subcluster in the resultant tree. 

We re-constructed the Neighbour-joining tree of ZAS orthologues using the same 

method as described above. We also constructed Neighbour-joining tree using O. sativa 

and A. thaliana sequences only. Tree construction was performed with the same 

methods described above. 

To investigate the presence of ZAS orthologues in non-host plants of arbuscular 

mycorrhizal fungi (non-host AM plants), we conducted CCD gene survey using genomes 

of non-AM plants analyzed, as described previously (Bravo et al., 2016)(https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx). Genomes (protein fasta files) 

with accession numbers including “GCF_” prefix were obtained from RefSeq genome 

assembly database. Protein fasta files of Picea abies were obtained from ConGenIE 

(Conifer Genome Integrative Explorer) web resource (http://congenie.org). Protein fasta 

files of Dianthus caryophyllus was retrieved from canation.kazusa.or.jp. Genome fasta 

files (Scaffold or contig levels) of Utricularia gibba (GCA_002189035.1), Spirodela 

polyrhiza (GCA_001981405.1) were retrieved from GenBank database. As protein fasta 

files were not prepared for these species, we conducted gene prediction from these 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx
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genome assemblies with AUGUSTUS 3.3.1 (Stanke et al., 2006). RNAseq sequences 

(SRR3090696 and SRR3090697 of S. polyrhiza and SRR5046448 of U. gibba) were used to 

generate hint files for the prediction with AUGUSTUS, following the developer’s 

instructions. CCD sequences of Spirodela polyrhiza and Utricularia gibba predicted in 

this study were shown in (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM7_ESM.xlsx). We also evaluated the 

qualities of genome sequence data used in this study with BUSCO software using 

protein fasta files (Simão et al., 2015). 

Field trial 

Field experiment was carried out at the experimental farm of CREA-RIS (Consiglio per la 

ricerca in agricoltura e l’analisi dell’economia agraria, Unità di ricerca per la risicoltura) 

located in Northern Italy (45°19′17″ N 8°25′11″E). Seeds of wild-type (cv. Nipponbare) 

and zas mutant were germinated in soil. During the cropping season (May–October), 

irrigation treatments by flushing was provided from July (panicle initiation) to 

September (late flowering), taking into consideration climatic conditions and rainfalls. In 

detail, the irrigation treatment consisted of an input of water to reach the complete 

submersion of the field; after the complete flooding, the flux of water was interrupted. 

Plot size was 2 m × 1 m. Three treatments of organic N (12.5%) were applied before 

sowing (May), during tillering (June), and one in July (panicle initiation). Phenotyping of 

wild-type and zas shoot, including node and spike length, number of tillers, panicle, and 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM7_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM7_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM7_ESM.xlsx
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seed number, was performed in October, immediately before harvest. For each 

genotype 12 plants were considered. 

Plant and fungal materials for mycorrhizal experiment 

Seeds of wild-type (cv. Nipponbare) and zas mutant 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 Funelliformis mosseae (BEG 

12, MycAgroLab, France) or Rhizophagus irregularis (INOQ GmbH, Germany). Both fungi 

inoculum (25 %) were mixed with sterile quartz sand and used for colonization. Plants 

were watered with a modified Long-Ashton (LA) solution containing 3.2 μM 

Na2HPO4·12H2O (Hewitt, 1996) and were grown in a growth chamber under 14 h light 

(24 °C)/10 h dark (20 °C) regime. In the time course experiment wild-type and zas plants 

inoculated with R. irregularis were sampled at 7, 20, 29, and 35 dpi.  Wild-type and zas 

mycorrhizal roots were stained with 0.1% cotton blue in lactic acid and the estimation of 

mycorrhizal parameters was performed as the method (Trouvelot et al., 1986) using 

MYCOCALC (http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.htmL). For 

the molecular analyses, roots were immediately frozen in liquid nitrogen and stored at 

−80 °C. 

Assessment of the arbuscule phenotype 

Roots of wild-type and zas plants were embedded in agarose (8%). Agarose blocks were 

cut into 180 μm vibratome slices, which were put on slides. Slices were treated for 5 min 
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in 0.5% commercial bleach diluted in Pi buffer (pH 7), washed again, and then 

inocubated for 2 h with wheat germ agglutinin-fluorescein isothiocyanate (WGA-FITC) 

(Sigma-Aldrich) at final concentration of 10 μg mL−1, to detect the chitin of fungal cell 

walls. Working conditions for the Leica TCS SP2 confocal microscope (Leica Microsystem 

GmbH, Wetzlar, Germany) for observation and image acquisition were performed 

according to the protocol (Bonfante and Genre, 2010). 

2.4. Results 

Characterization of Zaxinone Synthase (ZAS) 

First, we expressed the LOC_Os09g15240 cDNA fused to thioredoxin in Escherichia coli 

cells and incubated the soluble fraction of these cells with different carotenoids and 

apocarotenoids in vitro (Figure 2.1). In this assay, we detected only the cleavage of 3-

ΟΗ-apocarotenals (zeaxanthinals) with different chain lengths, i.e. apo-8′- (C30), apo-10′- 

(C27), and apo-12′-zeaxanthinal (C25), at the C13,C14 double bond, yielding apo-13-

zeaxanthinone (3-OH-β-apo-13-carotenone, C18) identified in HPLC and LC-MS analysis 

by comparison to an authentic standard (Figure 2.1).  
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Figure 2.1. UHPLC analysis of ZAS incubation with carotenoids and apocarotenoids. (a) 

Structures of carotenoids and apocarotenoids used as substrates in ZAS in vitro assays. (b) 

The enzyme converted only three of the tested substrates, i.e. apo-8'-zeaxanthinal (S1), 

apo-10'-zeaxanthinal (S2), and apo-12'-zeaxanthinal (S3), into zaxinone (P). The UV-visible 

spectra of the substrates (S1, S2, and S3) and product (P) are shown in the insets, mAU, 

arbitrary units. 

 

We confirmed this reaction by incubating purified MBP-fusion of this enzyme with apo-

10′-zeaxanthinal (Figure 2.2; Figure 2.3a). For the sake of simplicity, we named this 

product zaxinone and the LOC_Os09g15240-encoded enzyme Zaxinone Synthase (ZAS). 

To further determine the substrate preference of ZAS, we measured the conversion of 



57 
 

apo-10′- and apo-8′-zeaxanthinal over time, which revealed the former as the best 

substrate (Figure 2.4a).  

 

Figure 2.2. UHPLC analysis of purified ZAS incubation with apo-10'-zeaxanthinal. (a) 

Coomassie Blue-stained SDS/PAGE gel analysis of maltose binding protein (MBP)-ZAS 

purification fractions. Lanes represent: M, prestained protein molecular weight marker 

(size in kDa); total protein extract of control cells, an aliquot corresponding to 100 µl 

culture, before A and after induction with 0.1 mM IPTG B, total protein extract of cells, an 

aliquot corresponding to 100 µl culture,  producing MBP-ZAS before C and after induction 

D;  E, fraction of total soluble protein of MBP-ZAS producing cells, an aliquot 

corresponding to 150 µl culture; F, flow through fraction of E after binding to amylose, an 

aliquot corresponding to 150 µl culture; G, eluate from amylose resin load with control 

cell lysate, an aliquot corresponding to 750 µl culture; H, eluate from amylose resin of 

ZAS-fusion protein, an aliquot corresponding to 750 µl culture; arrow indicates MBP-ZAS 

fusion protein. (b) UHPLC analysis of extracts obtained from incubation with crude lysate 

of MBP-ZAS producing cells, purified MBP-ZAS. Control assays were performed with crude 

lysate of MBP expressing cells. The incubation with apo-10'-zeaxanthinal (I) led to 

zaxinone (II). The UV-Vis spectra of substrate (I) and product (II) are shown in the insets, 

mAU, arbitrary units.  
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Figure 2.3. Characterization of ZAS. (a) HPLC analyses of in vitro incubation of ZAS with 

apo-10′-zeaxanthinal (I) yielded zaxinone (II) and a C9-dialdehyde. (b) Neighbour-joining 

tree of 782 plant CCD orthologues, showing bootstrap values on nodes of NCED, CCD1, 

CCD4, ZAS, CCD7, and CCD8 clusters only. See details of this tree and its bootstrap 

values in (https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-

08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf). Circles represent 

sequences of ZAS (red) and its orthologues ZAS-L1 -L3. The scale bar indicates an 

estimated 0.1 change per amino acid. (c) Identification of endogenous zaxinone in rice, 

based on retention time (Left), accurate mass and MS/MS pattern (Right), in comparison 

to authentic standard. (d) Quantification of endogenous zaxinone in wild-type and zas 

mutant shoots (Left) and roots (Right) under normal (+Pi) and deficient (-Pi) phosphorus 

supply. Bars represent mean ± SD; n = 4 biological replicates. Statistical analysis was 

performed by one-way analysis of variance (ANOVA) and Tukey’s post hoc test. Different 

letters denote significant differences (P < 0.05), NS non-significant 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf
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Figure 2.4.  The specificity of apo-10'-zeaxanthinal for ZAS and profiling of 

apocarotenoids  (a) In vitro the conversion rate curve of zaxinone from apo-10'-

zeaxanthinal (Circle) and apo-8'-zeaxanthinal (Square). (b) Quantification of apo-10'-

zeaxanthinal and β-apo10'-carotenal in WT and zas mutant shoots under normal (+Pi) and 

phosphorus deficient (-Pi) conditions (c) Profiling of β-apo10'-carotenal, apo-10'-, apo-

12'- and apo-14'-zeaxanthinal in WT and zas mutant roots under normal and –Pi 

conditions. Data are the mean ± SD of n = 5 biological replicates. Statistical analysis was 

performed using One-way analysis of variance (ANOVA) and Tukey’s post hoc test. Asterisk 

indicates significant differences, with a P value <0.05. ; NS, non-significant.  

 

The cleavage of apo-10′-zeaxanthinal (C27) to zaxinone (C18) must yield a second 

product, presumably an instable dialdehyde with a C9 chain length. Derivatization with 

O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride enabled us to 

unequivocally identify this product, using UHPLC-MS/MS analysis (Figure 2.3a; Figure 
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2.5). Next, we developed a protocol for extracting and detecting zaxinone from plant 

material, which allowed us to unambiguously demonstrate that this in vitro product is a 

natural metabolite present in rice (Figure 2.3c) as well as in tobacco and Arabidopsis 

(Figure 2.6). 

 

Figure 2.5. Identification of the C9-dialdehyde produced from apo-10'-zeaxanthinal after 

derivatization reaction by using LC-MS/MS. (a) Derivatization reaction of C9-dialdehyde; 

(b) The extracted ion chromatograms of apo-10'-Zeaxanthinal (I) zaxinone (II) and C9-

dialdehyde-derivative (III). (c) Full-scan spectrum of fragment ions of the C9-dialdehyde-

derivative is shown.  
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Figure 2.6. Identification of endogenous zaxinone from tobacco and Arabidopsis by 

using LC-MS/MS. Extracted ion chromatograms (Left) and full-scan spectra of fragment 

ions (Right) of zaxinone standard (upper), zaxinone extracted from tobacco (middle) and 

zaxinone extracted from Arabidopsis (bottom) are shown.  

 

To explore the distribution of ZAS orthologues in plants, we extracted 748 sequences 

representing all CCD genes in 69 genomes of land plant species, including moss, fern, 

monocots, and dicots (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx). A phylogenetic analysis 

suggested that ZAS represents the sixth CCD subfamily, besides the five currently known 

(Figure 2.3b; https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-

08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf). O. sativa ZAS belongs 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM8_ESM.pdf
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to a cluster (https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-

08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf) that also includes three 

ZAS paralogues of O. sativa, ZAS-L1, ZAS-L2, and ZAS-L3 (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf). ZAS orthologues are widely 

conserved in land plants (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx) and can be classified in at least 

10 subgroups (Group1–Group10 in https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf), distributed in a taxon-

dependent manner. Monocot ZASs build two different groups, Group 2 and Group 3, 

whereas ZASs of other species belong to only one subgroup (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx). Since O. sativa, Z. mays and S. 

bicolor have both Group 2 and Group 3 orthologues in their genomes, it can be 

speculated that ZAS orthologues might have functionally differentiated in monocots. 

However, there are plant species, particularly Brassicales species, such as Arabidopsis, 

that do not contain ZAS orthologues (https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx and Figure 2.3b). 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM9_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM3_ESM.xlsx
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To confirm the ZAS activity in planta and explore the biological function of zaxinone, we 

characterized a retrotransposon Tos17-insertion mutant (NC0507) (Miyao et al., 2003) 

with an insertion in the tenth ZAS exon (Figure 2.7).  

 
Figure 2.7. (a) Structure of the rice ZAS gene (LOC_Os09g15240-MSU) and 

the Tos17 insertion site. Exons are indicated by the grey boxes separated by intron (solid 

lines). The A of ATG designates nucleotide 1 and the nucleotide triplet TGA indicates the 

stop codon. An arrow indicates the Tos17 insertion site with its position in the genomic 

(3079 bp) and in the coding sequence (1389 bp). (b) Nucleotide and amino acid sequence 

of exon 10 carrying Tos17 retrotranspon insertion is represented in the grey box. The 

arrow indicates the Tos17 insertion site. (c) Homozygous zas rice mutant was verified by 

PCR assays using ZAS-specific primers (F+R) and ZAS- and Tos17-specific primers. 
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First, we quantified zaxinone in roots and shoots of zas under normal conditions and 

upon phosphate (Pi)-deficiency, the latter causing a considerable increase in ZAS 

transcript levels in wild-type (Figure 2.8).  

 

Figure 2.8. RT-qPCR analysis of the Zaxinone Synthase (ZAS) transcript levels. The 

relative expression levels of ZAS under normal (+Pi) and phosphate-starved (-Pi) 

conditions in Nipponbare wild-type (WT) root and shoot. The expression levels in the WT 

root were normalized to 1. Bars represent mean ± SD (n = 3 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). 

 

Shoots of zas and wild-type seedlings showed similar contents of zaxinone and its 

precursor apo-10′-zeaxanthinal (Figure 2.4b), regardless of the Pi-supply. Under normal 

conditions, zas roots contained, compared to wild-type roots, significantly less zaxinone 

(12 versus 27 pg mg−1 dry weight; Figure 2.3d) but more of other hydroxylated 

apocarotenoids, i.e. apo-10′-, apo-12′-, and apo-14′-zeaxanthinal (Figure 2.4c). Exposure 
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to Pi-starvation led to a general decrease of all measured zeaxanthin-derivatives, i.e. 

apo-10′-, apo-12′-, apo-14′-zeaxanthinal, and zaxinone, in both zas and wild-type roots 

(Figure 2.3d; Figure 2.4c). This decrease indicates that Pi-deficiency triggers the 

metabolization of these compounds. Here again, zas roots contained higher levels of 

apo-10′-, apo-12′-, and apo-14′-zeaxanthinal, but much less zaxinone (6 versus 

16 pg mg−1 dry weight; Figure 2.3d). In contrast to apo-10′-zeaxanthinal, amounts of the 

non-hydroxylated and non-substrate apocarotenoid β-apo-10′-carotenal were similar in 

zas and wild type seedlings and showed upon Pi starvation an increase rather than a 

decrease. These results are in agreement with in vitro data obtained for the ZAS 

substrate and products, are consistent with the expression pattern of this enzyme and 

demonstrate its role in zaxinone biosynthesis in planta. However, the remaining 

presence of zaxinone in zas plants suggests that ZAS activity is not the sole source of 

zaxinone. Indeed, rice genome encodes three ZAS orthologues, ZAS-L1-L3 (Figure 2.3b), 

which could contribute to the zaxinone pool. Moreover, the presence of zaxinone in 

plants, such as Arabidopsis, which do not contain ZAS points to further, ZAS-

independent biosynthesis route(s), which may involve different enzyme(s) or originate 

from attack of carotenoids by ROSs, as shown for cyclocitral (Ramel et al., 2012). 

Phenotypic characterization and rescue of zas mutant 

Hydroponically grown zas seedlings showed reduction in main crown root length, 

number of crown roots, shoot length, and roots and shoots biomass (Figure 2.9b, c), 

demonstrating a crucial role of ZAS in rice growth and development. Assuming that 
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these phenotypes are caused by the observed lower roots zaxinone content, we 

supplied zas seedlings with exogenous zaxinone at a concentration of 2.5 μM for 3 

weeks. This treatment rescued the crown root length, number, and roots biomass 

phenotypes (Figure 2.9b). In soil, zaxinone application at 10 μM concentration increased 

the shoot length and biomass of zas mutant and rescued root phenotype (Figure 2.9c). 

These data suggest that zaxinone is a positive regulator of growth in rice and is required 

at certain concentrations for normal development. Confirming this assumption, zas 

mutant showed generally reduced plant height in greenhouse (Figure 2.9a). In field, we 

also observed a reduction in numbers of panicles, seeds, and tillers (Figure 2.10). 
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Figure 2.9. Phenotypic characterization and rescue of zas mutant. (a) Nipponbare wild-

type and zas mutant plants at heading stage. (b) Roots of hydroponically grown wild-

type and zas mutant seedlings in the absence (Control) and presence of zaxinone 

(2.5 µM). (c) Effect of zaxinone (10 µM) on soil-grown (rhizotron) wild-type and zas 

mutant plants. (d) Effect of zaxinone (2.5 µM) on root phenotype of Shiokari wild-type 

and ccd mutant seedlings grown hydroponically. Each data point represents one plant (a 

plant height n = 12, internode length n = 6; b n = 6; c n = 4; d n = 8). Data represent 

mean ± SD. 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). CTL Control, Zax Zaxinone 
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Figure 2.10. Above-ground phenotypic characterization of the zas mutant and wild-type 

grown in field conditions. Plants were grown in soil field and data were collected after 

five months (May-October). zas mutant showed a statistically significant reduction in all 

the morphological parameters analysed such as:  shoot length (b), in terms of node and 

spike length, tillering (c), panicles (d) and seeds (e) number. Data are mean ± SE, n = 12 

plants. Significant values (by t-test) are shown as follows: ***P < 0.001.  

 

Effect of zaxinone on SL biosynthesis 

Rice tillering is a complex developmental process governed by several plant hormones, 

including auxin, gibberellins, and SLs (McSteen, 2009). Taking into consideration that 

both zaxinone and SLs are derived from carotenoids, we hypothesized that the low 

tillering phenotype observed in the zas mutant (average 5 tillers in zas compared to 14 

in wild-type; Figure 2.10c) may be related to a difference in SL production. SL levels has 

been associated with both high (Gomez-Roldan et al., 2008; Umehara et al., 2008) and 

low tillering phenotypes, as shown for the IAC-165 rice cultivar (Jamil et al., 2012). To 

test this hypothesis, we measured the SL (4-deoxyorobanchol) content in root tissues 
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and exudates of hydroponically grown zas seedlings exposed to 1 week Pi-starvation, 

using LC-MS/MS. We also determined the Striga seed germinating activity of collected 

exudates, which usually correlates with the total amount of released SLs. Mutant roots 

and derived exudates thereof showed around 8–9 fold higher 4-deoxyorobanchol 

content than the wild-type samples (Figure 2.11a, b). Consistent with this LC-MS- 

quantification, zas root exudates showed 20–30% higher Striga seed germination 

activity, compared to wild-type. Next, we exposed Pi-starved zas seedlings to zaxinone 

(5 μM) for 6 h and repeated SL measurements. This treatment reduced SL content in 

both roots (from 13 to 5 pg mg−1 dry-root-weight) and root exudates (from 35 to 

5 pg mg−1 dry-root-weight) and lowered the germinating activity by 40% (Figure 2.11c).  
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Figure 2.11. Effect of zaxinone on rice SL biosynthesis and release. (a, b) SL, 4-

deoxyorobanchol (4-DO), quantification in wild-type and zas mutant roots (a) and root 

exudates (b) in response to zaxinone (5 µM) under Pi starvation. (c) Striga seeds 

germination rate upon treatment with exudates analyzed in b. (d) qRT-PCR analysis of 

transcript levels of SL biosynthesis genes (D27, CCD7, CCD8, and CO) transcript levels in 

root tissues analyzed in a. Transcript levels in wild-type control samples were 

normalized to 1. (e) Effect of zaxinone (10 µM) on Striga infestation of 6-weeks old rice 

cv. IAC-165 plants in soil. Effect on rice and Striga growth (Left, picture). Number of 

emerging Striga plants (Right). Bars represent mean ± SD; a–d n = 3 biological replicates; 

e n = 5 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). CTL control, Zax zaxinone 
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Root exudates of zas seedlings under normal Pi supply also showed higher (increase by 

around 25%) germinating activity, compared to wild-type. Under these conditions, 

zaxinone application (5 μM) declined zas exudates germinating activity to a level below 

that of the wild-type sample (Figure 2.12a). Application of a higher concentration 

(10 μM) led to a more pronounced decrease in Striga seed germinating activity. 

Treatment of wild-type seedlings also led to a concentration-dependent reduction in 

Striga seed germinating activity of corresponding root exudates (Figure 2.12a). These 

data demonstrate that zaxinone is a negative regulator of rice SL biosynthesis and 

release.  

 

Figure 2.12. Effect of zaxinone on Striga seed germinating activity of root exudates and 

transcript levels of SL biosynthetic genes of Nipponbare wild-type (WT) and zas mutant 

under normal (+Pi) conditions.  (a) Percentage of Striga hermonthica seed germination 
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upon application of 3-fold diluted root exudates. Data are mean ± SE, n = 5 (50 to 100 

seeds per replicate). (b) Transcript levels of SL biosynthesis genes (D27, CCD7, CCD8 and 

CO (Carlactone oxidase)) in root tissues. The expression levels were detected by qRT-PCR. 

Ubiquitin was used as a reference gene, and the expression levels in the WT-control were 

normalized to 1. Bars represent mean ± SD (n = 3 biological replicates). Control treatment 

(0.1 % acetone). Statistical analysis was performed using One-way analysis of variance 

(ANOVA) and Tukey’s post hoc test. Asterisk indicates significant differences, with a P value 

<0.05. ; NS, non-significant. CTL, Control; Zax, Zaxinone. 

 

Next, we measured the transcript levels of the SL biosynthesis enzymes DWARF27 (D27), 

CCD7 (D17), CCD8 (D10), and the 4-deoxyorobanchol-forming carlactone oxidase (CO) in 

wild-type and zas seedlings exposed to Pi-starvation and upon treatment with zaxinone 

(5 μM). Under low Pi, the transcript levels of these genes were in zas mutant 2–3 fold 

higher than in wild-type (Figure 2.11d). Zaxinone treatment decreased the transcript 

levels in zas mutant, but also in wild-type (Figure 2.11d), which was already noticeable 

with a 2.5 μM concentration (Figure 2.13). These experiments demonstrate that 

zaxinone negatively regulates SL biosynthesis at transcript level under Pi-limiting 

conditions. Under normal conditions, we did not observe a reduction in transcript levels 

of SL biosynthesis enzymes upon zaxinone treatment (Figure 2.12b), which might be due 

to the very low level of the investigated transcripts. However, it is also possible that the 

down-regulation of SL biosynthesis by zaxinone under normal conditions, which is 

evidenced by the decrease in Striga seed germinating activity of corresponding root 

exudates (Figure 2.12a), is not mediated by decreasing transcript levels of the 

corresponding enzymes but by a different mechanism. 
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Figure 2.13. Effects of zaxinone on transcript levels of SL biosynthesis genes in Pi-starved 

(-Pi) rice roots. SL biosynthetic (D27, CCD7, CCD8 and CO (Carlactone oxidase)) genes 

expression in WT and zas mutant.  Control treatment (0.1 % acetone). The expression 

levels were detected by quantitative RT-PCR. Ubiquitin was used as a reference gene and 

transcript levels in the WT-control were normalized to 1. Bars represent mean ± SD (n = 3 

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). 

 

The effect of zaxinone on SL biosynthesis transcripts under Pi starvation might be a non-

specific response. To exclude this possibility and to confirm the specificity of zaxinone’s 
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effect, we measured the levels of several transcripts of ABA biosynthesis enzymes, and 

ABA and abiotic stress responsive genes in wild-type seedlings treated with zaxinone 

(5 µM) under phosphate starvation. As shown in (Figure 2.14a, b), application of 

zaxinone did not affect the level of these transcripts, indicating that this compound does 

not provoke a general stress response and suggests that its effect on SL transcript levels 

under Pi deficiency may be specific to SL biosynthesis. 

 

Figure 2.14. Effects of zaxinone (5 µM) on transcript levels of ABA and stress-responsive 

genes in roots of phosphate-starved (-Pi) Nipponbare rice seedlings.  (a) Transcript levels 

of the ABA biosynthesis key enzymes, 9-cis-epoxycarotenoid dioxygenase 3, 4 and 5 

(NCED3, NCED4 and NCED5) and of the ABA responsive protein, calcineurin B-like protein-

interacting protein kinases (CIPK02). (b) Transcript levels of the abiotic stress-responsive 
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genes, dehydration responsive element binding protein 1A and 2A (DREB1A and DREB2A) 

, HD-ZIP I class homeobox (HOX22), and dehydration stress-inducible protein 

(DIP1).  Control treatment (0.1 % acetone). The expression levels were detected by qRT-

PCR. Ubiquitin was used as a reference gene, and transcript levels in the control were 

normalized to 1. Bars represent mean ± SD (n = 3 biological replicates). Statistical analysis 

was performed using One-way analysis of variance (ANOVA) and Tukey’s post hoc test. NS, 

non-significant. Rice MSU (http://rice.plantbiology.msu.edu/) locus IDs: NCED3 

(Os03g44380); NCED4 (Os07g05940); NCED5 (Os12g42280); CIPK02 (Os07g48100); 

DREB1A (Os09g35030); DREB2A (Os01g07120); HOX22 (Os04g45810); DIP1 

(Os02g44870). 

 

The impact of zaxinone on SL biosynthesis and release, together with previously 

reported up-regulation of ZAS transcript in rice mycorrhizal roots (Fiorilli et al., 2015), 

suggests a possible role of this enzyme during mycorrhization. To test this hypothesis, 

we determined ZAS transcript levels in wild-type rice roots during different stages of 

colonization by the AM fungus Rhizophagus irregularis. ZAS transcript abundance in 

mycorrhizal roots increased at early and late stages of the colonization process: at 7 

days, when the fungus is not yet colonizing the root, and at 35 days when the fungal 

arbuscules are abundant (Figure 2.15).  
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Figure 2.15. ZAS expression analysis assessed by qRT-PCR in a time course experiment 

of wild-type mycorrhizal root. (a) The relative expression of ZAS was evaluated in qRT-

PCR during a time-course experiment performed on Nipponbare wild-type (WT) roots, 

colonized by R. irregularis from 7 to 35 days-post-inoculation (dpi). (b) Quantification of 

endogenous zaxinone and 4-deoxyorobanchol (4-DO) in wild-type roots colonized by R. 

irregularis, from 7 to 35 days-post-inoculation (dpi). (c-d) The relative expression of RiEF 

(fungal housekeeping) and OsPT11 (AM marker gene) was evaluated in qRT-PCR to 

evaluate the level of mycorrhization in the different time points. [(a), n=4; (b), n=3; (c), 

n=4; (d), n=4]. Data are the average of four biological replicates and the bars represent ± 

SE.One-way analysis of variance (ANOVA) and Tukey’s post hoc test were performed 

considering data coming from single time point. Asterisks indicate significant differences, 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  NM: non-mycorhizal roots; M: 

mycorrhizal roots. 
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This expression pattern partially mirrors root zaxinone content, which increases at 7 

days post-inoculation (dpi) and decreases at 20 dpi, while at 35 dpi zaxinone content 

does not reflect ZAS up-regulation probably due to the occurrence of different factors, 

which may influence accumulation and stability of zaxinone in mycorrhizal roots. As 

observed in other mycorrhizal plants (Lanfranco et al., 2018), SL content shows highest 

values at early stage (7 dpi) and decreases to very low levels at later stages (20 and 35 

dpi) of the colonization process (Figure 2.15b). The pattern of zaxinone and SLs on day 

20 points out that SL levels during mycorrhization are not solely governed by zaxinone 

content, which is expected because SL levels are likely also controlled by further factors, 

such as other plant hormones. Overall these data indicate a complex interplay between 

zaxinone and SLs during mycorrhization. 

Next, we investigated the mycorrhization susceptibility of the zas mutant, using two 

phylogenetically diverse AM fungi (R. irregularis and Funneliformis mosseae). Compared 

to wild-type, zas plants showed much lower colonization with both fungi. Accordingly, 

transcripts of the AM inducible Pi-transporter, used as symbiosis marker, were barely 

detectable in zas roots (Figure 2.16). However, the lack of ZAS did not impact the 

phenotype of the arbuscules that appeared well developed and regularly branched, as 

observed in confocal microscope images of WGA-stained wild-type and zas mycorrhizal 

roots (Figure 2.16e). These results demonstrate that ZAS does not affect the fungal 

morphology, is not essential for establishing AM symbiosis, but is required for optimal 

colonization levels. 
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Figure 2.16. Mycorrhizal colonization in Nipponbare wild-type (WT) and zas mutant by 

the AM fungi Funneliformis mosseae and Rhizophagus irregularis at 35 dpi. (a, c) Degree 

of colonization expressed as mycorrhizal frequency (F %), intensity (M %) and arbuscule 

abundance (A %) in the root system of both WT and zas mutant plants. Data are the 

average of five biological replicates and ± SE are represented by bars. Asterisks indicate 

significant differences (One-way ANOVA test, P< 0.05). (b, d) Expression level of OsPT11 

gene, a plant marker of a functional symbiosis, analyzed by qRT-PCR in mycorrhizal roots 

of WT and zas mutant plants. Data are the average of four biological replicates and the 

bars represent ± SE. Asterisk indicates significant differences, with a P value <0.05. (e) 

Cortical cells from WT and zas mutant plants containing arbuscules, n=3 biological 

replicate samples containing different root sections were inspected. A total number of 

about 30 arbuscules were analyzed for each genotypes. No differences in arbuscules 

morphology were detected: green fluorescence is due to wheat germ agglutinin-

fluorescein isothiocyanate. Scale bars: 10 µm.   
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Phylogenetic analysis revealed that ZAS orthologues are conserved in land plant species 

from mosses to higher plants. Remarkably, ZAS genes have been lost during evolution in 

non-AM plants, such as Brassicaceae species, including A. thaliana characterized by the 

loss of many symbiotic genes (Delaux et al., 2017). Based on the lower colonization level 

of the zas mutant, it is tempting to assume a correlation between loss events of ZAS 

gene(s) and AM symbiosis. To test this hypothesis, we conducted CCD gene survey in 16 

genomes of non-AM host plants including moss, gymnosperm, and angiosperm species 

(https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx; https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-

1/MediaObjects/41467_2019_8461_MOESM10_ESM.pdf). The results obtained 

demonstrate that all the non-AM host plants considered have lost ZAS orthologues, 

while orthologous of other CCD types have remained well conserved. Our results 

suggest that the loss of ZAS orthologues was a common evolutionary event in all 

investigated non-AM host plants. However, we also identified seven AM host plant 

species that have lost ZAS orthologues. It can be hypothesized that these species may 

have developed alternative mechanisms to compensate the lack of ZAS to sustain 

successful AM symbiosis. 

Finally, to test whether the zaxinone effect requires the F-box protein D3 involved in SL-

dependent negative feedback regulation of SL biosynthesis, we treated Pi-starved d3 

mutant and corresponding wild-type seedlings with zaxinone and the SL analog GR24, 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM10_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM10_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-08461-1/MediaObjects/41467_2019_8461_MOESM10_ESM.pdf
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used as a control, for 6 h. Zaxinone application lowered the SL content in d3 roots and 

root exudates, and decreased SL transcript levels in roots of both wild-type and d3 

seedlings (Figure 2.17). In contrast, rac-GR24 affected the transcript levels only in wild-

type seedlings (Figure 2.17c). These results show that D3 is not required for zaxinone 

signal transduction.  

 

Figure 2.17. Effects of zaxinone on SL content and release, and transcript levels of SL 

biosynthesis genes in Pi-starved (-Pi) rice roots of Shiokari wild-type (WT) and d3 
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mutant. (a-b) Amount of 4-DO (4-deoxyorobanchol) in root tissues (a) and root exudates 

(b) in response to 5 µM zaxinone treatment.  (c) Transcript levels of SL biosynthesis genes 

(D27, CCD7, CCD8 and CO (Carlactone oxidase) in root tissues collected for SL 

quantification. The expression levels were determined by qRT-PCR.  Ubiquitin was used as 

a reference gene and the expression levels in the WT- control were normalized to 1. Two 

week-old seedlings were grown for another one week in – Pi solution, then transferred to 

new vials containing fresh – Pi solution with and without 5 µM of zaxinone and rac-GR24 

for 6 h, then samples were collected. Bars represent mean ± SD (n = 3 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). 

 

To test whether the growth promoting activity of zaxinone is independent of SLs, we 

applied the compound to SL biosynthesis and perception mutants. Interestingly, 

zaxinone application did not promote the growth of roots in SL deficient mutants (Figure 

2.9d), which indicates that the growth promoting effect of zaxinone likely requires 

functional SL biosynthesis. Apart from the potential application of zaxinone to increase 

crop growth, this compound might be also utilized to combat root parasitic weeds. To 

test this possibility, we applied zaxinone (10 μM) to Striga susceptible rice cv. IAC-165 

plants grown in pots with Striga infested soil. This treatment clearly reduced (by around 

80%) the number of emerging Striga plants, compared to the untreated control (Figure 

2.11e). 

2.5. Discussion 

In summary, we identified zaxinone as a member of the ubiquitous family of carotenoid-

derived signaling molecules and hormones. Zaxinone regulates the growth and 

development of rice and controls the level of SLs, which are key regulators of rice 
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architecture, biotic and abiotic stress responses, and major components of the 

communication process with beneficial symbiotic partners and harmful parasitic 

invaders. Besides the potential applications for increasing rice growth and combating 

Striga, increased knowledge of zaxinone may help us to better understand rice 

development, land plant evolution and the plant-AM fungi interplay underlying a 

symbiosis taking place in the majority of land plants. 
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Chapter 3 Multi-Omics Approaches Unravel The Growth-Promoting Effect 

of Zaxinone In Rice 

 

The contents of this chapter will be published as a research article: 

Wang, J.Y., Alseekh, S., Xiao, T.T., Ablazov, A., Perez de, L., Fiorilli, V., Lin, P.-Y., Votta, C., 

Novero, M., Jamil, M., Lanfranco, L., Blilou, I., Fernie, A.R., and Al-Babili, S. (2021) Multi-

Omics Approaches Explain the Growth-Promoting Effect of the Apocarotenoid Growth 

Regulator Zaxinone in Rice. (Submitted) 

3.1. Abstract 

The apocarotenoid zaxinone promotes growth and suppresses strigolactone 

biosynthesis in rice. To shed light on the mechanisms underlying its growth promoting 

effect, we employed a combined omics approach integrating transcriptomics and 

metabolomics analysis of rice seedlings treated with zaxinone, and determined the 

resulting changes at the cellular and hormonal levels. Metabolites as well as transcripts 

analysis demonstrate that zaxinone application increased sugar content and triggered 

glycolysis, the tricarboxylic acid cycle and other sugar-related metabolic processes in 

rice roots. In addition, zaxinone treatment led to an increased root starch content and 

enhanced photosynthetic activity, and induced glycosylation of cytokinins. The 

transcriptomic, metabolic and hormonal changes were accompanied by striking 

alterations of roots at cellular level, which showed an increase in apex length, diameter, 
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and the number of cells and cortex cell layers. Remarkably, zaxinone did not affect the 

metabolism of roots in a strigolactone deficient mutant, suggesting an essential role of 

strigolactone in the zaxinone growth promoting activity. Taken together, our results 

unravel zaxinone as a global regulator of the transcriptome and metabolome, as well as 

of hormonal and cellular composition of rice roots. Moreover, they suggest that 

zaxinone promotes rice growth most likely by increasing sugar uptake and metabolism, 

and reinforce the potential of this compound in increasing rice performance. 

3.2. Introduction 

Carotenoids are widespread pigments fulfilling vital functions in plants, by protecting 

the photosynthetic apparatus from photo-oxidation and harnessing of light energy 

(Zheng et al, 2020). In addition, they are the precursor of a structurally diverse set of 

metabolites, generally called apocarotenoids, which include volatiles, colorants, 

signaling/regulatory molecules, and hormones. Apocarotenoids arise through oxidative 

break down of carotenoids, which is initiated by reactive oxygen species (ROS) attack or 

catalyzed by Carotenoid Cleavage Dioxygenases (CCDs), an evolutionarily conserved 

family of non-heme Fe2+-dependent enzymes (Havaux, 2014; Hou et al., 2016; Wang et 

al, 2020a).. The primary cleavage products are frequently modified by different 

enzymes, before acquiring their biological function. For instance, the apocarotenoid 

plant hormone strigolactone (SL) is formed by the sequential action of CCD7, CCD8, 

more axillary growth1 (MAX1, a cytochrome P450 monooxygenase), and other enzymes 

(Al-Babili and Bouwmeester, 2015; Alder et al., 2012; Bruno et al., 2017; Wang et al., 



85 
 

2020a).  SLs and abscisic acid (ABA), a further carotenoid-derived plant hormone, are 

key metabolites in establishing plant’s response to abiotic and biotic stress, and major 

determinants of plant development (Nisar et al., 2015; Wang et al., 2020a). Besides, SLs 

modulate plant’s architecture in response to nutrients availability, particularly 

phosphorus, and mediate, when released in the rhizosphere, the communication with 

arbuscular mycorrhizal fungi that supply plants with water and minerals (Lanfranco et 

al., 2018; Fiorilli et al., 2019). However, SLs are also perceived by seeds of parasitic 

plants, such as Striga, which use them as germination stimulus ensuring the availability 

of a host required for the survival of these obligate parasitic weeds (Al-Babili and 

Bouwmeester, 2015). To fulfill their role in plant growth and development, SLs are 

embedded in a complex hormonal network in which they affect and are influenced by 

the activity of other plant hormones. Indeed, SL levels are regulated by auxin and 

gibberellins in rice and Arabidopsis (Barbier et al., 2019).  Vice versa, it was shown that 

SLs enhance cytokinins (CKs) catabolism by modulating CYTOKININ 

OXIDASE/DEHYDROGENASE 9 (CKX9) expression to inhibit rice tillering (Duan et al., 

2019). Similarly, CKs and SLs exert opposite effects on rice mesocotyl elongation (Dun et 

al., 2012; Hu et al., 2014).   

Metabolism is a central process required for the uptake and utilization of energy and 

nutrients to ensure the survival, reproduction, growth and development of living 

organisms (Baghalian et al., 2014). Thus, primary metabolites such as sugars, amino 

acids, nucleotides, organic acids, and fatty acids are essential for maintaining cellular 
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homeostasis and for organismal life (Baghalian et al., 2014; Sulpice and McKeown, 

2015). In fact, metabolites are direct physiological signatures that are highly correlated 

with end-phenomes in plants (Patti et al., 2012). In addition, some primary metabolites 

act as signaling molecules regulating plant growth and development. For instance 

sugars, such as sucrose, interact with different plant hormones and regulate bud 

development and shoot branching by modulating the signaling of auxin and SLs (Li et al., 

2016; Barbier et al., 2019; Bertheloot et al., 2020).  

Besides the established plant hormones ABA and SLs, the apocarotenoid family includes 

growth regulators, such as anchorene that specifically promotes the growth of anchor 

roots in Arabidopsis (Jia et al., 2019), and signaling molecules, such as cyclocitral that 

mediates the response of plants to high-light and drought stress, and regulates roots 

growth (Dickinson, et al., 2019; Wang et al., 2020a). Recently, we have identified 

zaxinone, an apocarotenoid hormone candidate, as a metabolite required for proper 

rice growth and development, and characterized a rice CCD, called ZAXINONE SYNTHASE 

(ZAS), involved in its biosynthesis (Wang et al., 2019). A rice loss-of-function zas mutant 

showed shoot and root growth impairment, a lower root zaxinone level and a higher SL 

contents in roots and root exudates. Exogenous application of zaxinone rescued several 

zas phenotypes and resulted in a decrease in SL content and release, and in promoted 

root growth (Wang et al., 2019, 2020b). Treatment of WT seedlings with zaxinone led 

also to an obvious increase in root growth and a suppression of SL formation (Wang et 

al., 2019, 2020b).  Transcript analysis showed that zaxinone is a negative regulator of SL 
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biosynthesis at transcript level. However, zaxinone application did not enhance root 

growth in SL biosynthesis and perception rice mutants, which indicates an interaction 

between zaxinone and SLs and suggests the requirement of a functional SL pathway for 

zaxinone’s growth promoting activity (Wang et al., 2019). 

In the current study, we set out to understand how zaxinone promotes rice growth. For 

this purpose, we characterized its effect on rice primary metabolism and transcriptome 

in WT and the SL-deficient d17 mutant rice plants, and determined zaxinone’s impact on 

hormone content and root anatomy. Our results unraveled enhanced root sugar 

metabolism as a major reason for zaxinone growth-promoting activity and point to 

modulation of cytokinin content as a likely reason for increased root cell division activity 

and enhanced number of cortex cell layers, which we observed in roots. 

3.3. Material and Methods 

Plant material and growth conditions. Nipponbare background zas (Wang et al., 2019), 

d17 (Butt et al., 2018), and WT rice plants were grown under controlled conditions (a 12 

h photoperiod, 200-µmol photons m-2 s-1 and day/night temperature of 27/25 oC). Rice 

seeds were surface-sterilized in a 50 % sodium hypochlorite solution with 0.01 % Tween-

20 for 15 min. The seeds were rinsed with sterile water and germinated in the dark 

overnight. The pre-germinated seeds were transferred to petri dishes containing half-

strength liquid Murashige and Skoog (MS) medium and incubated in a growth-chamber 

for 7 days. Thereafter, the seedlings were transferred into black falcon tubes filled with 
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half-strength modified Hoagland nutrient solution with adjusted pH to 5.8. The nutrient 

solution consisted of 5.6 mM NH4NO3, 0.8 mM MgSO4.7H2O, 0.8 mM K2SO4, 0.18 mM 

FeSO4.7H2O, 0.18 mM Na2EDTA.2H2O, 1.6 mM CaCl2.2H2O, 0.8 mM KNO3, 0.023 mM 

H3BO3, 0.0045 mM MnCl2.4H2O, 0.0003 mM CuSO4.5H2O, 0.0015 mM ZnCl2, 0.0001 mM 

Na2MoO4.2H2O and 0.4 mM K2HPO4.2H2O.  

For metabolomic and transcriptomic analysis, three-week-old seedlings were grown 

hydroponically in half-strength modified Hoagland nutrient solution. Seedlings were 

further treated with 5 µM zaxinone for 2 h, 6 h, or 24 h and tissues were collected.  

For phenomic experiments, one-week-old seedlings were grown hydroponically in half-

strength modified Hoagland nutrient solution with or without 5 µM zaxinone for two 

weeks. Thereafter, plant tissues were collected for analysis.  

Synthetic zaxinone was purchased (custom synthesis) from Buchem B.V. (Apeldoorn, 

The Netherlands).  

Analysis of primary metabolites using GC-MS. 

Frozen ground material, spiked with 60 μg phenyl-β-glucopyranosides, was 

homogenized in 750 μL of methanol at 70 °C for 15 min and then 375 μL of chloroform 

followed by adding 750 μL of water. The polar fraction was dried under vacuum, and the 

residue was derivitized for 40 min at 37 °C (in 50 µl of 20 mg mL-1 methoxyamine 

hydrochloride in pyridine) followed by a 30 min treatment at 37°C with 70 µl of MSTFA. 

The GC-MS system used was a gas chromatograph coupled to a time-of-flight mass 
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spectrometer (Leco Pegasus HT TOF-MS). A Gerstel Multi Purpose autosampler system 

injected the samples. Helium was used as carrier gas at a constant flow rate of 2 mL/s 

and gas chromatography was performed on a 30 m DB-35 column. The injection 

temperature was 230 °C and the transfer line and ion source were set to 250°C. The 

initial temperature of the oven (85 °C) increased at a rate of 15°C/min up to a final 

temperature of 360 °C. After a solvent delay of 180 sec mass spectra were recorded at 

20 scans s-1 with m/z 70-600 scanning range. Chromatograms and mass spectra were 

evaluated by using Chroma TOF 4.5 (Leco) and TagFinder 4.2 software (Roessner et al., 

2001; Schauer et al., 2005). 

Lipid profile by LCMS  

Lipids were extracted using a protocol described by Hummel et al., 2011. In brief, 5 mg 

of freeze dry materiel was homogenized and extracted with 1 mL of pre-cooled (−20 °C) 

extraction buffer (homogenous methanol/methyl-tert-butyl-ether [1:3] mixture). After 

10 min incubation in 4 °C and sonication for 10 min in a sonic bath, 500 μL of 

water/methanol mixture was added. Samples were then centrifuged (5 min, 14 000 g), 

which led to the formation of two phases: a lipophilic phase and a polar phase. Five 

hundred microliters of the lipophilic phase were collected and dried under vacuum and 

resuspended in 200 μL of ASN/isopropanol and used for lipid analysis.  Samples were 

processed using UPLC-FT-MS (Hummel et al., 2011) on a C8 reverse-phase column (100 × 

2.1 mm × 1.7 μm particle size, Waters) at 60 °C. The mobile phases consisted of 1 % 1 M 

NH4OAc and 0.1 % acetic acid in water (buffer A) and acetonitrile/isopropanol (7:3, 
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UPLC grade BioSolve) supplemented with 1 M NH4Ac and 0.1 % acetic acid (buffer B). 

The dried lipid extracts were resuspended in 500 μL of buffer B. The following gradient 

profile was applied: 1 min 45 % A, 3 min linear gradient from 45 % A to 35 % A, 8 min 

linear gradient from 25 % to 11 % A, 3 min linear gradient from 11 % to 1 % A. Finally, 

after washing the column for 3 min with 1 % A the buffer was set back to 45 % A and the 

column was re-equilibrated for 4 min, leading to a total run time of 22 min. The flow 

rate of the mobile phase was 400 μL/min. The mass spectra were acquired using an 

Exactive mass spectrometer (Thermo Fisher, http://www.thermofisher.com) equipped 

with an ESI interface. All the spectra were recorded using altering full-scan and all-ion 

fragmentation scan mode, covering a mass range from 100–1500 m/z at a capillary 

voltage of 3.0 kV, with a sheath gas flow value of 60 and an auxiliary gas flow of 35. The 

resolution was set to 10 000 with 10 scans per second, restricting the Orbitrap loading 

time to a maximum of 100 ms with a target value of 1E6 ions. The capillary temperature 

was set to 150 °C, while the drying gas in the heated electrospray source was set to 350 

°C. The skimmer voltage was held at 25 V while the tube lens was set to a value of 130 

V. The spectra were recorded from minute 1 to minute 20 of the UPLC gradients. 

Processing of chromatograms, peak detection, and integration were performed using 

REFINER MS 10.0 (GeneData, http://www.genedata.com) or Xcalibur (Version 3.1, 

Thermo Fisher, Bremen, Germany). In the first approach the molecular masses, 

retention time, and associated peak intensities for the three replicates of each sample 

were extracted from the raw files, which contained the full-scan MS and the all-ion 

fragmentation MS data. Processing of MS data included the removal of the 
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fragmentation information, isotopic peaks, and chemical noise. Further peak filtering on 

the manually extracted spectra or the aligned data matrices was performed. Obtained 

features (m/z at a certain retention time) were queried against an in-house lipid 

database for further annotation 

RNA library preparation and transcriptomic analysis. 

Total RNA was extracted with TRIzol (Invitrogen, 

https://www.thermofisher.com/de/de/home.htmL) using a Direct-zol RNA Miniprep 

Plus Kit following the manufacturer’s instructions (ZYMO RESEARCH; USA).  RNA quality 

checked with an Agilent 2100 Bioanalyzer and concentration measured using a Qubit 3.0 

Fluorometer. The cDNA libraries were constructed following standard Illumina protocols 

and paired-end sequenced on an Illumina HiSeq 4000 machine by the Bioscience core 

lab of KAUST. RNA-seq reads were aligned to the O. sativa genome v7.0 downloaded 

from Phytozome v12.1 (http://phytozome.jgi.doe.gov/). Data processing and analysis 

were performed using the LSTrAP workflow (Proost et al., 2017), which included all 

steps described below. Adapter sequences were removed from fastq files by 

Trimmomatic (Bolger et al., 2014), and aligned to the genome using HISAT2 (Kim et al. 

2019). Read counts aligned to each annotated gene were computed with HTSeq (Anders 

et al., 2015). The results were passed through LSTrAP quality control and TPM 

normalized. The mean data were used to cluster and resistance level was visualized as a 

heatmap using a hierarchical clustering R script. Principal component analysis (PCA), a 

multivariate statistical technique, was further conducted to examine links between 
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samples. All analysis were performed using R statistical package. For differential gene 

expression, read counts from HTSeq were analyzed using the R package DESeq 2 (Love 

et al., 2014). Genes were considered differentially expressed based on a P-value 

adjusted by the Benjamini–Hochberg procedure (Benjamini and Hochberg, 1995) below 

0.05. Gene Ontology (GO) enrichment analysis of all the differentially were selected at 

FDR<0.05 and analyzed by Panther-Gene list analysis (Mi et al., 2019; 

http://pantherdb.org/). Kyoto Encyclopedia of Genes and Genomes (KEGG) and PlantCyc 

pathway enrichment analysis for up- and down-regulated genes, were then analyzed by 

The Plant GeneSet Enrichment Analysis Toolkit (PlantGSEA) (Yi et al., 2013; 

http://structuralbiology.cau.edu.cn/PlantGSEA/index.php). Visualization of DEGs in 

MapMan followed the instructions described by Thimm et al., 2014. 

Gene expression analysis.  

Roots of rice seedlings were ground and homogenized in liquid nitrogen, and total RNA 

was isolated using a Direct-zol RNA Miniprep Plus Kit following the manufacturer’s 

instructions (ZYMO RESEARCH; USA). cDNA was synthesized from 1 µg of total RNA using 

iScript cDNA Synthesis Kit (BIO-RAD Laboratories, Inc, 2000 Alfred Nobel Drive, Hercules, 

CA; USA) according to the instructions in the user manual. The gene expression level was 

detected by real-time quantitative RT-PCR (qRT-PCR) which was performed using SYBR 

Green Master Mix (Applied Biosystems; www.lifetechnologies.com) in a CFX384 Touch™ 

Real-Time PCR Detection System (BIO-RAD Laboratories, Inc, 2000 Alfred Nobel Drive, 

Hercules, CA; USA). Primers used for qRT-PCR analysis are listed in Table 3.1. The gene 

http://pantherdb.org/
http://structuralbiology.cau.edu.cn/PlantGSEA/index.php
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expression level was calculated by normalization to the rice housekeeping gene Ubiquitin 

(OsUBQ) (Table 3.1). The relative gene expression level was calculated according to 2-

ΔΔCT method (Livak and Schmittgen, 2001). 

Table 3.1. Primer sequences used in chapter 3 

Experiment Primer name  Sequence (5′–3′) 

qRT-PCR_RNAseq Validation 

Os01g05150.1-F GAAGCAGGAGCACTGATGGGT 

Os01g05150.1-R GCTACGGAGACGGTGGCTATG 

Os01g06660.1-F CAGTCAAGCCAGTCCTCGTT 

Os01g06660.1-R TAACCACAGGCATCAGCCAG 

Os01g16170.1-F CATCTTCAGTGGAGCGGGAG 

Os01g16170.1-R AGGTTTGAGCCCATTTTGCG 

Os01g33869.1-F CACAGATTTGCCACTCCTTGC 

Os01g33869.1-R CCCCAACGTAATCATCTTGAGC 

Os10g07556.1-F CGAACACTTGCTATGGTCGC 

Os10g07556.1-R AGCACTGGAATGACCCTTGG 

Os06g05990.1-F ATGGAGATGGAGAGGGAGGG 

Os06g05990.1-R CCTTCCTTCCACGACAACGA 

Os06g11130.1-F CTACGAGAGCCTCAAGGCCA 

Os06g11130.1-R GCGGATCCATGCAGTAGAAGA 

Os07g14470.1-F CGCCTACTGCAACGACTCTA 

Os07g14470.1-R CTTGGTACGGTTCCACGAGT 

Os07g23570.1-F GCCCTGTCTCACTCATACGG 

Os07g23570.1-R CAATAGTGCACCCTCAGGCA 

Os07g28250.1-F TATACGAGCACGAAACGCCA 

Os07g28250.1-R TGCAGGGTGTTGAAGAGGAC 

Os07g44110.1-F AAGCGCGGAGATTGAACTGA 

Os07g44110.1-R GAAGACCTGCTTCCCCTCAC 

Os10g10540.1-F GCTCTAGGCTCGTTCTCCTG 

Os10g10540.1-R CTGCGTCAGCTACACTCACC 

Os01g42370.1-F CTCCGCTTTCACTCACTTT 

Os01g42370.1-R CAACCGGTCCTCAACTATTC 

Os05g45230.1-F ACGTCGACAACACCCAAACT 

Os05g45230.1-R ACCGGTAATGTAAACCCTGCC 

Os02g35490.1-F TCGTCATCGTCATCATCTCGC 

Os02g35490.1-R GACCTTGAGGAGTCCCTCGT 
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Cotton Blue staining for root apex. 

Apex length and width were assessed in WT rice roots with or without 5 μM zaxinone 

(twice a week). Plants were grown hydroponically in Hoagland solution (400µM Pi) and 

data were collected 3 weeks post germination. Primary crown root apex was stained with 

Cotton Blue 0.1 %.  The apex length was calculated considering the segment between the 

root tip and the first root hair.  

Ethynyl deoxyuridine (EdU) staining for cell proliferation analysis 

Cell proliferation in rice seedlings were evaluated using the Click-iT EdU Alexa Fluor 488 

imaging kit (C10637, Invitrogen), as described by (Xiao et al. 2019). Plants were 

incubated in Murashige and Skoog medium with EdU for 12 h. For each plant, the 

primary root and the longest crown root (prior the formation of lateral roots) were 

harvested and fixed in 3.7 % formaldehyde for 1 h under vacuum. Then samples were 

permeabilized with PBS containing 0.5 % Triton X-100 for 1 h and incubated for 1 h in 

the dark with a click-it-reaction cocktail that was prepared according to the manual, 

followed by DNA counterstaining using Hoechst 33342 in PBS under vacuum in the dark 

for 1 h.  Samples were mounted in clearing solution and incubated in the dark for 2 

weeks at 4 °C as described by (Kirschner et al. 2017). Images were captured by a Zeiss 

LSM 880 inverted confocal microscope and automatically stitched to generate the 

overview image of the root tip in ZEN 2.0 while imaging. Root meristem length, root 

diameter, and cell layers (counted from epidermis to vascular tissue) in both primary 

roots and crown roots were increase after 5 µM zaxinone treatment twice per week in 
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WT rice seedlings. Dividing EdU stained nuclei are shown in green; nuclei counterstained 

with Hoechst 33258 are shown in blue.  Images are representative of the total number 

(n=10) of seedlings that were studied. 

Root cross section, staining and microscopy 

Fresh root segments starting from root hair emergence zone to the direction of the shoot 

(an upward direction, about 0.5 cm from in differentiation zone) were embedded in 10 % 

low melting agarose and sectioned using a Leica VT1000S vibratome. The SCRI 

Renaissance 2200 (SR2200) stain was used to visualize cell walls while berberine 

hemisulfate stain was used to visualize suberin53. Images were captured using a Zeiss 

LSM 880 inverted confocal microscope with excitation of 405 nm for SCRI or 488 nm for 

berberine. 

Quantification of starch 

For starch extraction, excised root systems were rapidly blot-dried on filter paper and 

weighed. Samples were then frozen in liquid nitrogen, transferred to 2-mL Eppendorf 

tubes (Eppendorf, Hamburg, Germany) and thoroughly homogenized using a pestle in 

liquid nitrogen. The samples were further homogenized in 0.5 mL of absolute ethanol. 

After addition of 0.5 mL of 80 % ethanol, the tubes were incubated at 70 °C for 90 min 

and then centrifuged for 10 min at 11 337 x g and the pellet was resuspended in 1 mL of 

80 % ethanol. Two more washings were performed with 1 mL of 80 % ethanol (and 10 min 

of centrifugation). The pellets were finally resuspended in 400 μL of 0.2 m KOH and 
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incubated at 95 °C for 60 min. After neutralization with 70 μL of acetic acid, the samples 

were centrifuged for 10 min and the supernatant was used for starch quantification 

(Starch Test-Combination enzymatic analysis kit, cat. no. 207748; Boehringer, Mannheim, 

Germany), according to the manufacturer’s instructions. At least three independent 

experiments, including at least three plants each, were performed to obtain all results of 

enzymatic starch quantification. 

Quantification of plant hormones  

For the quantification of endogenous hormone levels, 20 mg of freeze dried ground 

tissues were spiked with internal standards D6-ABA (3.2 ng), D2-GA1 (0.08 ng), D2-IAA (5.4 

ng), D4-SA (0.05 ng), D2-JA (0.1 ng), D5-trans-zeatin (1.5 ng), D5-trans-zeatin-O-glucoside 

(2 ng), D5-trans-zeatin riboside-O-glucoside (2 ng), D6-N6-Isopentenyladenine (2 ng), N15-

N6-isopentenyladenosine (2 ng), and D7-N6-Benzyladenine (2 ng) along with 1.5 mL of 

methanol. The mixture was sonicated for 15 min in an ultrasonic bath (Branson 3510 

ultrasonic bath), followed by centrifugation for 10 min at 14000 x g at 4 oC. The 

supernatant was collected and the pellet was re-extracted with 1.5 mL of the same 

solvent. Then, the two supernatants were combined and dried under vacuum. The sample 

was re-dissolved in 150 μL of acetonitrile:water (25:75, v:v) and filtered through a 0.22 

μm filter for LC-MS analysis. Plant hormones were analyzed using HPLC-Q-Trap-MS/MS 

with Multiple Reaction Monitoring (MRM) mode. Chromatographic separation was 

achieved on a ZORBAX Eclipse plus C18 column (150 × 2.1 mm; 3.5 μm; Agilent). Mobile 

phases consisted of water:acetonitrile (95:5, v:v) and acetonitrile, both containing 0.1 % 
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formic acid.  A linear gradient was optimized as follows (flow rate, 0.4 mL/min): 0−17 min, 

10 % to 100 % B, followed by washing with 100 % B and equilibration with 10 % B. The 

injection volume was 5 μL and the column temperature was maintained at 40 °C for each 

run. Mass spectrometry was conducted in electrospray and MRM mode, in positive ion 

mode for cytokinins, and in negative ion mode for the other hormones. Relevant 

instrumental parameters were set as follows: ion source of turbo spray, ion spray voltage 

of (±) 4500 V, curtain gas of 25 psi, collision gas of medium, gas 1 of 45 psi, gas 2 of 30 psi, 

turbo gas temperature of 500 °C, entrance potential of -10 V. The characteristic MRM 

transitions (precursor ion → product ion) were 263.2→153.1 for ABA; 347.1→261.1 for 

GA1; 174.0→129.6 for IAA; 136.6→92.8 for SA; 209.0→59.0 for JA; 269.2→159.1 for D6-

ABA; 349.1→261.1 for D2-GA1; 176.0→131.6 for D2-IAA; 141.0→97.0 for D4-SA ; 

211.0→61.0 for D2-JA. 225.2→136.7 for D5-trans-zeatin; 387.2→225.4 for D5-trans-

zeatin- O -glucoside; 519.2→225.2 for D5-trans-zeatin riboside-O-glucoside; 210.2→137.0 

for D6-N6-Isopentenyladenine; 337.0→205.0 for N15-N6-isopentenyladenosine; 

233.1→98.0 for D7-N6-Benzyladenine; 220.2→136.0 for trans-zeatin; 382.2→220.2 for 

trans-zeatin-O-glucoside; 514.2→220.2 for trans-zeatin riboside-O-glucoside; 

204.2→136.1 N6-Isopentenyladenine; 336.0→204.0 for  N6-isopentenyladenosine; 

226.1→91.0 for N6-Benzyladenine. 

Measurement of photosynthetic parameters  

Three-week-old seedlings were grown hydroponically in half-strength modified Hoagland 

nutrient solution. Seedlings were further treated with 5 µM zaxinone for 2, 6, or 24 hours. 
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Leaf chlorophyll content was measured by CCM-200 plus chlorophyll content meter (Opti-

Sciences, Hudson, USA), and leaf stomatal conductance was measured by AP4 Porometer 

(Delta-T, Cambridge, UK).  

Chlorophyll quantification 

Chlorophyll content was extracted from the leaf segment by following the procedure 

according to (Sudhakar et al., 2016) with a slight modification. Briefly, an equal amount 

of frozen leaf tissue was measured in 2 mL eppendorf tube and ground into fine powder 

with 2mm metal beads. One mL of 80 % acetone was added in each tube and the 

mixture was vortex for 30 sec. The extracted mixture was incubated at room 

temperature for 10 mins. Each sample was subjected to centrifugation at 4282 × g, 4, at 

room temperature for 90 sec. Then 200 µL of supernatant was collected from the top of 

each tube and added in 96 well plates. The plate was run in the microplate reader 

(Tecan Infinite M1000 Pro). The absorbance of Chlorophyll-a (Chla) and Chlorophyll-b 

(Chlb) was determined by UV-spectrophotometry at 645 and 663 nm wavelength. 

Chlorophyll-a, Chlorophyll-b and total chlorophyll content was calculated from each 

extract by using the following equations: 

Chla   (mg/g) =  12.7(A663)-2.69(A645)xV/1000xW 

Chlb   (mg/g) =  22.9(A645)-4.68(A663)xV/1000xW 

ChlTotal  (mg/g) =  20.2(A645)+8.02(A663)xV/1000xW 

where 
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A = absorbance at specific wavelengths 

V = final volume of chlorophyll extract 

W = fresh weigh of tissue extracted 

3.4. Results 

Zaxinone treatment increases sugar content and metabolism and promotes 

photosynthesis. 

To determine the effects of zaxinone on rice at metabolomic and transcriptomic level 

and to get an insight into the dynamics of triggered changes, we grew rice seedlings 

hydroponically, applied the compound at a 5 µM concentration into the growth 

medium, and collected root and shoot samples 2, 6 and 24 hours after application. A 

scheme of the experimental design is shown in Figure.3.1.  
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Figure 3.1. Hydroponic system set-up for omics experiments. Rice plants were grown 

with half-strength modified Hoagland nutrient solution with adjusted pH to 5.8 for two 

weeks. Plants were treated with 5 µM zaxinone or 0.1 % Acetone as control at day 21, 

and thereafter harvested as shown at 2 h, 6 h, and 24 h respectively for metabolomics 

and transcriptomic analysis.  

Gas chromatography–mass spectrometry (GC-MS) analysis of primary metabolites in 

treated roots revealed an up to1.5-fold increase in the level of many sugars, glycolysis- 

and TCA-cycle intermediates, such as glucose, citric acid and 2-oxoglutarate (Figure 

3.2A). The position of these metabolites in cellular sugar catabolism pathways is shown 

in Figure 3.2B. At the same time point, i.e. six hours after zaxinone application, we also 

observed an increase in the content of most of the free amino acids and many of other 
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analyzed primary metabolites. However, the content of some amino acids, e.g. leucine, 

dropped at the 24 h time point to below control level (Figure 3.2A). Principal 

component analysis (PCA) revealed that the zaxinone effect on root metabolome was 

more pronounced at 6 and 24 hours, compared with the early 2 h time point, with a 

peak of primary metabolites accumulation at 6 hours (Figure 3.2A; Figure 3.3A; Figure 

3.4). In shoot tissues, we observed an increase in the level of many primary metabolites, 

including several sugars, TCA intermediates and free amino acids, however, at the late, 

24 h time point (Figure 3.2D; Figure 3.3B; Figure 3.5). These results suggest that 

zaxinone application to roots in hydroponically grown seedlings causes a rapid global 

change in primary metabolism of roots and, with a slight delay, in shoots. In particular, it 

affects sugar content and catabolism, which are essential for adenosine triphosphate 

(ATP) generation and supply of C skeletons for cellular building blocks.  
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Figure 3.2. The dynamic primary metabolite profiles upon zaxinone treatment. Primary 

metabolites extracted from root for GC-MS. Chromatograms and mass spectra were 

evaluated using Chroma TOF 4.5 (Leco) and TagFinder 4.2 software. Three independent 

harvests were concurrently subjected to GC-MS analysis. n≥4 biological replicates. (A) 

Heat map of root tissue showing relative accumulation of each metabolite as compared 

to those in control plants. For each metabolite, the value of the corresponding wild type 

was set to 1. Asterisks indicate statistically significant differences as compared to 

control by t-test (*p < 0.05, **p < 0.01).  (B) The major metabolic changes in the sugar-

related metabolites after zaxinone treatment. Blue and red color depict decrease and 

increase, respectively in metabolic levels compared to the non-treated root samples. 

The data is presented as Log2 (fold changes) from left to right as follows: 2, 6 and 24 

hours. (C) Longitudinal-sections of wild-type and WT treated with 5µM zaxinone roots 

tips after resin-embedding and staining by the Periodic Acid-Schiff (PAS) reaction for the 

visualization of amyloplasts. At higher magnification (15 µm) the statoliths (st) in the 

root cap as well as some tiny amyloplasts (arrows) are present in the cytoplasm of 

meristematic cells. Starch level was quantified in the root tissues.  Bar presented as 

mean ± SD, n=8 biological replicates. (D) Heat map of shoot tissue of relative 

accumulated metabolite in comparison with control. For each metabolite, the value of 

the corresponding wild type was set to 1. Asterisks indicate statistically significant 
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differences as compared to wild type by t-test (*p < 0.05, **p < 0.01).  CTL, control; Zax, 

zaxinone. 

 

Figure 3.3. Principal component analysis (PCA) of primary metabolites. (a) root and (b) 

shoot tissues. Data were analyzed using Past3 software. 

 

 

Figure 3.4. Relative level of sugar-related metabolites in root tissues. Bar represents 

mean ± SD, n≥4 biological replicates. Asterisks indicate statistically significant 



104 
 

differences as compared to control by t-test (*p< 0.05, **p < 0.01).  CTL, control; Zax, 

zaxinone. 

 

Figure 3.5. Relative level of sugar-related metabolites in shoot tissues. Bar represents 

mean ± SD, n≥4 biological replicates. Asterisks indicate statistically significant 

differences as compared to control by t-test (*p < 0.05).  CTL, control; Zax, zaxinone. 

Assuming that excess sugar may be stored as starch, we measured the starch level in 

roots of hydroponically grown seedlings after two weeks of treatment with zaxinone (5 

µM). Indeed, we detected around two-fold higher starch content in treated roots 

(Figure 3.2C) compared to the mock condition. Taking into consideration that plants 

produce sugars through photosynthesis, we investigated the effect of zaxinone on this 

process. For this purpose, we performed a time-course measurement of chlorophyll 

content and stomatal conductance, two parameters of photosynthetic activity, in three-

week-old hydroponic grown rice plant treated with 5 µM zaxinone under greenhouse 

condition. As shown in Figure 3.6 A-B, we observed an enhancement of both 
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parameters in leaves of treated rice plants, which indicated an increased photosynthetic 

activity and explained the elevated sugar levels.  

Figure 3.6. Zaxinone enhanced photosynthetic activities. (A) Leaf Chlorophyll content: 

Measured by CCM-200 plus chlorophyll content meter (Opti-Sciences, Hudson, USA). 

Leaf stomatal conductance: Measured by AP4 Porometer (Delta-T, Cambridge, UK). (B) 

Chlorophylls were extracted by 80% acetone, and their levels were determined by UV-

photometer. n=6 biological replicates. (C) Chlorophyll level in the shoot tissue of WT and 

zas mutant after 2-week 5 µM zaxinone treatment, n=8 biological replicates. Bar 

represents mean ± SD. Asterisks indicate statistically significant differences as compared 

to control by t-test (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001).  CTL, control; 

Zax, zaxinone. 

Zaxinone application increases transcript levels of genes involved in root sugar 

metabolism. 

We also analyzed the impact of zaxinone treatment on rice transcriptome, using RNA 

sequencing (RNA-Seq). A heatmap visualization of mean-centered, normalized log-
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expression values for correlated highly variable genes (HVGs) of the RNA-Seq data 

confirmed the high quality of each replicate, which was supported by the PCA plots of 

HVGs (Figure 3.7).  

 

Figure 3.7. Transcriptomic analysis by using Large-Scale Transcriptome Analysis 

Pipeline (LSTrAP) of root samples. (A) Heatmap visualization of mean-centered 

normalized log-expression values for correlated highly variable genes (HVGs). (B) 

Principal component analysis (PCA) plots of HVGs at 2, 6, and 24 hours, respectively.  

n=3 biological replicates. 

A Volcano plot of differentially expressed genes (DEGs), following Deseq2 analysis, 

revealed the gene expression pattern at different cutting points with log2FoldChange, 

adjusted Q value (False discovery rate, FDR), or a combination of both (Figure 3.8). In 

order to have a better picture of the transcriptome, we decided to use the FDR< 0.05 as 
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a criteria for further analysis (Appendix 1)

 

Figure 3.8. Summary of the RNA-Seq results. Volcano plot representation of differential 

expression analysis of genes in the control versus zaxinone-treatment data sets. Blue 

points mark the genes with significantly expression (adjusted P (Q) value, FDR<0.05), 

orange points represent log2fold-changes>1, and the red points marks co-exist genes in 

blue and orange, respectively. Black vertical lines highlight log fold changes of −1 and 1, 

while Black horizontal line represents a FDR of 0.05. 

Zaxinone application led to significant changes in the transcriptome over time, by 

increasing the transcript level of 324, 551 and 350 genes after 2, 6, and 24 h, 

respectively, including 38 genes that showed an induction at the three time points. The 

application also decreased the transcript level of 136 (2 h), 501 (6 h), and 71 (24 h) 

genes, ten of which were down-regulated at the three time points (Figure 3.9A-B).  
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Figure 3.9. Analysis of differentially expressed genes (DEGs) in response to zaxinone at 

different time points. (A) Numbers of the significantly expressed genes upon zaxinone 

treatment (FDR < 0.05). The numbers on the vertical axis represent the three time 

points while, the horizontal axis reflects the numbers of up-regulated and down-

regulated genes. Up- and down-regulated genes are shown in blue and red bars, 

respectively. (B) The Venn diagrams show the numbers of the down-regulated (Dn) and 

upregulated (Up) genes that overlap between different time points. (C) Kyoto 

Encyclopedia of Genes and Genomes (KEGG) and PlantCyc pathway enrichment analysis 

for up- and down-regulated genes, which were analyzed by The Plant GeneSet 

Enrichment Analysis Toolkit (PlantGSEA) 

(http://structuralbiology.cau.edu.cn/PlantGSEA/index.php). 

To validate the RNA-Seq data, we determined the transcript level of 15 selected genes 

that showed low to high response to zaxinone treatment, by qRT-PCR. The resulting 

correlation analysis (R2=0.87-0.93) indicated that the RNA-Seq dataset was highly 

reliable and thus appropriate for pathway enrichment analysis (Figure. 3.10).  
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Figure 3.10. Validation of RNAseq by q-RTPCR. 15 selected genes showing high to low 

fold change in expression upon zaxinone treatment. The resulting correlation analysis 

(R2) shown from 0.87-0.93. n=3 biological replicates. 

Gene Ontology (GO term) analysis of Molecular function and Biological Process showed 

that most of the the genes regulated by zaxinone were related to metabolic processes 

[up-regulation: 45 (2 h), 108 (6 h), and 50 (24 h) genes; down-regulation: 16 (2 h), 70 (6 

h), and 8 (24 h) genes] and catalytic activity [up-regulation: 72 (2 h), 148 (6 h), and 90 

(24 h) genes; down-regulation: 36 (2 h), 124 (6 h), and 22 (24 h) genes] (Appendix 2). 

Further enrichments with Kyoto Encyclopedia of Genes and Genomes (KEGG) and 

PlantCyc pathway unraveled the induction of genes mediating several annotated sugar 

metabolism pathways, including pyruvate metabolism, citric acid cycle, sucrose 

degradation, glycolysis and gluconeogenesis, particularly 6 h after zaxinone application 

(Figure 3.9C), which is in line with the change in the profile of primary metabolites 
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(Figure 3.2A). We also confirmed the annotated pathways (the plant glycolytic pathway 

and the TCA cycle) by MapMan software (Figure 3.11).  

 

Figure 3.11. MapMan visualization of differentially expressed genes (DEGs) in 

zaxinone-treated root tissues at 6 hr. (A) Plant glycolysis pathway. (B) TCA cycle with 

electron transport in mitochondria. Fold changes are indicated by color, squares in red 

denotes up-regulation and blue down-regulation. 

To validate these changes, we chose ten genes from the OyzaCyc 6.0 database, which 

are involved in root glycolysis (Appendix 3), and validated their expression pattern by 

performing q-RT-PCR analysis of the same samples used for the RNAseq experiment 

(Figure 3.12). Results obtained correlated with and explained the increase in sugar 

metabolites in root tissues.
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Figure 3.12. Validation of sugar metabolism genes by q-RTPCR in WT plant roots. Ten 

genes identified from the OyzaCyc 6.0 database, which are involved in glycolysis in the 

root tissue (Supplementary Table 3), and validated using q-RTPCR. Bar presented mean 

± SEM, n=3 biological replicates. CTL, control; Zax, zaxinone. 

In contrast to roots, we detected a less significant impact on the shoot transcriptome 

presented in the PCA plots and DEGs analysis (Figure 3.13; Appendix 4), which may be 

anticipated given that the effect of zaxinone was mainly visible in root tissues, when 

using the hydroponic system.  
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Figure 3.13. Transcriptomic analysis by using Large-Scale Transcriptome Analysis 

Pipeline (LSTrAP) of shoot samples. (A) Heatmap visualization of mean-centered 

normalized log-expression values for correlated highly variable genes (HVGs). (B) 

Principal component analysis (PCA) plots of HVGs at 2, 6, and 24 hours, respectively.  

n=3 biological replicates. 

To further confirm the results, we performed a parallel transcript analysis with roots of 

WT and the zas mutant that contains less zaxinone and displays retarded growth. We 

observed an upregulated transcript pattern following the zaxinone treatment (Figure 

3.14), which could explain the capability of zaxinone in rescuing zas phenotype. Taken 

together, the transcriptome analysis supported the hypothesis that the growth 

promoting effect is strongly linked with an increase of sugar metabolism in rice roots.     
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Figure 3.14. Transcript analysis of root tissues upon 6 h zaxinone treatment in WT and 

zas mutant.  Ten genes identified from the OyzaCyc 6.0 database, which are involved in 

glycolysis in the root tissue. Bar presented mean ± SEM, n=3 biological replicates. CTL, 

control; Zax, zaxinone. 

Zaxinone application does not induce sugar metabolism in the absence of 

strigolactones.   

In our previous study, we showed that zaxinone application did not promote root 

growth in rice SL biosynthesis and perception mutants, indicating that zaxinone’s growth 

promoting effect depends on functional SL biosynthesis and perception (Wang et. al., 

2019). This opened the question whether the changes in sugar metabolism caused by 

zaxinone are also linked to SLs. To answer this question, we applied zaxinone to d17 and 

zas mutants and the corresponding WT varieties for 6 h, following the experimental 

design shown in Figure 3.1, and analyzed the metabolome of collected root tissues. 

Results of metabolome analysis confirmed the accumulation of sugars and TCA cycle 

metabolites upon zaxinone treatment in both WT and zas mutants, while this response 

was largely absent in the d17 mutant (Figure 3.15), demonstrating that the sensitivity of 
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sugar metabolism towards zaxinone application depends on the presence of a functional 

SL biosynthetic pathway.   

 

Figure 3.15. The profile of primary metabolites in the roots of WT, zas, and d17 

mutant. Primary metabolites extracted from root for GC-MS. Chromatograms and mass 

spectra were evaluated using Chroma TOF 4.5 (Leco) and TagFinder 4.2 software.  n=4 

biological replicates. (A) Heat map of root tissue showing relative accumulation of each 

metabolite as compared to those in control plants. For each metabolite, the value of the 

corresponding control was set to 1. Asterisks indicate statistically significant differences 

as compared to control by t-test (*p < 0.05, **p < 0.01).  (B) Principal component 

analysis (PCA) of root metabolites was performed using Past3 software. (C) The major 

metabolic changes in central metabolism after zaxinone treatment. Orange arrows 

indicate sugar-related metabolites which mainly accumulated upon zaxinone treatment 

in WT and/or the zas mutant, but not in d17. CTL, control; Zax, zaxinone. 
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Lipids are further important metabolites required for plant’s growth. To assess the 

effect of zaxinone on lipid metabolism, we analyzed the lipid profile of treated root 

samples 6 h after zaxinone application. However, we did not detect positive effect of 

zaxinone on lipid metabolism (Figure 3.16). 

 

Figure 3.16. The lipids profile in WT and zas root tissues upon 5 µM zaxinone 

treatment.  (A) Heat map of root tissues showing relative accumulation of each 

metabolite as compared to those in control plants. For each metabolite, the value of the 

corresponding wild type was set to 1, n=4 biological replicates. Asterisks indicate 

statistically significant differences as compared to control by t-test (*P < 0.05, **P < 

0.01). (B) Principal component analysis (PCA) of root metabolites was performed using 

Past3 software. CTL, control; Zax, zaxinone. 
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Zaxinone application promotes cell division in the root apical meristem and increases 

the number of cortex layers  

It can be assumed that the growth promoting effect of zaxinone in rice roots is caused 

by an increase in cell number and/or size. To determine changes at cellular level, we 

applied zaxinone (at 5 µM concentration) to hydroponically grown rice seedlings for two 

weeks and investigated the roots using cotton blue staining. As shown in Figure 3.17, 

the treatment with zaxinone enhanced the length of the root apex, indicating an 

increase of cell division activity.   

Figure 3.17. Root apex analysis of WT rice plants. Root apex length stained with 0.1% 

Cotton Blue, and the analysis was performed for the segment between the root tip and 

the first root hair (cell division zone + cell elongation zone). Bar presented as mean ± SD, 

n≥20 biological replicates. Asterisks indicate statistically significant differences as 

compared to control by t-test (**p < 0.01). CTL, control; Zax, zaxinone. Scale bar: 500 

µm. 

To test this hypothesis, we used 5-Ethynyl-2´-deoxyuridine (EdU) staining that visualizes 

proliferating cells and can be monitored by a fluorescent dye. This experiment revealed 
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that the meristem length and diameter as well as the number of cell layers (counted 

from epidermis to vascular tissue) increased upon zaxinone application in both primary 

and the longest crown roots (Figure 3.18A-B).

 

Figure 3.18. Characterization of root development upon zaxinone treatment. (A, B) 

Ethynyl deoxyuridine (EdU) staining for cell proliferation analysis. Confocal images of 

rice root showing dividing cells as captured by EdU staining in Zeiss LSM 710 inverted 

confocal microscope. Root meristem length, root diameter, and cell layers (counted 

from epidermis to vascular tissue) in both primary roots and crown roots after 5 µM 

zaxinone treatment (twice per week) in Nipponbare WT rice seedlings. Dividing EdU 

stained nuclei are shown in green; nuclei counterstained with Hoechst 33258 are shown 

in magenta. Images were acquired using the tile scan function in the Zen software with 

automatized stitching. Regions of interest were divided into multiple tiles and imaged 

individually. The tiles were then combined via automatic stitching to create a large 

overview image. Images are representative of the total number (n=10) of seedlings that 

were studied. (C,D) Cross-section of the mock and zaxinone treated roots stained with 

SCRI Renaissance 2200. Magenta indicates the cell wall staining; green shows the auto-

fluorescence marking lignin and suberin deposition (n=14 biological replicates). Example 
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of cell layer and circumference cell number count are indicated in the cross section d. 

(E) Quantification of cytokinins after 2-week zaxinone treatment in root tissues of WT 

and zas mutant. Bar presented as mean ± SD, n=4 biological replicates. Asterisks indicate 

statistically significant differences as compared to control by t-test (*p < 0.05, **p < 

0.01; ***p < 0.001; ****p < 0.0001). CTL, control; Zax, zaxinone. Abbreviation: Ep, 

epidermis; Ex, exodermis; Sc, sclerenchyma; Co, cortex; En, endodermis. Scale bar: 50 

µm. 

To confirm the increase in the number of cell layers, we performed cross sections of 

primary and the longest crown roots of treated WT and zas mutant seedlings, by 

staining the cell wall with SCRI Renaissance 2200. In the main root cortex as well as in 

the longest crown roots, zaxinone application led to a remarkable increase in the 

number of cortex layers from around three to around five, and of  the number of cells in 

the circumference by ten, which caused an around 50 µm enlargement of  root 

diameters (Figure 3.18C-D). Moreover, the enhancement in the number of cortex layers, 

root diameters and cell numbers upon zaxinone application was much more auspicious 

in the crown roots of zas mutant, compared to wild-type (Figure 3.19).  
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Figure 3.19. Root cross section of zas mutant. Cross-section of the mock and zaxinone 

treated roots stained with SCRI Renaissance 2200. Magenta indicates the cell wall 

staining; green shows the auto-fluorescence marking lignin and suberin deposition. 

Example of cell layer and circumference cell number count are indicated in the cross 

section 4d. Bar presented as mean ± SD, n=14 biological replicates. Asterisks indicate 

statistically significant differences as compared to control by t-test (***p < 0.001; ****p 

< 0.0001).  CTL, control; Zax, zaxinone. Scale bar: 50 µm. 

Zaxinone enhances cytokinin glycosylation in rice roots  

The changes in root morphology at cellular level indicate that zaxinone may affect the 

hormonal composition in roots, in addition to its role in determining SL biosynthesis and 

sugar metabolism. Analysis of the RNA-Seq data indicated that zaxinone might affect 

several genes related to hormone metabolism, including genes involved in jasmonic acid 

and auxin biosynthesis and in the glycosylation of cytokinins (Figure 3.9C).  Therefore, 

we determined the changes in the hormone profile and content of abscisic acid (ABA), 
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gibberellin (GA), auxin (IAA), salicylic acid (SA), jasmonic acid (JA), and cytokinins (CKs: 

trans-zeatin, isopentyladenine, isopentyladenosine, and benzyladenine) in rice roots 2, 

6, and 24 hours after zaxinone application. We did not detect significant changes in the 

levels of GA, IAA or SA, compared to the control, but observed an increase in ABA and JA 

levels at 2 and 6 h, respectively (Figure. 3.20).   

Figure 3.20. Quantification of plant hormones (ABA, GA, IAA, JA, and SA) in WT root 

tissues upon zaxinone treatment.  Bar presented as mean ± SD, n=4 biological 

replicates. Asterisks indicate statistically significant differences as compared to control 

by t-test (*p < 0.05, **p < 0.01). CTL, control; Zax, zaxinone. 

Notably, the application of zaxinone led to a significant decrease in the content of 

isopentenyladenosine in all treated samples, a reduction of isopentenyladenine and 

benyzladenine in the 6, and 6 and 24 h samples, respectively, and an increase in levels of 
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glycosylated, inactive trans-zeatin forms. We also observed an increase in trans-zeatin 

content 2h after application (Figure. 3.21).  

Figure 3.21. Cytokinins (CKs) profiles in rice root tissues upon zaxinone treatment. 

Quantification of cytokinins in a time course treatment of zaxinone in WT plants. Bar 

presented as mean ± SD, n=4 biological replicates. Asterisks indicate statistically 

significant differences as compared to control by t-test (*p < 0.05, **p < 0.01; ***p < 

0.001; ****p < 0.0001). CTL, control; Zax, zaxinone. 

These data indicate that zaxinone may regulate the abundance and pattern of CKs. To 

gain insights into the long-term effect of zaxinone on CKs level, we applied the 

compound for two weeks and quantified the hormone. In this experiment, we also 

included the zas mutant that showed at cellular level a stronger response than wild-type 

(Figure. 3.19). As shown in Figure. 3.18E, prolonged treatment with zaxinone led to 

significant accumulation in the glycosylated, deactivated trans-zeatin. Finally, we chose 
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four genes annotated by KEGG analysis as cytokinin glycosyltransferases (Appendix 5), 

and validated their expression levels in the samples used for the RNAseq experiment, 

using q-RT-PCR. As anticipated, these genes were highly induced following 24 h of 

zaxinone treatment (Figure 3.9C, Figure. 3.22).  

 

Figure 3.22. Validation of cytokinin-glucosyltransferase genes by q-RTPCR in WT plant 

roots. Four genes identified from the KEGG pathway, which are likely involved in 

cytokinin glycosylation in roots, and validated these using q-RTPCR on the same samples 

used for the RNAseq. Bar presented as mean ± SEM, n=3 biological replicates. CTL, 

control; Zax, zaxinone. 

We obtained similar results in zas mutant seedlings exposed to zaxinone treatment 

(Figure. 3.23). The induction of these genes may explain the accumulation of the 

glycosylated-forms of CKs.  
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Figure 3.23. Transcript analysis of root tissue upon 6 h zaxinone treatment in the roots 

of WT and zas mutant. Four genes identified from the KEGG pathway, which are likely 

involved in cytokinin glycosylation in roots. Bar presented as mean ± SEM, n=3 biological 

replicates. CTL, control; Zax, zaxinone. 

3.5. Discussion 

As the main product of photosynthetic carbon assimilation, sucrose plays as an energy 

source and an essential role in plant growth and development. In addition, this sugar 

acts as a signaling molecule interacting with hormonal networks and regulating 

metabolic pathways (Lastdrager et al. 2014; Ljung et al. 2015; Ruan 2014). In this paper, 

we show that zaxinone application promotes sugar metabolism in growing plants, 

leading to the accumulation of soluble sugars in different tissues, and enhances the 

photosynthetic activity in rice seedlings (Figure. 3.24). 
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Figure 3.24. Model of the mechanisms underlying the growth-promoting effect of 

zaxinone in rice. Application of zaxinone enhances photosynthesis activity (Calvin cycle) 

that produces sucrose, which is translocated from shoot (source) to developing root 

tissues (sink). Sucrose then can either be hydrolyzed (glycolysis) into hexose used for 

Kreb cycle (produce ATP and C-atoms for cellular building blocks) or be stored as starch 

in the root by gluconeogenesis. The glucose can also take part in the process of 

cytokinin glycosylation that regulate the bioactivity of CKs in rice root tissues. These 

effects overall result in root phenotypical changes, such as a larger meristem size. In 

addition, zaxinone suppresses SLs biosynthesis and release while it cannot rescue the SL 

biosynthesis and perception mutant (Wang et al, 2019) and does not affect the central 

metabolism in the SL biosynthetic d17 mutant. Created with ‘Biorender’. 

We observed this effect also in zas mutant plants (Figure. 3.6C), which contain less 

zaxinone in their roots. Compared to WT, these plants also showed a lower chlorophyll 

content under control conditions, suggesting that endogenous zaxinone level might 
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affect the photosynthesis capability (Figure. 3.6C). Supporting the metabolomics data, 

the transcriptomic results indicated that zaxinone induces several sugar-related 

metabolic pathways, such as glycolysis that catabolizes hexose units to produce energy 

and building blocks for different cellular components (Figure. 3.24). We also showed 

that prolonged treatment with zaxinone led to an increased starch accumulation in 

roots, which is synthesized from mobilized sucrose that is produced by photosynthesis 

in leaves (Ljung et al. 2015). In rice, disruption in sucrose synthesis or transport 

mutations of rice causes growth retardation (Eom et al. 2011; Hirose et al. 2014; Lee et 

al. 2008).  We can then conclude that sucrose provides the energy and C-atoms for the 

plant to grow and develop, depending on zaxinone, as we saw that zaxinone rescued 

Oszas mutant phenotype and promoted growth in WT rice seedlings (Wang et al. 2019). 

This trend correlates with the observed increase in transcript levels of sucrose metabolic 

genes.   

Roots and young leaves are the major source sinks during early developmental stages, 

whereas fruit and seeds are the ones accumulating starch during the reproductive 

stages (Wardlaw, 1990). Consequently, zaxinone treatment, which led to an increased 

starch accumulation in roots, improved the sink capacity of this organ. However, we 

cannot currently demonstrate whether the increase in chlorophyll abundance and 

photosynthetic capacity is due to an enhanced sink-strength of the zaxinone-treated 

roots, or a direct effect of zaxinone/derivative thereof. Regardless, our results 
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demonstrate zaxinone remarkably increases sugar metabolism and systemically 

modulates photosynthesis in rice plants. 

The root system is essential for plants to absorb nutrients and water, which determine 

plant growth and performance. Application of zaxinone remarkably increased crown 

root numbers (Wang et al., 2019), root apex length as well as cortex layers and cell 

numbers in both rice WT and zas mutant, which indicates a possible interplay with Auxin 

or CKs. Indeed, CKs orchestrate root growth and development; and previous studies 

documented that this hormone inhibits root elongation by decreasing root meristem 

size (Beemster and Baskin, 2000; Dello Ioio et al., 2007). For instance, the mutation of 

CROWN ROOTLESS5 (CRL5) encoding an ERF transcription factor, impairs rice crown root 

initiation through repression of two negative regulators of cytokinin signaling (OsRR1 

and OsRR2) (Kitomi et al. 2011). Indeed, two negative regulators OsRR homologs 

(Os02g35180, Os04g57720) were significantly upregulated by zaxinone at 2 h (Appendix 

1), and may be involved in the increased crown root numbers as shown in CRL5 

overexpression lines (Kitomi et al. 2011). Similarly, overexpressing CK 

OXIDASE/DEHYDROGENASE 4 (OsCKX4, Os01g71310)  led to lower amounts of CKs, 

which was resulted in longer roots and larger root meristem with more cellular layers 

(Werner et al., 2003; Gao et al., 2014). In this study, we also observed an upregulation 

of OsCKX4 expression (2 h and 24 h; Appendix 1) upon zaxinone treatment, which may 

contribute to the increased activity of root meristems and alterations in root 

architecture. Besides, the plant hormones profile and transcript analysis showed that 
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zaxinone reduced the free-form CKs and enhanced glycosylated-CKs biosynthesis, which 

can be considered as “fine tuning” of their synthesis, metabolism and function. Indeed, 

glycosylation was shown to significantly reduce the activity of CKs and to affect their 

transport, signal transduction and impact on growth and development (Mok and Mok 

2001). The changes in root architecture caused by CK glycosylation resemble those 

observed upon zaxinone treatment. Therefore, CKs-glycosylation is of great significance 

for understanding the effects of zaxinone and its impact on rice root development 

(Figure. 3.24). Previously, we showed that zaxinone did not enhance the root growth in 

SL deficient rice mutants, indicating the requirement for intact SL biosynthesis (Wang et 

al., 2019). Here, we further found that zaxinone did not increase the sugar metabolism 

in the SL deficient rice d17 mutant, which indicates that the effect of zaxinone on sugar 

metabolism is mediated by SLs. Taken together, zaxinone not only modulates the SL 

biosynthesis and release (Wang et al., 2019), but also acts on the CK signaling pathway 

by modulating CK activity through glycosylation. The latter may be the result of 

increasing sugar content in the root tissues. 

In summary, we provide experimental evidence at metabolite, transcript and cellular 

level, which demonstrates the role of zaxinone in regulating central metabolism, 

determining hormone profile, and promoting cell division in rice roots (Figure. 3.24). 

The results presented explain zaxinone’s growth promoting effect in rice plants and may 

help to develop new strategies to increase the performance of this and other crops 

towards sustainable agriculture. 
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Chapter 4 Efficient Mimics for Elucidating Zaxinone Biology and Promoting 

Agricultural Applications 

 

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

Wang, J.Y., Jamil, M., Lin, P-Y., Ota, T., Fiorilli, V., Novero, M., Zarban, R.A., Kountche, 

B.A., Takahashi, I., Martínez, C., Lanfranco, L., Bonfante, P., Lera Á.R., Asami, T., and Al-

Babili, S. (2020) Efficient Mimics for Elucidating Zaxinone Biology and 

Promoting Agricultural Applications. Mol. Plant 13, 1654–1661. 

https://doi.org/10.1016/j.molp.2020.08.009 

 

4.1. Abstract 

Zaxinone is an apocarotenoid regulatory metabolite required for normal rice growth and 

development. In addition, zaxinone has a large application potential in agriculture, due to 

its growth promoting activity and capability to alleviate infestation by the root parasitic 

plant Striga through decreasing strigolactone (SL) production. However, zaxinone is 

poorly accessible to the scientific community because of its laborious organic synthesis 

that impedes its further investigation and utilization. Here, we developed easy-to-

synthesize and highly efficient mimics of zaxinone (MiZax). We performed a structure-

activity-relationship study using a series of apocarotenoids distinguished from zaxinone 

by different structural features. Using the obtained results, we designed several phenyl-

based compounds synthesized with a high-yield through a simple method. Activity tests 

https://doi.org/10.1016/j.molp.2020.08.009
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showed that MiZax3 and MiZax5 exert zaxinone activity in rescuing root growth of a 

zaxinone-deficient rice mutant, promoting growth, and reducing SL content in roots and 

root exudates of wild-type plants. Moreover, these compounds were at least as efficient 

as zaxinone in suppressing transcript level of SL biosynthesis genes and in alleviating 

Striga infestation under greenhouse conditions, and did not negatively impact 

mycorrhization. Taken together, MiZax are a promising tool for elucidating zaxinone 

biology and investigating rice development, and suitable candidates for combating Striga 

and increasing crop growth. 

4.2. Introduction 

Chemical signals and hormones are involved in literally all aspects of plant’s life. These 

small molecules are key regulators of plant development and response to environmental 

stimuli, and the means of communication between plants and surrounding organisms 

(Chaiwanon et al., 2016; Guerrieri et al., 2019).  Strigolactones (SLs) are an intriguing 

example for signaling molecules that fulfill both functions. They act as a hormone that 

determines diverse processes within plant, which include shoot branching, growth of 

primary, lateral and adventitious roots, and biotic and abiotic stress responses (Al-Babili 

and Bouwmeester 2015; Water et al., 2017; Jia et al., 2018). In addition, SLs are released 

into the rhizosphere, particularly under phosphate starvation, as signaling molecules that 

facilitate the recruitment of arbuscular mycorrhizal (AM) fungi for establishing the 

beneficial AM symbiosis (Bonfante and Genre, 2008; Gutjahr and Parniske, 2013; 

Lanfranco et al. 2018). However, obligate root parasitic plants of the Orobanchaceae 
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family have evolved specific receptors that trigger the germination of their seeds upon 

perceiving rhizospheric SLs. This mechanism enables synchronizing the germination with 

the availability of a host in close neighborhood, which ensures the survival of the arising 

parasite seedling (Xie et al., 2010). Root parasitic plants, such as Striga spp., are a severe 

agricultural problem in warm and temperate zones (Parker et al., 2012). Indeed, Striga 

hermonthica that infests cereals, such as rice, sorghum, pearl millet, and maize, is one of 

the major threats to global food security, as it causes enormous yield losses in different 

regions of Africa (Pennisi, 2010; Parker, 2012).  

SLs consist of a butenolide ring (D-ring) that is connected by an enol bridge of (R)-

configuration to a less structurally conserved second moiety (Al-Babili and Bouwmeester 

2015; Jia et al., 2018).  SLs derive from carotenoids, essential isoprenoid photosynthetic 

pigments equipped with conjugated double bonds varying in their stereo-configuration 

(Moise et al., 2014). The enzyme DWARF27 in rice and orthologs from other plants initiate 

SL biosynthesis by isomerizing all-trans- to 9-cis-β-carotene (Bruno et al., 2016; Abuauf et 

al., 2018), which is subjected in the next step to a stereospecific cleavage catalyzed by the 

carotenoid cleavage dioxygenase 7 (CCD7) that forms the volatile β-ionone and a 9-cis-

configured apocarotenoid intermediate (Bruno et al., 2014). The latter is then converted 

by CCD8 via a combination of repeated oxygenation and other less understood reactions 

into the central SL biosynthesis intermediate carlactone (Alder et al., 2012; Bruno et al., 

2017). In the next steps, cytochrome P450s, such as the Arabidopsis MAX1 or the rice 

carlactone oxidase (CO), together with other enzymes transform carlactone into different 
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SLs, giving rise to the structural diversity of these compounds (Zhang et al., 2014; Abe et 

al., 2014; Brewer et al., 2016; Yoneyama et al., 2018b; Wakabayashi et al., 2019).   

Besides SLs and abscisic acid (ABA), carotenoids are the precursor of several regulatory 

metabolites, including cyclocitral, zaxinone, and anchorene (Dickinson et al., 2019; Wang 

et al., 2019; Jia et al., 2019).  Recently, we showed that the apocarotenoid, i.e. carotenoid 

cleavage product, zaxinone is a common plant metabolite that determines rice growth 

and development (Wang et al., 2019). Zaxinone biosynthesis is catalyzed in rice by the 

zaxinone synthase (ZAS), a member of a less characterized plant CCD subfamily (Wang et 

al., 2019). The rice zas mutant shows growth retardation, lower zaxinone levels in roots 

and higher SL content in roots and root exudates. These phenotypes could be rescued, to 

a large extent, by exogenous application of synthetic zaxinone that promoted root growth 

and reduced SL content and release also in wild-type plants. Expression analysis of treated 

zas and wild-type plants suggested that zaxinone suppressed the transcript level of SL 

biosynthetic genes under phosphate starvation. Moreover, application of zaxinone to rice 

plants under greenhouse conditions significantly decreased Striga emergence, likely by 

lowering SL release. These results demonstrate the importance of zaxinone for basic plant 

science as well its application potential for improving crop growth, regulating shoot 

branching and controlling Striga. However, further investigation of the biological 

functions of zaxinone, its interaction with plant hormones, as well as its application 

potential are hampered by the laborious synthesis (see Figure 4.1) of this compound, 

which makes it poorly accessible to the scientific community. 
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Figure 4.1. Chemical Synthesis of Zaxinone. The synthesis of the zaxinone and its analogs 

followed the general strategies used for the synthesis of retinoids and carotenoids. 

Analogs and mimics of hormones are frequently used in basic research as well as in 

agricultural and horticultural applications (Rigal et al., 2014; Koprna et al., 2016). This is 

particularly the case if the bioactivity of the authentic metabolite is short-living (Rigal et 

al., 2014; Vaidya et al., 2019) or if its natural sources are restricted and organic synthesis 

is complicated. SLs are a best example for the latter case. The scarcity of SLs has prompted 
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researchers to use mimics and analogs, mainly GR24, which have been decisive in 

elucidating SL biology and even in the discovery of the SL hormonal function (Umehara et 

al., 2008; Gomez-Roldan et al., 2008; Al-Babili and Bouwmeester, 2015). Similarly, 

agricultural applications of SLs, such as inducing suicidal germination of root parasitic 

weeds, rely on different analogs (Samejima et al., 2016; Vurro et al., 2016; Jamil et al., 

2018, 2019, 2020; Kountche et al., 2019).   

In this work, we developed the first reported series of zaxinone mimics. For this purpose, 

we first performed a structure-activity-relationship study that allowed us to identify 

structural features required for zaxinone activity. Next, we designed easy-to-synthesize 

mimics of zaxinone (MiZax) and characterized their biological activities in regulating SL 

biosynthesis and rice growth, and alleviating Striga infestation. Results obtained 

demonstrate the efficiency of these MiZax and their utility for zaxinone related studies 

and applications.  

4.3. Material and Methods 

Plant material and growth conditions. 

Rice plants were grown according to Wang et al., 2019 under controlled conditions (a 12 

h photoperiod, 200-µmol photons m-2 s-1 and day/night temperature of 27/25 oC) with 

half-strength modified Hoagland nutrient solution (consisted of 5.6 mM NH4NO3, 0.8 

mM MgSO4
.7H2O, 0.8 mM K2SO4, 0.18 mM FeSO4

.7H2O, 0.18 mM Na2EDTA.2H2O, 1.6 

mM CaCl2.2H2O, 0.8 mM KNO3, 0.023 mM H3BO3, 0.0045 mM MnCl2.4H2O, 0.0003 mM 
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CuSO4
.5H2O, 0.0015 mM ZnCl2, 0.0001 mM Na2MoO4

.2H2O and with or without 0.4 mM 

K2HPO4
.2H2O, resulting in the +Pi and -Pi conditions, respectively) with adjusted pH to 

5.8.  

For treatment of hydroponically grown plants with MiZax, we exposed one week-old 

seedlings were grown hydroponically containing 2.5 µM compounds (dissolved in 0.1% 

acetone) for 21 days. The solution was changed every other day, adding the chemical at 

each renewal.  

Rhizotron (48cm x 24 cm x 5cm) experiments were conducted as following: three-day-old 

seedlings were grown in soil and treated with the compounds at a 5 µM concentration 

and dissolved in 1 μL/mL emulsifier (Atlas G1086, CRODA, Gouda, The Netherlands; 

prepared in cyclohexanone according to Kountche et al., 2019) with half-strength 

modified Hoagland nutrient solution for two weeks. The solution was added twice per 

week. Root surface area was analyzed with the ImageJ software. 

For SL and transcript analysis, one-week-old seedlings were transferred into 50 mL falcon 

tubes (two seedlings per tube), containing half-strength Hoagland nutrient solution with 

K2HPO4.2H2O (+Pi), for one week. Rice seedlings were then subjected to phosphate 

deficiency (-Pi) for another one week. On the day of root exudates collection, rice 

seedlings were first treated with 5 µM compounds for 6 h, and then root exudates and 

root tissues were collected for analysis separately. 

Synthesis of enantiopure zaxinone and analogues. 
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The synthesis of the (iso)zaxinone compounds 1-4 followed the general strategies used 

for the synthesis of retinoids and carotenoids as recently reviewed. (Alvarez et al., 2014) 

Synthesis of isozaxinone 1 (4-dihydrotrisporin B). (Gessler et al., 2002). 

(E)-Iodoalkenylcyclohexenol 5 was protected as silyl ether 6 in 83 % yield upon treatment 

with TBDMSCl and imidazole,(Fontán et al., 2011) and the dienyliodide was subjected to 

a Stille cross-coupling reaction with (E)-alkenylstannane 7 catalyzed by Pd2dba3 
. CHCl3 and 

AsPh3 in the presence of LiCl and using NMP as solvent to provide, in 77 % yield, trienol 

8.(Ito et al., 1990) Oxidation of the allylic alcohol with MnO2 and Na2CO3 as described for 

other analogs(Fontán et al., 2011) gave rise to trienal 9. Treatment of trienal 9 with 

acetone in basic media afforded the aldol condensation product trienylketone 10 in 65 % 

yield,(Tanumihardjo, 2001) which was deprotected to provide the secondary alcohol 1 

(isoxaxinone, 4-dihydrotrisporin B) (Gessler et al., 2002) upon treatment with HF . py. 

Having a hydroxyl group at the allylic position contributed to the instability of this 

compound, which requires careful handling.  

 

Scheme 2. Total synthesis of racemic isozaxinone.  

 

Synthesis of isozaxinone 1 and analogues: 

Enantiopure cyclohexenyltriflate 11 was prepared from TBS-protected enantiopure 

actinol,(Fontán et al., 2011; Ito et al., 1990; Yamano and Ito, 1993; Yamano et al., 1995) 
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and subjected to Stille cross-coupling reaction with (2Z,4E)-stannanedienol 12 to afford 

trienol 13. Allylic oxidation using MnO2 and Na2CO3 took place uneventfully and provided 

trienal 14 in quantitative yield.(Domínguez et al., 2006) Aldol condensation with acetone 

as described above (Tanumihardjo, 2001) led in 79 % yield the corresponding tetraenone 

15, which proved to be highly unstable and partly isomerized to the all-trans isomer. In 

fact, upon deprotection with TBAF at room temperature, a mixture of 2 and 3 in a 1:1 

ratio was obtained. 

A more efficient route to the trans isomer present in zaxinol 4 was followed along the 

same steps, using instead the (E,E)-dienylstannane 16, with the intermediacy of 17 and 

trienal 18 obtained in 96 % yield from trienol 17 with MnO2 and Na2CO3 (Fontán et al., 

2011). Aldol condensation as for the Z isomer (Tanumihardjo, 2001) provided all-E-

tetraenone 19. Reduction with NaBH4 in the presence of CeCl3 
. 7H2O afforded tetraenol 

20 in 60 % yield, the deprotection of which (TBAF, THF, rt, 43 %) gave rise to unstable 

tetraene-diol zaxinol 4. 

Synthesis of O-Methylzaxinone 

Enantiopure (R)-2-iodo-5-methoxy-1,3,3-trimethylcyclohex-1-ene 21 was prepared from 

enantiopure actinol and subjected to Stille cross-coupling reaction with (2E,4E)- 

dienylstannane 18 to afford trienol 22. Allylic oxidation using MnO2 and Na2CO3 took place 

uneventfully and provided trienal 23 in 53 % yield.(Domínguez et al., 2006) Aldol 

condensation with acetone as described above (Tanumihardjo, 2001) led in 74% yield to 

the corresponding O-methylzaxinone 24. 
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Scheme 2. Total synthesis of enantiopure zaxinone and analogues.  

 

(E)-tert-Butyl((3-(2-iodovinyl)-2,4,4-trimethylcyclohex-2-en-1-yl)oxy)dimethylsilane 

6.(Fontán et al., 2011) 

 

 

To a solution of (E)-3-(2-iodovinyl)-2,4,4-trimethylcyclohex-2-en-1-ol 5 (0.61 g, 2.10 

mmol) in DMF (10 mL) were added imidazole (0.17 g, 2.52 mmol) and TBSCl (0.38 g, 2.52 

mmol). The resulting mixture was stirred at 25 ºC for 12h. H2O was added and the mixture 

was extracted with EtOAc (3x). The combined organic layers were dried over Na2SO4 and 

the solvent was evaporated. The residue was purified by column chromatography (silica 

gel, from 97:3 n-hexane/Et3N to 98:2 n-hexane/EtOAc), to afford 0.66 g (77 %) of a yellow 
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oil identified as (E)-tert-butyl((3-(2-iodovinyl)-2,4,4-trimethylcyclohex-2-en-1-

yl)oxy)dimethylsilane 6. 1H NMR (400.13 MHz, C6D6): δ 6.92 (d, J = 14.9 Hz, 1H), 5.83 (d, J 

= 14.9 Hz, 1H), 3.80 (appt, J = 5.5 Hz, 1H), 1.67 (s, 3H), 1.63 – 1.51 (m, 3H), 1.23 – 1.17 (m, 

1H), 0.98 (s, 9H), 0.85 (s, 3H), 0.80 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H) ppm. 13C NMR (100.62 

MHz, C6D6): δ 143.9 (d), 141.4 (s), 132.9 (s), 79.8 (d), 71.1 (d), 35.2 (t), 34.3 (s), 29.5 (t), 

28.3 (q), 28.0 (q), 26.1 (q, 3x), 18.7 (q), 18.3 (s), -4.0 (q), -4.5 (q) ppm. 

 

(2E,4E)-5-(3-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dien-1-ol 8. (Haag and Eugster, 1982) 

 

A solution of (E)-tert-butyl((3-(2-iodovinyl)-2,4,4-trimethylcyclohex-2-en-1-

yl)oxy)dimethylsilane 6 (0.25 g, 0.61 mmol) in degassed NMP (5 mL) was added to a 

solution of Pd2(dba)3
.CHCl3 (31 mg, 0.03 mmol) and AsPh3 (75 mg, 0.24 mmol) in NMP (1 

mL). After stirring for 10 min, a solution of (E)-3-(tributylstannyl)but-2-en-1-ol 7 (285 mg, 

0.79 mmol) in NMP (1 mL) and LiCl (78 mg, 1.83 mmol) were added and the mixture was 

stirred for 23h at 40 ºC. An aqueous solution of KF was added and the mixture was stirred 

for 10 min and then extracted with Et2O (3x). The combined organic layers were washed 

with H2O (3x), dried over Na2SO4 and the solvent was evaporated. The residue was 

purified by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 80:20 n-

hexane/EtOAc), to afford 139 mg (65%) of a yellow oil identified as (2E,4E)-5-(3-((tert-

butildimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dien-1-ol 8. 

1H NMR (400.13 MHz, C6D6): δ 6.17 (d, J = 16.3 Hz, 1H), 6.11 (d, J = 16.3 Hz, 1H), 5.33 (t, J 

= 6.7 Hz, 1H), 4.06 - 3.94 (m, 3H), 1.95 (s, 3H), 1.83 – 1.68 (m, 3H), 1.62 (s, 3H), 1.44 – 1.31 

(m, 1H), 1.07 (s, 3H), 1.04 (s, 3H), 1.02 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H) ppm. 13C NMR 

(100.62 MHz, C6D6): δ 140.6 (s), 138.7 (d), 135.5 (s), 131.1 (d), 128.2 (s), 126.2 (d), 71.5 



139 
 

(d), 59.4 (t), 35.5 (t), 34.9 (s), 29.8 (t), 28.8 (q), 28.4 (q), 26.2 (q, 3x), 18.9 (q), 18.4 (s), 12.4 

(q), -3.9 (q), -4.4 (q) ppm. 

 

(2E,4E)-5-(3-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dienal 9. (Katsuta et al., 1994) 

 

To a solution of MnO2 (0.63 g, 7.2 mmol) and Na2CO3 (0.76 g, 7.2 mmol) in THF (6 mL) was 

added (2E,4E)-5-(3-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dien-1-ol 8 (0.14 g, 0.40 mmol). The mixture was stirred for 1h at room 

temperature, and then filtered through Celite® and the solvent was evaporated. The 

mixture was purified by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 

95:5 n-hexane/EtOAc), to afford 0.112 g (81%) of a yellow oil identified as (2E,4E)-5-(3-

((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-

dienal 9. 1H NMR (400.13 MHz, C6D6): δ 9.98 (d, J = 7.7 Hz, 1H), 6.38 (d, J = 16.0 Hz, 1H), 

5.97 (d, J = 16.2 Hz, 1H), 5.86 (d, J = 7.7 Hz, 1H), 3.94 (appt, J = 5.2 Hz, 1H), 1.79 (s, 3H), 

1.75 – 1.64 (m, 6H), 1.32 (ddd, J = 11.9, 7.9, 3.3 Hz, 1H), 1.01 (s, 9H), 0.96 (s, 3H), 0.92 (s, 

3H), 0.12 (s, 3H), 0.11 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 190.1 (d), 152.7 (s), 

139.7 (s), 137.4 (d), 134.2 (d), 133.3 (s), 129.9 (d), 71.3 (d), 35.5 (t), 34.9 (s), 29.6 (t), 28.7 

(q), 28.3 (q), 26.4 (q, 3x), 18.8 (q), 18.4 (s), 12.4 (q), -3.9 (q), -4.5 (q) ppm. 

 

(3E,5E,7E)-8-(3-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl-6-

methylocta-3,5,7-trien-2-one 10. 
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To a solution of (2E,4E)-5-(3-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-

1-yl)-3-methylpenta-2,4-dienal 9 (0.11 g, 0.32 mmol) in acetone (1.6 mL) was added NaOH 

(0.028 mL, 1M in H2O, 0.028 mmol) and the mixture was stirred for 12h at 25 ºC. Then, 

water was added and the mixture was extracted with Et2O (3x). The combined organic 

layers were dried over Na2SO4 and the solvent was evaporated. The residue was purified 

by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 95:5 n-hexane/EtOAc), 

to afford 81 mg (65%) of a yellow oil identified as (3E,5Z,7E)-8-(3-((tert-

butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-trien-2-

one 10. 1H NMR (400.13 MHz, C6D6): δ 7.52 (dd, J = 15.2, 11.8 Hz, 1H), 6.27 (d, J = 16.1 Hz, 

1H), 6.17 (d, J = 16.1 Hz, 1H), 6.06 (d, J = 15.2 Hz, 1H), 5.95 (d, J = 11.8 Hz, 1H), 4.01 (appt, 

J = 5.3 Hz, 1H), 1.92 (s, 3H), 1.91 (s, 3H), 1.81 – 1.70 (m, 3H), 1.68 (s, 3H), 1.40 – 1.32 (m, 

1H), 1.04 (s, 3H), 1.02 (s, 9H), 1.01 (s, 3H), 0.14 (s, 3H), 0.12 (s, 3H) ppm. 13C NMR (100.62 

MHz, C6D6): δ 196.2 (s), 144.1 (s), 140.3 (s), 138.3 (d), 138.0 (d), 132.3 (s), 130.3 (d), 130.2 

(d), 129.1 (d), 71.5 (d), 35.6 (t), 34.9 (s), 29.7 (t), 28.8 (q), 28.4 (q), 27.7 (q), 26.2 (q, 3x), 

19.1 (q), 18.4 (s), 12.8 (q), -3.9 (q), -4.5 (q) ppm. HRMS (ESI+): Calcd. for C24H40NaO2Si 

[(M+Na)+], 411.2687, found 411.2690. IR (NaCl): ʋ 2955 (s, C=C), 2922 (s, C=C), 2856 (s, C=C), 

1663 (s, C=O), 1580 (s), 1360 (w), 1252 (s), 1154 (w), 1005 (w) cm-1. 

 

(3E,5E,7E)-8-(3-Hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-trien-2-

one 1 (4-dihydrotrisporin B). (Gessler et al., 2002) 
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To a solution of (3E,5Z,7E)-8-(3-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-

en-1-yl)-6-methylocta-3,5,7-trien-2-one 10 (46 mg, 0.12 mmol) in THF (8.4 mL), pyridine 

(7.0 mL, 865.5 mmol) was added. Then, the mixture was cooled down to 0 ºC and HF.Py 

(6.4 mL) was added, then was stirred at 25 ºC for 24h. EtOAc and phosphate buffer were 

added and the mixture was extracted with EtOAc (3x). The combined organic layers were 

dried over Na2SO4 and the solvent was evaporated. The residue was purified by column 

chromatography (silica gel, from 97:3 n-hexane/Et3N to 60:40 n-hexane/EtOAc), to afford 

10 mg (32%) of a yellow oil identified as (3E,5E,7E)-8-(3-hydroxy-2,6,6-trimethylcyclohex-

1-en-1-yl)-6-methylocta-3,5,7-trien-2-one 1. 1H NMR (400.13 MHz, C6D6): δ 7.53 (dd, J = 

15.2, 11.8 Hz, 1H), 6.24 (d, J = 16.1 Hz, 1H), 6.15 (d, J = 16.1 Hz, 1H), 6.05 (d, J = 15.1 Hz, 

1H), 5.98 (d, J = 11.8 Hz, 1H), 3.80 (appt, J = 5.2 Hz, 1H), 1.92 (s, 3H), 1.85 (s, 3H), 1.68 (s, 

3H), 1.52 – 1.40 (m, 4H), 1.01 (s, 3H), 0.96 (s, 3H) ppm. 

 

(2Z,4E)-5-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dien-1-ol 13. (Ito et al., 1988) 

 

Following the general procedure for the Stille reaction described above, the reaction of 

(R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl 

trifluoromethanesulfonate 11 (200 mg, 0.50 mmol), Pd2(dba)3
.CHCl3 (23 mg, 0.025 mmol), 

AsPh3 (61 mg, 0.20 mmol), LiCl (63 mg, 1.5 mmol) and (2Z,4E)-3-methyl-5-

(tributylstannyl)penta-2,4-dien-1-ol 12 (230 mg, 0.60 mmol) in NMP (6.5 mL) afford, after 

purification by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 80:20 n-

hexane/EtOAc), 105 mg (60%) of a yellow oil identified as (2Z,4E)-5-((R)-4-((tert-

butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dien-1-ol 

13. 1H NMR (400.13 MHz, C6D6): δ 6.52 (d, J = 16.1 Hz, 1H), 6.17 (d, J = 16.1 Hz, 1H), 5.46 

(t, J = 6.9 Hz, 1H), 4.10 (d, J = 6.9 Hz, 2H), 4.08 – 4.04 (m, 1H), 2.36 – 2.18 (m, 2H), 1.80 (s, 
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3H), 1.78 – 1.69 (m, 1H), 1.71 (s, 3H), 1.70 – 1.69 (m, 1H), 1.10 (s, 3H), 1.06 (s, 3H), 1.04 

(s, 9H), 0.15 (s, 3H), 0.14 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 137.8 (s), 134.5 (s), 

130.9 (d), 129.3 (d), 128.2 (d), 127.1 (s), 66.0 (d), 58.5 (t), 49.3 (t), 43.5 (t), 37.1 (s), 30.4 

(q), 28.8 (q), 26.2 (q, 3x), 21.7 (d), 20.4 (d), 18.4 (s), -4.3 (q, 2x) ppm. 

 

(2Z,4E)-5-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dienal 14. 

 

Following the general procedure for the alcohol oxidation, the reaction of (2Z,4E)-5-((R)-

4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-

dien-1-ol 13 (50 mg, 0.14 mmol), MnO2 (120 mg, 1.4 mmol) and Na2CO3 (150 mg, 1.4 

mmol) in THF (1.5 mL) afford, after purification by column chromatography (silica gel, 

from 97:3 n-hexane/Et3N to 95:5 n-hexane/EtOAc), 49 mg (99%) of a yellow oil identified 

as (2Z,4E)-5-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dienal 14. [𝜶]D
24 -50.0 (c 0.43, MeOH). 1H NMR (400.13 MHz, C6D6): δ 

10.13 (d, J = 7.4 Hz, 1H), 7.02 (d, J = 16.1 Hz, 1H), 6.31 (d, J = 16.1 Hz, 1H), 5.78 (d, J = 7.3 

Hz, 1H), 4.03 (dddd, J = 11.4, 9.6, 5.8, 3.7 Hz, 1H), 2.33 – 2.09 (m, 2H), 1.75 (ddd, J = 12.4, 

3.8, 1.9 Hz, 1H), 1.65 – 1.60 (m, 1H), 1.59 (s, 3H), 1.56 (s, 3H), 1.04 (s, 9H), 1.02 (s, 3H), 

0.97 (s, 3H), 0.15 (s, 3H), 0.14 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 188.8 (d), 152.8 

(s), 136.9 (s), 135.0 (d), 129.7 (s), 129.2 (d), 128.6 (d), 65.7 (d), 49.2 (t), 43.6 (t), 37.0 (s), 30.2 (q), 

28.7 (q), 26.2 (q, 3x), 21.7 (q), 20.6 (q), 18.4 (s), -4.3 (q, 2x) ppm. HRMS (ESI+): Calcd. for 

C21H37O2Si [(M+H)+], 349.2554, found 349.2557. IR (NaCl): ʋ 2955 (s, C=C), 2926 (s, C=C), 

2855 (s, C=C), 1669 (s, C=O), 1613 (w), 1361 (w), 1255 (w), 1115 (w), 1084 (s), 836 (w) cm-

1.  
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(3E,5Z,7E)-8-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-

methylocta-3,5,7-trien-2-one 15. 

 

Following the general procedure for the aldol reaction, the reaction of (2Z,4E)-5-((R)-4-

((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-

dienal 14 (48 mg, 0.14 mmol) with NaOH (0.013 mL, 0.013 mmol, 1M) in acetone (0.70 

mL) afford, after purification by column chromatography (silica gel, from 97:3 n-

hexane/Et3N to 95:5 n-hexane/EtOAc), 43 mg (79%) of a yellow oil identified as (3E,5Z,7E)-

8-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-

3,5,7-trien-2-one 15. [𝜶]D
24 -90.7 (c 0.26, MeOH). 1H NMR (400.13 MHz, C6D6): δ 7.75 (dd, 

J = 15.2, 11.8 Hz, 1H), 6.84 (d, J = 16.0 Hz, 1H), 6.29 (d, J = 16.0 Hz, 1H), 6.00 (d, J = 15.1 

Hz, 1H), 5.87 (d, J = 11.8 Hz, 1H), 4.14 – 3.96 (m, 1H), 2.35 – 2.12 (m, 2H), 1.86 (s, 3H), 1.79 

(s, 3H), 1.75 (dd, J = 3.7, 1.8 Hz, 1H), 1.69 – 1.67 (m, 1H), 1.65 (s, 3H), 1.06 (s, 3H), 1.04 (s, 

9H), 1.03 (s, 3H), 0.14 (s, 3H), 0.13 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 196.3 (s), 

142.9 (s), 137.5 (s), 136.6 (d), 131.3 (d), 130.1 (d), 129.8 (d), 128.6 (s), 127.4 (d), 65.8 (d), 

49.2 (t), 43.5 (t), 37.1 (s ), 30.3 (q), 28.8 (q), 27.6 (q), 26.2 (q, 3x), 21.7 (q), 20.9 (q), 18.4 

(s), -4.3 (q, 2x) ppm. HRMS (ESI+): Calcd. for C24H41O2Si [(M+H)+], 389.2868, found 

389.2870. IR (NaCl): ʋ 2955 (s, C=C), 2927 (s, C=C), 2856 (s, C=C), 1661 (s, C=O), 1588 (s), 

1462 (w), 1361 (w), 1252 (s), 1083 (s), 973 (w) cm-1. 

 

(3E,5Z,7E)-8-((R)-4-Hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-

trien-2-one 2 and (3E,5E,7E)-8-((R)-4-Hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-

methylocta-3,5,7-trien-2-one 3. (Maoka et al., 2001) 
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To a cooled (0 ºC) solution of (3E,5Z,7E)-8-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-

trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-trien-2-one 15 (43 mg, 0.11 mmol) in 

THF (1.0 mL), TBAF (0.17 mL, 1M in THF, 0.17 mmol) was added. The mixture was stirred 

for 3.5h at 25 ºC. Then, Et2O was added and washed with an aqueous solution of NaHCO3. 

The aqueous layer was extracted with Et2O (3x) and the combined organic layers were 

washed with brine, dried over Na2SO4 and the solvent was evaporated. The residue was 

purified by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 40:60 n-

hexane/EtOAc), to afford 14 mg (47%) of a yellow oil identified as (3E,5Z,7E)-8-((R)-4-

hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-trien-2-one 2 and 14 mg 

(47%) of a yellow oil identified as (3E,5E,7E)-8-((R)-4-hydroxy-2,6,6-trimethylcyclohex-1-

en-1-yl)-6-methylocta-3,5,7-trien-2-one 3. 

Data for (3E,5Z,7E)-8-((R)-4-Hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-

3,5,7-trien-2-one 2. [𝜶]D
26 -16.9 (c 0.09, MeOH). 1H NMR (400.13 MHz, C6D6): δ 7.75 (dd, 

J = 15.1, 11.9 Hz, 1H), 6.82 (d, J = 16.0 Hz, 1H), 6.27 (d, J = 16.0 Hz, 1H), 5.99 (d, J = 15.1 

Hz, 1H), 5.86 (d, J = 11.9 Hz, 1H), 3.80 – 3.73 (m, 1H), 2.20 – 2.14 (m, 1H), 1.96 - 1.89 (m, 

1H), 1.86 (s, 3H), 1.77 (s, 3H), 1.62 (s, 3H), 1.60 – 1.50 (m, 1H), 1.43 – 1.37 (m, 1H), 1.01 

(s, 3H), 0.99 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 196.4 (s), 143.1 (s), 137.9 (s), 

137.4 (s), 136.6 (d), 131.3 (d), 130.1 (d), 129.7 (d), 127.4 (d), 64.5 (d), 48.7 (t), 42.8 (t), 

37.0 (s), 30.4 (q), 28.8 (q), 27.7 (q), 21.7 (q), 20.9 (q) ppm.  

 

Data for (3E,5E,7E)-8-((R)-4-Hydroxy-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-

3,5,7-trien-2-one 3. [𝜶]D
25 +5.2 (c 0.22, MeOH). 1H NMR (400.13 MHz, C6D6): δ 7.54 (dd, 

J = 15.2, 11.7 Hz, 1H), 6.23 (d, J = 16.0 Hz, 1H), 6.12 (d, J = 16.1 Hz, 1H), 6.05 (d, J = 15.2 
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Hz, 1H), 5.99 (d, J = 11.5 Hz, 1H), 3.81 – 3.73 (m, 1H), 2.24 – 2.17 (m, 1H), 1.99 – 1.93 (m, 

1H), 1.92 (s, 3H), 1.68 (s, 3H), 1.64 (s, 3H), 1.62 – 1.58 (m, 2H), 1.02 (s, 6H) ppm. 13C NMR 

(100.62 MHz, C6D6): δ 196.2 (s), 144.2 (s), 138.0 (d), 137.9 (d), 137.5 (s), 130.2 (d), 129.9 

(d), 128.9 (d), 128.7 (s), 64.5 (d), 48.8 (t), 42.9 (t), 37.1 (s), 30.4 (q), 28.8 (q), 27.8 (q), 21.7 

(q), 12.7 (q) ppm. 

 

(2E,4E)-5-(1R)-4-((tert-Butyldimethylsilyl)oxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dien-1-ol 17. (Domínguez et al., 2006) 

 

Following the general procedure for the Stille reaction, the reaction of (R)-4-((tert-

butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl trifluoromethanesulfonate 11 

(0.40 g, 1.0 mmol), (2E,4E)-3-methyl-5-(tributylstannyl)penta-2,4-dien-1-ol 16 (0.46 g, 1.2 

mmol), Pd2(dba)3
.CHCl3 (0.005 g, 0.05 mmol), AsPh3 (0.12 g, 0.4 mmol) and LiCl (0.13 g, 

3.0 mmol) in NMP (13 mL) afford, after purification by column chromatography (silica gel, 

from 97:3 n-hexane/Et3N to n-hexane/EtOAc 80:20), 0.206 g (59%) of a yellow oil 

identified as (2E,4E)-5-(1R)-4-((tert-butyldimethylsilyl)oxy-2,6,6-trimethylcyclohex-1-en-

1-yl)-3-methylpenta-2,4-dien-1-ol 17. 1H NMR (400.13 MHz, C6D6): δ 6.16 – 6.07 (m, 2H), 

5.60 – 5.52 (m, 1H), 4.09 (dddd, J = 11.6, 9.5, 5.8, 3.7 Hz, 1H), 4.02 (d, J = 6.7 Hz, 2H), 2.42 

– 2.19 (m, 2H), 1.80 (ddd, J = 12.3, 3.7, 1.9 Hz, 1H), 1.72 (s, 3H), 1.69 – 1.65 (m, 1H), 1.63 

(s, 3H), 1.11 (s, 3H), 1.08 (s, 3H), 1.05 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H) ppm. 13C NMR 

(100.62 MHz, C6D6): δ 138.5 (d), 137.6 (s), 135.6 (s), 130.8 (d), 126.7 (s), 125.9 (d), 66.1 

(d), 59.4 (t), 49.3 (t), 43.4 (t), 37.2 (s), 30.4 (q), 28.8 (q), 26.2 (q, 3x), 21.7 (q), 18.4 (s), 12.4 

(q), -4.3 (q, 2x) ppm. 
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(2E,4E)-5-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-

methylpenta-2,4-dienal 18. (Domínguez et al., 2006) 

 

Following the general procedure for the alcohol oxidation, the reaction of (2E,4E)-5-(1R)-

4-((tert-butyldimethylsilyl)oxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-

dien-1-ol 17 (0.055 g, 0.16 mmol), MnO2 (0.14 g, 1.6 mmol) and Na2CO3 (0.17 g, 1.6 mmol) 

in THF (1.5 mL) afford, after purification by column chromatography (silica gel, from 97:3 

n-hexane/Et3N to 95:5 n-hexane/EtOAc), 0.053 g (96%) of a yellow oil identified as (2E,4E)-

5-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-

2,4-dienal 18. 1H NMR (400.13 MHz, C6D6): δ 10.0 (d, J = 7.7 Hz, 1H), 6.38 (d, J = 16.1 Hz, 

1H), 5.96 (d, J = 16.1 Hz, 1H), 5.91 (d, J = 7.8 Hz, 1H), 4.01 (dddd, J = 12.6, 9.3, 5.8, 3.6 Hz, 

1H), 2.27 (dd, J = 17.1, 5.6 Hz, 1H), 2.15 (dd, J = 17.4, 9.2 Hz, 1H), 1.77 -1.74 (m, 1H), 1.72 

(s, 3H), 1.63 – 1.56 (m, 1H), 1.54 (s, 3H), 1.04 (s, 9H), 1.0 (s, 3H), 0.97 (s, 3H), 0.14 (s, 3H), 

0.13 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 189.9 (d), 152.8 (s), 137.0 (d), 136.9 (s), 

133.8 (d), 129.7 (d), 129.5 (s), 65.7 (d), 49.2 (t), 43.5 (t), 37.1 (s), 30.2 (q), 28.7 (q), 26.2 (q, 

3x), 21.6 (q), 18.4 (s), 12.4 (q), -4.3 (q, 2x) ppm. 

 

(3E,5E,7E)-8-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-

methylocta-3,5,7-trien-2-one 19. 

 

Following the general procedure for the aldol reaction, the reaction of 2E,4E)-5-((R)-4-

((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-
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dienal 18 (0.17 g, 0.50 mmol), NaOH (0.045 mL, 1M in H2O, 0.045 mmol) in acetone (2.5 

mL) afford, after purification by column chromatography (silica gel, from 97:3 n-

hexane/Et3N to 95:5 n-hexane/EtOAc), 0.15 g (76%) of a yellow oil identified as (3E,5E,7E)-

8-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-

3,5,7-trien-2-one 19. [𝜶]D
25 -80.1 (c 0.44, MeOH). 1H NMR (400.13 MHz, C6D6): δ 7.54 (dd, 

J = 15.2, 11.7 Hz, 1H), 6.25 (d, J = 16.2 Hz, 1H), 6.14 (d, J = 16.2 Hz, 1H), 6.05 (d, J = 15.2 

Hz, 1H), 5.99 (d, J = 11.7 Hz, 1H), 4.16 – 4.0 (m, 1H), 2.33 (dd, J = 17.3, 5.8 Hz, 1H), 2.28 – 

2.16 (m, 1H), 1.92 (s, 3H), 1.82 – 1.75 (m, 1H), 1.68 (s, 3H), 1.67 (s, 3H), 1.43 – 1.33 (m, 

1H), 1.08 (s, 3H), 1.04 (s, 12H, Si-(CH3)3 + CH3), 0.15 (s, 3H), 0.14 (s, 3H) ppm. 13C NMR 

(100.62 MHz, C6D6): δ 196.3 (s), 144.3 (s), 138.0 (d), 137.9 (d), 137.5 (s), 130.2 (d), 129.9 

(d), 128.9 (d), 127.9 (s), 65.9 (d), 49.3 (t), 43.6 (t), 37.2 (s), 30.4 (q), 28.8 (q), 27.8 (q), 26.2 

(q, 3x), 21.8 (q), 18.4 (s), 12.5 (q), -4.1 (q), -4.2 (q) ppm. HRMS (ESI+): Calcd. for C24H41O2Si 

[(M+H)+], 389.2868, found 389.2870. IR (NaCl): ʋ 2955 (s, C=C), 2927 (s, C=C), 2856 (s, C=C), 

1661 (s, C=O), 1589 (s), 1361 (w), 1251 (s), 1083 (s), 974 (w), 836 (w) cm-1. 

 

(3E,5E,7E)-8-((R)-4-((tert-Butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-

methylocta-3,5,7-trien-2-ol 20. 

 

To a cooled (0 ºC) solution of (3E,5E,7E)-8-((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-

trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-trien-2-one 19 (0.05 g, 0.13 mmol) and 

CeCl3.7H2O (0.06 g, 0.16 mmol) in ethanol (1.30 mL), NaBH4 (0.005 g, 0.13 mmol) was 

added. The mixture was stirred at 0 ºC for 1h. Then, a saturated solution of NH4Cl was 

added and the mixture was extracted with Et2O (3x). The combined organic layers were 

dried over Na2SO4, filtered and concentrated under reduced pressure. The residue was 

purified by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 80:20 n-
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hexane/EtOAc), to afford 0.030 g (60%) of a yellow oil identified as (3E,5E,7E)-8-((R)-4-

((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-3,5,7-

trien-2-ol 20. [𝜶]D
25 -33.7 (c 0.48, MeOH). 1H NMR (400.13 MHz, C6D6): δ 6.57 (dd, J = 15.2, 

11.3 Hz, 1H), 6.25 (d, J = 16.1 Hz, 1H), 6.17 (d, J = 16.1 Hz, 1H), 6.10 (d, J = 11.3 Hz, 1H), 

5.64 (dd, J = 15.0, 6.1 Hz, 1H), 4.17 – 4.05 (m, 2H), 2.39 – 2.32 (m, 2H), 1.83 (s, 3H), 1.80 – 

1.78 (m, 1H), 1.75 (s, 3H), 1.72 – 1.65 (m, 1H), 1.14 – 1.13 (m, 6H), 1.10 (s, 3H), 1.09 (s, 

9H), 0.15 (s, 3H), 0.14 (s, 3H) ppm. 13C NMR (100.62 MHz, C6D6): δ 138.9 (d), 138.6 (d), 

137.9 (s), 135.4 (s), 130.4 (d), 126.9 (s), 126.1 (d), 125.7 (d), 68.5 (d), 66.1 (d), 49.4 (t), 43.6 

(t), 37.3 (s), 30.4 (q), 28.8 (q), 26.2 (q, 3x), 23.8 (q), 21.8 (q), 18.4 (s), 12.6 (q), -4.3 (q, 2x) 

ppm. IR (NaCl): ʋ 3600-3000 (s, OH), 2955 (s, C=C), 2928 (s, C=C), 2856 (s, C=C), 1462 (w), 1254 

(w), 1083 (w) cm-1. 

 

(R)-4-((1E,3E,5E)-7-Hydroxy-3-methylocta-1,3,5-trien-1-yl)-3,5,5-trimethylcyclohex-3-

en-1-ol 4. 

 

Following the general procedure for alcohol deprotection, the reaction of (3E,5E,7E)-8-

((R)-4-((tert-butyldimethylsilyl)oxy)-2,6,6-trimethylcyclohex-1-en-1-yl)-6-methylocta-

3,5,7-trien-2-ol 20 (0.030 g, 0.077 mmol) and TBAF (0.35 mL, 1M in THF, 0.35 mmol) in 

THF (1.0 mL) afford, after purification by column chromatography (silica gel, from 97:3 n-

hexane/Et3N to 60:40 n-hexane/EtOAc), 0.009 g (43%) of a yellow oil identified as (R)-4-

((1E,3E,5E)-7-hydroxy-3-methylocta-1,3,5-trien-1-yl)-3,5,5-trimethylcyclohex-3-en-1-ol 

4. [𝜶]D
25 -61.5 (c 0.1, MeOH). 1H NMR (400.13 MHz, C6D6): δ 6.56 (dd, J = 15.0, 11.2 Hz, 

1H), 6.22 (d, J = 16.1 Hz, 1H), 6.15 (d, J = 16.1 Hz, 1H), 6.09 (d, J = 11.2 Hz, 1H), 5.64 (dd, J 

= 15.1, 6.2 Hz, 1H), 4.13 (t, J = 6.5 Hz, 1H), 3.89 – 3.76 (m, 1H), 2.23 (dd, J = 17.0, 5.8 Hz, 

1H), 1.98 (dd, J = 17.0, 9.7 Hz, 1H), 1.82 (s, 3H), 1.71 (s, 3H), 1.69 – 1.58 (m, 1H), 1.49 – 
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1.36 (m, 1H), 1.14 (d, J = 6.4 Hz, 3H), 1.07 (s, 3H), 1.06 (s, 3H) ppm. 13C NMR (100.62 MHz, 

C6D6): δ 138.9 (d), 138.6 (d), 137.9 (s), 135.4 (s), 130.4 (d), 126.6 (s), 126.1 (d), 125.7 (d), 

68.5 (d), 64.7 (d), 48.9 (t), 42.9 (t), 37.2 (s), 30.4 (q), 28.8 (q), 23.8 (q), 21.7 (q), 12.6 (q) 

ppm. HRMS (ESI+): Calcd. for C18H28NaO2 [(M+Na)+], 299.1982, found 299.1982. IR (NaCl): ʋ 

3600-3000 (s, OH), 2962 (s, C=C), 2923 (s, C=C), 1451 (w), 1362 (w), 1140 (w), 969 (w) cm-1. 

(2E,4E)-5-((R)-4-Methoxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dien-1-ol 22. 

 

Following the general procedure for the Stille reaction, the reaction of (R)-2-iodo-5-

methoxy-1,3,3-trimethylcyclohex-1-ene 21 (0.20 g, 0.71 mmol), (2E,4E)-3-methyl-5-

(tributylstannyl)penta-2,4-dien-1-ol 16 (0.33 g, 0.86 mmol), Pd2(dba)3
.CHCl3 (0.037 g, 0.04 

mmol), AsPh3 (0.087 g, 0.28 mmol) and LiCl (0.12 g, 2.84 mmol) in NMP (9 mL) afforded, 

after purification by column chromatography (silica gel, from 97:3 n-hexane/Et3N to 80:20 

n-hexane/EtOAc), 0.058 g (33%) of a yellow oil identified as (2E,4E)-5-((R)-4-methoxy-2,6,6-

trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dien-1-ol 22. 1H NMR (400.13 MHz, C6D6): δ 

6.16 – 6.07 (m, 2H), 5.57 (t, J = 6.4 Hz, 1H), 4.03 (d, J = 6.7 Hz, 2H), 3.48 (dddd, J = 11.5, 

9.2, 5.7, 3.5 Hz, 1H), 3.23 (s, 3H), 2.41 – 2.32 (m, 2H), 2.16 – 2.06 (m, 1H), 1.90 (ddd, J = 

12.3, 3.5, 1.9 Hz, 1H), 1.71 (s, 3H), 1.63 (s, 3H), 1.08 (6, 6H) ppm. 

(2E,4E)-5-((R)-4-Methoxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dienal 23. 

 

Following the general procedure for the oxidation of allylic alcohols, the reaction of 

(2E,4E)-5-((R)-4-methoxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dien-1-ol 22 

(0.058 g, 0.23 mmol), MnO2 (0.36 g, 4.17 mmol) and Na2CO3 (0.44 g, 4.17 mmol) in THF 

(3.5 mL) afforded, after purification by column chromatography (silica gel, from 97:3 n-



150 
 

hexane/Et3N to 95:5 n-hexane/EtOAc), 0.030 g (53%) of a yellow oil, which was identified 

as (2E,4E)-5-((R)-4-methoxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dienal 23. 1H 

NMR (400.13 MHz, C6D6): δ 10.0 (d, J = 7.7 Hz, 1H), 6.38 (d, J = 16.2 Hz, 1H), 5.96 (d, J = 

16.2 Hz, 1H), 5.91 (d, J = 8.4 Hz, 1H), 3.40 (dddd, J = 11.3, 9.2, 5.6, 3.4 Hz, 1H), 3.21 (s, 3H), 

2.29 (dd, J = 17.3, 5.7 Hz, 1H), 2.04 (dd, J = 17.5, 9.3 Hz, 1H), 1.83 (ddd, J = 12.4, 3.5, 1.9 

Hz, 1H), 1.71 (s, 3H), 1.53m (s, 3H), 1.16 – 1.08 (m, 1H), 0.97 (s, 6H) ppm. 

O-Methylzaxinone 24 

 

Following the general procedure for the aldol condensation, the reaction of (2E,4E)-5-((R)-

4-methoxy-2,6,6-trimethylcyclohex-1-en-1-yl)-3-methylpenta-2,4-dienal 23 (0.030 g, 0.12 

mmol), NaOH (0.011 mL, 1M in H2O, 0.011 mmol) in acetone (1.5 mL) afforded, after 

purification by flash column chromatography (silica gel, from 97:3 n-hexane/Et3N to 95:5 

n-hexane/EtOAc), 0.025 g (74%) of a yellow oil, which was identified as O-methylzaxinone 

24. 1H NMR (400.13 MHz, C6D6): δ 7.54 (dd, J = 15.1, 11.7 Hz, 1H), 6.26 (d, J = 16.1 Hz, 1H), 

6.14 (d, J = 16.1 Hz, 1H), 6.06 (d, J = 15.3 Hz, 1H), 6.00 (d, J = 11.9 Hz, 1H), 3.45 (dddd, J = 

11.5, 9.1, 5.6, 3.4 Hz, 1H), 3.22 (s, 3H), 2.36 – 2.32 (m, 1H), 2.11 (dd, J = 17.2, 9.2 Hz, 1H), 

1.93 (s, 3H), 1.91 – 1.84 (m, 1H), 1.69 (s, 3H), 1.66 (s, 3H), 1.51 – 1.48 (m, 1H), 1.05 (s, 6H) 

ppm. 

Synthetic methods for Zaxinone-mimics (MiZax). 

General procedure 1 (Wittig Reaction) 

In a round-bottomed flask, the mixture of dimethylformamide (2.0 mL), aldehyde (1.0 

mmol) and (acetylmethylene)triphenylphosphorane (4.0 mmol) was stirred for 2 h at 

80ºC, then ethyl acetate (15 mL) was added to the reaction mixture, which was washed 

with water and brine. The organic layer was dried over anhydrous sodium sulfate and 
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concentrated under reduced pressure, then purified by column chromatography on silica 

gel（Wakosil®C-300HG）, in which a mixture of hexane-ethylacetate was used as an 

eluent. 

General procedure 2（Suzuki-Miyaura Cross-Coupling） 

In a round-bottomed flask, the mixture of aryl bromide (2.0mmol), boronic acid (1.0 

mmol), THF (15.0 mL), 2N Na2CO3 (4.5 mL) and tetrakis(triphenylphosphine)palladium(0) 

(0.01 mmol) were refluxed overnight with stirring, then THF was removed under reduced 

pressure. The resultant mixture was solved into ethyl acetate (15 mL), which was washed 

with water and brine. The organic layer was dried over anhydrous sodium sulfate and 

concentrated under reduced pressure, then purified by column chromatography on silica 

gel（Wakosil® C-300HG), in which a mixture of hexane-ethyl acetate was used as an 

eluent.  

General procedure 3 

In a round-bottomed flask, 1M boron tribromide in CH2Cl2 was added to the solution of 

methoxy-substituted aryl derivatives (1.0 mmol) in dichloromethane (5.0 mL) at 0 ºC and 

stirred for 1 h, then quenched with water (10 mL), diluted with CH2Cl2 (10 mL), and 

washed with brine. The organic layer was dried over anhydrous sodium sulfate and 

concentrated under reduced pressure, then purified by column chromatography on silica 

gel（Wakosil® C-300HG, in which a mixture of hexane-ethyl acetate was used as an 

eluent. 

 

 HO
O



152 
 

MiZax1. 3-Formylbenzeneboronic acid and 4-bromophenol were used as starting 

materials of procedure 2, then obtained compound was subjected to the procedure 1 to 

give MiZax-1 (47% yield).  

1H NMR (500MHz, CDCl3): δ 7.69(1H, s), 7.54-7.60(2H, ｍ), 7.42-7.50(4H, ｍ), 6.93(2H, d, 

J = 8.5Hz), 6.78(1H, d, J = 16.0Hz), 5.00(1H, s), 2.40(3H, s).  

13C NMR (126 MHz, CDCl3) δ: 199.09, 155.79, 143.99, 141.66, 134.73, 132.75, 129.36, 

128.99, 128.35, 128.35, 127.18, 126.67, 126.44, 115.86, 115.86, 27.52.  

HRMS (ESI+) m/z = 239.1067 calculated for C16H15O2 [M+H]+, found: 239.1068. Melting 

point was 145-146℃. 

 

MiZax2. 3-(4-Methoxyphenoxy)benzaldehyde was used as a starting material of 

procedure 3, then obtained compound was subjected to the procedure 1 to give MiZax-2 

(44% yield).  

1H NMR (500MHz, CDCl3): δ 7.43(1H, d, J = 16.5Hz), 7.32(1H, t, J = 8.0Hz), 7.21(1H, d, J = 

8.0Hz), 7.07(1H, s), 6.98(1H, d, J = 8.0Hz), 6.94(2H, d, J = 8.5Hz), 6.84(2H, d, J = 8.5Hz), 

6.63(1H, d, J = 16.5Hz), 4.88(1H, s), 2.36(3H, s).  

13C NMR (126 MHz, CDCl3) δ: 199.61, 159.18, 152.69, 149.04, 143.80, 135.78, 130.13, 

127.32, 122.42, 121.23, 121.23, 119.67, 116.54, 116.54, 116.45, 27.40.  

HRMS (ESI+) m/z = 255.1016 calculated for C16H15O3 [M+H]+, found: 255.1011. Melting 

point was 92-95℃. 

 

O
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MiZax3. 3-(4-Methoxyphenoxy)benzaldehyde was used as a starting material of 

procedure 1 to give MiZax-3 (81% yield). 

1H NMR (500MHz, CDCl3): δ 7.42(1H, d, J = 16.5Hz), 7.30(1H, t, J = 8.0Hz), 7.19(1H, d, J = 

8.0Hz), 7.06(1H, s), 6.95-7.00(3H, m), 6.89(2H, d, J = 7.0Hz), 6.61(1H, d, J = 16.5Hz), 

6.63(1H, d, J = 16.5Hz), 3.81(1H, s), 2.34(3H, s).  

13C NMR (126 MHz, CDCl3) δ: 198.11, 159.05, 156.11, 149.26, 142.71, 135.94, 130.01, 

127.50, 122.31, 120.94, 120.94, 119.41, 116.22, 114.88, 114.88, 55.46, 27.32.  

HRMS (ESI+) m/z = 269.1172  calculated for C17H17O3 [M+H]+, found: 269.1172.  Melting 

point was 54-56℃. 

 

MiZax4. 1,3-Dibromobenzene was used as a starting material of procedure 2, in which 4-

hydroxyphenylboronic acid and 3-acetylphenylboronic acid were sequentially subjected 

to the cross coupling to give MZ5, which was then subjected to the procedure 4 to give 

MiZax-4 (11% yield). 

1H NMR (500MHz, CDCl3): δ 8.23(1H, s), 7.96(1H, d, J = 8.0Hz), 7.40(1H, d, J = 8.0Hz), 

7.76(1H, s), 7.49-7.59(6H, m), 6.94(2H, d, J = 9.0Hz), 2.68(3H, s).  

13C NMR (126 MHz, CDCl3) δ: 199.06, 155.77, 141.79, 141.60, 140.52, 137.40, 133.18, 

132.04, 129.27, 129.07, 128.40, 128.40, 127.34, 127.03, 126.18, 125.58, 125.43, 115.80, 

115.80, 26.76.  

HRMS (ESI+) m/z = 289.1223 calculated for C20H17O2 [M+H]+, found: 289.1232. Melting 

point was 47-50℃. 

 

O
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MiZax5. 1,3-Dibromobenzene was used as a starting material of procedure 2, in which 4-

hydroxyphenylboronic acid and 3-acetylphenylboronic acid were sequentially subjected 

to the cross coupling to give MiZax-5 (75% yield). 

1H NMR (500MHz, CDCl3): δ 8.23(1H, s), 7.96(1H, d, J = 8.0Hz), 7.85(1H, d, J = 7.5Hz), 

7.78(1H, s), 7.50-7.61(6H, m), 7.01(2H, d, J = 6.5Hz), 3.87(3H, s), 2.67(3H, s).  

13C NMR (126 MHz, CDCl3) δ: 197.92, 159.25, 141.62, 141.45, 140.56, 137.53, 133.26, 

131.70, 129.22, 128.96, 128.15, 128.15, 127.19, 126.86, 126.10, 125.53, 125.43, 114.18, 

114.18, 55.21, 26.65.  

HRMS (ESI+) m/z = 303.1380 calculated for C21H19O2 [M+H]+, found: 303.1376. Melting 

point was 80-81℃. 

Quantitative analysis of SLs in rice root exudates and root tissues.  

Quantification of SLs in rice root exudates was followed by the protocol described 

previously by Wang et al., 2019. Briefly, 50 mL of root exudates spiked with 0.672 ng of 

D6–5-deoxystrigol, was brought on a 500 mg/3 mL fast SPE C18 column preconditioned 

with 6 mL of methanol and 6 mL of water. After washing with 6 mL of water, SLs were 

eluted with 5 mL of acetone. The SLs fraction (acetone-water solution) was 

concentrated to SL aqueous solution (∼1 mL), followed by the extraction with 1 mL of 

ethyl acetate. 750 μL of 4-deoxyorobanchol enriched organic phase was then 

transferred to 1.5 mL tube and evaporated to dryness under vacuum. The dried extract 

O

O
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was dissolved in 100 μL of acetonitrile: water (25:75, v:v) and filtered through a 0.22 μm 

filter for LC-MS/MS analysis. 

Quantification of SLs in rice root was followed the protocol described previously by Wang 

et al., 2019. 25 mg of lyophilized plant spiked with 0.672 ng of D6–5-deoxystrigol 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 8 min at 3800 rpm at 4 °C 

followed by centrifugation for 8 min at 3800 rpm at 4 °C.  The two supernatants were 

combined and dried under vacuum. The residue was dissolved in 100 μL of ethyl acetate 

and 2 mL of hexane following a Silica gel SPE column (500 mg/3 mL) purification and 

elution with 3 mL of ethyl acetate and evaporated to dryness under vacuum. The residue 

was re-dissolved in 200 μL of acetonitrile: water (25:75, v:v) and filtered through a 

0.22 μm filter for LC-MS/MS analysis. The characteristic MRM transitions (precursor ion 

→ product ion) were 331→216, 331→97 for 4-deoxyorobanchol; 347.1→233, 347.1→97 

for orobanchol; 337→222, 337→97 for D6-5-deoxystrigol. 

Striga hermonthica seed germination bioassays.  

Striga hermonthica seed germination bioassays were conducted according to Jamil et al., 

2012. Briefly, the root exudates collected from treated and untreated rice, was applied at 

50 μL on each six discs containing preconditioned Striga seeds. Sterile MilliQ water and 

standard SL analog GR24 (2.5 μM) were included as a negative and positive control, 

respectively. After application, Striga seeds were incubated in dark at 30 ºC for 24 hours. 
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Germination (seeds with radicle emerging through seed coat) was scored under a 

binocular microscope, and germination rate (%) was calculated.  

Striga hermonthica infection in rice.  

Striga pot experiment was adapted from Kountche et al., 2019. About 20 mg Striga seeds 

were thoroughly mixed in 1.5 L sand and soil mixture (1:1) and added in 3 L perforated 

plastic pot containing 0.5 L clean soil in the bottom. The pots were kept in greenhouse at 

35 oC under moisture to precondition Striga seeds for 10 days. On the 11th day, five one-

week old rice seedlings (cv IAC165) were planted in each pot. After three days of rice 

planting, each pot was irrigated with 250 mL phosphorus deficient Hoaglands nutrient 

solution, followed after four hours by irrigation with 25 mL formulated MiZax3, MiZax5 

and Zaxinone (100 μM) were sprayed. Next day, each pot was again supplied with 250 mL 

nutrient solution to adjust the final concentration of each compound to 5 μM and to move 

the compound to rice seedlings. Compounds were applied twice a week up to four weeks, 

and after three weeks the number of emerged Striga plants in each pot were counted. 

Gene expression analysis.  

Rice roots were ground and homogenized in liquid nitrogen, and total RNA was isolated 

using a Direct-zol RNA Miniprep Plus Kit following the manufacturer’s instructions (ZYMO 

RESEARCH; USA). cDNA was synthesized from 1 µg of total RNA using iScript cDNA 

Synthesis Kit (BIO-RAD Laboratories, Inc, 2000 Alfred Nobel Drive, Hercules, CA; USA). The 

gene expression level was detected by real-time quantitative RT-PCR (qRT-PCR) which was 
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performed using SYBR Green Master Mix (Applied Biosystems; 

www.lifetechnologies.com) in a CFX384 Touch™ Real-Time PCR Detection System (BIO-

RAD Laboratories, Inc, 2000 Alfred Nobel Drive, Hercules, CA; USA). Primers used for qRT-

PCR analysis are listed in Supplemental Table 4.1. The gene expression level was 

calculated by normalization of a housekeeping gene in rice, Ubiquitin (OsUBQ). The 

relative gene expression level was calculated according to 2-ΔΔCT method (Livak and 

Schmittgen, 2001). 
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Table 4.1. Primer sequences used in chapter 4 

Experiment Primer name  Sequence (5′–3′) 

qRT-PCR OsUbi-Q F GCCCAAGAAGAAGATCAAGAAC 

 OsUbi-Q R AGATAACAACGGAAGCATAAAAG 

 OsD27 F CTTCCAAGCTACATCCTCAC 

 OsD27 R CCCAACCAACCAAGGAAA 

 OsCCD7 F CAGTCTCCAAGCACAGATG 

 OsCCD7 R GTTCTTTGGCACCTCTAGTT 

 OsCCD8b F TGGCGATATCGATGGTGA 

 OsCCD8b R GACCTCCTCGAACGTCTT 

 OsMax1-900 F ATTGTCAGCGATCCACTTC 

 OsMax1-900 R GCGCCGTTCTTGAAATTG 

 OsRubQ1 F GGGTTCACAAGTCTGCCTATTTG 

 OsRubQ1 R ACGGGACACGACCAAGGA 

 OSPt11 F GAGAAGTTCCCTGCTTCAAGCA 

 OSPt11 R CATATCCCAGATGAGCGTATCATG 

 OsLysM F CGCTGACATGCAACAAGGTG 

 OsLysM R CTTCGCGCAGTTGATGTTTGG 

 18SF.m F CCTTTTGAGCTCGGTCTCGTG 

 18SF.m R TGGTCCGTGTTTCAAGACG 
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Chemical stability 

MiZax3 and MiZax5 were tested for their chemical stability at 21±1°C with pH 5.0-6.0 

aqueous solution following the protocol described by Jamil et al., 2019.  50 μL of each 

compound solution (1mg mL–1) was prepared with 175 μL ethanol and 750 μL Mili-Q 

water. Thereafter, 25 μL Indanol (1mg mL–1, internal standard) was spiked in 975 μL 

previous prepared solution. The degradation was monitored by UPLC using an Agilent 

HPLC ZORBAX Eclipse XDB-C18 column (3.5 μm, 4.6 × 150 mm), eluted first by 5% 

acetonitrile in water for 0.5min then by a gradient flow from 5% to 100% acetonitrile 

within 18 min, and by 100% acetonitrile for 5 min. The column was operated at 40°C at 

0.35 mL min–1 flow rate. Compounds eluted from the column were detected, and the 

relative quantity of non-degraded amount was calculated with Indanol. 

Detection of MiZax in rice root and shoot tissues 

Two-week-old rice plants were treated with the compounds at a 10 µM concentration for 

6 h. Plant fresh tissues were then washed and grinded under liquid nitrogen. Separated 

root and shoot tissues were extracted with 1.5 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.  The supernatants were transferred to new Eppendorf tubes and dried under 

vacuum. The residue was re-dissolved in 150 μL of acetonitrile and filtered through a 

0.22 μm filter for LC-MS/MS analysis. The analysis of MiZax in rice tissues was performed 

by using UHPLC- Triple-Stage Quadrupole Mass Spectrometer (Thermo ScientificTM 

AltisTM) with MRM mode. Chromatographic separation was achieved on a ZORBAX 
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Eclipse plus C18 column (150 × 2.1 mm; 3.5 μm; Agilent) with mobile phases consisting of 

water (A) and acetonitrile (B), both containing 0.1% formic acid, and the following linear 

gradient (flow rate, 0.6 mL/min): 0–6 min, 5%–100 % B, 6–17.5 min, 100 % B, followed by 

washing with 100 % B and equilibration with 5 % B. The injection volume was 10 μL, and 

the column temperature was maintained at 35 °C for each run. The MS parameters were 

set as follows: positive ion mode, ion source of H-ESI, ion spray voltage of 5000 V, sheath 

gas of 40 arb, aux gas of 15 arb, sweep gas of 20 arb, ion transfer tube gas temperature 

of 350 °C, vaporizer temperature of 350 °C, collision energy of 17 eV, CID gas of 2 mTorr. 

The characteristic MRM transitions (precursor ion → product ion) were 255.1→197.05, 

255.1→133.1 for MiZax2; 269.1→211.1, 269.1→133.1 for MiZax3; 289.1→247.2, 

289.1→226.9 for MiZax4; 303.1→261.1, 303.1→216.1 for MiZax5 

Effect of zaxinone-mimics on Gigaspora margarita spores germination 

Spores were sterilized in a solution of Streptomycine sulphate (0.03% W/V) and 

Chloramine T (3% W/V) and germinated in 200μL of zaxinone, MZ3, and MZ5 at 5 µM or 

50nM, GR24 10-7M or a solution of Water/Acetone (12.5 μL acetone in 25mL water). For 

each treatments 96 sterilized spores were placed individually in the wells of a multi-well 

plate and treated with freshly prepared solutions at the beginning of the experiment. 

Spores were germinated in the dark at 30°C and the germination rate was evaluated after 

3 days. 

Plant and fungal material and treatments 
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Seeds of WT plants cv Nipponbare 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 Funneliformis mosseae (BEG 12, 

MycAgroLab, France). Fungus inoculum (25%) were mixed with sterile quartz sand and 

used for colonization.  Plants were watered with a modified Long-Ashton (LA) solution 

containing 3.2 μM Na2HPO4·12 H2O (Hewitt, 1966). Ten days after mycorrhizal 

inoculation, a set of WT plants were treated with 5μM or 50nM MiZax3 or MiZax5, by 

applying molecules twice a week directly in the nutrient solution. 

Gene expression analysis of mycorrhizal plants 

Total genomic DNA was extracted from F. mosseae sporocarps and O. sativa roots using 

the DNeasy Plant Mini Kit (Qiagen), according to the manufacturer’s instructions. 

Genomic DNAs were used to test each primers pair designed for real-time PCR to exclude 

cross hybridization. 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 means of PCR analysis, using primers 

for OsRubQ1 (Güimil et al. 2005). For single-strand cDNA synthesis 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 was carried out in a final volume of 20 

μL containing 10 µM random primers, 0.5 mM dNTPs, 4 μL 5X buffer, 2 μL 0.1 M DTT and 

1 μL Super-Script II (Invitrogen). Quantitative RT-PCR (qRT-PCR) was performed using a 
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Rotor-Gene Q 5plex HRM Platform (Qiagen). Each PCR reaction was carried out in a total 

volume of 15 μL containing 2 μL diluted cDNA (about 10 ng), 7.5 μL 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. Transcript level of OsPT11 (Güimil et al. 2005); OsLysM (Fiorilli et al., 2015) 

and Fm18S (Balestrini et al., 2007) were normalized using OsRubQ1 housekeeping gene 

(Güimil et al. 2005). Primers used for qRT-PCR analysis are listed in Supplemental Table 

4.1. Only take off values leading to a Ct mean with a standard deviation below of 0.5 were 

considered. Statistical tests were carried out through one-way analysis of variance (one-

way ANOVA) and Tukey’s post hoc test, using a probability level of p<0.05. All statistical 

elaborations were performed using PAST statistical (version 2.16; Hammer et al. 2001). 

To analyze the fungal intraradical morphology root apparata were stained in Cotton Blue 

(0,1% W/V) in lactic acid, cut in pieces 1cm long and observed under an optical 

microscope. 

4.4. Result and Discussion 

Chain Length, Stereo-Configuration and the Ketone Functional Group Are Essential For 

Zaxinone Activity  
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Identifying structural elements required for activity is a crucial step in rational design of 

hormone analogs/mimics. Zaxinone is a C18-ketone consisting of a linear, all-trans-

configured isoprenoid polyene linked to a β-ionone ring carrying a hydroxy group at the 

C3 position (Figure 4.2A). The functional ketone group of zaxinone is separated from the 

β-ionone ring by a chain with a length of 6 C-atoms. To perform the structure-activity-

relationship (SAR) study, we synthesized a series of apocarotenoids that differ from 

zaxinone in the polyene length, its stereo-configuration, the type of the ionone ring, or 

the position of the hydroxy group. We also synthesized zaxinol, in which we replaced 

the ketone of zaxinone by a hydroxy group, and D′orenone that lacks the hydroxy group 

at C3 position (Figure 4.2A). Next, we applied these compounds to hydroponically 

grown wild-type seedlings exposed to one week Pi-starvation, and quantified 4-

deoxyorobanchol, a major rice SL, in roots and root exudates, using LC-MS/MS.   
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Figure 4.2. Structure and Effect of Apocarotenoids on SL content in root tissues and 

exudates. (A) Structures of apocarotenoids used in the Structure-Activity-Relationship 

study. (B) SL quantification (4-deoxyorobanchol (4-DO)) in wild-type root tissues and 

exudates in response to zaxinone (Zax), α-zaxinone (α-Zax), and D′orenone (D′ore) 

treatment (5 µM) under Pi starvation. Bars represent mean ± SD; n=3 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). CTL, Control; Zax, Zaxinone; α-Zax, α--Zaxinone; and D′ore, D′orenone. 

The shorter apocarotenoids 3-OH-β-cyclocitral and 3-OH- β -ionone, the cis-configured 

9-cis-zaxinone, zaxinol, and 4-OH- β -apo-13-carotenone did not significantly impact 4-

deoxyorobanchol content in roots or root exudates (Figure 4.3), suggesting that chain 
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length, stereo-configuration, the presence of the ketone group, and the position of the 

hydroxy group are important for exerting zaxinone activity. In contrast, the application 

of -zaxinone and, particularly, D′orenone decreased SL content to levels comparable 

with those observed upon treatment with zaxinone, with the latter being the most 

efficient compound followed by D′orenone (Figure 4.2B). These data suggest that all-

trans-C13-apocarotenones (C18-ketones) can generally repress SL production and that 

the presence of the hydroxy group and the position of the double bond in the ionone 

ring have less impact on this activity.   

Figure 4.3. Effect of Apocarotenoids on SL Content in Root Tissues and Exudates. SL, 4-

deoxyorobanchol (4-DO), quantification in wild-type roots and root exudates in 

response to zaxinone, 4-OH-zaxinone, 9-cis-Zaxinone, zaxinol, 3-OH-β-Ionone, and 3-OH 
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β-Cyclocitral at 5 µM under Pi starvation. Bars represent mean ± SD; n=3 biological 

replicates; Statistical analysis was performed using a two-tailed t-test. *, P < 0.05. 

Synthesis and Screening of Zaxinone-Mimics (MiZax) 

Zaxinone is a natural apocarotenoid characterized by a conjugated isoprenoid chain. The 

synthesis of zaxinone requires 5 steps and has a moderate yield (47% or less; Figure 

4.1). We aimed at the development of efficient mimics of zaxinone (MiZax), which can 

be synthesized in significantly fewer steps and at higher yield. To achieve this goal, we 

relied on the results of the SAR study and decided to substitute the conjugated 

isoprenoid chain of zaxinone by aromatic structures. This was inspired by several 

successful examples, such as the development of the fungicides azoxystrobin and 

metominostrobin (Bartlett et al., 2002) and the insecticide fenoxycarb from natural 

isoprenoid bioactive compounds (Thind and Edwards 1986). We also chose the 

replacement of the β-ionone ring of zaxinone by a phenyl ring, which is a common 

approach in designing SL analogs (Boyer et al., 2014; Jia et al., 2016; Takeuchi et al., 

2018). To evaluate the biological activity of the designed mimics, we determined their 

effect on SL content in root exudates, using LC-MS/MS quantification or Striga seed 

germination as a bioassay. In a first attempt, we designed MiZax1 that contains phenyl 

rings instead of the β-ionone ring and part of the conjugated chain Figure 4.4A). MiZax1 

was synthesized in only two steps. However, application of this compound did not 

significantly impact the SL level in root exudates of treated rice plants (Figure 4.4B).   
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Figure 4.4. Effect of MiZax1 on Rice SL Release. (A) Chemical structure of MiZax1 and 

the corresponding synthesis scheme. Numbers in blue indicate the distance between 

phenyl ring and the ketone group. (B) Quantification of SLs, 4-deoxyorobanchol (4-DO) 

and Orobanchol (Oro), in wild-type root exudates in response to zaxinone, and MiZax1 

at 5 µM under Pi starvation. Bars represent mean ± SD; n=3 biological replicates; 

statistical analysis was performed using a two-tailed t-test. *, P < 0.05. NS, non-

significant; CTL, Control; Zax, Zaxinone; MZ1, MiZax1 

The distance between the ketone group and the phenyl ring in MiZax1 is 5 C-atoms, i.e. 

one C-atom shorter than in zaxinone. Hence, we hypothesized that the missing activity 

of this mimic might be a result of the short-chain length. Therefore, we designed further 

4 mimics (Figure 4.5A) in which the phenyl ring and the ketone group are separated by a 

chain of six atoms, and the zaxinone isoprenoid chain is substituted by two phenyl rings 

(MiZax4 and -5) or partially replaced by a phenoxy ring (MiZax2 and -3). The hydroxy 
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group in MiZax3 and MiZax5 was methylated, to increase their hydrophobicity and 

account for methylation as a possible zaxinone modification in planta (Figure 4.5A). The 

four mimics were synthesized in one or two steps (Figure 4.5B), with yield rates ranging 

from 11% (MiZax4) to 81% (MiZax3).   

 

Figure 4.5. Synthesis and Screening of Mimics of Zaxinone (MiZax). (A) Chemical 

structure of zaxinone and MiZax2-5.  (B) Synthesis scheme of MiZax, (E)-4-(3-(4-

hydroxyphenoxy)phenyl)but-3-en-2-one (MiZax2), (E)-4-(3-(4- 

methoxyphenoxy)phenyl)but-3-en-2-one (MiZax3), 1-(4''-hydroxy-[1,1':3',1''-terphenyl]-

3-yl)ethan-1-one (MiZax4), and 1-(4''-methoxy-[1,1':3',1''-terphenyl]-3-yl)ethan-1-one 

(MiZax5). Numbers in blue indicate the distance between phenyl ring and the ketone 

group. The detail synthetic methods are provided in material and methods (C) Striga 
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seed germination activity of rice root exudates isolated from plants treated with 

zaxinone or MiZax2-5. Bars represent means ± SD; n=3 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). CTL, Control; Zax, 

Zaxinone; MZ2, MiZax2; MZ3, MiZax3; MZ4, MiZax4; MZ5, MiZax5. 

To test the hypothesis on the effect of the chain-length, we measured the SL content in 

root exudates of rice plants treated with MiZax1, MiZax2, or MiZax4. In comparison to 

MiZax1 and mock control and supporting our hypothesis, application of MiZax2 led to a 

significant decrease in SL level and Striga germination rate, while MiZax4 showed a 

tendency to reduce SLs, particularly orobanchol, release (Figure 4.6).  

 

Figure 4.6. Comparison of MiZax on rice SL release. (A) Quantification of SLs , 4-

deoxyorobanchol (4-DO) and Orobanchol (Oro) , in wild-type root exudates in response 

to MiZax1, MiZax2, or MiZax4 at 5 µM under Pi starvation. (B) Striga seed germination 

activity of rice root exudates isolated from plants treated with MiZax1, MiZax2, or 

MiZax4 at 5 µM under Pi starvation. Bars represent mean ± SD; n=3 biological replicates; 

statistical analysis was performed using t-test. *, P < 0.05. NS, non-significant;CTL, 

Control; Zax, Zaxinone; MZ1, MiZax1; MZ2, MiZax2; MZ4, MiZax4 
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Besides a common chain length, MiZax3 and MiZax5 contain a methoxy group instead of 

the hydroxy group at C3 in zaxinone and the corresponding position in MiZax2 and 

MiZax4. Comparison of the effect of MiZax2 and MiZax3, and of MiZax4 and MiZax5 on 

Striga seed germinating activity demonstrated that this methylation has a significant 

positive effect on the activity of zaxinone mimics (Figure 4.5C). Hence, we speculated 

that zaxinone is converted into methyl-zaxinone in planta. To test this possibility, we 

synthesized methyl-zaxinone and checked its presence in planta as well as its biological 

activity. However, we could not detect methyl-zaxinone in rice plants (data not shown). 

In addition, the biological efficiency of methyl-zaxinone in inducing Striga seed 

germination was similar to that of zaxinone (Figure 4.7), indicating that the presence of 

the methoxy group per se is not the reason of the increased activity of MiZax3 and 

MiZax5 and that direct zaxinone methylation might not take place in planta.  

 

Figure 4.7. Bioactivity of Methyl-Zax in rice. Striga seed germination activity of rice root 

exudates isolated from plants treated with Zaxinone, Methyl-Zaxinone at 5 µM under Pi 

starvation. Bars represent mean ± SD; n=4 biological replicates; statistical analysis was 
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performed using t-test. ***, P < 0.001. CTL, Control; Zax, Zaxinone; Methyl-Zax, Methyl-

Zaxinone. 

Supporting the latter conclusion, we did not detect a conversion of MiZax2 or MiZax4 

into MiZax3 or MiZax5, respectively, in rice plants fed with the former two mimics 

(Figure 4.8).  

 

Figure 4.8. LC-MS detection of MiZax2/4 in root tissues. Roots of rice plants fed with 

MiZax2 or MiZax4 accumulated both mimics but did not convert them into MiZax3 or 

MiZax5, respectively 

These data indicate that the higher activity observed with MiZax3 and MiZax5 could be a 

result of increased hydrophobicity caused by the methyl group, which may improve 

their uptake and transport. Indeed, we detected MiZax3 and MiZax5 in shoots of rice 
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plants fed with these compounds through roots, using LC-MS analysis (Figure 4.9). 

 

Figure 4.9. LC-MS detection of MiZax3/5 in shoot tissues. MiZax3 or MiZax5 fed 

through rice roots is transported to their shoots. 

We also observed a positive effect of the presence of a phenoxy group in MiZax3 

instead of unmodified phenyl ring in MiZax5. This difference might be due to an 

increased stability caused by a shorter conjugated double bond system and/or the ether 

bond. To check this assumption, we determined the stability of MiZax3 and MiZax5. For 

this purpose, we monitored the degradation of these compounds for up to two weeks, 

by HPLC quantification of corresponding aqueous samples kept at room temperature. 

This study showed that MiZax3 is much more stable than MiZax5 (Figure 4.10), which 

might explain its higher activity.  
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Figure 4.10. Stability of MiZax by HPLC Analysis. The relative amount of non-degraded 

analogs was monitored in HPLC for 14 days. Data are means ± SE (n = 3). X-axis: time 

(days); Y-axis: relative levels. MZ3, MiZax3; MZ5, MiZax5. 

MiZax3 and MiZax5 Are Negative Regulators of Rice SL Biosynthesis and Release 

We evaluated the zaxinone activity of the four mimics, using Striga seed germination 

assay performed with root exudates of rice plants treated with 5 µM of each MiZax. 

Results obtained unraveled significant negative impact of MiZax3 and MiZax5 treatment 

on Striga seed germinating activity, which was not observed with MiZax2 and MiZax4 

(Figure 4.6C). Exudates of MiZax3 treated plants showed lowest seed germinating 

activity (29%) followed by zaxinone (45%) and MiZax5 (46%). Next, we measured 

orobanchol and 4-deoxyorobanchol content in root tissues and exudates of 



174 
 

hydroponically grown, Pi-starved WT seedlings after treatment with 5 µM MiZax3 or 

MiZax5 for 6 h, using LC-MS/MS.  Application of both mimics decreased the level of the 

two SLs in both roots and root exudates (Figure 4.11A). The effect of MiZax3 or MiZax5 

was similar to that of zaxinone and even significantly stronger in case of 4-

deoxyorobanchol.  

 

Figure 4.11. Effect of MiZax3 and MiZax5 on SL Biosynthesis and Release. (A) 

Quantification of the SLs 4-deoxyorobanchol (4-DO) and Orobanchol (Oro) in rice roots 

and root exudates in response to zaxinone, MZ3, and MZ5 application (5 µM) under Pi 

starvation. Bars represent means ± SD, n=4 biological replicates. (B) Relative transcript 

levels of SL biosynthesis genes (D27, CCD7, CCD8 and CO) in response to zaxinone, MZ3, 

and MZ5 application. Transcript levels in wild-type control samples were normalized to 



175 
 

1. Bars represent means ± SD, n=3 biological replicates. (C) Striga infestation in rice in 

response to zaxinone, MZ3, and MZ5 treatment (5 µM). Bars represent mean ± SE; n=4 

biological replicates. Statistical analysis was performed using One-way analysis of 

variance (ANOVA) and Tukey’s post hoc test. CTL, Control; Zax, Zaxinone; MZ3, MiZax3; 

MZ5, MiZax5. 

The two mimics, particularly MiZax3, rescued the high SL phenotype of the rice zas 

mutant (Figure 4.12; Figure 4.13), similar to zaxinone (Wang et al., 2019). Next, we 

determined the transcript level of the SL biosynthetic genes D27, CCD7, CCD8, and 

carlactone oxidase (CO) in roots from the same experiment. Application of MiZax3 and 

MiZax5 led to a pronounced decrease in the transcript level of the four enzymes, which 

was - at least in case of CCD7 and CO transcripts - significantly lower than that observed 

with zaxinone (Figure 4.11B).  

 

Figure 4.12. Effect of MiZax on SL Content in Root Tissues and Exudates. SL, 4-

deoxyorobanchol (4-DO), quantification in wild-type and zas mutant root exudates (left) 
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and roots (right) in response to zaxinone, MZ3, and MZ5 at 5 µM under Pi starvation. 

Bars represent mean ± SD; n=4 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). CTL, Control; MZ3, MiZax3; MZ5, MiZax5. 

The high activity of MiZax3 and MiZax5 in suppressing SL biosynthesis and release 

indicated their potential in combating Striga and other root parasitic weeds, similar to 

zaxinone. To test this hypothesis, we applied the two mimics at a 5 µM concentration to 

the Striga susceptible cv. IAC-165 rice plants grown in Striga infested soil under 

greenhouse conditions. The treatment with these compounds led to a clear reduction in 

the number of emerging Striga plants, with the highest reduction observed with MiZax3 

(71%), followed by MiZax5 (55%) and zaxinone (42%) (Figure 4.11C).  
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Figure 4.13. Effect of MiZax3 and MiZax5 on Rice Growth. (A) Effect of zaxinone, MZ3, 

and MZ5 application (2.5 µM) on root growth of wild-type and zas mutant seedlings 

grown under hydroponic conditions. Scale bars=2 cm. (B) Effect of zaxinone, MZ3, and 

MZ5 application (5 µM) on rice root growth under rhizotron conditions. Scale bars=8 

cm. (C) Effect of zaxinone, MZ3, and MZ5 application (2.5 µM) on rice tillering. Tillers are 

indicated by yellow arrows points.  Scale bars=6 cm. Each data point represents one 

plant [(A), n=6; (B), n=5; (C), n=7]. Data represent mean ± SD. Statistical analysis was 

performed using One-way analysis of variance (ANOVA) and Tukey’s post hoc test or t-

test. Different letters denote significant differences (P < 0.05). CTL, Control; Zax, 

Zaxinone; MZ3, MiZax3; MZ5, MiZax5. 

Considering the important role of SL in the establishment of the AM symbiosis (Fiorilli et 

al., 2019), we checked the impact of MiZax on AM spore germination and on the 

colonization process. For this purpose, we treated Gigaspora margarita spores with 
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MiZax3 and MiZax5 at a concentration of 5 µM or 50 nM, using the SL analog GR24 (10 

nM) as a positive control. After 3 days incubation, GR24 induced, as expected, the 

germination rate, while no effect was observed for the two mimics (Figure 4.14; Figure 

4.15), as with zaxinone treatment (Figure 4.16). 

 

Figure 4.14.  Effect of MiZax on Gigaspora margarita Spores Germination. Bars 

represent mean ± SE; n=96 biological replicates; Data indicated with different letters are 

statistically different according to the non-parametric Kruskal-Wallis test. Different 

letters denote significant differences (P < 0.05). CTL, Control (acetone); MZ3, MiZax3; 

MZ5, MiZax5; GR24, a synthetic SL analog. 
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Figure 4.15. Effect of MiZax on SL-mediated Gigaspora margarita spore germination. 

Bars represent mean ± SE; n=96 biological replicates; Data indicated with different 

letters are statistically different according to the non-parametric Kruskal-Wallis test 

(p<0.05). CLT: spores treated with acetone; GR24 (SL analog): spores treated with GR24 

(10nM); MiZax3: spores treated with MiZax3 (5µM); MiZax3/GR24: spores treated with 

MiZax3 (5 µM) and GR24 (10nM); MiZax5: spores treated with MiZax5 (5µM); 

MiZax5/GR24: spores treated with MiZax5 (5 µM) and GR24 (10nM). 

Figure 4.16. Effect of Zaxinone on Gigaspora margarita Spores Germination. Bars 

represent mean ± SE; n=96 biological replicates; Data indicated with different letters are 



180 
 

statistically different according to the non-parametric Kruskal-Wallis test (p<0.05). CTL, 

Control (acetone); Zax, Zaxinone; GR24, a synthetic SL analog. 

 We also did not detect any alteration in intraradical fungal structures or colonization 

rate (Figure 4.17A, B). In line with this result, the expression levels of the AM marker 

genes OsPt11, OsLysM (Fiorilli et al., 2015) and the fungal housekeeping gene (Fm18S 

rRNA) did not show any significant difference between control and 5 µM treated plants. 

The 50 nM treatment even induced a slight up-regulation of these AM marker genes 

(Figure 4.17C). These results indicate that the two mimics would not have a negative 

side effect on AM fungi and mycorrhization if applied after inoculation (see Methods). 

 

Figure 4.17. Evaluation of MiZax Effects on the AM Symbiosis. (A) Details of arbuscule 

morphology in roots stained with cotton blue. CTL, Control; MZ3, MiZax; MZ5, MiZax5. ; 
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Ar, Arbuscule- containing cells. (B) Mycorrhizal colonization in non-treated and treated 

plants by the AM fungi Funneliformis mosseae at 35 dpi. Degree of colonization 

expressed as mycorrhizal frequency (F %), intensity (M %) and arbuscule abundance (A 

%) in the root system of WT plants non treated and treated with 5µM and 50nM Mizax3 

or Mizax5. Data are the average of four biological replicates ± SE. CTL, Control; MZ3, 

MiZax; MZ5, MiZax5; N.S., non-significant. (C) Molecular evaluation of mycorrhization by 

qRT-PCR analysis of mRNA abundance of plant AM-responsive genes (OsPT11, OsLysM) 

and fungal housekeeping gene (18S F. mosseae) on mycorrhizal roots considering the 

whole root system. Bars represent mean ± SD; n=4 biological replicates. Statistical 

analysis was performed using One-way analysis of variance (ANOVA) and Tukey’s post 

hoc test. 

MiZax Exert Zaxinone Activity in Regulating Rice Growth and Development 

Apart from regulating SL biosynthesis and release, zaxinone mimics should be able to 

rescue growth retardation of the rice zas mutant and promote the growth of wild-type 

plants. To check the capability of MiZax3 and MiZax5 in regulating rice growth, we 

exposed hydroponically grown zas and wild-type (cv. Nipponbare) seedlings to 2.5 µM 

MiZax3, MiZax5 or zaxinone for three weeks. Similar to zaxinone, treatment with the 

two mimics promoted root growth in wild-type seedlings, by increasing root length and 

number of crown roots, and rescued root related zas phenotypes, including root 

biomass (Figure 4.13A).  The two MiZax also triggered root growth of WT plants. 

Moreover, MiZax3 was more active than zaxinone in increasing root length of wild type 

plants in the hydroponic system (Figure 4.13A). Next, we investigated the effect of the 

two MiZax in soil at a 5 µM concentration, using the rhizotron system and in comparison 

to zaxinone. MiZax3 and MiZax5 increased root surface area and the number of crown 
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root in wild-type plants, similar to zaxinone (Figure 4.13B). Tillering is a SL-dependent 

developmental process affected by zaxinone, as shown for the zas mutant (Wang et al., 

2019). To check if MiZax3 and MiZax5 can also regulate tillering, we exposed rice 

Nipponbare and IAC-165 (a high-SL producing cultivar) seedlings to these two mimics for 

14 days and determined tillers number. We observed a clear promotion of tillers 

number in both cultivars upon treatment with MiZax3 and a tendency towards more 

tillers with zaxinone and MiZax5 (Figure 4.13C and Figure 4.18), which is in line with 

decreased SL production (Figure 4.11B). Although MiZax are promising candidates for 

promoting crop growth and alleviating Striga infestation, further studies about their 

health safety and environmental impact are needed. 

 

Figure 4.18. Effect of Zaxinone, MZ3, and MZ5 at 2.5 µM on tillers of IAC165 seedlings 

grown hydroponically.  Tillers are indicated by yellow arrows points.  Each data point 

represents one plant, n=7. Data represent mean ± SD. Statistical analysis was performed 

using One-way analysis of variance (ANOVA) and Tukey’s post hoc test. Different letters 
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denote significant differences (P < 0.05). Scale bars=8 cm. CTL, Control; Zax, Zaxinone; 

MZ3, MiZax3; MZ5, MiZax5. 

In summary, we have developed two high-efficient mimics of zaxinone, which will pave 

the way for a better understanding of rice growth and development, and the role of 

zaxinone in this complex process. Moreover, the pronounced activity, simple synthesis 

(one step, Figure 4.6B) and relative stability of MiZax3 make it an excellent candidate 

for different sustainable agricultural applications, including the use of the beneficial AM 

fungi and the control of Striga that severely threatens global food security. 
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Chapter 5 On the Biosynthesis and Evolution of Apocarotenoid Plant 

Growth Regulators 

 

The contents of this chapter are published as a review article in Seminars in Cell and 

Developmental Biology: 

Wang, J. Y., Lin, P-Y., and Al-Babili, S. (2020). On the Biosynthesis and Evolution of 

Apocarotenoid Plant Growth Regulators. Semin. Cell Dev. Biol. 

https://doi.org/10.1016/j.semcdb.2020.07.007 

 

5.1. Abstract 

Carotenoids are an important source of metabolites with regulatory function, which 

include the plant hormones abscisic acid (ABA) and strigolactones (SLs), and several 

recently identified growth regulators and signaling molecules. These carotenoid-

derivatives originate from oxidative breakdown of double bonds in the carotenoid 

polyene, a common metabolic process that gives rise to diverse carbonyl cleavage-

products known as apocarotenoids. Apocarotenoids exert biologically important 

functions in all taxa. In plants, they are a major regulator of plant growth, development 

and response to biotic and abiotic environmental stimuli, and mediate plant’s 

communication with surrounding organisms. In this article, we provide a general 

overview on the biology of plant apocarotenoids, focusing on ABA, SLs, and recently 

identified apocarotenoid growth regulators. Following an introduction on carotenoids, 

we describe plant apocarotenoid biosynthesis, signal transduction, and evolution and 

https://doi.org/10.1016/j.semcdb.2020.07.007
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summarize their biological functions. Moreover, we discuss the evolution of these 

intriguing metabolites, which has not been adequately addressed in the literature. 

5.2. Introduction 

Carotenoids are common lipophilic isoprenoid pigments produced by all photosynthetic 

organisms and numerous non-photosynthetic microorganisms (Nisar et al., 2015; Sun et 

al., 2018). They are indispensable components of the photosynthetic apparatus, as they 

protect it and other cellular components from photo-oxidation, and contribute to the 

light-harvesting process by absorbing light in the blue-green region (Nisar et al., 2015; 

Moise et al., 2014). Carotenoids are important antioxidants also in non-photosynthetic 

organisms, including humans. In addition, they stabilize membranes, and are responsible 

for the bright colors of many fruits, flowers, birds, fishes, and crustaceans (Nisar et al., 

2015; Sun et al., 2018). Animals do not synthesize carotenoids de novo but obtain them 

from their diet (Nisar et al., 2015; Moise et al., 2014). 

Generally, carotenoids are defined by a common C40 polyene backbone carrying 3 to 11 

conjugated double bonds with different stereo-configurations. Introduction of end-ring 

structures, hydroxylation, oxygenation, and further derivatization give rise – together 

with the polyene geometry – to the large structural diversity of the more than 700 known 

carotenoids (Moise et al., 2014). Plants utilize two routes for isopentenyl diphosphate 

(IPP, C5) synthesis: the cytosolic mevalonate and the plastid Methylerythritol 

Methylerythritol Phosphate (MEP) pathway (Moise et al., 2014), which form the 

precursor for cytosolic, (e.g. sterols), and plastid isoprenoids, (e.g. carotenoids), 
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respectively. The colorless carotenoid, 15-cis-phytoene (C40), which contains three 

conjugated double bonds, results from condensation of two molecules of geranylgeranyl 

diphosphate (GGPP, C20). The latter is formed through condensation of IPP and its isomer 

dimethylallyl diphosphate (DMAPP) (Moise et al., 2014; Jia et al., 2018). Desaturation and 

isomerization reactions, catalyzed in plants and cyanobacteria by four different enzymes 

but only by one in fungi and non-photosynthetic bacteria, transform phytoene into the 

red all-trans-lycopene, a linear C40 polyene with eleven conjugated double bonds. There 

is some indication that cis-configured lycopene precursors, which can accumulate in non-

photosynthetic tissues or in leafs of corresponding mutants in prolonged darkness, 

produce signaling molecules determining different aspects of plant development and 

regulating the carotenoid biosynthesis pathway itself, which explains why plants produce 

them and require the activity of four enzymes, instead of one (Nisar et al., 2015; 

Kachanovsky et al., 2012; Alagoz et al., 2018; Cazzonelli et al., 2020). 

Lycopene is the substrate of cyclases that introduce terminal ring structures, giving rise 

to β- (Figure 5.1) and α-carotene and the corresponding two branches in plant 

carotenogenesis. Hydroxylation of β- and α-carotene leads to zeaxanthin and lutein, 

respectively. Repeated epoxidation of the two β -rings in zeaxanthin yields violaxanthin 

via the mono-epoxy carotenoid antheraxanthin and builds together with the reverse, de-

epoxidation reactions the xanthophyll cycle, a protection mechanism that regulates the 

level of the particularly photoprotective zeaxanthin (Zheng et al., 2020). Finally, 

violaxanthin is converted into neoxanthin that carries an allenic double bond (Fig.2). The 

carotenoid pattern in different plant cells and tissues is determined by the type of 
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plastids. Chloroplasts contain high levels of carotenoids composed of around 45% lutein, 

25–30% β-carotene, and 10–15% each of neoxanthin and violaxanthin, while root 

leucoplasts harbor only small amounts with a higher ratio of β-branch carotenoids (Zheng 

et al., 2020).  

The polyene structure of carotenoidsresponsible for their role in photosynthesis, anti-

oxidation capacity, and color makes them vulnerable to oxidation that splits double 

bonds, forming carbonyl products called apocarotenoids (designated based on the C-

atom number at the cleavage site, Figure 5.1). This cleavage can occur at any of the 

polyene double bonds, which explains, together with subsequent modifications, the 

structural diversity and different physicochemical properties of natural apocarotenoids 

ranging from the tomato fragrance 6-methyl-5-hepten-2-one (C8) to colorful pigments (Ilg 

et al, 2014), such as β-citraurin in citrus fruits (C30) or neurosporaxanthin (C35) in the 

fungus Neurospora crassa (Sandmann, G et al., 2008). Apocarotenoids are an important 

class of compounds (Zheng et al., 2020; Hou et al., 2016), which includes retinal, vitamin 

A, signaling molecules, e.g. the vertebrate morphogen retinoic acid, the fungal 

pheromone trisporic acid, the plant hormones abscisic acid (ABA) and strigolactones (SLs), 

and known or postulated plant growth regulators (Medina et al., 2011; Moise et al., 2005; 

Chaiwanon et al., 2016). Examples for the latter are β-cyclocitral (Dickinson et al., 2019), 

zaxinone (Wang et al., 2019), and anchorene (Jia et al., 2019).   

Carotenoid cleavage can be catalyzed enzymatically or by reactive oxygen species (ROS).  

These pigments are continuously oxidized and cleaved in chloroplasts, particularly under 

high light that increases the formation of ROS, leading to different products, including the 



188 
 

stress signal β-cyclocitral (Dickinson et al., 2019). It may be hypothesized that 

susceptibility to oxidation makes carotenoids an excellent sensor for oxidative stress, 

which may have been the reason for recruiting apocarotenoids as signals during 

evolution. The “spontaneous” formation of apocarotenoid signals may have become 

tightly regulated by evolving cleavage enzymes, mainly members of the carotenoid 

cleavage dioxygenase family, which target specific double bonds in defined carotenoid or 

apocarotenoid substrate (Alder et al., 2008; Ahrazem et al., 2016). Involving enzyme-

catalyzed, regulated cleavage may have increased the sensitivity of the system and 

allowed using the concept of carotenoid cleavage as a sensor for other stimuli, paving the 

way for the emergence of apocarotenoid plant hormones. Although there is currently no 

experimental evidence for this scenario, several studies show an increase in CCD-

catalyzed apocarotenoid formation in cyanobacteria under stress conditions, e.g. high-

light stress (Hihara et al., 2001; Scherzinger et al., 2006). Apocarotenoid volatiles, 

including β-ionone, released by cyanobacteria, are also allelopathic agents affecting the 

growth of several cyanobacterial species (Juttner et al., 1985; Zuo, 2019) 

In this article, we provide an overview on the function, biosynthesis, and signaling of the 

known carotenoid-derived hormones ABA and SLs, and describe the role of the recently 

identified apocarotenoid growth regulators zaxinone, cyclocitral, and anchorene and 

describe their role in plant growth and development. In addition, we shed light on the 

evolution of plant apocarotenoid signaling molecules, which has not been covered in 

recent literature. 
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5.3. Abscisic acid  

5.3.1. Functions of ABA in plants 

ABA was discovered in the early 1960s, due to its role in regulating senescence and stress 

responses in abscising organs. Since then, ABA has been shown to determine many 

aspects of plant growth and development, which include seed maturation, germination 

and dormancy, seedling growth, bud dormancy, shoot branching, and leaf senescence 

(Felemban et al., 2019), and to be key in stress response and regulating water loss through 

the control of stomatal closure (Finkelstein, 2013). This regulation was probably a major 

factor in the evolution of land plants, ensuring the survival under fluctuating water supply 

(Nambara et al., 2005; Sun et al., 2019). Indeed, ABA is intricately involved in the 

adaptation of terrestrial plants to abiotic stress conditions, such as water scarcity, 

increased salinity and extreme temperatures (Felemban et al., 2019; Chen et al., 2020),  

which also includes modulation of plant architucture, e.g. establishing the appropriate 

root architecture under drought conditions (Felemban et al., 2019) (Figure 5.1). 

Moreover, ABA plays a role in the establishment of fungal symbiosis (Herrera-Medina et 

al., 2007; Fracetto et al., 2017) and is a major component in plant-pathogen response 

(Lievens et al., 2017). 
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Figure 5.1. Biological functions of plant apocarotenoids. The upper structure shows all-

trans-β-carotene with C-atom numbering. Depicted signaling molecules are formed 

through oxidative cleavage of double bonds, frequently followed by enzymatic 

conversions. ABA regulates seed dormancy, stomatal closure, root and shoot 

development, and biotic/abiotic stress responses. SLs, e.g. orobanchol, determine plant 

architecture and mediate rhizospheric interactions. Zaxinone, formed by ZAXINONE 

SYNTHASE (ZAS), is required for normal rice growth and development and is involved in 

AM symbiosis. β-cyclocitral, formed by ROS (1O2) attack, CsCCD4 or lipoxygenases, 

mediates high-light stress response, abiotic stress response and promotes root growth. 

Anchorene, a diapocarotenoid, stimulates anchor root formation in Arabidopsis. Created 

with ‘Biorender’. 

 

5.3.2. ABA biosynthesis and signaling 

ABA is a sesquiterpene (C15) that occurs in a defined stereo-configuration in nature [(+)cis, 

trans-ABA] (Figure 5.1). It can be synthesized either “directly” from farnesyl diphosphate 
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(C15) that arises from the condensation of IPP with geranyldiphosphate (C10), or 

“indirectly” by cleaving carotenoid precursors (Finkelstein, 2013; Izquierdo-Bueno et al., 

2018).  Plants utilize the latter route starting as yet poorly understood isomerization of 

all-trans-violaxanthin/-neoxanthin into the corresponding 9-cis-/9’-cis-isomer, 

respectively, which are cleaved by nine-cis-epoxycarotenoid cleavage dioxygenases 

(NCEDs) at the C11’-C12’ or C11-C12, respectively, to form the ABA precursor xanthoxin 

(C15) and the corresponding apo-12’-/apo12-carortenoid (C25) (Finkelstein, 2013; Hou et 

al., 2016).  Xanthoxin is then translocated into the cytoplasm, where it is converted by 

short-chain dehydrogenase reductase (SDR) into abscisic aldehyde. Oxidation of the latter 

by abscisic aldehyde oxidase (AAO), an enzyme requiring a molybdenum cofactor 

provided by the sulfurase ABA3, leads to ABA (Figure 5.2) (Finkelstein, 2013). A number 

of phytopathogenic fungi, e.g. Botrytis cinerea (Izquierdo-Bueno et al., 2018), synthesize 

ABA – that might affect the immune response in plants - in the cytosol through the 

cyclization of farnesyl diphosphate and subsequent oxidation steps in a “direct” pathway 

(Oritani et al., 2003). This cytosolic route is likely used by ABA producing animal cells, 

including human cells, which lack carotenoid biosynthesis (see ABA occurrence and 

evolution).  
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Figure 5.2. ABA biosynthesis. β-hydroxylases convert all-trans- -carotene into all-trans-

zeaxanthin. Two epoxidation reactions, catalyzed by ZEP, transform the latter into all-

trans-violaxanthin. Nine-cis-Epoxycarotenoid Dioxygenases cleave 9-cis-violaxanthin and 

9'-cis-neoxanthin, which formation is still elusive, yielding the ABA precursor xanthoxin 

(C15) and the corresponding apo-12-carotenoid (C25). Xanthoxin is then converted to 

ABA by SDR and AAO via ABA-aldehyde in the cytosol. Abbreviations: β-HYD, β-

hydroxylase; ZEP, zeaxanthin epoxidase; SDR: short-chain dehydrogenase reductase; 

AAO: Abscisic aldehyde oxidase. 

 

Besides biosynthesis, plant ABA levels are determined by conjugation and hydroxylation 

(Chen et al., 2020).  The conjugation of ABA by the uridine diphosphate 

glucosyltransferases (UGTs) leads to inactive ABA-glucose ester (ABA-GE) that can be 

considered as a storage or long-distance, root-to-shoot transport form (Finkelstein, 2013). 

Under stress conditions, ABA-GE can be rapidly hydrolyzed into ABA by β-glucosidase and 
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released from vacuoles, providing a fast response to environment changes (Lee et al., 

2006; Xu et al., 2012). ABA can be deactivated by cytochrome P450 707A enzymes (CYP 

707), forming unstable 8’-OH-ABA that spontaneously isomerizes to phaseic acid (PA). PA 

is further catalyzed to the fully inactive dihydrophaseic acid (DPA) and DPA-4-O-β-D-

glucoside (DPAG) by the soluble PA reductase and glycosyltransferase, respectively (Weng 

et al., 2016).  Interestingly, PA can still act as a low activity hormone and be recognized 

by some ABA receptors in seed plants (Weng et al., 2016).  

In angiosperms, the core of ABA perception and signaling pathway comprises three major 

components: the receptor proteins PYRABACTIN RESISTANCE (PYR)/PYR1-LIKE 

(PYL)/REGULATORY COMPONENT OF ABA RECEPTOR (RCAR) (hereafter referred to as  

PYL), TYPE 2C PROTEIN PHOSPHATASE (PP2C), and SNF1-RELATED PROTEIN KINASE 2 

(SnRK2) (Finkelstein, 2013; Park et al., 2009; Hauser et al., 2017).  In the absence of ABA, 

PP2C prevents the SnRK2 kinase activity by dephosphorylating the kinase-activating loop; 

while in ABA presence, PYL recruits PP2C to form a complex and release SnRK2 kinase 

activity that stimulates the transcription factors AREB/ABF [ABA-RESPONSIVE ELEMENT 

(ABRE)-BINDING PROTEIN/ABRE-BINDING FACTOR], including a basic-domain leucine 

zipper (bZIP) family and the B3-type transcription factor ABA-INSENSITIVE 3 (ABI3), 

triggering the expression of ABA-responsive genes (Xie et al., 2019; Kang et al., 2002; 

Cutler et al., 2010; Miyakawa et al., 2013) (Figure 5.3). This signaling pathway is highly 

conserved in plants employing ABA for regulating stress response and development 

(Hauser et al., 2011). Stomatal closure is caused by the increase in ABA concentration in 
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guard cells, which leads to the formation of the PYL/PP2C complex and the release of the 

OPEN STOMATA 1 (OST1; SnRK-III) kinase, resulting in the phosphorylation of several 

target proteins and the activation of plasma membrane anion channels. The latter triggers 

membrane depolarization followed by K+ efflux, which decreases turgor pressure, causing 

stomatal closure (for review, see (Munemasa et al., 2015)).  

 

Figure 5.3. Scheme of ABA signaling. (A) PP2C represses SnRK2 activity by 

dephosphorylating its kinase-activating loop. (B) Binding of ABA leads to the formation of 

a complex containing the receptor (PYR/PYL/RCAR) and PP2C, which inhibits PP2C and 

releases SnRK2 kinase activity. The latter triggers downstream ABA-responsive element 

(ABRE)-binding protein/ABRE-binding factor (AREB/ABF) transcription factors that induce 

the ABA response. PP2C, PROTEIN PHOSPHATASE 2C; SnRK2, SNF1-RELATED PROTEIN 

KINASE 2; PYR, PYRABACTIN RESISTANCE; PYL, PYR1-LIKE; RCAR, REGULATORY 

COMPONENT OF ABA RECEPTOR. Created with ‘Biorender’. 

The translocation of ABA between tissues and organs is required for systemic stress 

response (Finkelstein, 2013).  ABA exists as both an anionic ABA− and a protonated ABAH 

that can passively diffuse across the cell membrane in a limited amount (Boursiac et al., 
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2013). Due to a pKa of 4.7, most ABA in the cytosol (pH≈7.3) occurs in the non-diffusible 

ABA−, which creates a need for active transport. The ATP-BINDING CASSETTE G (ABCG), 

ABA-IMPORTING TRANSPORTER 1 (AIT1), MULTIDRUG AND TOXIC COMPOUND 

EXTRUSION (MATE)-type/DTX transporters (DTX50), and AWPM-19 family proteins (e.g. 

the rice OsPM1) transporters (Boursiac et al., 2013; Zhang et al., 2014; Yao et al., 2018) 

can actively deliver ABA to specific tissues in response to developmental and 

environmental cues (reviewed in (Boursiac et al., 2013)). ABA transporters play a key role 

in plant seed germination, root development, and transpiration (Boursiac et al., 2013; 

Finkelstein, 2013). 

 

5.3.3. Occurrence and evolution of ABA 

ABA has been found among almost all clades of organisms, including cyanobacteria, algae, 

lichens, sponges, plants, and mammals (Hartung, 2010; Li et al., 2011). However, our 

knowledge about the biological function, biosynthesis, and possible signaling pathways in 

lower photosynthetic and non-photosynthetic organisms is quite limited. In lower 

photosynthetic organisms, several studies connect ABA to abiotic stress (Hartung, 2010; 

Al-Hijab et al., 2019). It was also shown that exogenous ABA modulates Chamydomonas 

reinhardtii HCO3
− uptake and that ABA concentration determines the position of this 

aquatic algae in the water column depending on light intensities, which could be one of 

the original functions of this hormone in regulating tropisms (Al-Hijab et al., 2019). 
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In plant ABA biosynthesis, the most crucial step is the carotenoid cleavage reaction 

catalyzed by NCEDs, which are absent in green algae, but present together with their 

epoxy-substrates (Figure 5.2) in bryophytes, such as Physcomitrella patens (Hartung, 

2010; Tan et al., 2003; Takezawa et al., 2011). Hence, it has been supposed that the NCED-

mediated-“indirect” pathway evolved during land colonization (Takezawa et al., 2011). 

The comparative genomic analysis and functional divergence analysis of NCEDs revealed 

that duplication and divergence have occurred at the base of lycophytes to angiosperms, 

and tissue-specific functional divergence of NCED subfamilies was developed (Priya et al., 

2015). This evolutionary event was probably followed by the CYP707A-mediated ABA 

degradation, as no encoded CYP707A orthologues have been found in P. patens (Hartung, 

2010; Mizutani et al., 2010). 

Despite the presence of ABA, plant ABA-mediated PYL receptors are absent in most algae, 

except Zygnema circumcarinatum that contains one PYL orthologue named ZcPYL8 that 

can inhibit Arabidopsis PP2C independent of ABA (Sun et al., 2019). In bryophytes, PYL 

orthologues of liverwort Marchantia polymorpha and moss P. patens demonstrate both 

ABA-independent and ABA-induced activities, while in vascular plants, PYL orthologues of 

lycophyte Selaginella moellendorffii and Arabidopsis have diverged into two groups, 

exerting both activities or merely an ABA-induced one (Sun et al., 2019). The phylogenetic 

analysis demonstrated that PYLs have diverged into two major clades in vascular plants, 

suggesting a duplication after the separation from bryophytes (Sussmilch et al., 2017).  

Briefly, ABA receptor PYL originated from an ABA-independent algal ancestor diversified 
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and duplicated into two major clades with ABA-independent or ABA-induced activity in 

the tracheophytes (Sun et al., 2019).  

The number of PP2C genes increased from one in the green algae C. reinhardtii to 80 in 

Arabidopsis, suggesting repeated gene duplication events that accompanied the 

emergence of the PP2C-SnRK2 regulation during land colonization (Fuchs et al., 2013; Xue 

et al., 2008).  Arabidopsis PP2C genes are classified into ten subgroups (A–J) with diverse 

functions (Schweighofer et al., 2004). For example, subgroup A contains genes involved 

in ABA signaling, such as ABI1, while subgroup B mediates stress-induced MAPK pathway 

(Schweighofer et al., 2004). Subgroup A is already present in green algae, but not in 

prokaryotes or non-plant eukaryotes, while subgroup B exists in lycophytes and higher 

plants, indicating both subgroups are specifically evolved in planta (Fuchs et al., 2013).  

The disruption of both subgroup A PP2CA homologs in the moss P. patens led to ABA 

hypersensitivity; however, ABA-dependent kinases were slightly activated, indicating 

moss PP2CA is not the primary factor in releasing their activity, in contrast to the 

angiosperm PP2CA-SnRK2 signaling (Komatsu et al., 2013).  

In angiosperm, SnRK2 proteins are presented by three subfamilies (I–III) that are 

responsible for ABA signaling pathway. Subfamily III is the ancestral one and exists in 

early-diverging bryophytes (Shinozawa et al., 2019; Cuming, 2019).  Interestingly, a single 

copy gene of subclass III SnRK2 is already present in the charophyte algae K. nitens, 

indicating that subfamily III SnRK2 signaling might have emerged before ABA response 

during land colonization (Shinozawa et al., 2019; Cuming, 2019).  
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Promotors of ABA-inducible genes contain a conserved ABRE motif allowing the binding 

of ABA-dependent transcription factors, such as bZIP transcription factors (Hauser et al., 

2011). A phylogenetic analysis of bZIPs clustered Arabidopsis ABA-regulated bZIPs 

together with putative orthologues in the charophyte algae K. nitens and the moss P. 

patens, revealing that ABA-regulatory functions appeared early during land colonization 

that was accompanied by an expansion of bZIP families during terrestrialization (Cuming, 

2019). Similarly, B3 family transcription factors, such as ABI3, continuously expanded 

from 2 members in chlorophyte C. reinhardtii to 66 in angiosperm Arabidopsis (Cuming, 

2019). Although multiple ABI3-like members emerged during this expansion, 

phylogenetic analysis demonstrates that only a single ABI3 is present in tracheophytes, 

indicating that a purge of ABI3-like has occurred but a single ancient ABI3 has been 

maintained during evolution (Cuming, 2019). 

 

5.4. Strigolactone 

5.4.1. Biological functions of SLs 

SLs were firstly discovered in root exudates as germination stimulants of root parasitic 

plants of the Orobanchacea family, which infest many crops, including cereals and 

Solanaceae species, causing tremendous yield losses in temperate and warm zones 

(Pennisi, 2015; Mohamed et al., 2001). Afterward, SLs were shown to play an important 

role in establishing arbuscular mycorrhizal (AM) symbiosis, by inducing fungal spore 

germination, hyphal branching and elongation, and hyphopodia formation (Fiorilli et al., 
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2019; Lanfranco et al., 2018), and to contribute to further interactions with 

microorganisms, including symbiotic rhizobia (Lanfranco et al., 2018). The role of SLs in 

establishing AM symbiosis explains their release by plants (Lanfranco et al., 2018) (Figure 

5.1).  

Characterization of high-branching/-tillering mutants in different species, including more 

axillary growth (max) in Arabidopsis, ramosus (rms) in pea, dwarf (d)/high-tillering dwarf 

(htd) in rice, and decreased apical dominance (dad) in petunia, unraveled the hormonal 

function of SLs (Jia et al., 2018; Al-Babili and Bouwmeester, 2015).  Indeed, SLs are a major 

regulator of plant architecture. This hormone inhibits axillary bud outgrowth through 

either an auxin-dependent or auxin-independent pathway (Al-Babili and Bouwmeester, 

2015; Beveridge, 2006; Sun et al., 2014), triggers internode elongation through induction 

of cell division instead of cell elongation (Rameau et al., 2019; Barbier et al., 2019; de 

Saint Germain et al., 2013), and regulates lateral root growth, root hair elongation, and 

adventitious root formation (Felemban et al., 2019). Moreover, SLs are a positive 

regulator of leaf and floral organ senescence and contribute to biotic and abiotic stress 

response (Al-Babili and Bouwmeester, 2015) (Figure 5.1).  

 

5.4.2. SL biosynthesis and signaling 

Natural SLs are characterized by a methylbutenolide ring (D-ring) linked by an enol ether 

bridge [(R)-configuration] to a tricyclic lactone (ABC-ring) in canonical SLs, including 

orobanchol-type (C-ring in α-orientation/down) and strigol-type SLs (C-ring in β-



200 
 

orientation/up), or to a different structure in non-canonical ones (Figure 5.4) (Jia et al., 

2018; Al-Babili and Bouwmeester, 2015). The biosynthesis of SLs starts with the D27-

catalyzed isomerization of all-trans-β-carotene into 9-cis-β-carotene that is cleaved by the 

carotenoid cleavage enzyme CCD7 to produce 9-cis-β-apo-10’-carotenal and β-ionone 

(Abuauf et al., 2018; Bruno et al., 2014). Next, CCD8 converts 9-cis-β-apo-10’-carotenal 

through a combination of reactions into the central intermediate carlactone (CL) (Figure 

5.4) that already contains the D-ring characteristic for SLs (Alder et al., 2012). CL 

biosynthesis is conserved in land plants, as shown for P. patens (Decker et al., 2017). CCD8 

enzymes can also produce a C3-hydroxylated CL, which might be a precursor of yet 

unidentified SLs, from the corresponding precursor (Baz et al., 2018). CL is transported 

into the cytosol where it is converted by CYP enzymes, in particular the Arabidopsis MORE 

AXILLARY GROWTH1 (MAX1) and its homologs that belong to the 711 clade (Jia et al., 

2018; Abe et al., 2014; Zhang et al., 2014) (Figure 5.4). MAX1 homologs can be classified 

into three types (A1, A2, and A3). Type A1 enzymes, including the Arabidopsis AtMAX1 

and its orthologues, convert CL into carlactonoic acid (CLA) (Yoneyama et al, 2018b). Type 

A2 enzymes, represented by the rice Os900, transform CL into the 4-deoxyorobanchol 

(4DO), which involves the generation of CLA and additional oxygenation followed by B/C 

lactone ring closure (Zhang et al., 2014). Enzymes of the CYP711A3 type, represented by 

the rice Os1400, conduct the hydroxylation of 4DO to produce orobanchol (Yoneyama et 

al., 2018b) (Figure 5.4). In Arabidopsis, CLA is converted by an unidentified 

methyltransferase ((Jia et al., 2018; Abe et al., 2014; Seto et al., 2014) (Figure 5.4) into 

methyl carlactonate (MeCLA) that was shown to be oxygenated in vitro by LATERAL 
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BRANCHING OXIDOREDUCTASE (LBO), an enzyme required for normal shoot branching in 

Arabidopsis and a member of the 2-oxoglutarate and Fe-(II)-dependent dioxygenase 

family, into unidentified product (Brewer et al., 2016). Recently, it was shown that 

members of the CYP722C clade from Solanum lycopersicum/Vigna unguiculata and 

Gossypium arboreum mediate the direct conversion of CLA into orobanchol and 5-

deoxystrigol, respectively (Wakabayashi et al., 2019, 2020) (Figure 5.4). 

 

Figure 5.4. SL biosynthesis. D27 isomerizes all-trans- to 9-cis-β-carotene that is cleaved 

by CCD7 to produce 9-cis-β-apo-10'-carotenal and β-ionone. Through a combination of 

reactions, CCD8 transforms 9-cis-β-apo-10'-carotenal to carlactone (CL). CL is further 

modified by cytochrome P450 enzymes to form different types of canonical, e.g. 4-

deoxyorobanchol, and non-canonical, e.g. carlactonoic acid, SLs. SL biosynthesis involves 

further enzymes, such as LBO and a methyl transferase. Abbreviations: MAX: MORE 

AXILLARY GROWTH; LBO, LATERAL BRANCHING OXIDOREDUCTASE; Os, Oryza sativa; Sl, 

Solanum lycopersicum; Vu, Vigna unguiculata; Ga, Gossypium arboreum; At, Arabidopsis 

thaliana. 
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Despite structural diversity, SLs are perceived by the same receptor, DWARF14 (D14), an 

α/β-hydrolase containing a conserved Ser-His-Asp catalytic triad (Blazquez et al., 2020). 

Following binding, D14 hydrolyzes the SL ligand into the D-ring that remains covalently 

bound to the catalytic His residue, forming a covalently linked receptor molecule (CLIM) 

and releasing the second moiety (Jiang et al., 2013). CLIM formation is accompanied by 

changing D14 conformation, which stimulates its interaction with MAX2/DWARF3 (D3), a 

component of Skp1/Cullin/F-box (SCF)-type E3 ubiquitin ligase (Jiang et al., 2013). The 

D14-SCFMAX2/D3 complex recruits a subset of transcription factors, such as the Arabidopsis 

SUPPRESSOR OF MAX2 1-LIKE (SMXL), and triggers their poly-ubiquitination and 

proteasomal degradation (Soundappan et al., 2015; Wang et al., 2015; Tal et al., 2020) 

(Figure 5.5).  Thus, the SL signaling cascade relies on regulated protein turnover through 

the ubiquitin-proteasome pathway, similar to auxin, jasmonic acid, and gibberellic acid 

(Blazquez et al., 2020; Tal et al., 2020) 
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Figure 5.5. Scheme of SL signaling. The receptor D14 binds and hydrolyzes SLs, forming 

a covalently linked receptor molecule (CLIM) that contains the SL D-ring (linked to the 

catalytic His-residue), and releasing the second SL moiety. These steps are accompanied 

by a conformational change of D14, which promotes the interaction with MAX2 and 

repressor proteins, e.g. the Arabidopsis SMXL or the rice D53. The recruitment into the 

SCF complex leads to polyubiquitination and proteasome-mediated degradation of 

repressor proteins. Abbreviations: MAX: more axillary growth. D14, DWARF14; SMXL, 

SUPPRESSOR OF MAX2 1-LIKE; D53, DWARF53. Created with ‘Biorender’. 

 

5.4.3. Evolution of SL biosynthesis and perception 

During the evolution, an ancestor of the enzyme D27, which is already present in some 

cyanobacteria, chlorophyte, and charophyte algae, encountered gene duplication and 

differentiation into three types, i.e. D27, D27-like1 (D27L1) and D27-like2 (D27L2) (Lin et 

al., 2009; Walker et al., 2019; Bonhomme et al., 2019). Phylogenetic analyses of D27, 
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D27L1, and D27L2 sequences from major land plant groups, charophyte algae, and 

appropriate chlorophyte algae demonstrated that duplication of the ancestral D27L1 

lineage at the basal land plants gave rise to D27 that represents a neo-functional lineage 

in embryophytes (Walker et al., 2019). CCD7 homologs are also already present in algae. 

However, sequence and substrate specificity of algal and land plants’ CCD7 are 

presumably quite different. Indeed, the essential amino acids for substrate specificity are 

absent or inconsistent in algal CCD7s (Delaux et al., 2012). Nevertheless, phylogenetic 

analysis of CCD7-like sequences from chlorophytes, charophytes, and major land plants 

did not reveal significant gene duplications (Walker et al., 2019). Phylogenetic analysis of 

CCD8 and CCD8-like sequences from major land plants and chlorophyte algae 

demonstrated that CCD8 is ancestral in terrestrial plants (Delaux et al., 2012).  The moss 

P. patens ccd8 mutant, which showed striking phenotypes, such as more caulonema 

filament branching, is the first genetic evidence for the production of a strigolactone-like 

compound in bryophytes (Bonhomme et al., 2019; Proust et al., 2011). Ppccd8 

phenotypes were restored by a synthetic SL analog rac-GR24 and by complementation 

with pea CCD8, identifying PpCCD8 as the functional orthologue of CCD8 from the land 

plants (Bonhomme et al., 2019; Proust et al., 2011).  This conclusion was confirmed by 

the in vitro study of P. patens CCD8 enzymatic activity (Decker et al., 2017). 

Similar to CCD7 and CCD8, MAX1 is present in a single copy in most of the species, 

indicating a low frequency of gene duplication during evolution (Bonhomme et al., 2019). 

While P. patens and M. polymorpha genomes do not encode any CYP711 enzyme, most 

of the other mosses and liverworts possess MAX1 mainly as a single copy gene 
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(Bonhomme et al., 2019; Werck-Reichhart et al., 2000). Unlike the other SL biosynthesis 

genes, LBO may have originated from gene duplication in the ancestral proto-LBO lineage 

at the base of spermatophytes, leading to separation of Related to Strigolactone Synthesis 

(RSS) and LBO clades, which appear in both angiosperms and gymnosperms (Walker et 

al., 2019). The phylogenetic studies, which suggest that SL biosynthesis enzymes are 

ancestral in land plants, support the hypothesis that SL production is specific to terrestrial 

plants (Delaux et al., 2012). 

The core SL signaling pathway shares high similarity and common components with that 

of karrikins, smoke derived compounds that mimic a yet unidentified plant signaling 

molecule and trigger seed germination in non-parasitic plants (Flematti et al., 2004). 

Indeed, the karrikin receptor, KARRIKIN-INSENSITIVE2 (KAI2)/HYPOSENSITIVE TO LIGHT 

(HTL)/D14-LIKE (D14L), is a close homolog of D14 (Waters et al., 2012; Bythell-Douglas et 

al., 2013). Interestingly, KAI2 is present among all the land plants, including bryophytes, 

while true D14 is absent in mosses and liverworts (Bonhomme et al., 2019; Delaux et al., 

2012).  This suggests that the emergence of D14 in seed plants maybe a result of gene 

duplication of KAI2 during the evolution of land plants (Bonhomme et al., 2019; Blazquez 

et al., 2020). KAI2 contains the conserved α/β-hydrolase catalytic triad (Waters et al., 

2015) and a lid domain, responsible for its interaction with MAX2 (Jiang et al., 2013). 

Interestingly, both kai2 and max2 mutants show some identical phenotypes, including 

increased seed dormancy and lower light sensitivity (Nelson et al., 2011). Furthermore, it 

has been reported that KAI2 is essential for the establishment of AM symbiosis in rice 

(Gutjahr et al., 2015). These findings suggest that the D14-dependent signal transduction 
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is likely derived from the karrikin signaling pathway, which is supported by the presence 

of KAI2-LIKE genes in charophytes (Delaux et al., 2012; Bythell-Douglas et al., 2017). 

Indeed, MAX2 is present – as a single-copy gene – across more than 50 species of land 

plants and charophyte algae (Bythell-Douglas et al., 2017). On the contrary, SMXL 

proteins, the proteolytic target of SL and karrikin response, show more diversification and 

high complexity in the seed plant lineage (Walker et al., 2019). Most of the non-seed 

plants, including liverworts, mosses, hornworts, lycophytes, and monilophytes, possess 

one SMXL clade most closely to SMXL1, while gymnosperms and angiosperms contain two 

or four distinct clades of SMXL proteins, respectively (Walker et al., 2019). The two, 

distinct gymnosperm SMXL clades show around 50% identity with SMXL proteins from 

non-seed plants, indicating equal conservation of the ancestral SMXL sequence in both of 

them (Walker et al., 2019). In contrast, the four angiosperm SMXL clades show more 

diversity among each other (Walker et al., 2019). Further duplication at the base of 

eudicots gave rise to two further sub-clades: SMXL78, including AtSMXL7/OsD53 and 

SMXL8, and SMXL39, including SMXL3 and SMXL9, leading to the basal set of six SMXL 

proteins in eudicots (Walker et al., 2019). The late occurrence of SMXL7/D53 protein 

corroborates the late origin of canonical SL signaling, particularly in angiosperms, which 

supports the independent origin of SL perception in mosses (Walker et al., 2019). 

 

5.5. Novel apocarotenoid signaling molecules 

5.5.1. Zaxinone, a candidate for a novel plant hormone 
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The biosynthesis of ABA and SLs demonstrates the importance of CCD enzymes and their 

role in plant responses to environmental and developmental stimuli. Recently, Wang et 

al. conducted a comprehensive survey of CCD genes from 69 plant genomes from mosses, 

ferns to seed plants, which unraveled a new subfamily common in plant species. In in vitro 

studies, a rice representative of this subfamily produced the C18 ketone 3-OH-β-apo-13-

carotenone (apo-13-zeaxanthinal) from 3-OH-β-apo-10′ -carotenal. The product and the 

enzyme were designated as zaxinone and ZAXINONE SYNTHASE (ZAS), respectively (Wang 

et al. 2019) (Figure 5.1). ZAS orthologues are widely conserved in land plants, distributed 

in a taxon-dependent manner. Rice and other cereals contain two sub-clusters, indicating 

that ZAS may have acquired a new function in Poaceae (Delaux et al., 2017; Wang et al. 

2019) Interestingly, ZAS orthologues are absent in non-mycorrhizal species, such as 

Brassicales species, including Arabidopsis and Camelina sativa (Wang et al. 2019). 

Although the loss of AM symbiosis apparently occurred independently in a wide range of 

plant taxa (Wang et al. 2019), the disappearance of ZAS from their genomes might be a 

common feature of this evolutionary event. Indeed, a Tos17-insertion zas mutant showed 

decreased mycorrhization, retarded growth, less root zaxinone content, and higher SL 

content and release (Wang et al. 2019), which indicates an essential role of zaxinone and 

ZAS in plant growth, development, biotic interactions and SL homeostasis (Figure 5.1). 

Accordingly, exogenous application of zaxinone restored several phenotypes of zas 

mutant, promoted root growth in wild-type seedlings, and decreased SL biosynthesis by 

reducing transcript levels of SL biosynthetic genes (Wang et al. 2019). Zaxinone is a 

common plant metabolite occurring also in plants lacking ZAS genes (Wang et al. 2019; ). 
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Interestingly, zaxinone is also a regulatory metabolite in Arabidopsis; however, it 

promotes there SL and ABA biosynthesis, in contrast to its activity in rice (Ablazov et al., 

2020). Indeed, we are at the very beginning of understanding the biology of zaxinone that 

may be a new carotenoid-derived plant hormone or a precursor thereof.  

 

5.5.2. β-cyclocitral, a novel abiotic stress signal and growth regulator 

β-cyclocitral (C10) is a volatile originating from β-carotene either through singlet oxygen 

1O2 attack in photosynthetic tissues or by lipooxygenases, which utilize carotenoids as co-

substrates during fatty acid oxidation, and some CCD enzymes, such as CCD4b in citrus 

fruits (Rodrigo et al., 2013; Gao et al., 2019; Hayward et al., 2017; Ramel et al., 2012) 

(Figure 5.1). The formation of cyclocitral in plastids by 1O2 makes it a suitable candidate 

for sensing high-light/oxidative stress and communicating it to the nucleus. Indeed, β-

cyclocitral acts in Arabidopsis as a retrograde signal modulating the transcription of 1O2-

regulated genes, via a small zinc finger protein called METHYLENE BLUE SENSITIVITY, 

which enables acclimation to photo-oxidative stress (Havaux, 2014; Shumbe et al., 2017; 

Ramel et al., 2012). Very recently, it has been shown that the conversion of β-cyclocitral 

into β-cyclocitric acid, a reaction that occurs spontaneously in water, is an initial step in 

β-cyclocitral signaling and that exogenous application of β-cyclocitric acid triggers the 

expression of β-cyclocitral induced and 1O2-regulated genes (D'Alessandro et al., 2019).  

Moreover, β-cyclocitric acid application promoted the expression of several water stress-

responsive genes under sufficient water supply and increased Arabidopsis tolerance to 
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drought, indicating a potential for application in agriculture (D'Alessandro et al., 2019). 

However, the mechanism underlying this effect is still elusive. Interestingly, β-cyclocitral 

acts also as a growth regulator, increasing root growth and branching by promoting stem 

cell divisions. It can be speculated that the growth-regulating activity of β-cyclocitral is 

linked to its general function in abiotic stress response. Supporting this hypothesis, the 

exogenous application of β-cyclocitral under high-salinity conditions increased shoot and 

root growth in plants (Dickinson et al., 2019). 

5.5.3. Anchorene, a representative of overlooked diapocarotenoid 

signaling molecules? 

Carotenoids can be repeatedly cleaved at different double bonds, which generates 

dialdehyde products (diapocarotenoids) (Ilg et al., 2014; Scherzinger et al., 2006). 

However, instability and low abundance impeded the exploration of possible regulatory 

functions of diapocarotenoids that have been mainly studied as precursors of natural 

pigments, such as crocin in saffron stigma (Frusciante et al., 2014). Recently, screening 

for bioactive, presumably carotenoid-derived dialdehydes, using synthetic compounds 

and under controlled light conditions that increase diapocarotenoid stability, revealed a 

C10-dialdehyde, anchorene, as a specific regulator of the growth of anchor roots in 

Arabidopsis (Jia et al., 2019). Anchor roots are a less investigated type of Arabidopsis 

secondary roots that emerge in the collet region located at the root hypocotyl junction 

(Jia et al., 2019) (Figure 5.1). Confirming its specificity, modifications of anchorene 

structure significantly diminished the ability to induce anchor root formation. Thus, the 
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application of iso-anchorene, a structural isomer of anchorene, which differs in the 

position of a methyl group, led to a significant decrease of primary root growth and a 

slightly increase in anchor root formation (unpublished data). Mutant and chemical 

inhibitor studies demonstrated that carotenoid biosynthesis is required for anchor root 

growth and that anchorene can replace this pathway in exerting this function (Jia et al., 

2019). Although the biosynthesis of anchorene is still elusive, LC-MS analysis confirmed 

its being a natural metabolite and indicated its carotenogenic origin (Jia et al., 2019). 

Studies employing auxin reporter lines and an auxin transport inhibitor, together with 

transcriptome analysis, demonstrated that anchorene promotes anchor root formation 

by altering auxin homeostasis (Jia et al., 2019). Interestingly, anchor root formation as 

well as anchorene content increase under nitrogen deficiency (Jia et al., 2019), indicating 

a role in the regulation of nitrogen uptake in Arabidopsis. The discovery of anchorene 

demonstrates that diapocarotenoids may also have growth regulatory functions, similar 

to their apocarotenoid counterparts. 

Conclusion and Future Perspective  

The carotenoid biosynthesis pathway is an essential source of signaling molecules and 

hormones involved in virtually all aspects of the plant’s life. These metabolites arise 

through a common metabolic process, i.e. oxidative cleavage of carotenoids, which yields 

apocarotenoids. Further conversion of the primary cleavage products increases the 

structural and functional diversity of this class of compounds. Non-enzymatic formation 

of apocarotenoids, which accompanies photosynthesis, may explain why they were 
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recruited as signaling molecules and modified them later to hormones with the 

corresponding perception and signal transduction machinery. Recently discovered 

apocarotenoid signaling molecules/hormone candidates will unravel overlooked aspects 

in plant development, resilience, and biotic interactions, emphasizing the importance of 

apocarotenoids for basic and applied plant science.  
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Chapter 6 Concluding remarks 

Apocarotenoids, formed by plant Carotenoid Cleavage Dioxygenases (CCDs), are an 

exciting class of secondary metabolites whose biochemical functions and physiological 

roles remain largely unclear. In Chapter 2, we have identified ZAXINONE SYNTHASE (ZAS), 

a rice representative of a novel CCD subfamily in the land plant lineage. In vitro studies 

showed that this rice enzyme produces a novel apocarotenoid metabolite designated as 

zaxinone. Exogenous application of zaxinone to wild-type rice seedlings led to a striking 

increase in root growth and development. The loss-of-function mutant zas contained less 

zaxinone in root tissues, exhibited a lower level of arbuscular mycorrhizal (AM) symbiosis, 

and showed retarded growth accompanied by elevated levels of strigolactones (SLs) in 

roots and root exudates. To confirm that phenotypes observed in zas mutant are caused 

by zaxinone deficiency, we performed rescue experiments by applying exogenous 

zaxinone in hydroponic and rhizotron systems. Indeed, zaxinone treatment 

restored zas root phenotypes, reduced SL biosynthesis and release. Studies with SL 

biosynthesis and perception mutants indicate that zaxinone regulates SL biosynthesis at 

transcript level and that the growth-promoting effect of zaxinones requires a functional 

SL biosynthesis and perception. These data allow the speculation that zaxinone is a novel 

phytohormone, which regulates rice development and control interspecific interactions, 

or a precursor thereof. Future research is required to confirm this hypothesis and to 

understand how zaxinone regulates SL biosynthesis and AM symbiosis.  
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To understand the root growth-promoting effect of zaxinone in rice seedlings, we 

determined changes at metabolomics, transcriptomic, and cellular levels, which occur at 

different time points after exogenous application of zaxinone (chapter 3). The detection 

of glycolysis- and TCA cycle- metabolite accumulation in rice root and shoot tissues 

demonstrated that zaxinone treatment significantly increased sugar metabolism, which 

provides the energy and building blocks required for plant growth and development. This 

effect was coupled with increased photosynthetic activity and starch accumulation in 

roots, which could mirror an increase in source and sink capacity of treated rice seedlings. 

In line with the metabolite quantification, RNA-Seq analysis revealed that zaxinone 

promotes several sugar metabolic pathways. In addition, zaxinone also modulated 

cytokinins pattern and up-regulated the transcript level of CYTOKININ-

GLUCOSYLTRANSFERASES, which could explain the increased number of cells, cortex 

diameters, and meristem activity in roots. Interestingly, zaxinone treatment did not alter 

the sugar metabolism in SL biosynthetic mutant d17, suggesting a role of SL in zaxinone-

depndent regulation of sugar metabolism. It can be assumed that the regulatory function 

of zaxinone is not confined to sugar metabolism and SL biosynthesis; indeed, we detected 

several highly induced genes upon zaxinone treatment, including different Cytochrome 

P450s (CYP450s), ATP-binding cassette transporters (ABC transporters), Receptor-like 

protein kinase and transcription fators, which may also exert important biological 

functions in planta.  
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To explore the potential of zaxinone in agricultural applications and to make research on 

its biology accessible to the scientific community, we developed and characterized highly 

efficient zaxinone-mimics (MiZax) described in chapter 4. For this purpose, we performed 

a structure-activity relationship study with zaxinone-like apocarotenoids and evaluated 

their activity based on SL content quantified LC-MS/MS. The obtained results were 

employed - together with published strategies on the development of mimics of 

isoprenoid bioactives - to develop a set of easy-to-synthesize MiZax with the potential to 

act as zaxinone. Activity tests identified two highly efficient mimics of zaxinone (MiZax3 

and MiZax5), which exerted zaxinone activity by remarkably promoting root growth and 

development in wild-type rice seedlings, restoring growth retardation of zas mutant, and 

lowering SL level in both WT and zas backgrounds. Treatment with MiZax also caused a 

significant decrease in the infestation of the root parasitic plant Striga under greenhouse 

conditions. Taken together, MiZax have significant agricultural application potentials as 

growth-promoting compounds and are a promising tool to combat root parasitic weeds. 

In addition, and not less important, MiZax are expected to pave the way for a better 

understanding of zaxinone biology and plant development in general.  

Finally, we discussed briefly the function and revolution of apocarotenoid molecules in 

chapter 5, which recaptures the biological importance of these metabolites, especially 

recently discovered apocarotenoid signaling molecules, for different aspects of plant 

biology. Indeed, there is still a lot to be discovered in the field of this intriguing class of 

these secondary metabolites.  
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APPENDICES 

Appendix 1. DEGs of root 

2 hr FDR   6 hr FDR   24 hr FDR 

loc_os01g53294.1 0.050   loc_os01g07720.4 0.050   loc_os01g51490.1 0.050 

loc_os08g09800.1 0.049   loc_os01g11570.1 0.050   loc_os06g49750.1 0.050 

loc_os06g42000.1 0.049   loc_os01g55260.1 0.050   loc_os04g31410.1 0.049 

loc_os08g26870.1 0.048   loc_os05g14310.1 0.050   loc_os01g05830.1 0.049 

loc_os07g46350.1 0.047   loc_os07g04020.1 0.050   loc_os11g31090.1 0.049 

loc_os10g42430.1 0.047   loc_os09g28660.1 0.050   loc_os01g65950.1 0.049 

loc_os04g42570.1 0.047   loc_os01g13690.1 0.050   loc_os08g04210.1 0.049 

loc_os09g25700.1 0.046   loc_os05g32980.1 0.050   loc_os10g30010.1 0.049 

loc_os10g38740.1 0.046   loc_os09g25710.1 0.050   loc_os12g31520.1 0.047 

loc_os04g33990.1 0.046   loc_os07g08330.1 0.050   loc_os08g42268.1 0.047 

loc_os01g67030.1 0.046   loc_os08g14200.1 0.050   loc_os02g42280.1 0.046 

loc_os05g42220.1 0.045   loc_os06g01870.1 0.050   loc_os10g26390.1 0.046 

loc_os06g01920.1 0.044   loc_os05g01530.1 0.050   loc_os01g06560.1 0.045 

loc_os12g32544.1 0.044   loc_os08g05830.1 0.049   loc_os04g34410.1 0.045 

loc_os05g08620.1 0.043   loc_os03g43720.2 0.049   loc_os01g50420.1 0.045 

loc_os02g35530.1 0.042   loc_os11g05562.1 0.049   loc_os02g09850.1 0.045 

loc_os12g28770.1 0.042   loc_os02g56850.1 0.049   loc_os04g30410.1 0.045 

loc_os03g19180.1 0.041   loc_os11g47820.1 0.049   loc_os01g05150.1 0.043 

loc_os03g26930.1 0.041   loc_os04g39700.1 0.049   loc_os01g71624.5 0.043 

loc_os03g04660.1 0.041   loc_os01g64100.1 0.049   loc_os01g42410.1 0.043 

loc_os12g37060.1 0.040   loc_os01g70500.1 0.049   loc_os01g63540.1 0.043 

loc_os03g01740.1 0.040   loc_os04g34610.1 0.049   loc_os08g04400.1 0.043 

loc_os03g55210.1 0.040   loc_os11g15340.2 0.049   loc_os01g62420.1 0.043 

loc_os04g52890.1 0.040   loc_os01g02880.1 0.049   loc_os08g03020.1 0.043 

loc_os04g52190.1 0.039   loc_os03g16080.1 0.049   loc_os04g44530.1 0.043 

loc_os07g03200.1 0.039   loc_os05g48210.1 0.048   loc_os06g47850.1 0.043 

loc_os03g08330.1 0.038   loc_os01g34480.1 0.048   loc_os09g19710.1 0.043 

loc_os10g39300.1 0.038   loc_os09g21510.1 0.048   loc_os01g06660.1 0.042 

loc_os06g32160.1 0.038   loc_os04g17100.1 0.048   loc_os06g08640.1 0.042 

loc_os05g21180.1 0.038   loc_os01g51020.1 0.048   loc_os03g29770.1 0.042 

loc_os03g56810.1 0.038   loc_os03g12900.3 0.048   loc_os03g52239.1 0.042 

loc_os02g26014.1 0.038   loc_os01g73160.1 0.048   loc_os05g33430.1 0.042 

loc_os05g38390.1 0.038   loc_os06g02560.3 0.048   loc_os03g63700.1 0.042 

loc_os12g07150.1 0.037   loc_os12g05860.1 0.048   loc_os03g40540.1 0.041 
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loc_os06g05990.1 0.037   loc_os02g52490.2 0.048   loc_os02g06560.1 0.041 

loc_os02g07690.1 0.036   loc_os05g19600.1 0.048   loc_os02g56820.1 0.040 

loc_os02g54130.1 0.036   loc_os09g23560.1 0.047   loc_os10g37400.1 0.040 

loc_os05g30020.1 0.036   loc_os04g31120.3 0.047   loc_os11g08210.1 0.040 

loc_os07g44180.1 0.036   loc_os02g53420.1 0.047   loc_os05g49290.2 0.040 

loc_os06g02390.1 0.036   loc_os11g06234.1 0.047   loc_os07g40870.1 0.039 

loc_os10g11730.1 0.036   loc_os03g61960.1 0.047   loc_os04g54210.1 0.038 

loc_os12g37939.1 0.035   loc_os02g41904.1 0.047   loc_os06g34840.1 0.038 

loc_os06g11450.1 0.035   loc_os02g53490.1 0.047   loc_os01g64570.1 0.038 

loc_os01g09700.1 0.035   loc_os02g01100.2 0.047   loc_os03g53360.1 0.037 

loc_os12g07800.1 0.034   loc_os02g16500.1 0.047   loc_os01g06580.1 0.037 

loc_os12g07580.1 0.034   loc_os12g32986.1 0.047   loc_os05g32150.1 0.036 

loc_os08g12840.1 0.034   loc_os04g54830.1 0.047   loc_os07g44410.1 0.036 

loc_os09g33960.1 0.033   loc_os03g19390.1 0.046   loc_os01g32770.1 0.036 

loc_os01g70820.1 0.033   loc_os04g52361.1 0.046   loc_os02g58210.1 0.035 

loc_os03g45290.1 0.033   loc_os03g12270.1 0.046   loc_os01g49830.1 0.035 

loc_os04g44910.1 0.033   loc_os03g08860.1 0.046   loc_os02g11790.1 0.035 

loc_os01g71310.1 0.032   loc_os10g21810.2 0.046   loc_os05g44770.1 0.034 

loc_os05g02060.1 0.032   loc_os03g18740.1 0.046   loc_os05g45100.1 0.034 

loc_os06g50940.1 0.032   loc_os08g23810.1 0.046   loc_os03g16610.1 0.034 

loc_os11g05740.1 0.031   loc_os11g28530.2 0.046   loc_os10g28080.1 0.034 

loc_os05g45840.1 0.031   loc_os11g35450.1 0.046   loc_os10g25170.1 0.034 

loc_os03g59100.1 0.030   loc_os03g52690.3 0.045   loc_os01g14590.1 0.034 

loc_os11g04830.1 0.030   loc_os06g04020.1 0.045   loc_os01g67310.1 0.034 

loc_os02g03280.2 0.029   loc_os05g41910.1 0.045   loc_os01g42690.1 0.033 

loc_os08g09080.2 0.029   loc_os07g27850.1 0.045   loc_os12g05050.1 0.033 

loc_os05g45980.1 0.029   loc_os12g03880.1 0.045   loc_os10g38150.1 0.032 

loc_os01g06310.1 0.028   loc_os02g14929.1 0.044   loc_os05g18090.1 0.032 

loc_os06g45430.1 0.028   loc_os12g42850.1 0.044   loc_os02g11870.1 0.032 

loc_os02g42310.1 0.028   loc_os08g42410.1 0.044   loc_os02g12380.1 0.032 

loc_os06g22654.1 0.028   loc_os12g31860.1 0.044   loc_os12g32760.1 0.032 

loc_os03g53930.1 0.027   loc_os12g07010.1 0.044   loc_os09g02180.1 0.032 

loc_os01g67010.1 0.027   loc_os04g41350.1 0.044   loc_os01g33869.1 0.032 

loc_os07g30010.1 0.027   loc_os08g43190.2 0.044   loc_os10g10030.1 0.032 

loc_os06g34070.1 0.027   loc_os03g50885.1 0.044   loc_os04g01890.1 0.031 

loc_os05g40010.1 0.027   loc_os01g72910.1 0.044   loc_os01g67010.1 0.031 

loc_os01g74350.1 0.027   loc_os01g51310.1 0.044   loc_os05g42250.1 0.031 

loc_os11g03860.1 0.027   loc_os01g25030.1 0.044   loc_os06g39390.1 0.031 

loc_os01g36550.1 0.026   loc_os03g27090.1 0.044   loc_os09g27510.1 0.031 

loc_os01g06660.1 0.026   loc_os10g42110.1 0.044   loc_os02g06120.1 0.031 

loc_os10g33650.1 0.026   loc_os04g36740.1 0.044   loc_os04g47700.1 0.031 

loc_os08g37250.1 0.026   loc_os10g06140.1 0.043   loc_os09g15500.1 0.031 

loc_os03g18560.1 0.026   loc_os08g44380.1 0.043   loc_os03g49524.1 0.031 

loc_os03g60760.1 0.025   loc_os09g38020.1 0.043   loc_os05g45070.1 0.029 
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loc_os12g37840.1 0.025   loc_os04g37680.1 0.043   loc_os05g44922.1 0.029 

loc_os01g62970.2 0.025   loc_os12g40560.1 0.043   loc_os01g65700.1 0.029 

loc_os08g33460.1 0.025   loc_os01g63180.1 0.043   loc_os06g06850.1 0.029 

loc_os05g44270.1 0.025   loc_os06g44270.1 0.043   loc_os07g31960.1 0.029 

loc_os04g03050.1 0.025   loc_os05g20100.1 0.043   loc_os08g43810.1 0.029 

loc_os05g24140.1 0.025   loc_os05g36320.1 0.043   loc_os02g43330.1 0.029 

loc_os12g08900.1 0.024   loc_os03g18570.1 0.042   loc_os03g03200.2 0.029 

loc_os05g39540.1 0.024   loc_os03g42600.1 0.042   loc_os10g03390.1 0.029 

loc_os01g72680.1 0.023   loc_os06g42660.1 0.042   loc_os10g07450.2 0.029 

loc_os05g35290.1 0.023   loc_os05g02410.1 0.042   loc_os07g04940.1 0.029 

loc_os11g31540.1 0.023   loc_os07g33610.2 0.042   loc_os10g07400.2 0.029 

loc_os05g38530.1 0.023   loc_os01g23580.1 0.042   loc_os10g10130.1 0.028 

loc_os01g62260.1 0.023   loc_os02g36414.1 0.042   loc_os01g02010.1 0.027 

loc_os09g27010.1 0.022   loc_os04g11820.1 0.042   loc_os01g22980.1 0.027 

loc_os11g08380.1 0.022   loc_os05g30530.1 0.042   loc_os03g58890.2 0.026 

loc_os06g02370.1 0.022   loc_os08g44370.1 0.042   loc_os06g04990.1 0.026 

loc_os06g41780.2 0.022   loc_os03g63760.1 0.042   loc_os08g43200.1 0.026 

loc_os08g36570.1 0.021   loc_os04g33390.1 0.042   loc_os07g47790.2 0.026 

loc_os02g30190.1 0.021   loc_os03g22730.1 0.042   loc_os06g05990.1 0.026 

loc_os04g46440.1 0.021   loc_os01g71080.1 0.042   loc_os04g54300.1 0.026 

loc_os12g24320.1 0.021   loc_os10g42030.1 0.042   loc_os08g42440.1 0.026 

loc_os01g04590.1 0.021   loc_os01g47730.1 0.041   loc_os08g43900.1 0.026 

loc_os01g08320.1 0.021   loc_os01g08170.1 0.041   loc_os06g05420.1 0.025 

loc_os03g11060.1 0.021   loc_os04g37490.1 0.041   loc_os08g43490.1 0.024 

loc_os05g41380.1 0.021   loc_os05g07980.1 0.041   loc_os10g38340.1 0.024 

loc_os06g42130.1 0.021   loc_os05g11120.1 0.041   loc_os11g31940.1 0.023 

loc_os01g42410.1 0.020   loc_os12g42230.1 0.041   ChrSy.fgenesh.mRNA.47 0.022 

loc_os02g03900.1 0.020   loc_os01g61814.1 0.041   loc_os03g39850.1 0.021 

loc_os01g01080.1 0.020   loc_os04g46480.1 0.041   loc_os02g50710.1 0.021 

loc_os07g26720.2 0.020   loc_os03g63540.1 0.041   loc_os03g55776.1 0.021 

loc_os11g46200.1 0.019   loc_os04g40950.1 0.041   loc_os06g42130.1 0.021 

loc_os05g25890.1 0.019   loc_os02g01930.1 0.041   loc_os02g33060.2 0.021 

loc_os10g38189.1 0.019   loc_os03g55050.1 0.041   loc_os05g51670.1 0.021 

loc_os02g07110.1 0.018   loc_os06g35730.1 0.041   loc_os01g43710.1 0.020 

loc_os03g11540.1 0.018   loc_os08g37432.1 0.040   loc_os07g40860.1 0.020 

loc_os09g12650.1 0.018   loc_os02g47130.1 0.040   loc_os09g35030.1 0.020 

loc_os07g36170.1 0.018   loc_os10g33460.1 0.040   loc_os05g02240.1 0.019 

loc_os02g57440.1 0.017   loc_os03g15920.1 0.040   loc_os02g14810.1 0.019 

loc_os07g39940.1 0.017   loc_os02g51890.1 0.040   loc_os10g39920.1 0.019 

loc_os04g58860.1 0.017   loc_os09g32570.1 0.040   loc_os09g22000.1 0.019 

loc_os01g41240.1 0.016   loc_os12g32390.1 0.040   loc_os06g05010.1 0.018 

loc_os07g42200.1 0.016   loc_os11g45130.1 0.040   loc_os02g55610.1 0.018 

loc_os09g25460.1 0.016   loc_os01g60230.1 0.040   loc_os08g33300.1 0.018 

loc_os10g21460.1 0.016   loc_os05g01570.1 0.040   loc_os05g07060.1 0.018 
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loc_os01g50840.1 0.016   loc_os08g06540.1 0.040   loc_os11g40400.1 0.018 

loc_os11g01530.1 0.016   loc_os03g52390.1 0.040   loc_os03g08460.1 0.018 

loc_os04g29960.1 0.016   loc_os06g06930.1 0.040   loc_os04g44120.1 0.018 

loc_os11g15180.1 0.016   loc_os01g53294.1 0.039   loc_os07g37280.1 0.018 

loc_os05g42190.1 0.015   loc_os04g32110.1 0.039   loc_os02g28170.1 0.017 

loc_os07g09010.1 0.015   loc_os05g45700.1 0.039   loc_os08g31630.1 0.017 

loc_os03g12110.1 0.014   loc_os10g33810.1 0.039   loc_os01g58270.1 0.017 

loc_os10g01290.1 0.014   loc_os05g47790.1 0.039   loc_os07g39720.1 0.017 

loc_os03g36650.1 0.013   loc_os06g43090.1 0.039   loc_os10g34480.1 0.017 

loc_os04g42720.1 0.013   loc_os03g57580.1 0.039   loc_os10g30150.1 0.017 

loc_os07g05880.1 0.013   loc_os12g05580.1 0.039   loc_os07g11050.1 0.016 

loc_os04g38390.1 0.013   loc_os06g21140.1 0.039   loc_os01g41240.1 0.016 

loc_os05g45230.1 0.013   loc_os01g63460.1 0.039   loc_os04g56110.1 0.016 

loc_os06g38510.2 0.013   loc_os01g63470.1 0.039   loc_os01g08440.1 0.016 

loc_os05g49770.1 0.012   loc_os01g57270.2 0.039   loc_os01g11500.1 0.016 

loc_os04g48130.1 0.012   loc_os08g44230.1 0.039   loc_os11g47580.1 0.016 

loc_os07g08390.2 0.012   loc_os03g52370.1 0.039   loc_os06g37590.1 0.015 

loc_os03g42830.1 0.012   loc_os05g45710.1 0.039   loc_os11g04290.1 0.015 

loc_os11g46210.1 0.012   loc_os01g03760.1 0.039   loc_os01g11054.1 0.015 

loc_os05g11120.1 0.011   loc_os01g66970.1 0.039   loc_os02g50300.1 0.015 

loc_os01g61440.1 0.011   loc_os05g37170.4 0.039   loc_os03g38800.1 0.015 

loc_os10g39320.1 0.010   loc_os06g50480.1 0.039   loc_os05g35930.1 0.015 

loc_os02g50730.1 0.010   loc_os02g45310.1 0.038   loc_os11g24340.1 0.015 

loc_os12g36220.1 0.010   loc_os02g54570.1 0.038   loc_os05g50250.1 0.015 

loc_os01g31870.1 0.010   loc_os02g07870.1 0.038   loc_os12g42200.1 0.015 

loc_os03g21710.1 0.010   loc_os02g09610.1 0.038   loc_os03g60080.1 0.015 

loc_os12g41510.1 0.010   loc_os10g40934.9 0.038   loc_os04g52130.1 0.015 

loc_os02g40110.1 0.010   loc_os01g57730.1 0.038   loc_os03g06200.1 0.015 

loc_os09g36810.1 0.009   loc_os02g29500.1 0.038   loc_os05g42080.1 0.015 

loc_os06g21920.1 0.009   loc_os04g33070.1 0.038   loc_os06g11290.1 0.014 

loc_os02g44610.1 0.009   loc_os12g31540.1 0.038   loc_os10g36670.1 0.014 

loc_os04g57720.1 0.009   loc_os03g22490.1 0.038   loc_os08g43930.1 0.014 

loc_os05g48740.1 0.009   loc_os12g05110.1 0.038   loc_os10g38860.1 0.014 

loc_os08g40790.1 0.009   loc_os04g28250.1 0.038   loc_os03g01880.1 0.014 

loc_os08g16480.1 0.009   loc_os08g07690.1 0.038   loc_os12g26510.1 0.014 

loc_os06g10850.1 0.008   loc_os01g47200.1 0.038   loc_os01g69070.1 0.013 

loc_os08g01100.1 0.008   loc_os06g39370.1 0.038   loc_os03g43770.1 0.013 

loc_os11g34110.1 0.008   loc_os07g47760.1 0.038   loc_os05g05820.1 0.013 

loc_os06g09660.1 0.008   loc_os01g15970.1 0.038   loc_os01g07730.1 0.013 

loc_os02g47780.1 0.007   loc_os09g39500.1 0.038   loc_os10g31620.1 0.013 

loc_os05g29000.1 0.007   loc_os07g41360.1 0.037   loc_os01g22590.1 0.013 

loc_os01g07300.1 0.007   loc_os02g39330.1 0.037   loc_os04g52800.1 0.013 

loc_os04g56920.1 0.007   loc_os03g05910.1 0.037   loc_os12g04100.1 0.012 

loc_os02g38140.2 0.007   loc_os03g22620.1 0.037   loc_os04g40730.1 0.012 
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loc_os01g18970.1 0.007   loc_os03g35849.1 0.037   loc_os06g11130.1 0.012 

loc_os06g42660.1 0.006   loc_os06g41700.1 0.037   loc_os09g29310.1 0.012 

loc_os11g14190.1 0.006   loc_os01g68460.1 0.037   loc_os03g18220.1 0.012 

loc_os02g57400.1 0.006   loc_os01g21870.1 0.037   loc_os07g12340.1 0.012 

loc_os06g14240.1 0.006   loc_os04g59450.1 0.037   loc_os06g13720.1 0.012 

loc_os09g15500.1 0.005   loc_os06g21690.1 0.037   loc_os01g12464.1 0.012 

loc_os11g46860.1 0.005   loc_os08g01150.1 0.037   loc_os05g33320.1 0.012 

loc_os01g07780.1 0.005   loc_os12g39980.1 0.037   loc_os10g30450.1 0.012 

loc_os05g03920.1 0.005   loc_os09g20024.1 0.037   loc_os10g36020.1 0.012 

loc_os09g37120.1 0.005   loc_os10g20260.1 0.037   loc_os10g18760.1 0.012 

loc_os10g38780.1 0.005   loc_os08g43640.1 0.037   loc_os03g08930.1 0.011 

loc_os02g53250.1 0.005   loc_os05g01262.2 0.037   loc_os01g50070.1 0.011 

loc_os03g47034.1 0.005   loc_os02g17620.1 0.037   loc_os03g20970.2 0.011 

loc_os05g45110.1 0.005   loc_os04g41860.1 0.037   loc_os01g67860.1 0.011 

loc_os09g29820.1 0.005   loc_os06g50950.1 0.037   loc_os09g25090.1 0.011 

loc_os02g08400.1 0.005   loc_os10g41820.2 0.036   loc_os02g15000.1 0.011 

loc_os07g44480.1 0.005   loc_os07g02880.1 0.036   loc_os04g52720.1 0.011 

loc_os09g39080.1 0.005   loc_os04g44320.1 0.036   loc_os05g45090.1 0.011 

loc_os07g04820.1 0.005   loc_os06g34330.1 0.036   loc_os05g48200.1 0.011 

loc_os11g45990.1 0.005   loc_os02g50700.1 0.036   loc_os08g26940.1 0.011 

loc_os11g28480.1 0.005   loc_os05g02220.5 0.036   loc_os05g47940.1 0.011 

loc_os01g66900.1 0.004   loc_os08g14850.1 0.036   loc_os10g40480.1 0.011 

loc_os03g37830.1 0.004   loc_os03g01320.1 0.036   loc_os04g44470.1 0.010 

loc_os06g30400.1 0.004   loc_os02g37330.1 0.036   loc_os04g32620.1 0.010 

loc_os10g01390.1 0.004   loc_os04g59020.1 0.036   loc_os04g37490.1 0.010 

loc_os07g46830.1 0.004   loc_os04g10000.1 0.036   loc_os08g30100.1 0.010 

loc_os10g36980.1 0.004   loc_os02g57790.1 0.036   loc_os06g07905.2 0.010 

loc_os05g40890.2 0.004   loc_os07g35680.1 0.036   loc_os01g24050.1 0.010 

loc_os10g09160.1 0.004   loc_os07g15370.1 0.036   loc_os03g03500.1 0.010 

loc_os01g04370.1 0.003   loc_os11g29720.1 0.036   loc_os08g01150.1 0.009 

loc_os01g16170.1 0.003   loc_os07g12320.1 0.036   loc_os03g20730.1 0.009 

loc_os01g13610.1 0.003   loc_os01g73110.1 0.035   loc_os05g02390.1 0.009 

loc_os08g36860.1 0.003   loc_os02g09720.1 0.035   loc_os08g05960.1 0.009 

loc_os06g12410.1 0.003   loc_os04g29000.1 0.035   loc_os06g35560.1 0.009 

loc_os01g63200.1 0.003   loc_os08g01450.1 0.035   loc_os04g55720.1 0.008 

loc_os04g56930.1 0.003   loc_os09g23300.1 0.035   loc_os11g14480.1 0.008 

loc_os10g23820.1 0.003   loc_os01g67550.1 0.035   loc_os02g02340.1 0.008 

loc_os10g37980.1 0.003   loc_os03g58800.1 0.035   loc_os02g44654.2 0.008 

loc_os08g43334.1 0.003   loc_os10g01390.1 0.035   loc_os08g41910.1 0.008 

loc_os01g72530.1 0.003   loc_os01g37470.1 0.035   loc_os01g16170.1 0.008 

loc_os05g08830.1 0.003   loc_os06g14030.1 0.035   loc_os05g38350.1 0.008 

loc_os04g08350.2 0.003   loc_os04g55720.1 0.035   loc_os07g35740.1 0.008 

loc_os07g37210.1 0.003   loc_os01g03360.1 0.034   loc_os07g04970.1 0.008 

loc_os10g07556.1 0.003   loc_os10g40640.1 0.034   loc_os03g16260.1 0.007 
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loc_os05g16430.1 0.003   loc_os03g45960.1 0.034   loc_os01g37630.1 0.007 

loc_os05g45070.1 0.003   loc_os11g44810.1 0.034   loc_os01g62830.1 0.007 

loc_os03g57690.1 0.003   loc_os02g43290.1 0.034   loc_os08g01940.1 0.007 

loc_os03g15080.1 0.003   loc_os03g12110.1 0.034   loc_os10g02300.3 0.007 

loc_os11g31940.1 0.002   loc_os01g15830.1 0.034   loc_os03g14170.1 0.007 

loc_os11g47110.1 0.002   loc_os01g61640.1 0.034   loc_os10g09160.1 0.007 

loc_os02g32970.1 0.002   loc_os02g03830.1 0.034   loc_os12g40180.1 0.007 

loc_os01g67420.1 0.002   loc_os02g19770.1 0.034   loc_os07g13770.1 0.007 

loc_os07g46930.1 0.002   loc_os12g02420.1 0.034   loc_os07g04960.1 0.006 

loc_os11g31090.1 0.002   loc_os04g30490.1 0.034   loc_os06g34560.1 0.006 

loc_os01g62130.1 0.002   loc_os04g51150.1 0.034   loc_os04g33590.1 0.006 

loc_os09g25330.1 0.002   loc_os07g35790.1 0.034   loc_os03g17350.1 0.006 

loc_os04g44900.1 0.002   loc_os09g08430.1 0.034   loc_os01g14660.1 0.006 

loc_os07g47510.1 0.002   loc_os11g05800.1 0.033   loc_os11g14140.1 0.006 

loc_os12g36830.1 0.002   loc_os08g37840.1 0.033   loc_os01g39890.1 0.005 

loc_os01g59550.1 0.002   loc_os05g08640.1 0.033   loc_os05g37780.1 0.005 

loc_os05g04490.1 0.002   loc_os07g42950.1 0.033   loc_os03g29540.2 0.005 

loc_os05g16420.1 0.002   loc_os12g44010.1 0.033   loc_os01g43890.1 0.005 

loc_os02g41670.1 0.002   loc_os05g43120.1 0.033   loc_os04g46140.1 0.005 

loc_os05g46020.1 0.002   loc_os09g39190.1 0.033   loc_os06g12410.1 0.005 

loc_os11g40410.1 0.002   loc_os07g31720.1 0.033   loc_os10g41930.6 0.005 

loc_os02g56770.1 0.002   loc_os05g51070.1 0.033   loc_os05g33310.1 0.005 

loc_os05g30350.1 0.002   loc_os02g56014.1 0.033   loc_os07g01020.1 0.005 

loc_os08g37210.1 0.002   loc_os08g42570.1 0.033   loc_os03g08170.1 0.005 

loc_os07g46700.1 0.002   loc_os04g58760.1 0.033   loc_os07g47230.1 0.005 

loc_os09g21210.1 0.001   loc_os07g10410.1 0.033   loc_os08g43920.1 0.005 

loc_os03g22820.1 0.001   loc_os02g18390.1 0.033   loc_os01g61940.1 0.005 

loc_os01g21880.1 0.001   loc_os10g33800.1 0.033   loc_os07g47210.1 0.005 

loc_os07g26940.1 0.001   loc_os02g12794.3 0.032   loc_os04g44250.1 0.005 

loc_os11g03880.1 0.001   loc_os10g05069.1 0.032   loc_os04g56430.1 0.005 

loc_os06g42164.1 0.001   loc_os05g48320.1 0.032   loc_os05g44260.1 0.005 

loc_os11g37900.1 0.001   loc_os01g25530.1 0.032   loc_os03g58880.1 0.005 

loc_os02g15860.1 0.001   loc_os04g52880.1 0.032   loc_os03g07590.1 0.004 

loc_os07g30090.2 0.001   loc_os01g19410.3 0.032   loc_os09g15480.1 0.004 

loc_os01g15010.1 0.001   loc_os06g36700.1 0.032   loc_os11g09230.1 0.004 

loc_os09g39090.1 0.001   loc_os02g56810.1 0.032   loc_os03g17480.1 0.004 

loc_os08g28660.1 0.001   loc_os01g25280.1 0.032   loc_os11g15250.1 0.004 

loc_os07g39320.1 0.001   loc_os02g15640.1 0.032   loc_os05g45230.1 0.004 

loc_os09g01960.1 0.001   loc_os01g72150.1 0.032   loc_os06g14180.1 0.004 

loc_os06g10000.1 0.001   loc_os11g33190.2 0.032   loc_os06g49340.1 0.004 

loc_os03g50860.1 0.001   loc_os10g26570.1 0.032   loc_os08g02700.1 0.004 

loc_os02g52830.1 0.001   loc_os01g16770.1 0.031   loc_os10g38489.1 0.004 

loc_os03g20290.1 0.001   loc_os02g47450.1 0.031   loc_os12g40330.1 0.004 

loc_os05g35810.1 0.001   loc_os02g52990.1 0.031   loc_os06g43410.1 0.004 
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loc_os11g17440.1 0.001   loc_os01g07760.1 0.031   loc_os01g71060.1 0.004 

loc_os03g14300.1 0.001   loc_os05g06430.1 0.031   loc_os07g07440.1 0.004 

loc_os02g17090.1 0.001   loc_os03g36534.1 0.031   loc_os03g09940.1 0.004 

loc_os03g25320.1 0.001   loc_os04g35760.1 0.030   loc_os06g46980.1 0.004 

loc_os09g15950.1 0.001   loc_os01g64090.1 0.030   loc_os10g38740.1 0.004 

loc_os11g02440.1 0.001   loc_os03g40270.1 0.030   loc_os04g38450.1 0.003 

loc_os06g48810.1 0.001   loc_os07g10810.1 0.030   loc_os01g65830.1 0.003 

loc_os02g21009.2 0.001   loc_os07g34850.1 0.030   loc_os09g15510.1 0.003 

loc_os03g46250.1 0.001   loc_os12g41090.1 0.030   loc_os02g46690.1 0.003 

loc_os03g08790.1 0.001   loc_os05g02110.1 0.030   loc_os05g29810.1 0.003 

loc_os01g33869.1 0.001   loc_os06g51050.1 0.030   loc_os07g41340.1 0.003 

loc_os09g29480.1 0.001   loc_os07g07220.1 0.030   loc_os09g06770.1 0.003 

loc_os02g35490.1 0.001   loc_os02g35660.1 0.030   loc_os07g03600.1 0.003 

loc_os11g07840.1 0.001   loc_os11g32240.1 0.029   loc_os11g10480.1 0.003 

loc_os01g15340.1 0.001   loc_os02g04690.1 0.029   loc_os02g22680.1 0.003 

loc_os03g17350.1 0.001   loc_os07g41790.2 0.029   loc_os06g33200.1 0.003 

loc_os10g10540.1 0.001   loc_os04g46810.1 0.029   loc_os06g39110.1 0.003 

loc_os05g50230.1 0.001   loc_os05g28190.1 0.029   loc_os01g21590.1 0.003 

loc_os06g48960.1 0.001   loc_os03g22590.1 0.029   loc_os01g54450.1 0.003 

loc_os02g41680.1 0.001   loc_os04g44840.1 0.029   loc_os07g48260.1 0.003 

loc_os03g20600.1 0.001   loc_os08g16050.1 0.029   loc_os08g08090.1 0.002 

loc_os07g42070.1 0.001   loc_os06g21810.1 0.029   loc_os08g37432.1 0.002 

loc_os09g26660.1 0.000   loc_os01g44050.1 0.029   loc_os01g71130.1 0.002 

loc_os04g46220.1 0.000   loc_os05g04410.1 0.029   loc_os07g28250.1 0.002 

loc_os03g58764.1 0.000   loc_os02g58620.1 0.029   loc_os10g38610.1 0.002 

loc_os02g56370.1 0.000   loc_os02g48360.1 0.029   loc_os05g50100.1 0.002 

loc_os04g27190.1 0.000   loc_os09g12650.1 0.029   loc_os10g20470.1 0.002 

loc_os04g46400.1 0.000   loc_os04g49110.1 0.029   loc_os02g40730.1 0.002 

loc_os07g46800.1 0.000   loc_os02g51670.1 0.029   loc_os04g47250.1 0.002 

loc_os07g42960.1 0.000   loc_os07g26210.1 0.029   loc_os06g01590.1 0.002 

loc_os03g25760.1 0.000   loc_os01g46070.1 0.029   loc_os06g05020.1 0.002 

loc_os07g39530.1 0.000   loc_os10g30790.2 0.029   loc_os09g23300.1 0.002 

loc_os04g56570.1 0.000   loc_os10g41930.6 0.029   loc_os12g33610.1 0.002 

loc_os01g11790.1 0.000   loc_os02g37800.1 0.028   loc_os03g57970.2 0.002 

loc_os01g47070.1 0.000   loc_os03g44420.1 0.028   loc_os11g47560.1 0.002 

loc_os01g36950.1 0.000   loc_os11g29290.1 0.028   loc_os06g03520.1 0.002 

loc_os06g47850.1 0.000   loc_os08g41300.1 0.028   loc_os08g41720.1 0.002 

loc_os04g48360.1 0.000   loc_os02g04840.1 0.028   loc_os12g35610.1 0.002 

loc_os03g14170.1 0.000   loc_os03g13560.1 0.028   loc_os05g45020.1 0.002 

loc_os01g52410.1 0.000   loc_os02g42440.1 0.028   loc_os02g43360.1 0.002 

loc_os11g14130.1 0.000   loc_os05g40050.2 0.028   loc_os02g56460.1 0.002 

loc_os02g11640.1 0.000   loc_os04g45510.1 0.027   loc_os04g54230.1 0.002 

loc_os06g44190.1 0.000   loc_os03g46070.1 0.027   loc_os11g08380.1 0.002 

loc_os06g37590.1 0.000   loc_os07g47780.1 0.027   loc_os04g09570.1 0.002 
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loc_os11g37950.1 0.000   loc_os02g15820.1 0.027   loc_os08g40690.1 0.001 

loc_os10g42410.3 0.000   loc_os02g51799.1 0.027   loc_os11g30560.1 0.001 

loc_os02g17150.1 0.000   loc_os06g22070.1 0.027   loc_os01g23970.1 0.001 

loc_os05g27730.1 0.000   loc_os08g10608.1 0.027   loc_os05g48040.1 0.001 

loc_os01g62460.2 0.000   loc_os02g32650.1 0.027   loc_os03g02300.1 0.001 

loc_os04g06920.1 0.000   loc_os02g52810.1 0.027   loc_os01g54890.1 0.001 

loc_os01g47580.1 0.000   loc_os08g13420.1 0.027   loc_os04g27060.1 0.001 

loc_os07g14470.1 0.000   loc_os09g37100.1 0.027   loc_os03g26044.1 0.001 

loc_os06g33100.1 0.000   loc_os08g03640.1 0.027   loc_os01g11480.1 0.001 

loc_os09g28354.1 0.000   loc_os01g74410.2 0.026   loc_os01g71310.1 0.001 

loc_os01g37690.1 0.000   loc_os06g47650.1 0.026   loc_os03g12510.1 0.001 

loc_os06g32990.1 0.000   loc_os03g37970.1 0.026   loc_os06g05000.1 0.001 

loc_os06g02520.1 0.000   loc_os05g31760.1 0.026   loc_os06g16060.1 0.001 

loc_os09g39070.1 0.000   loc_os01g15810.1 0.026   loc_os07g04930.1 0.001 

loc_os05g37950.1 0.000   loc_os06g04230.1 0.026   loc_os07g04950.1 0.001 

loc_os03g53950.1 0.000   loc_os02g03900.1 0.026   loc_os01g66900.1 0.001 

loc_os04g50950.1 0.000   loc_os04g52790.1 0.026   loc_os07g44140.1 0.001 

loc_os12g33610.1 0.000   loc_os06g02250.1 0.026   loc_os01g34480.1 0.001 

loc_os03g07870.1 0.000   loc_os08g06170.1 0.026   loc_os07g26720.2 0.001 

loc_os09g09550.1 0.000   loc_os07g01250.1 0.026   loc_os04g54220.1 0.001 

loc_os01g20780.1 0.000   loc_os11g42080.1 0.026   loc_os01g53430.1 0.001 

loc_os04g30420.1 0.000   loc_os09g21210.1 0.025   loc_os10g07114.1 0.001 

loc_os01g01660.1 0.000   loc_os02g12480.9 0.025   loc_os01g52260.1 0.001 

loc_os04g53860.1 0.000   loc_os01g07780.1 0.025   loc_os01g58240.1 0.001 

loc_os10g39710.1 0.000   loc_os02g48870.1 0.025   loc_os04g40580.1 0.001 

loc_os03g57980.1 0.000   loc_os04g55250.1 0.025   loc_os06g01350.1 0.001 

loc_os01g61940.1 0.000   loc_os07g08660.1 0.025   loc_os10g02750.1 0.001 

loc_os03g20730.1 0.000   loc_os09g32532.1 0.025   loc_os07g47670.2 0.001 

loc_os04g38720.1 0.000   loc_os03g09840.1 0.025   loc_os03g55680.1 0.001 

loc_os05g05290.1 0.000   loc_os01g65690.1 0.025   loc_os03g57980.1 0.001 

loc_os03g27090.1 0.000   loc_os01g43750.1 0.025   loc_os08g43860.1 0.001 

loc_os07g34690.1 0.000   loc_os06g08850.1 0.024   loc_os05g12450.1 0.001 

loc_os06g46340.1 0.000   loc_os09g22000.1 0.024   loc_os11g05050.1 0.001 

loc_os11g14140.1 0.000   loc_os08g36040.1 0.024   loc_os04g57810.1 0.001 

loc_os03g32470.2 0.000   loc_os08g07830.1 0.024   loc_os01g16140.1 0.001 

loc_os01g68460.1 0.000   loc_os03g51970.1 0.024   loc_os02g11070.1 0.001 

loc_os04g41960.1 0.000   loc_os02g32520.1 0.024   loc_os02g56770.1 0.001 

loc_os02g56900.1 0.000   loc_os03g49610.1 0.024   loc_os08g03420.1 0.001 

loc_os12g43890.1 0.000   loc_os10g02100.1 0.024   loc_os02g47780.1 0.001 

loc_os06g02250.1 0.000   loc_os01g20100.1 0.024   loc_os02g11640.1 0.001 

loc_os07g42160.1 0.000   loc_os01g01870.1 0.024   loc_os06g39240.2 0.001 

loc_os10g33210.1 0.000   loc_os04g59190.1 0.024   loc_os03g45250.1 0.001 

loc_os01g37470.1 0.000   loc_os06g06250.2 0.024   loc_os03g55240.1 0.001 

loc_os09g09570.1 0.000   loc_os06g16160.1 0.024   loc_os11g05740.1 0.001 



245 
 

loc_os11g07830.1 0.000   loc_os09g15950.1 0.024   loc_os01g16146.1 0.000 

loc_os12g43640.1 0.000   loc_os11g47550.1 0.024   loc_os03g55770.1 0.000 

loc_os02g29000.1 0.000   loc_os04g34630.1 0.024   loc_os08g37470.1 0.000 

loc_os04g46530.1 0.000   loc_os10g18099.1 0.024   loc_os10g36980.1 0.000 

loc_os03g50130.1 0.000   loc_os02g18930.1 0.024   loc_os02g55900.1 0.000 

loc_os09g29560.1 0.000   loc_os04g46750.1 0.024   loc_os06g34530.1 0.000 

loc_os11g05530.1 0.000   loc_os02g48720.1 0.024   loc_os07g09630.1 0.000 

loc_os05g38460.1 0.000   loc_os05g40420.1 0.024   loc_os10g31560.1 0.000 

loc_os06g11520.1 0.000   loc_os05g49300.1 0.024   loc_os03g51530.1 0.000 

loc_os08g04460.1 0.000   loc_os08g13920.1 0.023   loc_os03g01320.1 0.000 

loc_os03g06520.1 0.000   loc_os12g05680.1 0.023   loc_os07g37454.1 0.000 

loc_os03g20210.1 0.000   loc_os08g35860.1 0.023   loc_os03g19270.1 0.000 

loc_os01g21870.1 0.000   loc_os12g36220.1 0.023   loc_os01g45250.1 0.000 

loc_os09g09560.1 0.000   loc_os04g42140.1 0.023   loc_os02g09720.1 0.000 

loc_os05g34325.1 0.000   loc_os04g46880.1 0.023   loc_os11g10510.1 0.000 

loc_os10g38090.1 0.000   loc_os06g04290.1 0.023   loc_os05g39320.1 0.000 

loc_os12g02080.1 0.000   loc_os02g45520.1 0.023   loc_os10g18820.1 0.000 

loc_os07g14490.1 0.000   loc_os12g03470.3 0.023   loc_os05g05290.1 0.000 

loc_os03g13274.1 0.000   loc_os03g37490.1 0.023   loc_os09g27260.1 0.000 

loc_os03g53340.6 0.000   loc_os03g60720.1 0.023   loc_os10g22070.1 0.000 

loc_os05g46840.1 0.000   loc_os11g10980.1 0.023   loc_os02g55890.1 0.000 

loc_os02g40100.1 0.000   loc_os02g46990.1 0.023   loc_os08g08100.1 0.000 

loc_os10g28050.1 0.000   loc_os12g02080.1 0.023   loc_os05g07810.1 0.000 

loc_os11g08300.1 0.000   loc_os01g42860.1 0.023   loc_os02g15020.1 0.000 

loc_os06g47910.1 0.000   loc_os11g38050.1 0.023   loc_os06g39370.1 0.000 

loc_os09g04050.1 0.000   loc_os02g17900.1 0.023   loc_os08g43850.1 0.000 

loc_os01g41810.1 0.000   loc_os02g40430.1 0.022   loc_os01g21120.1 0.000 

loc_os01g50160.1 0.000   loc_os10g18760.1 0.022   loc_os12g39850.1 0.000 

loc_os03g20949.1 0.000   loc_os05g36050.1 0.022   loc_os07g03790.1 0.000 

loc_os08g08990.1 0.000   loc_os05g29710.1 0.022   loc_os08g43210.1 0.000 

loc_os02g13510.1 0.000   loc_os08g41400.1 0.022   loc_os12g41980.1 0.000 

loc_os01g11240.1 0.000   loc_os01g52790.1 0.021   loc_os02g47190.1 0.000 

loc_os04g01890.1 0.000   loc_os03g58430.1 0.021   loc_os12g09540.1 0.000 

loc_os07g37580.1 0.000   loc_os04g46120.1 0.021   loc_os10g38670.1 0.000 

loc_os01g66120.1 0.000   loc_os02g52930.1 0.021   loc_os07g47620.1 0.000 

loc_os01g06640.1 0.000   loc_os01g58890.1 0.021   loc_os09g30490.1 0.000 

loc_os02g40840.1 0.000   loc_os08g29510.1 0.021   loc_os12g07640.1 0.000 

loc_os01g34970.1 0.000   loc_os11g04030.1 0.021   loc_os10g01390.1 0.000 

loc_os08g29570.1 0.000   loc_os02g18540.1 0.021   loc_os10g38590.1 0.000 

loc_os05g46480.1 0.000   loc_os02g32030.1 0.021   loc_os01g55510.1 0.000 

loc_os12g05860.1 0.000   loc_os06g16420.1 0.021   loc_os03g12030.1 0.000 

loc_os04g29580.1 0.000   loc_os05g45270.1 0.021   loc_os02g18540.1 0.000 

loc_os08g28240.1 0.000   loc_os08g01710.1 0.021   loc_os02g40710.1 0.000 

loc_os06g48010.1 0.000   loc_os09g19820.1 0.021   loc_os03g24430.1 0.000 
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loc_os01g36590.1 0.000   loc_os09g09570.1 0.021   loc_os01g45110.1 0.000 

loc_os02g35180.1 0.000   loc_os11g36450.1 0.021   loc_os02g35490.1 0.000 

loc_os06g11130.1 0.000   loc_os02g10690.1 0.021   loc_os07g44110.1 0.000 

loc_os06g38580.1 0.000   loc_os01g63480.1 0.020   loc_os02g45160.1 0.000 

loc_os11g29210.1 0.000   loc_os01g57350.2 0.020   loc_os09g17910.1 0.000 

loc_os12g05840.1 0.000   loc_os12g10650.1 0.019   loc_os09g31040.1 0.000 

loc_os07g28250.1 0.000   loc_os01g58970.1 0.019   loc_os09g29480.1 0.000 

loc_os01g73300.1 0.000   loc_os01g52060.1 0.019   loc_os05g10650.1 0.000 

loc_os05g05940.1 0.000   loc_os03g07170.1 0.019   loc_os01g52900.1 0.000 

loc_os08g01940.1 0.000   loc_os06g23140.1 0.019   loc_os07g41350.1 0.000 

loc_os07g44140.1 0.000   loc_os01g37750.1 0.019   loc_os05g15530.1 0.000 

loc_os06g43930.1 0.000   loc_os01g58740.2 0.019   loc_os02g52930.1 0.000 

loc_os12g16290.1 0.000   loc_os11g02080.1 0.019   loc_os03g22170.1 0.000 

loc_os01g05150.1 0.000   loc_os01g05150.1 0.019   loc_os01g40560.1 0.000 

loc_os01g43710.1 0.000   loc_os09g21370.1 0.019   loc_os07g14470.1 0.000 

loc_os06g21820.1 0.000   loc_os01g11760.1 0.019   loc_os08g05770.1 0.000 

loc_os03g03200.2 0.000   loc_os01g32460.1 0.019   loc_os01g24030.1 0.000 

loc_os07g03580.1 0.000   loc_os07g03200.1 0.018   loc_os10g26700.1 0.000 

loc_os04g41160.1 0.000   loc_os10g18820.1 0.018   loc_os09g21370.1 0.000 

loc_os06g38080.1 0.000   loc_os10g36703.1 0.018   loc_os05g48700.1 0.000 

loc_os05g08640.1 0.000   loc_os11g34440.1 0.018   loc_os01g61160.1 0.000 

loc_os09g29310.1 0.000   loc_os10g31560.1 0.018   loc_os03g08900.1 0.000 

loc_os03g03440.1 0.000   loc_os09g11460.1 0.018   loc_os05g39310.1 0.000 

loc_os02g44500.1 0.000   loc_os11g02150.1 0.018   loc_os10g10540.1 0.000 

loc_os05g49290.2 0.000   loc_os03g08720.1 0.018   loc_os07g48830.1 0.000 

loc_os03g24430.1 0.000   loc_os03g50450.1 0.018   loc_os02g37190.1 0.000 

loc_os10g26570.1 0.000   loc_os08g42960.1 0.018   loc_os07g44440.1 0.000 

loc_os05g44770.1 0.000   loc_os07g40550.1 0.018   loc_os03g22020.1 0.000 

loc_os01g07420.1 0.000   loc_os01g37110.1 0.018   loc_os11g04860.1 0.000 

loc_os02g36870.1 0.000   loc_os07g02440.1 0.018   loc_os12g41970.1 0.000 

loc_os02g50710.1 0.000   loc_os07g28250.1 0.018   loc_os01g58860.1 0.000 

loc_os09g30160.1 0.000   loc_os08g33479.1 0.018   loc_os07g23570.1 0.000 

loc_os09g35790.1 0.000   loc_os07g15880.1 0.018   loc_os01g27210.1 0.000 

loc_os12g36850.1 0.000   loc_os11g04070.1 0.018   loc_os01g42380.1 0.000 

loc_os05g02200.1 0.000   loc_os07g07790.1 0.018   loc_os01g42370.1 0.000 

loc_os02g11070.1 0.000   loc_os02g37320.1 0.018     
loc_os04g37670.1 0.000   loc_os02g10070.1 0.018     
loc_os02g10070.1 0.000   loc_os07g48460.1 0.018     
loc_os02g09720.1 0.000   loc_os07g49150.1 0.017     
loc_os08g31410.7 0.000   loc_os08g13800.1 0.017     
loc_os07g06830.1 0.000   loc_os09g30330.1 0.017     
loc_os12g05870.1 0.000   loc_os11g40690.1 0.017     
loc_os08g35600.1 0.000   loc_os03g48080.1 0.017     
loc_os07g39720.1 0.000   loc_os08g44340.1 0.017     
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loc_os12g05880.1 0.000   loc_os11g34460.1 0.017     
loc_os05g50100.1 0.000   loc_os02g12800.1 0.017     
loc_os10g39100.1 0.000   loc_os03g05290.1 0.017     
loc_os01g53810.1 0.000   loc_os02g07490.1 0.017     
loc_os12g07640.1 0.000   loc_os12g41680.1 0.017     
loc_os08g14600.1 0.000   loc_os06g34180.1 0.017     
loc_os01g23970.1 0.000   loc_os11g18670.1 0.017     
loc_os02g11859.1 0.000   loc_os03g10090.1 0.016     
loc_os10g07229.1 0.000   loc_os04g44120.1 0.016     
loc_os08g07690.1 0.000   loc_os08g33740.1 0.016     
loc_os01g08090.1 0.000   loc_os05g02770.1 0.016     
loc_os02g39330.1 0.000   loc_os10g42040.1 0.016     
loc_os07g46920.1 0.000   loc_os08g10550.1 0.016     
loc_os07g44110.1 0.000   loc_os03g06520.1 0.016     
loc_os03g20970.2 0.000   loc_os10g07010.1 0.016     
loc_os08g42590.1 0.000   loc_os04g38950.1 0.016     
loc_os01g45250.1 0.000   loc_os05g08390.1 0.016     
loc_os03g55240.1 0.000   loc_os12g37840.1 0.016     
loc_os07g07320.1 0.000   loc_os03g08920.1 0.016     
loc_os05g45410.1 0.000   loc_os05g31910.2 0.016     
loc_os03g08170.1 0.000   loc_os01g59550.1 0.016     
loc_os11g37700.1 0.000   loc_os10g11500.1 0.016     
loc_os06g13190.1 0.000   loc_os05g50230.1 0.015     
loc_os07g33780.1 0.000   loc_os04g56500.1 0.015     
loc_os02g47650.1 0.000   loc_os04g53350.1 0.015     
loc_os04g55980.1 0.000   loc_os01g04620.2 0.015     
loc_os07g23570.1 0.000   loc_os10g40530.1 0.015     
loc_os01g42380.1 0.000   loc_os04g55850.1 0.015     
loc_os06g03930.1 0.000   loc_os01g71624.5 0.015     
loc_os01g42370.1 0.000   loc_os05g06310.1 0.015     

    loc_os01g11120.1 0.015     

    loc_os03g49260.1 0.015     

    loc_os08g39370.1 0.015     

    loc_os11g14050.1 0.015     

    loc_os11g40410.1 0.015     

    loc_os07g08340.1 0.014     

    loc_os06g36560.1 0.014     

    loc_os07g05880.1 0.014     

    loc_os06g04070.1 0.014     

    loc_os05g33570.1 0.014     

    loc_os04g50950.1 0.014     

    loc_os04g38310.1 0.014     

    loc_os12g01370.1 0.014     

    loc_os03g12150.1 0.014     



248 
 

    loc_os12g41510.1 0.014     

    loc_os12g38010.1 0.013     

    loc_os12g05990.1 0.013     

    loc_os01g04840.1 0.013     

    loc_os02g47600.1 0.013     

    loc_os04g12980.1 0.013     

    loc_os10g38580.1 0.013     

    loc_os08g36480.1 0.013     

    loc_os09g23820.1 0.013     

    loc_os01g59990.1 0.013     

    loc_os07g44440.1 0.013     

    loc_os02g44080.1 0.013     

    loc_os08g44830.1 0.013     

    loc_os02g17880.1 0.013     

    loc_os05g02520.1 0.012     

    loc_os03g26910.1 0.012     

    loc_os02g36110.1 0.012     

    loc_os05g33430.1 0.012     

    loc_os11g20040.1 0.012     

    loc_os04g45900.1 0.012     

    loc_os04g37550.1 0.012     

    loc_os05g50100.1 0.012     

    loc_os08g25710.1 0.012     

    loc_os05g05620.1 0.012     

    loc_os12g21798.1 0.011     

    loc_os03g60820.1 0.011     

    loc_os08g31980.1 0.011     

    loc_os08g06190.1 0.011     

    loc_os01g65920.1 0.011     

    loc_os01g33869.1 0.011     

    loc_os05g16930.1 0.011     

    loc_os01g02139.1 0.011     

    loc_os08g32520.1 0.011     

    loc_os04g44670.1 0.011     

    loc_os10g27190.1 0.010     

    loc_os03g44890.1 0.010     

    loc_os05g05680.1 0.010     

    loc_os02g47420.1 0.010     

    loc_os09g09560.1 0.010     

    loc_os02g48200.1 0.010     

    loc_os06g43780.1 0.010     

    loc_os08g35710.1 0.010     

    loc_os03g22180.1 0.010     

    loc_os08g40790.1 0.010     
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    loc_os02g01890.1 0.010     

    loc_os05g45050.1 0.010     

    loc_os03g60840.1 0.010     

    loc_os11g44560.1 0.010     

    loc_os03g04970.1 0.010     

    loc_os05g12320.1 0.009     

    loc_os09g24900.1 0.009     

    loc_os09g25760.1 0.009     

    loc_os11g05240.1 0.009     

    loc_os03g13050.1 0.009     

    loc_os06g09350.1 0.009     

    loc_os01g16960.1 0.009     

    loc_os09g20990.1 0.009     

    loc_os03g09970.2 0.009     

    loc_os08g32160.1 0.009     

    loc_os12g41970.1 0.009     

    loc_os02g21460.1 0.009     

    loc_os01g39990.1 0.009     

    loc_os03g27260.1 0.009     

    loc_os03g03320.1 0.009     

    loc_os02g57720.1 0.009     

    loc_os11g02240.1 0.009     

    loc_os04g55600.1 0.009     

    loc_os04g40150.1 0.009     

    loc_os01g70210.1 0.009     

    loc_os07g38130.1 0.009     

    loc_os12g44220.1 0.009     

    loc_os04g57330.1 0.009     

    loc_os01g10870.1 0.009     

    loc_os03g46180.1 0.009     

    loc_os01g13560.1 0.008     

    loc_os01g50750.1 0.008     

    loc_os11g07120.2 0.008     

    loc_os12g07310.1 0.008     

    loc_os10g17650.1 0.008     

    loc_os07g26640.1 0.008     

    loc_os02g52850.1 0.008     

    loc_os03g44140.1 0.008     

    loc_os06g44034.1 0.008     

    loc_os11g36150.1 0.008     

    loc_os05g41550.5 0.008     

    loc_os02g34940.1 0.008     

    loc_os02g56600.1 0.008     

    loc_os01g07870.1 0.008     
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    loc_os01g66120.1 0.008     

    loc_os10g01470.1 0.008     

    loc_os05g32380.1 0.008     

    loc_os11g39160.1 0.008     

    loc_os11g42960.1 0.008     

    loc_os03g58110.1 0.008     

    loc_os09g23620.1 0.008     

    loc_os03g18600.1 0.008     

    loc_os08g07950.1 0.008     

    loc_os05g06990.1 0.007     

    loc_os06g36390.1 0.007     

    loc_os08g01940.1 0.007     

    loc_os10g32550.1 0.007     

    loc_os04g15920.1 0.007     

    loc_os08g36760.1 0.007     

    loc_os10g34940.1 0.007     

    loc_os05g48740.1 0.007     

    loc_os09g39650.3 0.007     

    loc_os01g43460.2 0.007     

    loc_os02g05692.1 0.007     

    loc_os02g48210.1 0.007     

    loc_os04g54190.3 0.007     

    loc_os10g06630.1 0.007     

    loc_os11g05740.1 0.007     

    loc_os12g34890.1 0.007     

    loc_os07g07860.1 0.007     

    loc_os08g37660.1 0.007     

    loc_os06g15420.1 0.007     

    loc_os08g39330.1 0.007     

    loc_os05g22940.1 0.007     

    loc_os01g05830.1 0.007     

    loc_os01g11240.1 0.007     

    loc_os03g20210.1 0.007     

    loc_os01g23970.1 0.007     

    loc_os05g27940.1 0.007     

    loc_os05g15230.1 0.006     

    loc_os09g38800.1 0.006     

    loc_os11g03600.1 0.006     

    loc_os02g11070.1 0.006     

    loc_os11g03300.1 0.006     

    loc_os02g52000.1 0.006     

    loc_os10g20120.1 0.006     

    loc_os02g44630.1 0.006     

    loc_os01g73170.1 0.006     
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    loc_os10g10130.1 0.006     

    loc_os04g30660.1 0.006     

    loc_os02g51110.1 0.006     

    loc_os02g50730.1 0.006     

    loc_os11g05290.1 0.006     

    loc_os06g14750.1 0.006     

    loc_os03g06330.1 0.006     

    loc_os04g42270.2 0.006     

    loc_os02g09490.1 0.006     

    loc_os01g14990.1 0.006     

    loc_os09g21000.1 0.006     

    ChrSy.fgenesh.mRNA.21 0.006     

    loc_os06g24490.1 0.006     

    loc_os04g58720.1 0.006     

    loc_os06g41120.1 0.006     

    loc_os05g26660.1 0.006     

    loc_os07g12720.1 0.006     

    loc_os06g05440.1 0.006     

    loc_os06g41880.1 0.006     

    loc_os06g12410.1 0.006     

    loc_os07g12250.1 0.006     

    loc_os03g25330.1 0.006     

    loc_os09g15365.1 0.005     

    loc_os07g37040.1 0.005     

    loc_os11g42200.1 0.005     

    loc_os10g23090.1 0.005     

    loc_os07g38810.1 0.005     

    loc_os01g11840.1 0.005     

    loc_os10g21910.1 0.005     

    loc_os05g06460.1 0.005     

    loc_os02g55720.1 0.005     

    loc_os04g52600.1 0.005     

    loc_os10g17260.1 0.005     

    loc_os11g46210.1 0.005     

    loc_os06g46500.1 0.005     

    loc_os10g39350.1 0.005     

    loc_os06g49500.3 0.005     

    loc_os05g34770.1 0.005     

    loc_os01g24690.1 0.005     

    loc_os08g41290.1 0.005     

    loc_os11g06750.1 0.005     

    loc_os07g46080.1 0.005     

    loc_os03g20420.1 0.005     

    loc_os01g18744.1 0.005     



252 
 

    loc_os01g68730.1 0.005     

    loc_os01g54910.1 0.005     

    loc_os08g33200.1 0.005     

    loc_os04g56920.1 0.005     

    loc_os08g04460.1 0.004     

    loc_os01g74110.1 0.004     

    loc_os10g32570.1 0.004     

    loc_os11g11780.1 0.004     

    loc_os08g08960.1 0.004     

    loc_os12g26690.1 0.004     

    loc_os04g03870.1 0.004     

    loc_os06g37224.1 0.004     

    loc_os04g57030.1 0.004     

    loc_os02g30190.1 0.004     

    loc_os03g45420.1 0.004     

    loc_os10g32990.1 0.004     

    loc_os06g50920.1 0.004     

    loc_os03g04890.1 0.004     

    loc_os05g46430.1 0.004     

    loc_os04g51510.1 0.003     

    loc_os04g57550.1 0.003     

    loc_os07g06830.1 0.003     

    loc_os03g25360.1 0.003     

    loc_os04g51580.1 0.003     

    loc_os09g19800.1 0.003     

    loc_os02g12690.1 0.003     

    loc_os12g44360.2 0.003     

    loc_os08g43550.1 0.003     

    loc_os11g14544.2 0.003     

    loc_os01g12190.1 0.003     

    loc_os09g02180.1 0.003     

    loc_os02g57540.1 0.003     

    loc_os10g01480.1 0.003     

    loc_os11g46860.1 0.003     

    loc_os03g09980.1 0.003     

    loc_os12g15680.1 0.003     

    loc_os01g72430.1 0.003     

    loc_os06g48960.1 0.003     

    loc_os04g12010.2 0.003     

    loc_os03g62490.1 0.003     

    loc_os05g34520.1 0.003     

    loc_os04g50680.1 0.003     

    loc_os01g45720.1 0.003     

    loc_os01g61860.1 0.003     



253 
 

    loc_os04g52640.1 0.003     

    loc_os12g08170.1 0.003     

    loc_os06g13220.1 0.003     

    loc_os06g38580.1 0.003     

    loc_os02g36870.1 0.003     

    loc_os07g08300.2 0.003     

    loc_os05g05940.1 0.003     

    loc_os10g39680.1 0.003     

    loc_os08g41730.1 0.003     

    loc_os03g20730.1 0.003     

    loc_os01g15340.1 0.003     

    loc_os01g37000.1 0.002     

    loc_os11g35310.1 0.002     

    loc_os05g32760.1 0.002     

    loc_os11g14190.1 0.002     

    loc_os07g41980.1 0.002     

    loc_os07g07990.1 0.002     

    loc_os02g14110.1 0.002     

    loc_os09g31486.1 0.002     

    loc_os02g49520.1 0.002     

    loc_os08g37874.1 0.002     

    loc_os10g22980.3 0.002     

    loc_os02g26700.1 0.002     

    loc_os07g42520.1 0.002     

    loc_os02g09990.1 0.002     

    loc_os12g13550.1 0.002     

    loc_os08g02410.1 0.002     

    loc_os08g02710.1 0.002     

    loc_os11g37940.1 0.002     

    loc_os11g30910.1 0.002     

    loc_os05g12450.1 0.002     

    loc_os03g63390.1 0.002     

    loc_os01g66840.1 0.002     

    loc_os08g32120.1 0.002     

    loc_os07g01310.1 0.002     

    loc_os01g69980.1 0.002     

    loc_os06g30030.1 0.002     

    loc_os06g37560.1 0.002     

    loc_os01g45990.1 0.002     

    loc_os07g44130.1 0.002     

    loc_os08g44220.1 0.002     

    loc_os06g06850.1 0.002     

    loc_os03g42830.1 0.002     

    loc_os05g45230.1 0.002     



254 
 

    loc_os04g44300.1 0.002     

    loc_os02g53750.1 0.002     

    loc_os01g54870.1 0.001     

    loc_os09g29310.1 0.001     

    loc_os09g33680.1 0.001     

    loc_os07g10420.2 0.001     

    loc_os05g38270.1 0.001     

    loc_os08g28240.1 0.001     

    loc_os02g08010.1 0.001     

    loc_os02g16540.1 0.001     

    loc_os10g02380.1 0.001     

    loc_os08g20730.1 0.001     

    loc_os04g51390.1 0.001     

    loc_os12g44030.1 0.001     

    loc_os01g66544.1 0.001     

    loc_os08g34280.1 0.001     

    loc_os03g42259.1 0.001     

    loc_os01g59930.1 0.001     

    loc_os11g02440.1 0.001     

    loc_os08g24790.1 0.001     

    loc_os06g34120.1 0.001     

    loc_os12g43530.1 0.001     

    loc_os03g20720.1 0.001     

    loc_os06g02520.1 0.001     

    loc_os07g23390.1 0.001     

    loc_os06g48510.1 0.001     

    loc_os03g10620.1 0.001     

    loc_os04g09540.1 0.001     

    loc_os04g37990.1 0.001     

    loc_os02g20970.1 0.001     

    loc_os06g47740.1 0.001     

    loc_os03g40540.1 0.001     

    loc_os06g41010.1 0.001     

    loc_os08g40940.1 0.001     

    loc_os08g01120.1 0.001     

    loc_os01g68720.1 0.001     

    loc_os11g37900.1 0.001     

    loc_os01g68900.1 0.001     

    loc_os06g48500.1 0.001     

    loc_os04g50020.1 0.001     

    loc_os01g54480.1 0.001     

    loc_os01g68020.1 0.001     

    loc_os12g26510.1 0.001     

    loc_os01g41430.1 0.001     



255 
 

    loc_os01g54890.1 0.001     

    loc_os05g08620.1 0.001     

    loc_os02g54640.1 0.001     

    loc_os12g02800.1 0.001     

    loc_os01g21310.1 0.001     

    loc_os05g33380.1 0.001     

    loc_os02g08100.1 0.001     

    loc_os06g39520.2 0.001     

    loc_os04g37790.1 0.001     

    loc_os11g29210.1 0.001     

    loc_os10g41999.1 0.001     

    loc_os01g43320.1 0.001     

    loc_os04g47930.1 0.001     

    loc_os01g28790.1 0.001     

    loc_os03g07350.1 0.001     

    loc_os11g34720.1 0.001     

    loc_os07g46920.1 0.001     

    loc_os03g04680.1 0.001     

    loc_os12g43640.1 0.001     

    loc_os08g44590.1 0.001     

    loc_os08g29570.1 0.001     

    loc_os09g28160.1 0.001     

    loc_os01g59180.1 0.001     

    loc_os03g28300.1 0.001     

    loc_os06g12310.1 0.001     

    loc_os08g37180.1 0.001     

    loc_os03g26930.1 0.001     

    loc_os07g33280.1 0.001     

    loc_os03g06200.1 0.001     

    loc_os03g20970.2 0.001     

    loc_os01g36220.1 0.001     

    loc_os06g09920.1 0.001     

    loc_os10g39300.1 0.001     

    loc_os10g37400.1 0.001     

    loc_os01g06660.1 0.001     

    loc_os06g05070.1 0.001     

    loc_os07g03770.1 0.001     

    loc_os03g51459.1 0.001     

    loc_os04g46140.1 0.001     

    loc_os02g49060.1 0.000     

    loc_os01g07420.1 0.000     

    loc_os10g25780.2 0.000     

    loc_os05g19000.1 0.000     

    loc_os10g23820.1 0.000     



256 
 

    loc_os02g47650.1 0.000     

    loc_os06g06000.1 0.000     

    loc_os08g02700.1 0.000     

    loc_os03g50130.1 0.000     

    loc_os04g56990.1 0.000     

    loc_os10g28080.1 0.000     

    loc_os01g22670.1 0.000     

    loc_os04g07110.1 0.000     

    loc_os03g07510.1 0.000     

    loc_os05g24650.1 0.000     

    loc_os07g10590.1 0.000     

    loc_os02g40840.1 0.000     

    loc_os12g05870.1 0.000     

    loc_os02g10030.1 0.000     

    loc_os11g03730.2 0.000     

    loc_os12g15505.1 0.000     

    loc_os03g15960.1 0.000     

    loc_os09g39020.1 0.000     

    loc_os04g54200.1 0.000     

    loc_os11g24140.1 0.000     

    loc_os03g45280.1 0.000     

    loc_os02g37250.1 0.000     

    loc_os01g03100.1 0.000     

    loc_os03g41330.1 0.000     

    loc_os01g61044.2 0.000     

    loc_os01g58240.1 0.000     

    loc_os01g48990.1 0.000     

    loc_os04g20280.2 0.000     

    loc_os05g37190.1 0.000     

    loc_os04g37710.1 0.000     

    loc_os01g22370.1 0.000     

    loc_os06g24704.1 0.000     

    loc_os06g39120.1 0.000     

    loc_os06g13680.1 0.000     

    loc_os08g09800.1 0.000     

    loc_os03g01700.1 0.000     

    loc_os12g27350.1 0.000     

    loc_os05g41180.1 0.000     

    loc_os06g11520.1 0.000     

    loc_os08g10080.1 0.000     

    loc_os10g38340.1 0.000     

    loc_os12g44020.1 0.000     

    loc_os01g56420.1 0.000     

    loc_os03g03370.1 0.000     



257 
 

    loc_os04g04390.1 0.000     

    loc_os05g30680.1 0.000     

    loc_os01g24420.1 0.000     

    loc_os05g05670.1 0.000     

    loc_os02g44490.1 0.000     

    loc_os01g56030.1 0.000     

    loc_os02g51680.1 0.000     

    loc_os04g01510.1 0.000     

    loc_os06g47750.1 0.000     

    loc_os12g11980.1 0.000     

    loc_os10g28050.1 0.000     

    loc_os05g47780.1 0.000     

    loc_os03g05640.1 0.000     

    loc_os09g17329.1 0.000     

    loc_os10g07556.1 0.000     

    loc_os03g53360.1 0.000     

    loc_os02g54180.1 0.000     

    loc_os06g01860.1 0.000     

    loc_os01g41810.1 0.000     

    loc_os02g44654.2 0.000     

    loc_os10g34930.1 0.000     

    loc_os07g26630.1 0.000     

    loc_os11g37960.1 0.000     

    loc_os07g45290.1 0.000     

    loc_os06g35480.1 0.000     

    loc_os01g58960.1 0.000     

    loc_os11g34110.1 0.000     

    loc_os10g40830.1 0.000     

    loc_os01g38180.1 0.000     

    loc_os06g36450.1 0.000     

    loc_os11g04350.1 0.000     

    loc_os10g22050.1 0.000     

    loc_os01g48570.1 0.000     

    loc_os08g35600.1 0.000     

    loc_os05g15170.1 0.000     

    loc_os01g71340.1 0.000     

    loc_os07g41850.1 0.000     

    loc_os03g62480.1 0.000     

    loc_os10g38470.1 0.000     

    loc_os11g08200.1 0.000     

    loc_os07g40860.1 0.000     

    loc_os01g27230.1 0.000     

    loc_os01g63210.1 0.000     

    loc_os11g18730.1 0.000     



258 
 

    loc_os02g41860.2 0.000     

    loc_os11g15040.4 0.000     

    loc_os04g13210.1 0.000     

    loc_os11g06180.1 0.000     

    loc_os03g02860.1 0.000     

    loc_os01g20980.1 0.000     

    loc_os02g32770.1 0.000     

    loc_os05g07280.1 0.000     

    loc_os02g52730.1 0.000     

    loc_os08g10300.1 0.000     

    loc_os04g52900.1 0.000     

    loc_os11g14140.1 0.000     

    loc_os01g52410.1 0.000     

    loc_os05g38460.1 0.000     

    loc_os02g56770.1 0.000     

    loc_os02g51930.1 0.000     

    loc_os02g32690.2 0.000     

    loc_os04g03796.1 0.000     

    loc_os08g31410.7 0.000     

    loc_os06g50940.1 0.000     

    loc_os07g06860.1 0.000     

    loc_os11g30560.1 0.000     

    loc_os04g37670.1 0.000     

    loc_os08g02030.1 0.000     

    loc_os07g17330.1 0.000     

    loc_os12g38300.1 0.000     

    loc_os05g49290.2 0.000     

    loc_os07g14490.1 0.000     

    loc_os01g74450.1 0.000     

    loc_os11g25160.1 0.000     

    loc_os03g57990.1 0.000     

    loc_os07g42040.1 0.000     

    loc_os08g34790.1 0.000     

    loc_os01g49820.2 0.000     

    loc_os01g50160.1 0.000     

    loc_os10g38860.1 0.000     

    loc_os04g56110.1 0.000     

    loc_os01g64110.1 0.000     

    loc_os01g53810.1 0.000     

    loc_os04g47250.1 0.000     

    loc_os05g31750.1 0.000     

    loc_os03g15080.1 0.000     

    loc_os10g34840.1 0.000     

    loc_os02g13510.1 0.000     



259 
 

    loc_os05g45840.1 0.000     

    loc_os04g06900.1 0.000     

    loc_os06g50040.1 0.000     

    loc_os11g07440.3 0.000     

    loc_os04g33590.1 0.000     

    loc_os07g07930.1 0.000     

    loc_os02g36350.1 0.000     

    loc_os05g48730.1 0.000     

    loc_os06g07250.1 0.000     

    loc_os11g14910.1 0.000     

    loc_os11g47809.1 0.000     

    loc_os09g26170.1 0.000     

    loc_os01g11730.1 0.000     

    loc_os05g31140.1 0.000     

    loc_os03g04660.1 0.000     

    loc_os04g33080.1 0.000     

    loc_os10g26410.1 0.000     

    loc_os09g12660.1 0.000     

    loc_os01g25484.1 0.000     

    loc_os09g31130.1 0.000     

    loc_os07g34900.1 0.000     

    loc_os05g45410.1 0.000     

    loc_os01g27210.1 0.000     

    loc_os01g15770.1 0.000     

    loc_os12g29400.1 0.000     

    loc_os09g37200.1 0.000     

    loc_os01g16170.1 0.000     

    loc_os03g55240.1 0.000     

    loc_os11g31090.1 0.000     

    loc_os06g35520.1 0.000     

    loc_os01g71280.1 0.000     

    loc_os01g04930.1 0.000     

    loc_os05g15630.1 0.000     

    loc_os07g23570.1 0.000     

    loc_os08g14020.1 0.000     

    loc_os06g11210.1 0.000     

    loc_os08g08970.1 0.000     

    loc_os02g50710.1 0.000     

    loc_os07g14470.1 0.000     

    loc_os10g38590.1 0.000     

    loc_os07g36750.1 0.000     

    loc_os07g33997.1 0.000     

    loc_os08g15420.1 0.000     

    loc_os02g02780.1 0.000     



260 
 

    loc_os04g56570.1 0.000     

    loc_os10g42620.1 0.000     

    loc_os04g43390.1 0.000     

    loc_os09g29560.1 0.000     

    loc_os07g19320.1 0.000     

    loc_os07g40870.1 0.000     

    loc_os03g48030.1 0.000     

    loc_os07g07320.1 0.000     

    loc_os03g58980.1 0.000     

    loc_os03g43010.1 0.000     

    loc_os07g44410.1 0.000     

    loc_os07g01410.1 0.000     

    loc_os08g20200.1 0.000     

    loc_os01g63200.1 0.000     

    loc_os06g11130.1 0.000     

    loc_os06g39110.1 0.000     

    loc_os01g05694.1 0.000     

    loc_os03g57970.2 0.000     

    loc_os06g13190.1 0.000     

    loc_os10g36980.1 0.000     

    loc_os07g04960.1 0.000     

    loc_os08g10320.1 0.000     

    loc_os01g06640.1 0.000     

    loc_os04g46820.1 0.000     

    loc_os04g55740.1 0.000     

    loc_os02g41680.1 0.000     

    loc_os01g11830.1 0.000     

    loc_os04g29580.1 0.000     

    loc_os06g05990.1 0.000     

    loc_os04g16450.1 0.000     

    loc_os08g08990.1 0.000     

    loc_os06g43620.1 0.000     

    loc_os10g39260.1 0.000     

    loc_os10g39100.1 0.000     

    loc_os12g38910.1 0.000     

    loc_os02g02340.1 0.000     

    loc_os04g48290.1 0.000     

    loc_os01g43774.1 0.000     

    loc_os06g22960.1 0.000     

    loc_os03g02939.1 0.000     

    loc_os02g35870.2 0.000     

    loc_os04g45130.1 0.000     

    loc_os06g43410.1 0.000     

    loc_os03g45740.1 0.000     



261 
 

    loc_os11g17440.1 0.000     

    loc_os11g31540.1 0.000     

    loc_os07g42626.1 0.000     

    loc_os07g09190.1 0.000     

    loc_os07g23430.1 0.000     

    loc_os05g49770.1 0.000     

    loc_os01g45110.1 0.000     

    loc_os03g19990.1 0.000     

    loc_os01g08090.1 0.000     

    loc_os03g22050.2 0.000     

    loc_os03g22020.1 0.000     

    loc_os04g46530.1 0.000     

    loc_os07g42070.1 0.000     

    loc_os03g53950.1 0.000     

    loc_os07g45080.1 0.000     

    loc_os07g39720.1 0.000     

    loc_os02g41670.1 0.000     

    loc_os11g31940.1 0.000     

    loc_os02g13100.1 0.000     

    loc_os10g38780.1 0.000     

    loc_os10g28120.1 0.000     

    ChrSy.fgenesh.mRNA.82 0.000     

    loc_os03g14170.1 0.000     

    loc_os01g41200.1 0.000     

    loc_os07g07920.1 0.000     

    loc_os06g11290.1 0.000     

    loc_os01g43710.1 0.000     

    loc_os10g38740.1 0.000     

    loc_os01g44960.1 0.000     

    loc_os01g16400.1 0.000     

    loc_os06g11240.1 0.000     

    loc_os11g33270.1 0.000     

    loc_os12g05880.1 0.000     

    loc_os07g03180.1 0.000     

    loc_os05g38350.1 0.000     

    loc_os04g44060.1 0.000     

    loc_os01g24560.1 0.000     

    loc_os09g31080.1 0.000     

    loc_os01g61940.1 0.000     

    loc_os12g36880.1 0.000     

    loc_os10g17489.1 0.000     

    loc_os03g17870.1 0.000     

    loc_os07g47210.1 0.000     

    loc_os01g43720.1 0.000     



262 
 

    loc_os08g08980.1 0.000     

    loc_os02g35490.1 0.000     

    loc_os10g38489.1 0.000     

    loc_os07g33780.1 0.000     

    loc_os01g64120.1 0.000     

    loc_os01g70850.1 0.000     

    loc_os01g34970.1 0.000     

    loc_os10g34480.1 0.000     

    loc_os01g05670.1 0.000     

    loc_os03g63370.1 0.000     

    loc_os01g40560.1 0.000     

    loc_os03g17350.1 0.000     

    loc_os01g06220.1 0.000     

    loc_os10g38600.1 0.000     

    loc_os02g08230.1 0.000     

    loc_os04g40730.1 0.000     

    loc_os04g09900.1 0.000     

    loc_os05g04490.1 0.000     

    loc_os03g08170.1 0.000     

    loc_os09g39070.1 0.000     

    loc_os03g49350.1 0.000     

    loc_os07g46852.4 0.000     

    loc_os06g47850.1 0.000     

    loc_os10g02040.2 0.000     

    loc_os07g04930.1 0.000     

    loc_os08g37300.1 0.000     

    loc_os03g12030.1 0.000     

    loc_os02g37190.1 0.000     

    loc_os02g52830.1 0.000     

    loc_os08g42590.1 0.000     

    loc_os12g06490.1 0.000     

    loc_os01g42320.1 0.000     

    loc_os03g57980.1 0.000     

    loc_os06g16350.1 0.000     

    loc_os01g53350.1 0.000     

    loc_os02g47780.1 0.000     

    loc_os01g24600.1 0.000     

    loc_os09g39090.1 0.000     

    loc_os10g10540.1 0.000     

    loc_os12g36830.1 0.000     

    loc_os07g04940.1 0.000     

    loc_os01g24550.1 0.000     

    loc_os07g44140.1 0.000     

    loc_os12g04204.2 0.000     



263 
 

 

 

 

 

 

 

 

 

 

    loc_os05g44770.1 0.000     

    loc_os12g07640.1 0.000     

    loc_os01g24570.1 0.000     

    loc_os04g55980.1 0.000     

    loc_os04g35750.1 0.000     

    loc_os01g61160.1 0.000     

    loc_os01g22680.1 0.000     

    loc_os01g42380.1 0.000     

    loc_os07g04950.1 0.000     

    loc_os07g03580.1 0.000     

    loc_os01g45250.1 0.000     

    loc_os06g03930.1 0.000     

    loc_os10g31380.1 0.000     

    loc_os04g09920.1 0.000     

    loc_os11g37700.1 0.000     

    loc_os12g36850.1 0.000     

    loc_os07g44110.1 0.000     

    loc_os01g42370.1 0.000     
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Appendix 2. GO term analysis 

  

2 h Up-regulation No. Genes 2h Down-regulation No. Genes

Molcular Functions Molcular Functions

1 transcription regulator activity (GO:0140110) 6 1 transcription regulator activity (GO:0140110) 2

2 molecular transducer activity (GO:0060089) 4 2 molecular transducer activity (GO:0060089) 2

3 binding (GO:0005488) 21 3 binding (GO:0005488) 9

4 structural molecule activity (GO:0005198) 2 4 structural molecule activity (GO:0005198) 1

5 molecular function regulator (GO:0098772) 4 5 molecular function regulator (GO:0098772) 1

6 catalytic activity (GO:0003824) 72 6 catalytic activity (GO:0003824) 36

7 transporter activity (GO:0005215) 17 7 transporter activity (GO:0005215) 7

Biological Process Biological Process

1 response to stimulus (GO:0050896) 18 1 response to stimulus (GO:0050896) 5

2 developmental process (GO:0032502) 4 2 developmental process (GO:0032502) 3

3 cellular process (GO:0009987) 7 3 cellular process (GO:0009987) 1

4 metabolic process (GO:0008152) 45 4 metabolic process (GO:0008152) 16

5 biological regulation (GO:0065007) 19 5 biological regulation (GO:0065007) 10

6 cellular component organization or biogenesis (GO:0071840) 6 6 cellular component organization or biogenesis (GO:0071840) 3

7 localization (GO:0051179) 8 7 localization (GO:0051179) 4

Cellular component Cellular component

1 supramolecular complex (GO:0099080) 1 1 cell junction (GO:0030054) 3

2 cell junction (GO:0030054) 4 2 membrane (GO:0016020) 1

3 membrane (GO:0016020) 13 3 protein-containing complex (GO:0032991) 2

4 protein-containing complex (GO:0032991) 3 4 organelle (GO:0043226) 7

5 organelle (GO:0043226) 33 5 cell (GO:0005623) 32

6 cell (GO:0005623) 45

Protein class Protein class

1 transporter (PC00227) 12 1 transporter (PC00227) 5

2 membrane traffic protein (PC00150) 1 2 hydrolase (PC00121) 13

3 chaperone (PC00072) 2 3 oxidoreductase (PC00176) 2

4 hydrolase (PC00121) 19 4 lyase (PC00144) 2

5 oxidoreductase (PC00176) 25 5 transferase (PC00220) 5

6 enzyme modulator (PC00095) 1 6 ligase (PC00142) 2

7 lyase (PC00144) 10 7 nucleic acid binding (PC00171) 2

8 transferase (PC00220) 7 8 transcription factor (PC00218) 2

9 transcription factor (PC00218) 10 9 isomerase (PC00135) 1

10 nucleic acid binding (PC00171) 4 10 cytoskeletal protein (PC00085) 1

11 ligase (PC00142) 2

12 isomerase (PC00135) 4

13 cytoskeletal protein (PC00085) 2

14 storage protein (PC00210) 1

15 signaling molecule (PC00207) 1
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6 h Up-regulation No. Genes 6h Down-regulation No. Genes

Molcular Functions Molcular Functions

1 translation regulator activity (GO:0045182) 2 1 translation regulator activity (GO:0045182) 1

2 transcription regulator activity (GO:0140110) 2 2 transcription regulator activity (GO:0140110) 6

3 molecular transducer activity (GO:0060089) 7 3 molecular transducer activity (GO:0060089) 6

4 binding (GO:0005488) 45 4 binding (GO:0005488) 33

5 structural molecule activity (GO:0005198) 22 5 structural molecule activity (GO:0005198) 1

6 molecular function regulator (GO:0098772) 7 6 molecular function regulator (GO:0098772) 8

7 catalytic activity (GO:0003824) 148 7 catalytic activity (GO:0003824) 124

8 transporter activity (GO:0005215) 24 8 transporter activity (GO:0005215) 39

Biological Process Biological Process

1 cellular component organization or biogenesis (GO:0071840) 30 1 response to stimulus (GO:0050896) 19

2 cellular process (GO:0009987) 15 2 signaling (GO:0023052) 2

3 multi-organism process (GO:0051704) 2 3 developmental process (GO:0032502) 8

4 localization (GO:0051179) 6 4 cellular process (GO:0009987) 17

5 biological regulation (GO:0065007) 16 5 metabolic process (GO:0008152) 70

6 response to stimulus (GO:0050896) 24 6 biological regulation (GO:0065007) 29

7 developmental process (GO:0032502) 6 7 cellular component organization or biogenesis (GO:0071840) 16

8 rhythmic process (GO:0048511) 1 8 localization (GO:0051179) 16

9 multicellular organismal process (GO:0032501) 1

10 metabolic process (GO:0008152) 108

Cellular component Cellular component

1 supramolecular complex (GO:0099080) 1 1 cell junction (GO:0030054) 12

2 cell junction (GO:0030054) 7 2 membrane (GO:0016020) 21

3 membrane (GO:0016020) 18 3 protein-containing complex (GO:0032991) 5

4 protein-containing complex (GO:0032991) 17 4 organelle (GO:0043226) 35

5 organelle (GO:0043226) 50 5 cell (GO:0005623) 93

6 cell (GO:0005623) 130

Protein class Protein class

1 transporter (PC00227) 20 1 transporter (PC00227) 22

2 membrane traffic protein (PC00150) 1 2 transmembrane receptor regulatory/adaptor protein (PC00226) 1

3 chaperone (PC00072) 4 3 membrane traffic protein (PC00150) 1

4 hydrolase (PC00121) 33 4 chaperone (PC00072) 1

5 oxidoreductase (PC00176) 61 5 hydrolase (PC00121) 26

6 enzyme modulator (PC00095) 6 6 oxidoreductase (PC00176) 28

7 lyase (PC00144) 8 7 enzyme modulator (PC00095) 8

8 transfer/carrier protein (PC00219) 1 8 lyase (PC00144) 4

9 transferase (PC00220) 17 9 transfer/carrier protein (PC00219) 2

10 transcription factor (PC00218) 7 10 transferase (PC00220) 14

11 nucleic acid binding (PC00171) 41 11 transcription factor (PC00218) 10

12 ligase (PC00142) 6 12 nucleic acid binding (PC00171) 11

13 receptor (PC00197) 3 13 ligase (PC00142) 10

14 calcium-binding protein (PC00060) 2 14 calcium-binding protein (PC00060) 1

15 isomerase (PC00135) 4 15 isomerase (PC00135) 1

16 cytoskeletal protein (PC00085) 4 16 cytoskeletal protein (PC00085) 2

17 signaling molecule (PC00207) 1 17 structural protein (PC00211) 1
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24 h Up-regulation No. Genes 24 h Down-regulation No. Genes

Molcular Functions Molcular Functions

1 molecular transducer activity (GO:0060089) 2 1 transcription regulator activity (GO:0140110) 1

2 binding (GO:0005488) 10 2 molecular transducer activity (GO:0060089) 2

3 structural molecule activity (GO:0005198) 2 3 binding (GO:0005488) 1

4 catalytic activity (GO:0003824) 90 4 structural molecule activity (GO:0005198) 1

5 transporter activity (GO:0005215) 17 5 molecular function regulator (GO:0098772) 2

6 catalytic activity (GO:0003824) 22

7 transporter activity (GO:0005215) 3

Biological Process Biological Process

1 response to stimulus (GO:0050896) 7 1 response to stimulus (GO:0050896) 4

2 developmental process (GO:0032502) 2 2 cellular process (GO:0009987) 2

3 cellular process (GO:0009987) 2 3 metabolic process (GO:0008152) 8

4 metabolic process (GO:0008152) 50 4 biological regulation (GO:0065007) 7

5 nitrogen utilization (GO:0019740) 1 5 cellular component organization or biogenesis (GO:0071840) 1

6 biological regulation (GO:0065007) 11 6 localization (GO:0051179) 1

7 cellular component organization or biogenesis (GO:0071840) 2

8 localization (GO:0051179) 2

Cellular component Cellular component

1 cell junction (GO:0030054) 1 1 cell junction (GO:0030054) 1

2 membrane (GO:0016020) 6 2 membrane (GO:0016020) 1

3 protein-containing complex (GO:0032991) 3 3 organelle (GO:0043226) 1

4 organelle (GO:0043226) 22 4 cell (GO:0005623) 17

5 extracellular region (GO:0005576) 1

6 cell (GO:0005623) 45

Protein class Protein class

1 transporter (PC00227) 15 1 transporter (PC00227) 1

2 hydrolase (PC00121) 18 2 membrane traffic protein (PC00150) 1

3 oxidoreductase (PC00176) 37 3 hydrolase (PC00121) 5

4 enzyme modulator (PC00095) 2 4 oxidoreductase (PC00176) 5

5 lyase (PC00144) 9 5 lyase (PC00144) 2

6 transferase (PC00220) 10 6 transcription factor (PC00218) 2

7 transcription factor (PC00218) 3 7 transferase (PC00220) 1

8 ligase (PC00142) 7 8 isomerase (PC00135) 2

9 nucleic acid binding (PC00171) 2 9 structural protein (PC00211) 1

10 isomerase (PC00135) 3

11 cytoskeletal protein (PC00085) 3
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Appendix 3. KEGG_Sugar metabolism 

KEGG  / PlantCyc Enrichment Analysis (annotated in The 
Plant GeneSet Enrichment Analysis Toolkit (PlantGSEA) 
(http://structuralbiology.cau.edu.cn/PlantGSEA/index.php) LOC_Os IDs 

Reactions (annotated in the OyzaCyc 6.0 database available on the Plant 
Metabolic Network (https://pmn.plantcyc.org/organism-
summary?object=ORYZA) ) Log2FC  

Glycolysis IV (plant cytosol) loc_os02g07490  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.38  

  loc_os08g02700  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.72  

  loc_os12g05110  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.32  

  loc_os07g08340  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.43  

  loc_os09g12650  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 1.32  

  loc_os10g26570  ATP + β-D-fructofuranose 6-phosphate → ADP + β-D-fructose 1,6-bisphosphate + H+ 0.41  

  loc_os04g40950  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.33  

  loc_os02g48360  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 0.52  

  loc_os05g40420  2-phospho-D-glycerate ↔ 3-phospho-D-glycerate 0.36  

  loc_os01g16960  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

  loc_os05g33380  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.54  

  loc_os03g44420    0.46  

  loc_os01g02880  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.32  

  loc_os11g10980   phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

Glycolysis / Gluconeogenesis loc_os05g06460  
a [lipoyl-carrier protein] N6-dihydrolipoyl-L-lysine + NAD+ → a [lipoyl-carrier protein]-
N6-lipoyl-L-lysine + NADH + H+ 0.61  

  loc_os02g07490  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.38  

  loc_os08g02700  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 2.34  

  loc_os12g05110  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.32  

  

loc_os12g42230  pyruvate + a [pyruvate dehydrogenase E2 protein] N6-lipoyl-L-lysine + H+ → a 
[pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + CO2 
pyruvate + thiamine diphosphate + H+ → 2-(α-hydroxyethyl)thiamine diphosphate + 
CO2 
2-(α-hydroxyethyl)thiamine diphosphate + a [pyruvate dehydrogenase E2 protein] N6-
lipoyl-L-lysine → a [pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-
lysine + thiamine diphosphate 

0.47  

  loc_os07g08340  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.43  

  loc_os12g08170  
a [pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + coenzyme 
A → acetyl-CoA + a [pyruvate dehydrogenase E2 protein] N6-dihydrolipoyl-L-lysine    
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  loc_os10g26570  ATP + β-D-fructofuranose 6-phosphate → ADP + β-D-fructose 1,6-bisphosphate + H+ 0.41  

  loc_os04g40950  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+    

  loc_os05g40420  2-phospho-D-glycerate ↔ 3-phospho-D-glycerate 0.36  

  loc_os01g16960  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

  loc_os05g33380  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.54  

  loc_os01g06660  a 2-oxo carboxylate + H+ = an aldehyde + CO2 0.70  

  loc_os01g02880   
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.32  

Sucrose degradation to ethanol and lactate (anaerobic) loc_os02g07490  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.38  

  loc_os08g02700  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 2.34  

  loc_os01g46070  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.29  

  loc_os12g05110  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.32  

  loc_os07g08340  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.43  

  loc_os09g12650  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 1.63  

  

loc_os07g46920  

(-)-secoisolariciresinol + NAD+ → (3R,4R)-3,4-bis(4-hydroxy-3-
methoxybenzyl)tetrahydro-2-furanol + NADH + H+ 
(-)-secoisolariciresinol + 2 NAD+ = (-)-matairesinol + 2 NADH + 2 H+ 
(3R,4R)-3,4-bis(4-hydroxy-3-methoxybenzyl)tetrahydro-2-furanol + NAD+ → (-)-
matairesinol + NADH + H+ 2.79  

  loc_os10g26570  ATP + β-D-fructofuranose 6-phosphate → ADP + β-D-fructose 1,6-bisphosphate + H+ 1.30  

  loc_os04g40950  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.33  

  loc_os10g33800  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.25  

  

loc_os04g10000  

oryzalexin D + NAD(P)+ → oryzalexin B + NAD(P)H + H+ 
oryzalexin A + NAD(P)+ → oryzalexin C + NAD(P)H + H+ 
3β-hydroxy-9β-pimara-7,15-diene-19,6β-olide + NAD(P)+ → momilactone A + 
NAD(P)H + H+ 1.24  

  loc_os02g48360  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 0.52  

  loc_os05g40420  2-phospho-D-glycerate ↔ 3-phospho-D-glycerate 0.36  

  loc_os01g16960  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

  loc_os05g33380  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.54  

  loc_os03g44420    0.46  



269 
 

  loc_os01g02880  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.32  

  loc_os11g10980 phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

Glycolysis I loc_os02g07490  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.38  

  loc_os08g02700  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.38  

  loc_os12g05110  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.32  

  loc_os07g08340  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.43  

  loc_os09g12650  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 1.63  

  loc_os10g26570  ATP + β-D-fructofuranose 6-phosphate → ADP + β-D-fructose 1,6-bisphosphate + H+ 0.41  

  loc_os04g40950  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.33  

  loc_os02g48360  
β-D-fructofuranose 6-phosphate + diphosphate → β-D-fructose 1,6-bisphosphate + 
phosphate + H+ 0.52  

  loc_os05g40420  2-phospho-D-glycerate ↔ 3-phospho-D-glycerate 0.36  

  loc_os01g16960  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

  loc_os05g33380  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.54  

  loc_os03g44420    0.46  

  loc_os01g02880  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.32  

  loc_os11g10980     phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

Gluconeogenesis loc_os02g07490  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.38  

  loc_os08g02700  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.72  

  loc_os01g46070  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.29  

  loc_os04g40950  
D-glyceraldehyde 3-phosphate + NAD+ + phosphate ↔ 3-phospho-D-glyceroyl-
phosphate + NADH + H+ 0.33  

  loc_os10g33800  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.25  

  loc_os05g40420  2-phospho-D-glycerate ↔ 3-phospho-D-glycerate 0.36  

  loc_os05g33380  
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.54  

  loc_os01g02880 
β-D-fructose 1,6-bisphosphate ↔ glycerone phosphate + D-glyceraldehyde 3-
phosphate 0.32  

Pyruvate metabolism loc_os05g06460  
a [lipoyl-carrier protein] N6-dihydrolipoyl-L-lysine + NAD+ → a [lipoyl-carrier protein]-
N6-lipoyl-L-lysine + NADH + H+ 0.61  

  loc_os01g46070  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.29  

  loc_os12g05110  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.32  
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loc_os12g42230  

pyruvate + a [pyruvate dehydrogenase E2 protein] N6-lipoyl-L-lysine + H+ → a 
[pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + CO2 
pyruvate + thiamine diphosphate + H+ → 2-(α-hydroxyethyl)thiamine diphosphate + 
CO2 
2-(α-hydroxyethyl)thiamine diphosphate + a [pyruvate dehydrogenase E2 protein] 
N6-lipoyl-L-lysine → a [pyruvate dehydrogenase E2 protein] N6-S-
acetyldihydrolipoyl-L-lysine + thiamine diphosphate 0.47  

  loc_os07g08340  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.43  

  loc_os05g33570  pyruvate + ATP + phosphate ↔ phosphoenolpyruvate + AMP + diphosphate + H+ 0.58  

  loc_os12g08170  
a [pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + coenzyme 
A → acetyl-CoA + a [pyruvate dehydrogenase E2 protein] N6-dihydrolipoyl-L-lysine 0.49  

  loc_os10g33800  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.25  

  loc_os01g16960  phosphoenolpyruvate + ADP + H+ → pyruvate + ATP 0.34  

Citrate cycle (TCA cycle) loc_os05g06460  
a [lipoyl-carrier protein] N6-dihydrolipoyl-L-lysine + NAD+ → a [lipoyl-carrier protein]-
N6-lipoyl-L-lysine + NADH + H+ 0.61  

  loc_os01g46070  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.29  

  

loc_os12g42230  

pyruvate + a [pyruvate dehydrogenase E2 protein] N6-lipoyl-L-lysine + H+ → a 
[pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + CO2 
pyruvate + thiamine diphosphate + H+ → 2-(α-hydroxyethyl)thiamine diphosphate + 
CO2 
2-(α-hydroxyethyl)thiamine diphosphate + a [pyruvate dehydrogenase E2 protein] 
N6-lipoyl-L-lysine → a [pyruvate dehydrogenase E2 protein] N6-S-
acetyldihydrolipoyl-L-lysine + thiamine diphosphate 0.47  

  loc_os12g08170  
a [pyruvate dehydrogenase E2 protein] N6-S-acetyldihydrolipoyl-L-lysine + coenzyme 
A → acetyl-CoA + a [pyruvate dehydrogenase E2 protein] N6-dihydrolipoyl-L-lysine 0.49  

  loc_os10g33800  (S)-malate + NAD+ ↔ oxaloacetate + NADH + H+ 0.25  

  loc_os02g10070  oxaloacetate + acetyl-CoA + H2O → citrate + coenzyme A + H+ 1.05  
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Appendix 4. DEGs of shoot 

2 hr FDR   6 hr FDR   24 hr FDR 

loc_os06g03930.1 0.001   loc_os08g02600.1 0.050   loc_os09g36930.1 0.000 

    loc_os02g49870.2 0.048   loc_os01g62480.1 0.014 

    loc_os08g04560.1 0.048   loc_os05g50340.1 0.037 

    loc_os02g11700.1 0.047     

    loc_os03g03360.1 0.046     

    loc_os10g28120.1 0.046     

    loc_os08g26870.1 0.045     

    loc_os04g48840.1 0.045     

    loc_os07g05460.1 0.044     

    loc_os04g38410.1 0.043     

    loc_os01g47780.1 0.043     

    loc_os05g41030.1 0.043     

    loc_os06g48500.1 0.043     

    loc_os10g27174.1 0.043     

    loc_os12g08760.1 0.043     

    loc_os02g52150.1 0.043     

    loc_os06g22960.1 0.042     

    loc_os12g43450.1 0.041     

    loc_os06g06290.1 0.040     

    loc_os10g42960.1 0.040     

    loc_os03g17580.1 0.040     

    loc_os03g21560.1 0.040     

    loc_os01g61990.2 0.040     

    loc_os06g32880.1 0.040     

    loc_os03g40180.1 0.040     

    loc_os06g03710.1 0.037     

    loc_os02g09590.1 0.037     

    loc_os03g02240.1 0.037     

    loc_os11g10460.1 0.037     

    loc_os02g02130.1 0.036     

    loc_os12g41600.1 0.035     

    loc_os07g48040.1 0.035     

    loc_os01g65260.1 0.035     

    loc_os03g22460.1 0.035     

    loc_os08g33720.1 0.033     

    loc_os01g68650.1 0.033     

    loc_os12g34510.1 0.033     

    loc_os09g26420.5 0.033     

    loc_os02g39360.1 0.033     

    loc_os02g53200.1 0.033     
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    loc_os04g41900.1 0.033     

    loc_os06g37150.1 0.033     

    loc_os07g47420.1 0.033     

    loc_os09g34230.1 0.033     

    loc_os03g38540.2 0.029     

    loc_os08g40850.1 0.029     

    loc_os05g08480.1 0.028     

    loc_os02g53400.1 0.028     

    loc_os06g49780.1 0.028     

    loc_os03g56190.1 0.028     

    loc_os03g04750.1 0.028     

    loc_os01g63410.1 0.027     

    loc_os01g60790.1 0.027     

    loc_os01g34060.1 0.026     

    loc_os02g57020.1 0.026     

    loc_os09g37710.1 0.026     

    loc_os01g64860.1 0.026     

    loc_os02g01730.1 0.026     

    loc_os03g22010.1 0.026     

    loc_os12g37650.1 0.026     

    loc_os06g45340.1 0.026     

    loc_os09g34140.2 0.026     

    loc_os04g55170.1 0.025     

    loc_os07g01020.1 0.024     

    loc_os10g41980.1 0.023     

    loc_os09g15810.1 0.022     

    loc_os01g02080.1 0.022     

    loc_os03g14130.1 0.022     

    loc_os05g39960.1 0.022     

    loc_os01g68300.1 0.021     

    loc_os07g10660.1 0.020     

    loc_os12g02530.2 0.020     

    loc_os04g33490.1 0.020     

    loc_os02g30320.1 0.020     

    loc_os02g54980.1 0.020     

    loc_os07g28610.1 0.020     

    loc_os08g39270.1 0.020     

    loc_os06g04150.1 0.019     

    loc_os03g01750.4 0.019     

    loc_os01g42294.1 0.019     

    loc_os03g01900.1 0.019     

    loc_os03g15910.1 0.019     

    loc_os07g37850.1 0.019     

    loc_os04g27790.1 0.019     
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    loc_os10g34795.1 0.018     

    loc_os04g36720.1 0.016     

    loc_os06g47600.1 0.016     

    loc_os12g25200.1 0.016     

    loc_os11g01330.1 0.015     

    loc_os11g04720.2 0.014     

    loc_os06g01210.1 0.014     

    loc_os02g47600.1 0.012     

    loc_os03g56160.1 0.011     

    loc_os01g13080.1 0.011     

    loc_os11g03400.1 0.011     

    loc_os03g60840.1 0.011     

    loc_os08g13920.1 0.011     

    loc_os02g32520.1 0.010     

    loc_os11g47240.2 0.010     

    loc_os06g08580.1 0.010     

    loc_os10g40410.1 0.010     

    loc_os04g58390.1 0.008     

    loc_os01g13690.1 0.008     

    loc_os11g02610.1 0.008     

    loc_os11g26340.1 0.008     

    loc_os03g24590.1 0.007     

    loc_os04g52880.1 0.007     

    loc_os10g41100.1 0.007     

    loc_os11g34460.1 0.007     

    loc_os05g27780.1 0.007     

    loc_os09g26810.1 0.007     

    loc_os11g18730.1 0.007     

    loc_os10g27190.1 0.006     

    loc_os04g10924.1 0.006     

    loc_os10g02040.2 0.006     

    loc_os01g51920.1 0.005     

    loc_os06g39370.1 0.005     

    loc_os07g47640.1 0.005     

    loc_os08g17160.1 0.005     

    loc_os04g32920.3 0.005     

    loc_os05g05030.1 0.005     

    loc_os07g08970.1 0.003     

    loc_os11g01530.1 0.003     

    loc_os12g39360.1 0.003     

    loc_os01g08130.1 0.003     

    loc_os05g03030.1 0.003     

    loc_os09g38090.1 0.003     

    loc_os04g58200.1 0.002     



274 
 

    loc_os08g39430.1 0.002     

    loc_os02g39710.1 0.001     

    loc_os02g44320.1 0.001     

    loc_os09g24620.1 0.001     

    loc_os04g55159.1 0.001     

    loc_os05g42360.1 0.000     

    loc_os05g31140.1 0.000     

    loc_os06g05440.1 0.000     

    loc_os12g34524.1 0.000     

    loc_os03g47610.6 0.000     

    loc_os06g11660.1 0.000     

    loc_os03g22370.1 0.000     

    loc_os03g56930.1 0.000     

    loc_os03g59180.2 0.000     

    loc_os06g21380.1 0.000     

    loc_os03g55776.1 0.000     

    loc_os06g03930.1 0.000     
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Appendix 5. KEGG_Cytokinin 

KEGG  / PlantCyc Enrichment Analysis (annotated in The 
Plant GeneSet Enrichment Analysis Toolkit (PlantGSEA) 
(http://structuralbiology.cau.edu.cn/PlantGSEA/index.php) LOC_Os IDs 

Reactions (annotated in the OyzaCyc 6.0 database available on the Plant 
Metabolic Network (https://pmn.plantcyc.org/organism-summary?object=ORYZA) 
) Log2FC  

Cytokinins-O-glucoside biosynthesis  
Cytokinins-9-N-glucoside biosynthesis  
Cytokinins-7-N-glucoside biosynthesis 

loc_os02g11640  

UDP-α-D-glucose + 2-hydroxylamino-4,6-dinitrotoluene → 2-hydroxylamino-4,6-
dinitrotoluene-C3-glucoside + UDP + H+ 
UDP-α-D-glucose + 2-amino-4,6-dinitrotoluene → 2-amino-4,6-dinitrotoluene glucoside 
+ UDP + 2 H+ 
UDP-α-D-glucose + 4-hydroxylamino-2,6-dinitrotoluene → 4-hydroxylamino-2,6-
dinitrotoluene-O-glucoside + UDP + H+  
UDP-α-D-glucose + 2-hydroxylamino-4,6-dinitrotoluene → 2-hydroxylamino-4,6-
dinitrotoluene-O-glucoside + UDP + H+ 
UDP-α-D-glucose + 4-hydroxylamino-2,6-dinitrotoluene → 4-hydroxylamino-2,6-
dinitrotoluene 3C-glucoside + UDP + H2O 
UDP-α-D-glucose + 4-amino-2,6-dinitrotoluene → 4-amino-2,6-dinitrotoluene glucoside 
+ UDP + 2 H+ 
UDP-α-D-glucose + cis-zeatin → cis-zeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + trans-zeatin → trans-zeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + dihydrozeatin → dihydrozeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + dihydrozeatin-9-N-glucoside → dihydrozeatin-9-N-glucoside-O-
glucoside + UDP + H+  

3.06 

 

loc_os04g44250  

UDP-α-D-glucose + 6-hydroxyflavone → 6-O-β-D-glucosyl-6-hydroxyflavone + UDP + 
H+ 
UDP-α-D-glucose + quercetin = quercetin 7-O-glucoside + UDP + H+ 
UDP-α-D-glucose + kaempferol-3-rhamnoside = kaempferol 3-O-rhamnoside-7-O-
glucoside + UDP  
UDP-α-D-glucose + quercetin → UDP + quercetin-3-glucoside + H+ 
UDP-α-D-glucose + 7-hydroxyflavone → 7-O-β-D-glucosyl-7-hydroxyflavone + UDP + 
H+ 
UDP-α-D-glucose + quercetin 3-O-rhamnoside = quercetin 3-O-rhamnoside-7-O-
glucoside + UDP  

1.83 

 

loc_os03g24430  

castasterone + UDP-α-D-glucose → castasterone-23-O-glucoside + UDP + H+ 
brassinolide + UDP-α-D-glucose → brassinolide-23-O-glucoside + UDP + H+ 
UDP-α-D-glucose + quercetin = quercetin 7-O-glucoside + UDP + H+ 

3.43 

 

loc_os01g53430  

 luteolinidin + UDP-α-D-glucose → luteolinidin 5-O-glucoside + UDP + 2 H+ 
apigeninidin + UDP-α-D-glucose → apigeninidin 5-O-glucoside + UDP + H+ 

3.05 

 

loc_os05g45090  

 luteolinidin + UDP-α-D-glucose → luteolinidin 5-O-glucoside + UDP + 2 H+ 
apigeninidin + UDP-α-D-glucose → apigeninidin 5-O-glucoside + UDP + H+ 

  

 

loc_os11g04860  
cyanidin-3-O-rutinoside + UDP-α-D-glucose → cyanidin-3-O-rutinoside-5-O-β-D-
glucoside + UDP + H+ 

2.50 

 

loc_os02g42280  

UDP-α-D-glucose + cis-zeatin → cis-zeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + trans-zeatin → trans-zeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + dihydrozeatin → dihydrozeatin-O-glucoside + UDP + H+ 
UDP-α-D-glucose + dihydrozeatin-9-N-glucoside → dihydrozeatin-9-N-glucoside-O-
glucoside + UDP + H+ 

2.24 
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loc_os07g31960  

 luteolinidin + UDP-α-D-glucose → luteolinidin 5-O-glucoside + UDP + 2 H+ 
apigeninidin + UDP-α-D-glucose → apigeninidin 5-O-glucoside + UDP + H+ 

2.31 

 

loc_os05g45100  

 luteolinidin + UDP-α-D-glucose → luteolinidin 5-O-glucoside + UDP + 2 H+ 
apigeninidin + UDP-α-D-glucose → apigeninidin 5-O-glucoside + UDP + H+ 

4.27 

 

loc_os01g08440  

UDP-α-D-glucose + β-D-gentiobiosyl crocetin = β-D-gentiobiosyl β-D-glucosyl crocetin + 
UDP 
UDP-α-D-glucose + β-D-glucosyl crocetin = bis(β-D-glucosyl) crocetin + UDP 
UDP-α-D-glucose + crocetin = β-D-glucosyl crocetin + UDP 

2.19 

 

loc_os07g13770  

UDP-α-D-glucose + DIBOA → DIBOA-β-D-glucoside + UDP 
UDP-α-D-glucose + DIMBOA → DIMBOA-β-D-glucoside + UDP 

1.50 

 

loc_os01g45110  

UDP-α-D-glucose + scopoletin → scopolin + UDP + H+ 
esculetin + UDP-α-D-glucose = esculin + UDP + H+ 
UDP-α-D-glucose + trans-cinnamate → UDP + trans-cinnamoyl-β-D-glucoside  
UDP-α-D-glucose + 4-hydroxybenzoate → 4-(β-D-glucosyloxy)benzoate + UDP + H+ 
UDP-α-D-glucose + coniferyl alcohol → coniferin + UDP + H+ 
UDP-α-D-glucose + 2-coumarate → trans-β-D-glucosyl-2-hydroxycinnamate + UDP + 
H+ 
salicylate + UDP-α-D-glucose → salicylate 2-O-β-D-glucoside + UDP + H+ 
UDP-α-D-glucose + 4-coumarate → 4-O-β-D-glucosyl-4-hydroxycinnamate + UDP + H+ 
salicylate + UDP-α-D-glucose → salicylate β-D-glucose ester + UDP  

3.75 

 

loc_os05g12450   UDP-α-D-glucose + hydroquinone → arbutin + UDP + H+ 

1.52 

 

 

 

 

 

 

 

 


