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Chapter 1: Introduction 

1.1 Carotenoids and apocarotenoids 

Carotenoids are a class of lipophilic pigments widely diffused in nature, being 

synthesized by all photosynthetic organisms (bacteria, algae, and plants) and by non-

photosynthetic bacteria and fungi (Hirschberg, 2001; Fraser and Bramley, 2004; 

DellaPenna and Pogson, 2006; Moise et al., 2014; Nisar et al., 2015). 

Generally, carotenoids are defined by a common C40 polyene backbone carrying 3–

11 conjugated double bonds with different stereo configurations. Their diversity 

derives from the addition of different functional groups, which are commonly 

attached to the rings or the ends of the molecule, or due to the presence of 

hydroxylation, oxygenation, and further derivatization (Hirschberg 2001; Moise et 

al. 2014; Wang, Lin, et al. 2021). They are classified as carotenes or xanthophylls, 

with only the latter including oxygen-containing functional groups (Bhosale & 

Bernstein 2005). The presence of these groups affects the solubility of carotenoids, 

making xanthophylls more polar than carotenes. 

In plants, carotenoids are synthesized in light- and dark-grown tissues, such as 

leaves, endosperm, and roots. The carotenoid biosynthetic pathway occurs in plastids 

where they are also stored and accumulated in envelope/thylakoid membranes and 

plastoglobuli (Jeffrey et al. 1974; Austin et al. 2006). 

Carotenoids derived from two isoprene isomers, isopentenyl diphosphate (IPP) and 

its allylic isomer dimethylallyl diphosphate (DMAPP), originated from the plastid 

methylerythritol 4-phosphate (MEP) pathway (Rodríguez-Concepción & Boronat 

2002). Thanks to the action of different enzymes present in this metabolic route 

geranylgeranyl diphosphate (GGPP) is obtained, by the addition of three IPP 

molecules to DMAPP. GGPP is the direct precursor for carotenoid biosynthesis, as 
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well as for many other important plastidial isoprenoids, such as gibberellins and 

chlorophylls (Ruiz-Sola et al., 2016; Zhou et al., 2017; Sun et al., 2020). 

 

In photosynthetic organisms, carotenoids, mainly xanthophylls, are located in 

specific complexes, serving as accessory pigments to harvest light for photosynthesis 

and constituting the basic structural units of the photosynthetic apparatus (Britton, 

2008). In addition, they also act as photo protectors by quenching the energy excess 

under high-light stress and preventing the formation of highly reactive singlet 

oxygen (Heath et al., 2013). 

Carotenoids have also ecological functions, providing flowers and fruits with 

specific colors that play a role in attracting insects and other animals, thus promoting 

pollination and seed dispersal (Yuan et al., 2015; Giuliano, 2017). Alongside, they 

can also function as repellents for pathogens and pests(Wang et al., 1999; Ômura et 

al., 2000; Gruber et al., 2009). 

Carotenoids are important antioxidants also in heterotrophic organisms, including 

humans. Many birds, fishes, and marine invertebrates accumulate these pigments in 

certain tissues for pigmentation and nutritional purposes too. Normally, animals, 

except for some aphids that naturally produce torulene (Moran and Jarvik, 2010), are 

unable to synthesize carotenoids de novo and obtain them from their diet. α-carotene, 

β-carotene, and β-cryptoxanthine are precursors of vitamin A, retinal, and retinoic 

acid, which play essential roles in nutrition, vision, and cellular differentiation 

(Krinsky, 1994) (Fraser and Bramley, 2004; DellaPenna and Pogson, 2006; Giuliano, 

2014; Nisar et al., 2015; Zheng et al., 2020). 

Carotenoids are also the precursor of apocarotenoids, another important class of 

compounds, which includes the already mentioned retinal and vitamin A, signaling 

molecules, the fungal pheromone trisporic acid, the plant hormones abscisic acid 

(ABA) (Nambara and Marion-Poll, 2005) and strigolactones (SLs) (Hou et al., 2016; 

Wang et al., 2021b). Recently, novel plant apocarotenoids have been identified, such 
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as cyclocitral (Dickinson et al., 2019), zaxinone (Wang et al., 2019), and anchorene 

(Jia et al., 2019). 

Plant apocarotenoids can be generated by non-enzymatic oxidation processes that 

are triggered by reactive oxygen species (ROS) (Harrison and Bugg, 2014; Ahrazem 

et al., 2016) or by the action of a ubiquitous family of non-heme iron enzymes, called 

carotenoid cleavage dioxygenases (CCDs) (Floss et al., 2008; Alder et al., 2008), 

which incorporate molecular oxygen between adjacent carbon atoms, leading to 

carbonyl products via unstable intermediates. The different specificity concerning 

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

distinguishing diverse types of CCDs (Bruno et al., 2014). 

1.1.1 The Carotenoid Cleavage Dioxygenases enzymatic family  

The CCD family is an ancient family of enzymes present in bacteria, plants, and 

animals. The CCD members share common features: i) the need for a Fe2+ ion for 

catalytic activity (Schwartz et al., 1997); ii) the presence of four conserved histidines 

that are thought to coordinate iron binding; and iii) a conserved peptide sequence at 

their carboxyl terminus (Auldridge et al., 2006). 

Plant CCDs constitute the most abundant group identified so far (Figure 1). These 

CCDs have been classified into two large families based on the production or not of 

abscisic acid (ABA), a hormone involved in drought stress responses and seed 

dormancy (Schwartz et al., 1997). Those involved in ABA production are the 9-cis-

epoxy-carotenoid-dioxygenases (NCEDs), which cleave 9-cis-violaxanthin and 9-

cis- neoxanthin to xanthoxin, the precursor of ABA (Nambara and Marion-Poll, 

2005; Ahrazem et al., 2016). In the model plant Arabidopsis thaliana, the CCD 

family comprises nine members, including five NCEDs (NCED2, NCED3, NCED5, 

NCED6, and NCED9) and four CCDs (CCD1, CCD4, CCD7, and CCD8) (Tan et 

al., 2003; Sui et al., 2013). 
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The first enzyme found to be specifically involved in the cleavage of carotenoids, 

viviparous14 (VP14), was identified by the analysis of a viviparous ABA-deficient 

mutant in maize (Schwartz et al., 1997). NCEDs are plastid-localized and are 

therefore co-localized with carotenoids (Tan et al., 2003; Floss and Walter, 2009). 

These enzymes are unique among other CCDs in that they accept only cis-isomers 

of their substrates (Tan et al., 2003). The cleavage reaction, in which they are 

involved, is the rate-limiting step in ABA biosynthesis (Finkelstein, 2013). 

The contribution of CCD1 enzymes to the generation of important apocarotenoid 

volatile compounds (β-ionone, β-cyclocitral, geranylacetone, and pseudoionone) in 

fruit and flowers has been demonstrated in a vast number of different plant species 

(Schwartz et al., 2001; Vogel et al., 2008; Ilg et al., 2009, 2014; Nisar et al., 2015). 

These enzymes are the only CCDs localized in the cytoplasm (Auldridge et al., 

2006), although they may also associate with the outer chloroplast membrane. Due 

to their subcellular location, CCD1s do not have direct access to the carotenoids 

located in the plastids (Auldridge et al., 2006). Therefore, plant CCD1 may convert 

the plastid-released apocarotenoids that have arisen by non-enzymatic oxidative 

cleavage processes or the activity of other CCDs (CCD4 and/or CCD7). This 

scenario might explain the multiple cleavage sites and the wide substrate specificity 

displayed by CCD1 enzymes (Ilg et al., 2010; Beltran and Stange, 2016). 

In some species, however, CCD1 gene duplication has occurred leading to functional 

specialization (Hou et al., 2016). In vivo, CCD1 catalyzes the C9-C10; C9'-C10' 

double bond of β-carotene forming β-ionone; interestingly, Oryza sativa and Zea 

mays CCD1s are reported to cleave C5-C6; C5'-C6' and C7-C8; C7'-C8' positions of 

lycopene (Vogel et al., 2008; Ilg et al., 2009, 2014). Moreover, CCD1 in Medicago 

truncatula may be involved in the generation of mycorradicin, revealing a special 

role in the production of a non-volatile compound. Mycorradicin is the yellow 

pigment that accumulates to high levels in the roots of many plants upon colonization 
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with arbuscular mycorrhizal (AM) fungi (Fester et al., 2002a) and is produced from 

cleavage of root carotenoids (Fester et al. 2010).  

A CCD subfamily related to the CCD1 family has been identified in Crocus species 

(Frusciante et al., 2014). This subfamily, named CCD2, is involved in the formation 

of the apocarotenoid crocetin, which accumulates in stigma tissue at high levels 

(Ahrazem et al., 2015); this enzyme catalyzes the reaction cleaving zeaxanthin at 

C7-C8 and C7’-C8’ position. Similar to CCD1, CCD2 has a cytoplasmic 

localization, suggesting that it may cleave carotenoids localized in the chromoplast 

outer envelope (Frusciante et al., 2014). No other CCD2 homologs have been 

identified in other organisms, probably for the uncommon capability to synthesize 

crocetin in plants and bacteria (Ahrazem et al., 2016).  

CCD4, as well as CCD1 enzymes, are known to produce apocarotenoid-derived 

pigments, flavours, and aromas in planta, but their biochemical functions are quite 

different (Schwartz et al., 2001; Auldridge et al., 2006; Ilg et al., 2009). Plants 

produce two different forms of CCD4 enzyme (Huang et al., 2009). The first type 

mediates the cleavage of bicyclic all-trans-cyclic carotenoids, e.g., all-trans-β-

carotene, at the C9-C10 or C9’-C10’ double bond leading to apo-10’-carotenoids 

(C27), e.g., β-apo-10’-carotenal, and the corresponding C13 cyclohexenone product, 

e.g., β-ionone (Bruno et al., 2016). Zeaxanthin and β-epoxyxanthophylls may also 

be substrates for CCD4-mediated 9,10 cleavage in Arabidopsis leaves and the 

apocarotenoids formed may be sequestered as glycosides (Lätari et al., 2015).  

Moreover, a second type of CCD4 was identified, in Satsuma mandarin (Citrus 

unshiu); it cleaves bicyclic carotenoid, as β-cryptoxanthin and zeaxanthin, 

asymmetrically at the C7-C8 or C-7’C-8’ positions to yield β-citraurin, a pigment 

responsible for the color of citrus fruits, and apo-8’-β-carotenal (Ma et al., 2013; 

Rodrigo et al., 2013). CCD4 is localized in plastoglobules, the lipoprotein particles 

inside plastids, which means these enzymes have direct access to carotenoid 
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substrates, implicating their role in carotenoid degradation and apocarotenoid 

synthesis within the plastid (Beltran & Stange 2016). 

Similar to CCD1, these genes exist as duplicates in many species and often differ in 

substrate selectivity, tissue localization, and expression pattern (Hou et al., 2016).  

CCD7 is a key enzyme for the SL biosynthesis, cleaving at the C9'-C10' and/or C9-

C10 double bond of 9-cis-β-carotene (C40) to give β-ionone and 9-cis-β-apo-10'-

carotenal (C27) (Alder et al., 2012; Bruno et al., 2014; Bruno and Al-Babili, 2016; 

Abuauf et al., 2018). The stereo-and regiospecificity of the CCD7 substrate from 

Oryza sativa, Pisum sativum, and Arabidopsis thaliana was further studied in vitro 

with different carotenoid isomers, which indicates that CCD7 enzymes preferentially 

cleave 9-cis-configured carotenoids, i.e., 9-cis-lutein (C40), 9-cis-zeaxanthin (C40), 

and 9-cis-ζ-carotene (C40) resulting in the formation of the corresponding 9-cis-

apocarotenal (C27) (Alder et al., 2012; Bruno et al., 2014; Bruno and Al-Babili, 

2016). Additionally, CCD7 may also catalyze the initial 9,10 cleavage required for 

mycorradicin synthesis (Floss et al. 2008). 

CCD8 follows CCD7 in SL biosynthesis by catalyzing the conversion of 9-cis-apo-

10'-carotenal (C27) into carlactone, the SL precursor (Alder et al., 2012). A study 

revealed that the combined action of CCD7 and CCD8 in the bryophyte 

Physcomitrella can also produce carlactone, pointing out that SL biosynthesis 

mediated by these two enzymes has occurred since the primitive land plant (Decker 

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

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

out another branch in the SL biosynthesis pathway. 

In addition, in vitro CCD8 also catalyzes a typical CCD cleavage reaction, 

converting the all-trans-β-apo-10'-carotenal (C27), at C13-C14 leading to β-apo-13-

carotenone (C18), called D'orenone, and an unidentified dialdehyde product (Alder 

et al., 2012; Bruno et al., 2017). Interestingly, from recent studies on this 
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apocarotenoid, it is possible to speculate that D’orenone formation may have 

functions in regulating plant development, signaling precursor in shoot branching, 

and the interaction with microorganisms, affecting ectomycorrhizal formation by 

modulating auxin metabolism in both symbiotic partners (Wagner et al., 2016). 

CCD7 and CCD8 are localized in the chloroplast stroma, although a transient 

association with the stroma-facing thylakoid membrane has also been observed (Hou 

et al., 2016). 

Recently, other types of CCDs were reported, including the already mentioned 

CCD2 in Crocus species and ZAXINONE SYNTHASE (ZAS), which represents an 

overlooked CCD subfamily from rice (Wang et al., 2019). In vitro ZAS cleaves a 

molecule of apo-10’-zeaxanthinal (3-OH-β-apo-10’-carotenal, C27) at the C13-C14 

double bond, generating zaxinone, a C18-ketone, and an unstable C9-dialdehyde. In 

rice, zaxinone acts as a growth-promoting metabolite, a biosynthesis regulator of 

SLs, and influences mycorrhization (Wang et al., 2019; Votta et al., 2022). Notably, 

phylogenetic analysis revealed that genomes of plant species that are non-host AM 

plants, such as Brassicales species, do not contain ZAS orthologues.  

Newly, Ablazov and colleagues (Ablazov et al., 2022) described the biological 

function of OsZAS2, a rice homolog of OsZAS, highlighting that this gene encodes 

for an additional zaxinone-forming enzyme (for further details see Chapter 4). 

Research on CCDs has evolved rapidly over the past 20 years, with the breakthrough 

of genome sequencing projects and transcriptome analyses of many species. The 

characterization of CCDs and possibly novel apocarotenoids will contribute to a 

better understanding of their role in plant biology and responses to environmental 

factors; this knowledge could also be instrumental for the development of agro-

biotechnological tools to improve crop performances. 
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Figure 1. Scheme of the main apocarotenoids produced in plants. Molecules are divided according 

to their function (aroma, pigments, signals, mycorrhization, stress signal, and phytohormones-SLs 

and ABA). For each apocarotenoid is indicated the starting substrate. Non-enzymatic cleavage and 

enzymatic catabolic processes are annotated in red (Sun et al. 2020). 
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1.2 Abscisic acid (ABA)  

1.2.1 Biological function of ABA 

The best-studied plant apocarotenoid is the plant hormone ABA, discovered in the 

early 1960s; it coordinates plant response to stress stimuli and is involved in different 

developmental processes, like shoot branching and leaves senescence (Finkelstein 

and Rock, 2002; Finkelstein, 2013) (Figure 2). In addition, ABA regulates water 

uptake (Dodd, 2013; Harris, 2015) and coordinates stomata closure to minimize 

water loss under drought conditions (Merilo et al., 2015). Furthermore, this hormone 

controls seed maturation, germination, and dormancy, which prevents germination 

under unfavorable conditions (Tuan et al., 2018). Substantial evidence has emerged 

from different AM host plants for a direct role of ABA in mycorrhizal root 

colonization (Fiorilli et al., 2019). In many of these proposed functions, ABA acts 

through synergistic and/or antagonistic interactions with other hormones (i.e., 

gibberellins, ethylene, and auxins) (Hussain et al., 2000; De Vleesschauwer et al., 

2010). 

Figure 2. ABA functions in plants. ABA modulates plant growth and development (shoot branching, 

leaves senescence, fruit growth, and ripening). This hormone regulates plant responses during abiotic 

(drought, salinity, ambient) and biotic stress conditions. ABA also controls seed germination and 

dormancy (Moreno et al. 2021). 



13 
 

1.2.2 ABA biosynthesis and signalling 

ABA biosynthesis starts with the enzymatic cleavage NCED-mediated of 9-cis-

violaxanthin or 9’-cis-neoxanthin into xanthoxin (C15) and the corresponding C25-

apocarotenoid in plastids (Tan et al., 2003). Xanthoxin is then transported to the 

cytosol, where it is converted by short-chain dehydrogenase reductase (SDR) into an 

abscisic aldehyde. Oxidation of the latter by abscisic aldehyde oxidase (AAO), leads 

to forming ABA (Nambara and Marion-Poll, 2005; Finkelstein, 2013). 

ABA levels are determined not only by biosynthesis but also by conjugation and 

hydroxylation processes (Chen et al., 2020). The conjugation of ABA by the uridine 

diphosphate glucosyltransferases (UGTs) leads to an inactive ABA form, ABA-

glucose ester, that can be considered as storage or long-distance, root-to-shoot 

transport form (Finkelstein, 2013). Under stress conditions, this compound can be 

rapidly hydrolyzed into ABA by a β-glucosidase and released from vacuoles, 

providing a fast response to environmental changes (Lee et al., 2006; Xu et al., 

2012). In angiosperms, the core of the ABA perception and signaling pathway 

comprises three major components: PYR (pyrabactin resistance)/PYL (PYR1-

LIKE)/RCAR (regulatory component of ABA response) group of ABA receptors, 

the negative regulator PP2C (protein phosphatase 2C), and the positive regulator 

SnRK2 (sucrose non fermenting 1–related protein kinase 2) (Todaka et al., 2015; 

Felemban et al., 2019) (Figure 3). 

In the absence of ABA, the negative regulator PP2C represses SnRK2 activity by 

dephosphorylating its kinase activating loop; in the presence of ABA, the receptors 

PYR/PYL/RCAR5 and PP2C form a complex that prevents the SnRK2 

dephosphorylation. This allows the SnRK2 activation and triggers ABA-responsive 

element (ABRE)–binding protein/ ABRE-binding factor (AREB/ABF) transcription 
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factors, which bind to promoters of stress-responsive genes (Todaka et al., 2015; 

Wang et al., 2017; Xie et al., 2019b). 

Figure 3. ABA perception and signaling pathway. The presence of ABA leads to the formation of the 

complex containing the receptor PYR/PYL/RCAR5 and PP2C, preventing the SNRK2 

dephosphorylation. This activation triggers ABA-responsive element (ABRE)–binding protein/ 

ABRE-binding factor (AREB/ABF) transcription factors that induce the ABA response (modified from 

Wang et al., 2021). 
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1.3 Strigolactones 

1.3.1 The biological function of strigolactones 

Strigolactones (SLs) are carotenoid-derived plant hormones produced mainly in the 

root and exuded into the rhizosphere (Figure 4). They were described for the first 

time as an inducer of seed germination of root parasitic plants of the 

genera Striga, Orobanche, Alectra, and Phelipanche (Yoneyama et al. 2013). Root 

parasitic plants have little or no photosynthetic capacity and therefore depend 

entirely on a host plant to provide them with water, assimilate, and nutrients 

(Bouwmeester et al. 2003). They infect hosts in natural habitats, and, in addition, 

represent a serious problem also in agriculture, where cause extended yield losses in 

many major crops (Parker 2009). Besides this negative ecological role, a decade ago, 

it was demonstrated that SLs mediate the establishment of the beneficial symbiosis 

between arbuscular mycorrhizal (AM) fungi and roots of land plants by stimulating 

the branching of the fungal hyphae (Akiyama et al. 2005). In addition, SLs are 

involved in the Rhizobium-legume interaction, another root symbiosis of particular 

relevance in nitrogen-limiting environments (Soto et al., 2010; Foo and Davies, 

2011; Peláez-Vico et al., 2016), where SLs were shown to stimulate the surface 

motility of rhizobia (Peláez-Vico et al., 2016).  

Furthermore, SLs are plant hormones involved in many shoot-related developmental 

processes like the regulation of shoot branching (Gomez-Roldan et al., 2008; 

Umehara et al., 2008), rice tiller angle by attenuating shoot gravitropism (Sang et 

al., 2014), promotion of shoot secondary growth, elongation of internodes (Agusti et 

al., 2011), inhibition of hypocotyl and mesocotyl growth (Hu et al., 2010, 2014; Jia 

et al., 2014; Wang et al., 2020b), induction of leaf senescence (Snowden et al., 2005; 

Yamada et al., 2014) and decreasing the rice leaf angle in response to nutrient 

deficiencies (Sang et al., 2014; Shindo et al., 2020) (Figure 4 a-j, m-n). However, 

it is worth to mention that a recent work has clearly demonstrated that in rice 
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canonical SLs (see next paragraph) are not major determinants of shoot architecture 

(Ito et al. 2022).  

Figure 4. Functions of strigolactones (SLs) in plant development and in rhizosphere 

communications. SLs promote or inhibit different plant growth processes, including (a) internode 

growth, (b) leaf senescence, (c) leaf angle, (d) tillering and tiller angle, (e) mesocotyl elongation, (f) 

adventitious roots formation, (g) secondary lateral root formation, (h) stomatal closure, (i) stem 

thickness increase and secondary growth, (j) axillary buds outgrowth, (k) parasitic seeds 

germination, (l) interactions with arbuscular mycorrhizal fungi, (m) lateral roots of formation and 

(n) root hair elongation and primary root growth (Moreno et al., 2020). 
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1.3.2 Chemistry, biosynthesis, and signalling of strigolactones 

There are around 30 characterized natural SLs so far, which are classified based on 

their chemical structure in canonical and non-canonical SLs (Yoneyama et al. 2018). 

Canonical SLs consist of a butenolide lactone ring (D ring) linked by an enol ether 

bridge in R-configuration (2′R), to a tricyclic lactone (ABC ring). They are divided 

into strigol- and orobanchol-like SLs (C-ring in α- orientation/down) and strigol-type 

SLs (C-ring in β-orientation/up) (Al-Babili and Bouwmeester, 2015; Felemban et al., 

2019; Wang et al., 2021b). There are also non-canonical SLs, that contain the enol-

ether–D-ring moiety but lack the canonical A-, B-, and/or C-rings (Xie, Mori, et al. 

2019).  

Strigolactone biosynthesis (Figure 5) is initiated by the reversible conversion of the 

all-trans-β-carotene (C40) into 9-cis-β-carotene in the plastids, which is catalyzed by 

the 9-cis/trans-all-β-carotene isomerase Dwarf27 (D27), an iron-binding protein 

with an isomerase activity (Alder et al., 2012; Bruno and Al-Babili, 2016; Abuauf et 

al., 2018; Ito et al., 2022). Sequential actions of already worded CCD7 and CCD8 

on this substrate yield carlactone (CL), the last common precursor for all SLs. At this 

step, the formation and stereochemical orientation of the D ring is complete, but CL 

itself does not have appreciable SL activity (Alder et al. 2012; Bruno et al. 2017). 

CL is exported into the cytosol where it is further converted by cytochrome P450 

enzymes (CYP), of the 711 clades. An investigation on the activity of CYP711 

enzymes from different plant species allowed the classification of these enzymes into 

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

AtMAX1 and its orthologues, convert CL into carlactonoic acid (CLA) (Yoneyama 

et al. 2018). 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 CYP711 A3 type, represented by the rice Os1400, conduct the hydroxylation of 

4DO to produce orobanchol (Sun et al. 2014). 
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Figure 5. Strigolactones biosynthesis. The synthesis begins with the action of isomerase D27, then 

the sequential action of CCD7 and CCD8 yields carlactone (CL), the precursor for all SLs. CL is 

further modified by cytochrome P450 enzymes to form different types of canonical, e.g., 4-

deoxyorobanchol, and non-canonical, SLs (Wang et al., 2021). 

Like many plant growth regulators (auxins, gibberellins, jasmonate), SLs signaling 

mechanisms are executed by proteasomal degradation (Figure 6). SLs signaling 

machinery comprises at present the α/β-fold hydrolase named Dwarf14 (D14), the F-

box leucine-rich protein MAX2, and the D53 a repressor protein that belongs to a 

small family of proteins [SMAX1-like (SMXL)] (Stanga et al. 2013). D14 contains 

a conserved Ser-His-Asp catalytic triad required for SL hydrolysis and signal 

transduction (Hamiaux et al. 2012; Nakamura et al. 2013). 

In the absence of SLs, D14 exhibits an open solvent-exposed ligand-binding pocket. 

During SL hydrolysis, the SL D-ring is cleaved and forms a linked intermediate 

molecule that is covalently linked to the His residue of the catalytic triad. This 

connection leads D14 to change conformation and stimulates its interaction with 

MAX2/DWARF3 (D3 in rice), a component of Skp1/Cullin/F-box (SCF)-type E3 
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ubiquitin ligase (Yao et al. 2016). The formed 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 (Jiang 

et al., 2013; Al-Babili and Bouwmeester, 2015; Wang et al., 2015). 

Figure 6. Model of strigolactone signaling. The receptor D14 binds and hydrolyzes SLs, leading to 

the ejection of the ABC moiety and retention of the D ring. Hydrolysis also induces a conformational 

change that helps the D14 interaction with MAX2 and repressor proteins, like the Arabidopsis SMXL 

or the rice D53. After recruitment into the SCF complex, D53 protein is polyubiquitinated and 

degraded by the proteasome (modified from Wang et al., 2021). 
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1.4. Novel apocarotenoids 

In recent years new apocarotenoids have been discovered, some of which are 

involved in the stress response, such as β-cyclocitral; others seem to play a role in 

plant growth and beyond, like anchorene and zaxinone (Figure 7). 

Figure 7. Biosynthesis and function of novel apocarotenoids. (A) β-cyclocitral can be formed 

through the cleavage of all-trans-β-carotene at the (C7’- C8) double bound and, non-enzymatically, 

through attack by singlet oxygen (1O2). This volatile molecule acts as a growth regulator of roots and 

is involved in high-light acclimation. (B) Anchorene, which can be formed by cleaving the (C11- C12) 

and (C11- C12) double bounds in all carotenoids downstream ζ-carotene in the carotenoid pathway, 

stimulates anchor roots formation in Arabidopsis seedlings. (C) Zaxinone synthase (ZAS) cleaves a 

molecule of apo-10’-zeaxanthinal (3-OH-β-apo-10’-carotenal, C27) at the C13-C14 double bond. 

Zaxinone is required for normal rice growth and development and is a negative regulator of SL 

biosynthesis (Felemban et al., 2019). 

1.4.1 β-cyclocitral 

β-cyclocitral is a volatile β-carotene cleavage product that can be formed by enzymes 

from a subgroup of the CCD4 clade (Rodrigo et al. 2013) and, non-enzymatically, 

through attack by singlet oxygen (1O2) (Figure 7 A). This second way of formation 

makes cyclocitral a suitable candidate for sensing high-light/oxidative stress. Indeed, 

β-cyclocitral acts in Arabidopsis as a second messenger that conveys the 1O2 stress 
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signal to the nucleus, altering the transcription of 1O2-regulated genes via a small 

zinc finger protein called METHYLENE BLUE SENSITIVITY, which enables 

acclimation to photo-oxidative stress (Wang, Lin, et al. 2021). Moreover,  the 

conversion of β-cyclocitral into β-cyclocitric acid, a reaction that spontaneously 

occurs in water, is an initial step in β-cyclocitral signaling (Havaux 2014; Shumbe 

et al. 2017).  

Though the mechanism of action is still unclear, the application of β-cyclocitric acid 

promoted the expression of several water stress-responsive genes under sufficient 

water supply and increased Arabidopsis tolerance to drought (D’Alessandro et al. 

2019). Moreover, the positive effect of this apocarotenoid was also observed under 

salt stress conditions: applied to salt-stressed rice roots rescued the negative effect 

of salt on root depth and showed in salty soil a positive effect on the vigor of rice 

plants. Interestingly, β-cyclocitral can act also as a growth regulator, increasing root 

growth and branching by promoting stem cell divisions (Dickinson et al. 2019). 

1.4.2 Anchorene 

There is a class of less-explored compounds, called diapocarotenoids. Their 

instability and low abundance impeded the exploration of possible regulatory 

functions of these molecules, which so far have been mainly studied as precursors of 

natural pigments, such as crocin in saffron stigma (Frusciante et al. 2014). 

Recently a screening system was set up to identify known and predicted 

diapocarotenoids involved in plant development, by looking at alterations in 

Arabidopsis roots. This approach led to the discovery of anchorene, a novel 

carotenoid-derived bioactive, that promotes the development of anchor roots (ANRs) 

(Figure 7 B). ANRs are a less investigated type of Arabidopsis roots, which develop 

from the collet region situated at the root hypocotyl junction (Lucas et al. 2011). 

Although it is still unclear how anchorene is formed, it is a C10 natural metabolite, as 

confirmed by LC-MS analysis (Mi et al. 2019; Jia et al. 2019) and its structure 

indicates that it can be produced by cleaving the (C11-C12) and (C11′-C12′) double 
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bound from all carotenoids downstream of ζ-carotene in the carotenoid biosynthesis 

pathway (Felemban et al. 2019; Jia et al. 2019). Interestingly, the phenotype of the 

carotenoid-deficient Arabidopsis psy mutant, deficient in ANR formation, can be 

rescued by external anchorene application. Further investigations demonstrated an 

effect on auxin homeostasis and its involvement in nitrogen deficiency response (Jia 

et al. 2019). 

1.4.3 Zaxinone 

Zaxinone is a natural apocarotenoid that regulates rice growth and plant architecture 

and, under certain conditions, suppresses SL biosynthesis (Wang et al. 2019) (Figure 

7 C). As described in the previous section, zaxinone is produced by the action of 

ZAS, Zaxinone Synthase, which is conserved in most land species but not in 

Arabidopsis or other members of Brassicaceae. However, this apocarotenoid was 

also detected in Arabidopsis, suggesting the existence of a ZAS-independent route 

(Ablazov et al. 2020).  

Moreover, recently, OsZAS2 was described in rice as a second enzyme involved in 

zaxinone production. (Ablazov et al. 2022, Chapter 4). 

The analysis of a corresponding rice loss-of-function zas mutant, in comparison to 

the wild type, showed decreased content of zaxinone in roots, accompanied by a 

reduced crown root length and number, a decrease in root and shoot biomass, and a 

lower tiller and panicle number, but a higher SL level. The exogenous application of 

zaxinone rescued the root phenotypes in zas mutant and increased root growth in 

wild-type plants, suggesting that this metabolite is a growth-promoting molecule and 

is required for normal rice growth and development. Moreover, when this molecule 

is applied to plants there is a decrease in SL content and release, showing that 

zaxinone is a negative regulator of SL biosynthesis, by reducing transcript levels of 

SL genes (Wang et al. 2019). Furthermore, the application of zaxinone to a rice 

variety susceptible to parasitic plant infestations, IAC-165, decreased Striga 
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emergence, pointing out a potential zaxinone application in repressing Striga 

infestation by lowering SL released (Wang et al. 2019).  

The role of zaxinone was also investigated in Arabidopsis: when zaxinone was 

applied to the plant seedling, the hypocotyl elongation was inhibited and promotion 

of SL and ABA biosynthesis was observed, in contrast to what was found in rice 

(Ablazov et al. 2020). 

Novel research investigated the growth-promoting effect of this new metabolite 

using an ‘omics approach, underlighting that zaxinone acts by increasing the sugar 

uptake and metabolism in rice roots (Wang, Alseekh, et al. 2021). In addition, 

zaxinone enhances root starch concentration and induces cytokinins (CKs) 

glycosylation, which significantly reduces their activity and transport. This growth 

promotion effect is observed also at the cellular level, where zaxinone-treated roots 

show an increase in apex length, diameter, and the number of cells and cortex cell 

layers (Wang, Alseekh, et al. 2021) (for the entire study see Chapter 2).  

Finally, Wang and colleagues developed and assessed the activity of phenyl-based 

compounds mimics of zaxinone (MiZax), which are easy to synthesize and highly 

efficient. MiZax3 and MiZax5 (Figure 8) gave the most promising results and, 

mimicking the action of zaxinone, they rescued the root growth phenotype of zas rice 

mutant, by promoting growth, and reducing SLs accumulation in wild-type plants 

(Wang, Jamil, et al. 2020). 

Another study tested the action of MiZaxs as potential biostimulants, highlighting 

how their application improved the performance and productivity of horticultural 

crops (tomato, pepper, squash, and date palm) (Wang et al. 2022). MiZax represents 

suitable tools to investigate zaxinone functions and, at the same time, an agro-
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biotechnological approach to enhance crop growth and productivity (Wang, Jamil, 

et al. 2020; Moreno et al. 2021). 

Figure 8. Chemical structure of zaxinone, MiZax3, and MiZax5 (Wang, Jamil, et al. 2020; Moreno 

et al. 2021). 
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1.5 The role of apocarotenoids in the arbuscular 

mycorrhizal symbiosis 

1.5.1 The arbuscular mycorrhizal symbiosis 

The arbuscular mycorrhizal (AM) symbiosis is one of the oldest mutualistic 

association on Earth, involving soil fungi of the subphylum Glomeromycotina 

(Spatafora et al. 2016) and approximately 70% of land plants, including the most 

important economic crops (Brundrett & Tedersoo 2018). An estimated 15% of 

vascular species do not associate with AM fungi. These plants denominated ‘non-

host’ plants, typically occur in disturbed habitats, where competition with other 

plants is low and soil phosphorus availability is high, or are species without 

specialized strategies for nutrient acquisition, such as Brassicaceae, the family 

of Arabidopsis thaliana, Polygonaceae, Amaranthaceae, and Caryophyllaceae 

(Wang & Qiu 2006). These plants presumably lost or suppressed their ability to 

establish this symbiosis because the costs outweighed the benefits obtained (Lambers 

& Teste 2013). 

Land plant fossils show that AM symbiosis dated back to the time when plants 

initially colonized the terrestrial environment (Genre et al. 2020). Symbiosis with 

AM fungi is indeed observed also in bryophytes, the basal lineage that diverged from 

vascular plants more than 400 million years ago (Delaux & Schornack 2021).  

In this mutualistic association, AM fungi provide access to phosphorus, which is 

poorly mobile in the soil, and to a lesser extent, nitrogen, and other mineral nutrients. 

On the other side, the plant furnishes the fungus with up to 20% of the carbon fixed 

during photosynthesis, in form of sugars and lipids (Bago et al. 2000; Jiang et al. 

2017; MacLean et al. 2017; Brands et al. 2018). This symbiosis not only improves 

mineral nutrition but also raises plant tolerance to biotic and abiotic stresses. 

Additionally, this colonization impacts the plant developmental processes, like root 
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architecture, flowering time, fruit and seed formation, and quality (Ruiz-Lozano et 

al. 2012; Zouari et al. 2014; Fiorilli et al. 2018). 

The development of AM symbiosis is an asynchronous event that is divided into 

different steps (Figure 9). In a pre-contact stage, also called the pre-symbiotic stage, 

the mutual recognition is characterized by a range of responses triggered by SLs, 

including spore germination, hyphal elongation, and hyphopodia formation 

(Akiyama et al., 2005; Lanfranco et al., 2018), and the induction of the common 

symbiotic signalling pathway triggered by fungal diffusible molecules which include 

(lipo)chito-oligosaccharides (Oldroyd 2013). In response to mechanical and 

chemical signals emanating from fungal hyphopodia, the contacted plant cell forms 

an intracellular accommodation structure, the pre-penetration apparatus (PPA) 

(Genre et al. 2005). PPA guides intracellular fungal passage into deeper cell layers. 

Once in the cortex, fungal hyphae progress longitudinally through the apoplast and 

form branches to initiate arbuscule formation in cortical cells (Genre et al. 2008). 

The arbuscules are considered the key structure of symbiosis. They are always 

enveloped by a plant-derived peri-arbuscular membrane (PAM) that forms an 

extensive interface where nutrients are exchanged (Gutjahr & Parniske 2013). The 

plant keeps the level of fungal proliferation under control, to prevent excessive 

carbon loss and to maintain the benefits of symbiosis. To achieve this regulation 

signals are continuously exchanged between the two symbionts and is required 

extensive transcriptional reprogramming and cellular remodelling in the plant 

(MacLean et al. 2017; Pimprikar & Gutjahr 2018; Liao et al. 2018). 

This symbiosis is also regulated by phosphorus (P) availability. In a plant with a high 

or sufficient P status, initiation of symbiosis is inhibited, while phosphate (Pi) 

application to an already colonized root rapidly inhibits cortical colonization and the 

formation of new arbuscules (Koide 1991; Kobae et al. 2016). Two recent papers 

provided convincing evidence that a plant regulatory network, centered on crucial 
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components of the so-called Pi starvation response, controls the level of root 

colonization by AM fungi (Shi et al. 2021; Das & Gutjahr 2022).  

Figure 9. Steps in arbuscular mycorrhiza development. The plant exudes SLs which are perceived 

by the AM fungus, which increases its physiological activity and responds by producing “Myc-

factors”. Consequently, the root prepares for the establishment of the symbiosis. After attachment 

and hyphopodium formation, the AM fungus enters the root to establish the intraradical mycelium 

and the formation of arbuscules. (modified from Parniske 2008). 

In addition, many phytohormones may have a role in regulating AM symbiosis 

(López-Ráez et al., 2015; Pozo et al. 2015; Chialva et al. 2018; Liao et al. 2018; 

Müller & Harrison 2019). The role of carotenoid metabolism in the AM symbiosis 

process is not only limited to the well-known plant hormones ABA and SLs, but also 

involves some novel carotenoid-derived metabolites such as zaxinone (Fiorilli et al. 

2019). They will be presented in the following sections. 

1.5.2 The role of abscisic acid in the AM symbiosis 

ABA has been extensively studied due to its primary importance in generating and 

coordinating the plant’s response against abiotic and biotic stress factors (i.e., 

drought, salt, and pathogens). Recently, a direct role of ABA in mycorrhizal root 

colonization was described in diverse plant host species. 

In Medicago truncatula, a dose-dependent effect of ABA modulates the 

establishment of AM symbiosis by promoting fungal colonization at low 
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concentrations and its impairment at high concentrations. The ABA positive effect 

is mediated by the action of the protein phosphatases 2A, PP2A, which is induced 

during the symbiosis and after ABA treatment (Charpentier et al. 2014). 

In tomato, the analysis of AM colonization in the tomato mutant sitiens, deficient in 

enzyme activity at the final step of ABA biosynthesis, has demonstrated that this 

hormone plays a crucial role in the development and functionality of arbuscules 

(Herrera-Medina et al. 2007; Martín-Rodríguez et al. 2011). In addition, ABA 

deficiency enhances ethylene content, thus acting as a negative regulator of 

mycorrhizal intensity (Herrera-Medina et al. 2007; Martín-Rodríguez et al. 2011). 

Recently, ABA pre-treatment was found to induce in Solanum tuberosum (potato) a 

higher AM colonization and arbuscule level, suggesting that ABA probably acts 

during the early stage of mycorrhizal formation, developing a suitable metabolic 

environment for the fungus (Mercy et al. 2017; Fiorilli et al. 2019). 

However, ABA does not act independently during the AM symbiosis, but in negative 

or positive interaction with other molecules. A correlation between ABA and SLs 

levels was observed (López-Ráez et al. 2010; Visentin et al. 2016); their cross-talk 

may also influence the success of the symbiosis (Fiorilli et al. 2019). Alongside, it 

was demonstrated antagonism between ABA and ethylene (Martín-Rodríguez et al. 

2011) and gibberellins (GA) (Floss et al. 2013; Martín-Rodríguez et al. 2016). In 

detail, ABA could regulate AM development by inhibiting ethylene production 

(Martín-Rodríguez et al. 2011) and contribute to arbuscule formation by mitigating 

GA-biosynthetic and increasing the catabolic gene expression leading to a reduction 

in bioactive GAs (Martín-Rodríguez et al. 2016). 

1.5.3 Strigolactones and the AM symbiosis 

When released into the soil, SLs trigger developmental responses of the AM fungi, 

such as stimulating spore germination and hyphal growth and branching (Akiyama 

et al. 2005; Besserer et al. 2006, 2008) thereby enhancing the chance of physical 

contact with a root. However, it is still unclear how AMF perceives SLs. Moreover, 
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it has been demonstrated that SLs promote the AMF ATP production and 

mitochondrial division; and activate the expression of mitochondrial and effector 

genes (Besserer et al. 2006, 2008; Salvioli et al. 2016; Tsuzuki et al. 2016). In 

response to this stimulation, the AM fungus exudes some chemical molecules, called 

“Myc factor”, which include chitin oligomers. These fungal molecules can elicit pre-

symbiosis responses in root tissues, with the induction of nuclear calcium spiking in 

the rhizodermis and activation of a common symbiosis signaling pathway (CSSP), 

which are necessary for initiation of the AM symbiosis (Genre et al. 2013). 

SL levels are inversely correlated with the plant Pi status (Yoneyama et al. 2007) 

and directly affect the fungal symbiont: in Pi-starved plants, SL production and 

export to the rhizosphere increase. Interestingly, the expression of SL biosynthetic 

genes, induced by Pi-starvation, requires two GRAS transcription factors, NSP1 and 

NSP2 (Liu et al. 2011), that also regulate the AM symbiosis signaling pathway. So 

this provides a point for cross-talk between SL biosynthesis and AM colonization 

signaling (Kobae et al. 2018; Müller & Harrison 2019). 

Although it is not yet completely defined how plants release SLs into the rhizosphere, 

there is evidence that SLs export is associated with an ABC transporter PDR1. In 

fact, in Petunia hybrida, pdr1 mutants are defective in the SL exudation from their 

roots, suggesting that PDR1 might function as a cellular SL-exporter (Kretzschmar 

et al. 2012; Sasse et al. 2015). 

Through the analysis of SL-deficient mutants and applications of SL analogs to the 

soil, it has been demonstrated the role of SLs as rhizosphere signals in several plant 

species. Plant mutants with a defect in SL biosynthesis (ccd7, ccd8, nsp1/2) and 

export (pdr1) showed decreased levels of AM colonization and hyphopodium 

formation, but morphologically normal intraradical fungal structures. The 

application of the synthetic SL analog GR24 in the pea ccd8 mutant restored the 

phenotype of the mutant leading to a similar level of SL compared with the pea wild-
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type plants (Akiyama et al. 2005; Kretzschmar et al. 2012; Kohlen et al. 2012; Sasse 

et al. 2015). These findings highlight the important role of SLs involved in the 

control of early steps of the AM interaction (Kobae et al. 2018). 

Studying SL-deficient d17(ccd7) d10(ccd8) rice double mutants, it has been shown 

that SLs are also significant for secondary infection (Kobae et al. 2018). Despite in 

these mutants most of the colonization process is normal the hyphopodium formation 

is severely attenuated, suggesting a continuous requirement for SL (Kobae et al. 

2018; Müller & Harrison 2019).On the whole, SLs act as positive regulators of the 

AM symbiosis, they are essential in the pre-symbiotic phase by activating the fungal 

metabolism, and also their action is necessary to achieve the full extent of 

mycorrhization during secondary infections (Kobae et al. 2018; Fiorilli et al. 2019).  

From an evolutionary point of view, the identification of an ancestral SL, called 

bryosymbiol, present in diverse bryophytes such as Marchantia paleacea, and 

vascular plants, and the observation that in M. paleacea, bryosymbiol is required for 

the AM symbiosis but not for development led to the hypothesis that the ancestral 

function of SLs is as AM symbiosis-inducing rhizosphere signaling molecules and 

not as plant hormones (Kodama et al. 2022). 

1.5.4 Mycorradicins (C14) and blumenols (C13) 

The connection between the AM symbiosis and apocarotenoids is much older than 

the discovery of SLs. Indeed, already at the beginning of the twentieth century, it 

was common among scientists to find a yellow coloration of roots colonized by AM 

fungi (Walter et al. 2007; Jones). Afterward, these “pigments” were identified as 

mycorradicins, yellow C14 polyene derivatives (Klingner et al. 1995; Walter et al. 

2010) (Figure 10 A) accumulated mainly in connection with AM symbiosis, even if 

Fester et al. (2002) (Fester et al. 2002b) quantified a small amount of these 

apocarotenoids also in non-mycorrhizal roots in diverse plant species. Moreover, 
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there are no reports of mycorradicins accumulation in ectomycorrhizas, nodules, or 

in response to abiotic and biotic stresses (Maier et al. 1997; Walter et al. 2010). 

Mycorradicins are stored as globules in root chromoplasts, and their presence leads 

to changes in root plastid morphology (Scannerini & Bonfante-Fasolo 1977). In 

addition to these, another type of AM-induced apocarotenoids was described: the 

colorless C13 cyclohexenone derivatives, called blumenols (Walter et al. 2010). 

Blumenols are classified into three major types: blumenol A, blumenol B, and 

blumenol C. However, only blumenols glycosides containing a blumenol C-based 

aglycone are positively correlated to mycorrhizal colonization. The aglycone can be 

additionally hydroxylated at the C11 or carboxylated at the C11 or C12 position 

(Maier et al. 1997, 2000) (Figure 10 B-C). Recently, a group of five blumenols (11-

hydroxyblumenol C-9-O-Glc, 11-carboxyblumenol C-9-O-Glc, 11-

hydroxyblumenol C-9-O-Glc-Glc, blumenol C-9-O-Glc-Glc, and blumenol C-9-O-

Glc) was found in shoots and roots of mycorrhizal plants (e.g., tomato, barley, and 

potato) using a combination of targeted and untargeted metabolomics (Wang, 

Schäfer, et al. 2018). Their abundance is correlated with the AM colonization rate, 

as reflected in changes in the transcript profile of canonical mycorrhization marker 

genes. Even if their biological role has not yet been clarified, blumenols can be used 

as foliar markers that allow rapid detection of AM symbiosis and for the screening 

of functional AM associations (Walter et al. 2010; Wang, Schäfer, et al. 2018).  

As regards the biosynthesis of these two apocarotenoid types, it seems that they 

derive from a sequential two-step cleavage of a common C40 precursor. The current 

model suggests the involvement of a CCD enzyme (CCD7 or potentially CCD4) in 

cleaving the C40 carotenoid to form a C27 apocarotenoid and C13 cyclohexenone, β- 

or α-ionone (Vogel et al. 2010; Walter et al. 2010). In the next step, the C27 

apocarotenoid is cleaved by CCD1, leading to rosafluene-dialdehyde (C14), the 

mycorradicin precursor, and another cyclohexanone (C13) (Floss et al. 2008; Walter 

et al. 2010; Hou et al. 2016).  
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Figure 10. Mycorradicin and blumenol core structures and modifications. (A) Structure of 

Mycorradicin (from J. Humphrey et al., 2006. (B) Blumenol A, blumenol B and blumenol, (C) 

blumenols derivatives structure (modified from Wang et al., 2018). 

Analysis of knockdown mutants affected in carotenoid metabolism demonstrated a 

positive correlation between C13 and C14 apocarotenoid content and mycorrhizal 

functionality (Moreno et al. 2021). These apocarotenoids are accumulated locally in 

arbusculed-contained cells, where their assumed biosynthesis enzymes are present 

(Fester et al. 2002a; Hans et al. 2004; Walter et al. 2007). In M. truncatula, AMF 

colonization induced the 1-DEOXY-D-XYLULOSE 5-PHOSPHATE SYNTHASE 

2 (MtDXS2), which catalyses the first step in the plastic isoprenoids biosynthesis. In 

transgenic roots, obtained repressing MtDXS2 expression, an equal reduction in the 

level of both C13 and C14 levels was described, mirrored by a reduction of 

mycorrhizal functionality during the later stages of the symbiosis (Floß et al. 2008; 

Fiorilli et al. 2019).  

In contrast with the MtDXS2 mutant, MtCCD1 knockdown lines, displayed a strong 

reduction in the content of mycorradicin derivatives while the C13 cyclohexenone 

level was only moderately affected, indicating that other enzymes are also involved 

in blumenols biosynthesis. Moreover, MtCCD1 down-regulation led to a moderate 

increase in the relative ratio of degenerated arbuscules, bringing out a more 

prominent role for blumenols in AM establishment and functioning (Moreno et al. 
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2021). Mycorradicin and blumenols are considered a trademark of AM symbiosis 

and they are strongly linked with the establishment and maintenance of AM 

colonization (Walter et al. 2007; Hill et al. 2018; Wang, Wang, et al. 2018; Fiorilli 

et al. 2019). 

1.5.5 The zaxinone involvement in the AM symbiosis 

Zaxinone was described as a novel regulatory metabolite in rice plants (Wang et al. 

2019). Moreover, the impact of this molecule on SL biosynthesis and the 

upregulation of OsZAS during the early and later stages of mycorrhization (Fiorilli 

et al. 2019) suggests its possible involvement in AM symbiosis. As shown in Wang 

et al. (2019) the oszas rice mutant, with a reduced root zaxinone content, displays a 

lower AM colonization level, while the arbuscule morphology is unaltered.  

A recent study highlights that the mutant mycorrhizal phenotype is attributable to the 

lack of SLs accumulation at the early phase of the symbiosis and that OsZAS 

function as a part of a regulatory network that includes SLs and Dwarf14-Like 

(D14L) pathways (Chapter 3; Votta et al. 2022).  

1.5.6 Other phytohormones involved in AM colonization 

Besides carotenoids and their derivates, other classes of hormones can regulate AM 

symbiosis. In this paragraph, the involvement of these phytohormones will be 

concisely reviewed (Figure 11). 

During the pre-symbiotic stage, salicylates, ethylene, and cytokinins reduced the 

intensity of mycorrhizal root colonization, with a negative effect on fungal 

penetration (Pozo et al. 2015). Several reports indicate that the gibberellin (GA)-

DELLA complex also plays a critical role in symbiotic control (Ho-Plágaro & 

García-Garrido 2022). In the later stages, GA acts as a repressor of the arbuscules 

formation (Foo et al. 2013; Floss et al. 2013; Martín-Rodríguez et al. 2015). In 

agreement with this, DELLA genes, encoding transcription factors that negatively 
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control the GA signaling, are required for correct mycorrhizal colonization and 

arbuscule formation (Floss et al. 2013).  

As regards the auxins have a positive impact on the arbuscule formation and 

functionality (Martín-Rodríguez et al. 2011; Etemadi et al. 2014).  

For the jasmonate (JA), its role has been investigated in several plant species, i.e., 

Medicago, tomato, tobacco, and rice, however, contradicting results have been 

reported concerning a neutral, stimulating, or inhibitive effect, depending partially 

on the plant species and fungal strains (Liao et al. 2018).  

It is also worth mentioning that often hormones do not act independently, but they 

interact synergistically or antagonistically and this might occur during the AM 

symbiosis. For example, as we already mentioned in paragraph 1.5.2, an antagonistic 

interaction for ABA was described with ethylene (Martín-Rodríguez et al. 2011) and 

GA (Floss et al. 2013; Martín-Rodríguez et al. 2016). ABA attenuates GA-

biosynthesis and increases GA-catabolism, modifying bioactive GA levels; vice 

versa GA activates ABA catabolism, regulating AM formation (Martín-Rodríguez 

et al. 2016).  

Figure 11. Summary scheme of plant hormones involved in the regulation of the AM symbiosis. 

SLs start the dialogue in the pre-symbiotic phase when the fungus is not yet in contact with the root. 

The other molecules are implicated in the next steps when the fungus starts developing the 

intraradical mycelium and arbuscules. Positive and negative interactions are represented by arrows 

and blunt-ended bars, respectively. ABA, abscisic acid; Aux, auxins; BR, brassinosteroids; CKs, 

cytokinins; ET, ethylene; GA, gibberellins; JA, jasmonates; SA, salicylic acid; SLs, strigolactones; 

ZAX, zaxinone (modified from Pozo et al., 2015). 



35 
 

1.6 Aim of the work 

The AM symbiosis is a finely regulated process that involves multiple regulatory 

components. Research in the past years has revealed the critical roles of some 

phytohormones in modulating the AM interaction, from early recognition events up 

to the final formation and degradation of arbuscules. Carotenoid-derived metabolites 

play a role in these different stages, but our knowledge of how these molecules affect 

symbiosis is still limited.  

My PhD thesis aimed at deeper investigating the role of zaxinone, a recently 

described apocarotenoid, in plant development and in the AM interaction. The work 

has been carried out in a collaboration with the group of Prof. Salim Al-Babili 

(KAUST, King Abdullah University of Science and Technology) which in 2019 led 

to the characterization of zaxinone and the gene responsible for its biosynthesis 

(Wang et al. 2019). 

In Chapter 2, a combined ‘omics approach which includes transcriptomics and 

metabolomics analyses, was applied to monitor the molecular and metabolic changes 

after an exogenous zaxinone application in rice plants. We also carried out 

investigations to highlight alterations in hormone profiles and root organization at 

the cellular and tissue level (Wang, Alseekh, et al. 2021). 

Chapter 3 reports investigations on the role of OsZAS and zaxinone in the regulation 

of AM symbiosis. Several experiments and approaches including analyses of mutant 

lines with altered zaxinone or strigolactones content, exogenous supply of different 

compounds (zaxinone, the synthetic strigolactones GR24 and a gibberellin inhibitor), 

hormone analyses, characterization of OsZAS-overexpressing transgenic plants and 

cellular mRNA detection by in situ hybridization were performed. We found that this 

gene guarantees the correct extent of AM root colonization possibly as a component 

of a regulatory network involving SLs (Votta et al. 2022).  
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In Chapter 4, we investigated the biological role of OsZAS2, one of the other 

three OsZAS homologs encoded in the rice genome besides OsZAS. We studied the 

enzymatic activity, the expression pattern, and the subcellular localization of 

OsZAS2, and we generated and characterized the loss-of-function CRISPR/Cas9-

Oszas2 mutants (Ablazov et al. 2022).  

Considering that zaxinone and the OsZAS homologous genes are present in other 

plant species (Wang et al. 2019), the impact of exogenous zaxinone on another 

crop, Solanum lycopersicum, looking at plant development, mycorrhization, and 

responses to water stress, was analyzed (Chapter 5).  

Finally, in Chapter 6, to identify other apocarotenoids involved in the AM 

symbiosis, we quantified different non-hydroxylated and hydroxylated 

apocarotenoids using an ultra-HPLC (UHPLC)-mass spectrometry (MS) method 

(Mi et al. 2018) in rice shoots and roots along a time course mycorrhization 

experiment. In parallel, the analysis of the expression of CCD genes was performed. 
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Chapter 2: Multi-omics approaches explain the growth-

promoting effect of the apocarotenoid growth regulator 

zaxinone in rice 

The study reported in this chapter aimed to investigate the mechanisms underlying 

the growth-promoting effect of zaxinone on rice plants. As reported by Wang et al. 

(2019) this novel apocarotenoid positively affects rice growth and suppresses SLs 

biosynthesis. 

Using a combined ‘omics approach, which includes transcriptomics and 

metabolomics analyses, we investigated the molecular and metabolic changes after 

an exogenous zaxinone application. Zaxinone triggered sugar accumulation, 

stimulated glycolysis, and other sugar-related metabolic processes in rice roots. In 

addition, the treatment with the molecule led to an increased root starch content and 

induced glycosylation of cytokinins (CK). Zaxinone not only modulates SL 

biosynthesis and release but also the CK signaling pathway, modulating, through 

glycosylation, CK activity, and transport. Finally, we discovered that the hormonal 

and metabolic changes were accompanied by alterations at the histological level, 

with an increase in root apex length, diameter, and the number of cells and cortex 

cell layers. 

In conclusion, we clarified the mode of action of zaxinone and emphasized its 

potential as a growth-promoting compound.  

My specific contribution to this paper was to analyse the histological features of roots 

upon zaxinone application and to evaluate the root starch content. 
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2.1 Supplementary material 

The supplementary data referred to the Chapter 2 are available at the following link: 

https://static-content.springer.com/esm/art%3A10.1038%2Fs42003-021-02740-

8/MediaObjects/42003_2021_2740_MOESM1_ESM.pdf  
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Chapter 3: Zaxinone synthase controls arbuscular 

mycorrhizal colonization level in rice 

The following study, representing the focus of my PhD research across these years, 

aimed to investigate the role of OsZAS and its enzymatic product, zaxinone, in 

arbuscular mycorrhizal (AM) symbiosis regulation in rice.  

As described previously by Wang and colleagues (Wang et al. 2019) the loss-of-

function oszas mutant line showed a reduced AM colonization level. We observed 

that the zaxinone exogenous application rescued the root growth, but not the 

mycorrhizal decreased level of the mutant line, and even reduced mycorrhization in 

wild-type plants. We described that the lower AM colonization level in oszas lines 

is attributable to its lack of strigolactones (SLs) at the early stages of the symbiosis 

and suggests that, during this phase, OsZAS activity is required for the SLs 

production, possibly mediated by the Dwarf14-Like (D14L) signaling pathway. 

Moreover, we reported that OsZAS is expressed in arbuscule-containing cells, and 

the overexpression of this gene in arbusculed cells (OsPT11prom::OsZAS transgenic 

lines) leads to an increased AM colonization level.  

Overall, our findings highlighted the importance of OsZAS to guarantee the correct 

extent of AM colonization, acting as a novel part of a regulatory network that 

involved SLs, which could not be mimicked by an exogenous application of its 

product zaxinone. 
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3.1 Supplementary material 

The supporting information referred to the Chapter 3 are available at the following 

link: 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Ftpj.15917&f

ile=tpj15917-sup-0001-FigureS1-S14-TableS1-S4.pdf 
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Chapter 4: ZAXINONE SYNTHASE 2 regulates growth 

and arbuscular mycorrhizal symbiosis in rice 

In the following chapter, we investigated the biological function of OsZAS2, one of 

the other three OsZAS homologs encoded by the rice genome (Ablazov et al. 2022). 

From the phylogenetic analysis, OsZAS2 is placed in a clade different from that 

including ZAS (from now on called ZAS1) and the other two homologs ZAS1b and 

ZAS1c, indicating a potentially different biological role and possibly enzymatic 

activity. In this first study, we focused our attention on the expression pattern, 

subcellular localization, and enzymatic activity of OsZAS2, and we characterized 

the loss-of-function CRISPR/Cas9-Oszas2 mutant.  

We discovered that OsZAS2 is a plastid-localized enzyme expressed in the root 

cortex under phosphate deficiency, able to synthetise zaxinone in vitro. The oszas2 

mutant lines showed severe growth defects compared and a lower AM colonization 

level to WT plants, indicating that OsZAS2 is required for proper rice development 

and mycorrhization. In conclusion, besides OSZAS, OsZAS2 encodes a zaxinone-

forming enzyme that controls rice growth and architecture, strigolactones (SLs) 

content, and mycorrhization. 

In this work, my contribution was to study the involvement of OsZAS2 in 

mycorrhization. Using different approaches, I investigated the spatial expression 

of OsZAS2 during the AM symbiosis (in situ hybridization assay and 

mycorrhized pZAS2::GUS reporter lines), and I characterized with molecular and 

morphological analysis the oszas2 mutant mycorrhizal phenotype. 
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4.1 Summary model 

 

Schematic representation of OsZAS and OsZAS2 action in WT and oszas2 rice mutant. OsZAS 

(Wang et al., 2019) and OsZAS2 are located in two different clades (phylogenetic tree from Ablazov 

et al., 2022), but they catalyze the same enzymatic reaction. In a WT rice plant, both OsZAS and 

OsZAS2 are involved in zaxinone production. In addition, both genes are inducted by phosphate 

starvation, are required for normal plant development, and regulate SLs content and the development 

of the AM symbiosis. OsZAS2 disruption led to about 40% less zaxinone root content compared to 

WT: the residual zaxinone content could be due to the activity of OsZAS suggesting that OsZAS and 

OsZAS2 show functional redundancy. 
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4.2 Supplementary material 

The supplementary data referred to the Chapter 4 are available at the following link: 

https://oup.silverchair-

cdn.com/oup/backfile/Content_public/Journal/plphys/191/1/10.1093_plphys_kiac472/1/kia

c472_supplementary_data.pdf?Expires=1680886017&Signature=mPqF0S0lSjeK~ZW1xE

ovctOAKQ4RJfDKBVftk9FDclkias~FjyIpynka66e05Tzhz0ZGEbtMWwIFkpghIWTO2Sp

VJjXK0fTVYQ07XWCHStBeQjpEKdTQC7YfPPNlffo9GA9kFA~R7VmyRf-

WTguFY10rOG49M9SKArxqywF7FMY0eEoAN866xAs9lLVbRAnIxtC8AEEBsedYx6P

OZMUNNUe0FbKKkgAW9SIe2DmXFU6wUQMUh44AkRPvrEe6buOqMYQg~of7lhX

dpRf75fWtVbJxBfiXGbGW5MJPKDgRs9a3-49LIdj9fLuViiK0V-

CzYAhJNDgN1LEDjrL9NIOLDw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA   
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Chapter 5: The effect of zaxinone, a natural metabolite 

derived from carotenoids, on tomato plants 

5.1 Introduction 

Due to their ‘static’ nature, plants developed a series of strategies to adapt to the 

environmental and biotic stresses which affected them. Among these, plants produce 

hormones and chemical signals to coordinate their responses to external stimuli and 

communicate with the surrounding organisms (pathogens, symbionts, etc.) 

(Chaiwanon et al. 2016). Many of these compounds originate from the carotenoid 

pathways, for example, abscisic acid (ABA) and strigolactones (SLs), intensively 

studied since their discovery (Moise et al. 2014; Sun et al. 2018). In recent years, 

other apocarotenoids like β-cyclocitral, zaxinone, and anchorene are emerging as 

signaling molecules involved in plant development and stress response (Felemban et 

al. 2019; Fiorilli et al. 2019; Dickinson et al. 2019; Jia et al. 2019; Wang et al. 2019). 

In general, these carotenoid derivatives are produced by the oxidative cleavage of 

double conjugated bonds in the carotenoid backbone (Nisar et al. 2015; Ahrazem et 

al. 2016; Jia et al. 2018). This cleavage can be originated from a non-enzymatic 

process induced by reactive oxygen species (ROS) (Ramel et al. 2012; Havaux 

2014). However, most plant apocarotenoids are formed by the action of a ubiquitous 

family of non-heme iron (II) dependent enzymes called Carotenoid Cleavage 

Dioxygenase (CCDs). In the model plant Arabidopsis thaliana, the CCD family 

comprises nine members, including five 9-cis-epoxy-carotenoid-dioxygenases 

(NCED2, NCED3, NCED5, NCED6, and NCED9) and four CCDs (CCD1, CCD4, 

CCD7, and CCD8) (Tan et al. 2003; Sui et al. 2013). 

NCED, cleaving 9-cis-violaxanthin and 9-cis- neoxanthin, is responsible for the 

formation of xanthoxin, which is the ABA precursor (Nambara & Marion-Poll 2005; 

Ahrazem et al. 2016). ABA is a plant hormone with multiple functions, involved in 
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stomata closure regulation and water loss under drought conditions (Merilo et al. 

2015) and the control of seed maturation and dormancy (Tuan et al. 2018). 

CCD1 enzymes are generally less specific and can convert a wide variety of 

substrates, producing dialdehydes with different chain lengths and volatiles, 

involved in the aroma and flavour of diverse species (Vogel et al. 2008; Ilg et al. 

2009, 2014). CCD4 is present in two forms: one, exclusive of Citrus, produces 

citraurin (Pan et al. 2012); the other one cleaves carotenoids either at the C7–C8 

double bond in cryptoxanthin and zeaxanthin or at the C9–C10 double bond in 

bicyclic carotenoids (Rubio-Moraga et al. 2014; Bruno et al. 2015, 2016). 

CCD7 and CCD8 are strigolactones (SL) biosynthesis enzymes that act sequentially 

in converting 9-cis-β-carotene, generated by the carotene isomerase DWARF27 

(D27), into carlactone, the SL precursor. SLs are plant hormones that regulate 

different aspects of plant development, such as shoot branching, root architecture, 

and leaf senescence (Xie et al. 2010; Al-Babili & Bouwmeester 2015; Decker et al. 

2017; Felemban et al. 2019). Moreover, they are exudated in the rhizosphere, where 

they act as an inducer of seed germination of root parasitic plants of the genera 

Striga, Orobanche, Alectra, and Phelipanche (Xie et al., 2010; Yoneyama et al. 

2013). The photosynthetic capacity of these plants is not sufficient to provide the 

energy required for survival, therefore they infest host plants to achieve water and 

nutrients (Bouwmeester et al. 2003), negatively affecting yields and representing a 

severe agricultural problem (Parker, 2009).  

In contrast, SLs take part in the establishment of the arbuscular mycorrhizal (AM) 

symbiosis (Akiyama et al. 2005; López-Ráez et al. 2015) and in the Rhizobium-

legume interaction (Soto et al. 2010; Peláez-Vico et al. 2016). Briefly, the first 

mutualistic association involves around 80% of the land plants and allows an 

exchange of nutrients between the two partners (Genre et al. 2020). The plant 

provides photosynthetic products and lipids to the fungus that, in turn, improves the 



102 
 

plant mineral nutrition (Gutjahr 2014; Lanfranco et al. 2018). The second interaction 

involves rhizobia, soil bacteria able to convert atmospheric nitrogen into ammonia. 

They invade the legume root to form new organs, called nodules, in which the fixed 

atmospheric nitrogen is transferred to the plant in exchange for carbohydrates 

(Markmann and Parniske 2009). 

Recent phylogenetic analysis of plant CCD orthologs led to the discovery of 

Zaxinone Synthase (ZAS), which is conserved in most land plants, but not in 

Arabidopsis or other members of Brassicaceae (Wang et al. 2019). In vitro, ZAS 

converts 3-OH-all-trans-β-apo-10’-carotenal into zaxinone, a growth-promoting 

apocarotenoid and a SL biosynthesis regulator (Wang et al. 2019). In rice, the loss-

of-function zas mutant shows decreased zaxinone content in roots, retarded root and 

shoot growth, and increased SL levels. The rice genome encodes three OsZAS 

homologs, called OsZAS1b, OsZAS1c, and OsZAS2. OsZAS2 was recently shown 

to form zaxinone in vitro, to be expressed under phosphate starvation, and 

specifically in arbuscule-containing cells. The characterization of a CRISPR/Cas 

mutant line demonstrated that OsZAS2, in analogy to ZAS, determines rice growth, 

architecture, and SL content, and is required for optimal mycorrhization (Ablazov et 

al. 2022). The exogenous application of zaxinone not only restored the mutant 

phenotype, as expected, but also stimulated root growth in wild-type plants and, 

under low phosphate deficiency, decreases SL biosynthesis and release (Fiorilli et 

al. 2019; Wang et al. 2019).  

In contrast to rice, in Arabidopsis, zaxinone acts as a positive regulator of SL, and 

ABA biosynthesis, and its application reduces hypocotyl growth by increasing ABA 

content (Ablazov et al. 2020). The presence of zaxinone in Arabidopsis suggests the 

existence of a ZAS-independent zaxinone biosynthetic route and indicates a general 

regulatory impact on the growth in both AM-host and non-host plants (Ablazov et 

al. 2020; Moreno et al. 2021). 
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Moreover, a recent study highlighted the positive impact of zaxinone and its analogs, 

called MiZax 3 and MiZax5 (Wang et al. 2020), on several monocots and dicots 

grown in different environments, pointing out their potential use as biostimulants. In 

particular, the effect of foliar application of these compounds on tomato (Solanum 

lycopersicum) not only improved the plants' fitness, increasing the plant height and 

the number of branches but also impacted the reproductive phase, enhancing the total 

number of flowers and fruits compared to the untreated condition (Wang et al. 2022).  

In the current study, we investigated the effect of exogenous zaxinone given as root 

treatment on tomato plant development, mycorrhization, and responses to biotic and 

abiotic stress, probing the potential of this molecule on this important crop and model 

plant.  
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5.2 Material and methods 

Plant material and growth conditions. Wild type and slccd8 (kindly provided by 

Prof. Aly Radi, Newe Yaar Research Center, Volcani Institute - ARO) (Bari et al. 

2019) tomato seeds (cv. Money Maker) were surface-sterilized in 50% sodium 

hypochlorite solution with 0.01 % Tween-20 for 15 min and pre-germinated on 

moistened filter paper with half-strength liquid Murashige and Skoog (MS) medium 

incubated at 30°C for 6 days. The pre-germinated seeds were transferred to light in 

controlled conditions (a 12 h photoperiod, 200-µmol photons m-2 s-1, 70% RH, and 

day/night temperature of 25/23 oC) for 4 days. Well-developed seedlings (10 days 

old) were transferred in 50 ml falcon tubes or 2L magenta box with half-strength 

modified Hoagland nutrient solution (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, based on experiments) and grown in hydroponic 

conditions. 

For phenotypic analyses, tomato seedlings were grown under the conditions 

described above, with the nutrient solution containing 0.4 mM K2HPO4.2H2O (+Pi) 

and 1 µM, 2.5 µM or 5 µM zaxinone (dissolved in Dimethyl sulfoxide; DMSO) or 

the corresponding volume of the solvent (control) for two to three weeks. The 

solution was changed twice a week, adding the chemical at each renewal.  

For testing the zaxinone effect on tomato plants in the rhizotron system (48cm x 24 

cm x 5cm box), the seedlings were grown in soil with half-strength modified 

Hoagland nutrient solution containing 0.4 mM K2HPO4.2H2O (+Pi) and 5 µM 

zaxinone for 21 days. The solution was changed twice a week, adding the chemical 

at each renewal. To increase the stability of the compounds, 1 µl/ml emulsifier 

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

https://scholar.google.com/citations?view_op=view_org&hl=it&org=5410932313571691286
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Gouda; Netherlands) was added into the nutrient solution. The root surface area was 

analyzed with the ImageJ software.  

For SL analysis, tomato seedlings were transferred into 50 ml falcon tubes, 

containing the nutrient solution with 0.4 mM K2HPO4.2H2O (+Pi) for one week. 

They were then subjected to phosphate deficiency (-Pi) for one week. On the day of 

root exudates collection, tomato plants were first treated with 5 µM zaxinone for 6 

h, and then root exudates were collected for LC-MS/MS analysis and Striga 

bioassays. 

For starch quantification 10-days old seedlings were transferred in 50 ml falcon tubes 

containing a modified Hoagland nutrient solution (500 µM Pi) and 5 µM zaxinone 

(dissolved in DMSO) or the corresponding volume of the solvent (mock) for three 

weeks. The solution was changed twice a week and plants were treated with the 

molecule once a week.  

For gene expression analyses, seedlings were grown hydroponically as described 

above with the nutrient solution including 0.4 mM K2HPO4.2H2O (+Pi) or without 

K2HPO4.2H2O (-Pi) for 7 days. Seedlings were further treated with zaxinone for 6 h, 

and tissues were collected. 

For all experiments, synthetic zaxinone was purchased (customized synthesis) from 

Buchem B.V. (Apeldoorn, The Netherlands).  

Plant and fungal materials for mycorrhization experiment. Tomato seeds (cv. 

M82 and Money Maker) were surface-sterilized in 70% ethanol with 0.01 % Tween-

20 for 3 minutes and then in a 5% commercial hypochlorite in sterile H2O for 13 

minutes. Seeds were then transferred in Petri dishes with 0.6% plant agar (Duchefa, 

Haarlem, The Netherlands) medium, and germinated in the dark at 23 °C for five 

days. Seedlings were then moved to day/night conditions for another four days (16 

h light (23 °C)/8 h dark (21 °C)) and then transferred to pots. Mycorrhizal plants 

(myc) were inoculated with Funneliformis mosseae (BEG12) commercial inoculum 
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(MycAgroLAb, France) mixed (30%) with sterile quartz sand. Plants were watered 

with a modified Hoagland nutrient solution containing low Pi concentration (50 µM 

Pi). We treated two sets of mycorrhizal tomato plants with different zaxinone 

concentrations (0.5 µM and 5 µM) once a week during the irrigation. All the plants 

were collected at 35 dpi (days post inoculation). For the molecular analyses, roots 

were immediately frozen in liquid nitrogen and stored at −80 °C. Some roots were 

dedicated for the morphometric evaluation according to Trouvelot et al. 1986: 

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

mycorrhizal parameters was performed using “Ramf” an open-source R package 

(https://github.com/mchiapello/Ramf) (Chiapello et al. 2019). 

For the time-course experiment, a set of mycorrhizal and no-mycorrhizal tomato 

plants (cv. Money Maker) were grown with the same conditions described above in 

this paragraph. Plants were collected at 7, 21, and 35 dpi and used for molecular and 

morphological analysis. 

Striga hermonthica seed germination bioassays. Striga hermonthica seed 

germination bioassays were conducted by following the procedure described 

previously (Jamil et al. 2012). About 50-100 sterilized Striga seeds were spread on 

a glass fiber filter paper disc. Then 12 discs with Striga seeds were put on a sterilized 

filter paper and moistened with 3 ml sterilized water in a 90 mm Petri plate. The 

plates were sealed with parafilm and covered with aluminum foil. All the plates were 

kept at 30oC for 10 days for pre-conditioning. On the 11th day, six dry discs with pre-

conditioned seeds were selected and put in a 90 mm Petri dish. A filter paper ring 

moistened with 0.9 ml sterile MilliQ water was placed on the plate. The root exudates 

collected from zaxinone-treated tomato seedlings were applied at 50 μl on each six 

discs. 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 30ºC for 24 hours. Germination (seeds with radicle emerging 

https://github.com/mchiapello/Ramf
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through seed coat) was scored under a binocular microscope, and germination rate 

(%) was calculated. 

Quantitative analysis of SLs in tomato root exudates. For the quantification of 

SLs in tomato 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 3 ml of water. After washing with 3 ml of water, SLs were 

eluted with 4 ml of acetone. The 4-deoxyorobanchol fraction (acetone-water 

solution) was concentrated in SL aqueous solution (∼500 µl), followed by the 

extraction with 1 ml of ethyl acetate. 750 μl of SLs enriched organic phase was then 

transferred to 1.5 ml tube and evaporated to dryness under vacuum. The dried extract 

was dissolved in 100μl 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 a ZORBAX Eclipse plus C18 column (150 × 2.1 

mm; 3.5μm; Agilent). 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 ion → product ion) were 

347.1→233, 347.1→97 for orobanchol; 345.0→231.0, 345.0→327.0 for 

didehydroorobanchol; 365.0→268.0 for solanacol; 337→222, 337→97 for D6-5-

deoxystrigol.  
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Quantification of starch. For starch extraction, excised root apparatus was rapidly 

blot-dried on filter paper and weighed. Samples, frozen in liquid nitrogen, were 

homogenized using a pestle. The samples were further homogenized in 0.5 mL of 

absolute ethanol. After the 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 × g and the 

pellet was resuspended in 1 mL of 80% ethanol. This step was repeated two times 

more. The pellets were finally resuspended in 400 μL of 0.2mM KOH and 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.  

RNA library preparation and transcriptomic analysis. Tomato roots and shoots 

total RNA was extracted with TRIzol (Invitrogen, https://www.thermofisher.com) 

using a Direct-zol RNA Miniprep Plus Kit following the manufacturer’s instructions 

(ZYMO RESEARCH; USA). RNA quality was checked with Agilent 2100 

Bioanalyzer, and concentration was measured using a Qubit 3.0 Fluorometer. The 

cDNA libraries were constructed following standard Illumina protocols and paired-

end sequenced on a HiSeq Illumina 4000 machine by the Bioscience core lab of 

KAUST. The reads quality was checked with FastQC (Babraham Bioinformatics; 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed with 

Trimmomatic 0.36 ((Bolger et al. 2014) and quantified with Salmon 1.6.0 

(parameters: -l A --validateMappings --gcBias --numGibbsSamples 20), using a 

transcriptome reference index build on Tomato genome (SL4.0) and transcriptome 

(ITAG4.0) files available on 

https://solgenomics.net/organism/Solanum_lycopersicum/genome. Expression 

matrices were created and imported into R environment with tximport 1.20.0 

package (parameters: type="salmon", countsFromAbundance="lengthScaledTPM") 

(Soneson et al. 2015).  

https://www.thermofisher.com/de/de/home.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://solgenomics.net/organism/Solanum_lycopersicum/genome
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The whole dataset was split into “shoot” and “root” subsets and the function 

DESeqDataSetFromTximport from DESeq2 1.30.1 (Love et al. 2014) was used to 

create one R object with count information for each subset. The experimental design 

was set up to account for the two Zaxinone treatments (“mock” and “zax”) and the 

two Phosphate treatments (“P” and “Pstar”) with an interaction term (design = 

~P_treatment + Zax_treatment + P_treatment: Zax_treatment). “Mock” and 

“control” were selected as reference levels for Zax_treatment and P_treatment 

variables, respectively. Further quality controls (PCA and heatmaps) were performed 

on rlog transformed count data; no outliers were identified. Differential expression 

analysis was performed with DESeq2 and results functions. Five hypotheses were 

tested (Wald test): (i) the effect of Zax_treatment in “P” condition (comparison: 

“Zax_P vs mock_P”); (ii) the effect of Zax_treatment in “Pstar” condition 

(comparison: “Zax_Pstar vs mock_Pstar”); (iii) the effect of P_treatment in “mock” 

condition (comparison: “mock_Pstar vs mock_P”); (iv) the effect of P_treatment in 

“zax” condition (comparison: “zax_Pstar vs zax_P”) and (v) the differences in 

Zax_treatment” across P_treatment (interaction term). Genes with adjusted p-value 

≤ 0.05 were considered differentially expressed. Functional enrichment analyses 

(GO and KEGG) and visualization were performed using gprofiler2 package 

(Kolberg et al. 2020). 

Gene expression analysis. Roots of tomato 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) 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, 
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Hercules, CA; USA). Primers used for qRT-PCR analysis are listed in 

Supplementary, Table 1. The gene expression level was calculated by normalization 

of a ubiquitin (SlUbq, Solyc01g056940.2) housekeeping gene. The relative gene 

expression level was calculated according to the 2-ΔΔCT method (Livak & 

Schmittgen 2001). 

Osmotic stress induction and leaves transpiration rate. For the osmotic stress 

induction experiment, tomato (cv. M82) seeds were sterilized with the same method 

described for the mycorrhizal experiment. Ten-day-old seedlings were then 

transferred to pots containing quartz sterile sand. Plants were grown in a growth 

chamber for 21 days under 14 h light (24 °C)/10 h dark (20°C) regime and divided 

into two sets, one watered twice a week with a modified Hoagland nutrient solution 

containing 500 µM Pi concentration (+P) and one watered Hoagland nutrient 

solution with 50 µM Pi (-P). Then, the plants were transplanted in a hydroponic 

system, maintaining the +P or -P conditions. Osmotic stress was imposed with 10% 

(w/v) polyethylene glycol 6000 (PEG) completely dissolved in either +P (+P/+PEG) 

or –P (-P/+PEG) nutrient solution, corresponding to -1.61 MPa, following a modified 

protocol developed by Liu et al. (2015). All the plants (-P, +P, -P/+PEG e +P/+PEG) 

were samples at the 35 dpg (days post-germination) and samples were collected for 

molecular analysis.  

For the leaves transpiration rate assay, tomato (cv. M82) 10-days old seedlings were 

transferred to pots containing quartz sterile sand and grown in a growth chamber 

under 14 h light (24 °C)/10 h dark (20 °C) regime. The treatment was performed 

directly on leaves and there were tested different compounds, GR24-rac (0.5 μM), 

zaxinone (0.5 μM), and the corresponding volume of the solvent as control. The 

measurement was carried out with a porometer (Decagon SC-1) at two time points: 

after 2 hours from the application of the molecules and after 24 hours. 

Pathogenicity test on tomato upon Botrytis cinerea infection. For the 

pathogenicity test, tomato (cv. Money Maker) seeds were sterilized and germinated 
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using the same method described for the mycorrhizal experiment. After, 10 days old 

seedlings were transferred to pots containing quartz sterile sand. Plants were grown 

in a growth chamber for 21 days under 14 h light (24°C)/10 h dark (20°C) regime 

and watered with a modified Hoagland nutrient (500 µM Pi) and tap water, 

alternately. The treatments were carried out by dissolving the different molecules: 

GR24 (a SL synthetic analog), zaxinone, MiZax3, a zaxinone mimic (Wang et al. 

2020), TIS108 (a SL inhibitor), or the corresponding volume of the solvent (acetone) 

as the control, in the nutrient solution or water to have a 10-6 M final concentration. 

Once leaves reached an adequate size, we placed a Botrytis cinerea (Bc) plug on 4 

leaves per plant and monitored the infection after 48 and 96 hours. After 48 hours 

post-inoculation (hpi) the presence or the absence of the lesion was recorded while, 

after 96 hpi, for each lesion, the percentage of the necrotized leaf surface was 

evaluated. Seven plants for each condition were considered. 

Statistics and reproducibility. All 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, using a 

probability level of P<0.05. Statistical elaborations were performed using PAST 

ver.3 (Hammer et al.). 
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5.3 Results 

Identification of the putative ZAS tomato homolog  

Wang et al. (2019) described that the ZAS enzyme subgroup, responsible for 

zaxinone production, is distributed among moss, fern, monocots, and dicots but 

absent in Brassicales. Within Group 7 a ZAS tomato putative homologous gene, 

SlZAS (Solyc08g066720) was identified. Quantitative RT-PCR assays on tomato 

roots and shoots (Figure 1) showed that SlZAS was expressed only in roots and 

transcript levels increased under low Pi (-Pi) compared to normal (+P) conditions. 

This response to low Pi is similar to what has been observed for OsZAS (Wang et al. 

2019). 

Figure 1. SlZAS expression pattern in tomato root and shoot. The normalized expression value of 

SlZAS under +P (500 µM) and low Pi (50 µM) conditions in root and shoot tissue of 21-day-old 

tomato plants. Data are means ± SE (n=4). Significant values (by one-way Anova) are shown as 

follows: *P < 0.05; **P<0.01. 

Phenotypic characterization of tomato plants treated with zaxinone 

To investigate the effect of zaxinone on tomato plant development, we treated 

hydroponically grown seedlings with 5 μM zaxinone. Plants exposed to zaxinone 

(Zax) showed an increase in root number and biomass, a higher number of leaves, 

and an increased shoot length compared to control plants (Mock) (Supplementary 

figure 1). We applied zaxinone also to plants grown in soil using the Rhizotron 

system that allows more detailed monitoring of root parameters (Wang et al. 2019); 
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we observed an increased root surface area and an increment in lateral root number. 

In addition, a higher shoot length and biomass were recorded (Figure 2 a). Taken 

together, our results showed a positive impact of zaxinone on the tomato vegetative 

phase with an enhancement of root and shoot growth, in analogy to what was 

observed in rice (Wang et al. 2019). In addition, a recent study highlighted that, in 

rice, zaxinone treatment triggered sugar-related metabolic processes leading to an 

increase in sugar and starch content (Wang, Alseekh, et al. 2021). We, therefore, 

quantified the starch level in the roots of hydroponically grown seedlings after three 

weeks of zaxinone application (5 μM), and an increase in starch content was 

observed (Figure 2 b). 

 

Figure 2. a. Phenotypic evaluation of tomato plants treated (Zax) or not (Mock) with zaxinone (5 

µM) grown in a Rhizotron system. Root number, root surface area, shoot length, biomass, and the 

number of branches were evaluated. n=7. b. Starch quantification in root tissues treated or not with 

zaxinone (5 µM) grown in +Pi condition (500 µM). n=5. Data represent ± SE. Significant values (by 

one-way Anova and t-test) are shown as follows: *P < 0.05; **P<0.01; ***P<0.001. 

Since in rice the growth-promoting effect of zaxinone was found to be dependent on 

SLs (Wang et al., 2019), we tested whether this was the case also for tomato: we thus 
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applied 5 μM zaxinone to slccd8, a mutant line defective for a SL biosynthetic gene 

(Bari et al. 2019), grown hydroponically. Interestingly, the treatment did not promote 

root growth (root length, biomass, and root number) in the slccd8 mutant (Figure 3), 

indicating that the effect of zaxinone is mediated by functional SL biosynthesis. 

Figure 3. Phenotypic evaluation of slccd8 mutant line tomato treated (Zax) or not (Mock) with 

zaxinone (5 µM) grown in a hydroponic system. Root length, biomass, and number were evaluated. 

n=15. Data represent ± SE. Significant values (by one-way Anova and t-test) are shown as follows: 

*P < 0.05; **P<0.01; ***P<0.001, ns: no significant difference. 

Effect of zaxinone on SL biosynthesis 

Exogenous zaxinone treatment led to a reduction of SLs biosynthesis in rice (Wang 

et al. 2019) but an increase in Arabidopsis (Ablazov et al. 2020). To test the effect 

of exogenous zaxinone on SLs content in tomato, we quantified SLs in exudates of 

tomato plants treated with 5 µM zaxinone (Zax) or not treated (Mock) (Figure 4a). 

Zaxinone application decreased significantly the orobancol-1 and solanacol content, 

while for dihydrorobanchol-1 and dihydrorobanchol-2 we also observed a decrease 

but not statistically significant. In addition, we performed a Striga parasitic 

plant seed germination assay on the Mock and Zax root exudates, using GR24, a SL 

synthetic analog, as a positive control. The results indicated a significantly decreased 

Striga seed germination of treated exudate compared to the control condition (Figure 

4b). 
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Next, we determined the transcript level of SL biosynthetic genes SlCCD7, SlCCD8, 

and SlMAX1 using q-RT-PCR. As shown in Figure 4c, the application of zaxinone 

induced a decrease, but not statistically significant, in the mRNA levels of SL 

biosynthetic genes in roots. These findings revealed that, as observed in rice, 

zaxinone exposure negatively regulated SLs biosynthesis and release. 

 

 
 

Figure 4. Effect of zaxinone on tomato SL biosynthesis and release. a. Striga seeds germination 

rate upon treatment with exudates analyzed in response to zaxinone treatment (5 μM). GR24 was used 

as a positive control. b. Relative quantification of orobanchol-1, solanacol, dihydrorobanchol-1, and 

dihydrorobanchol-2 in root exudate of tomato treated or not with zaxinone. Data n = 3 biological 

replicates. c. qRT-PCR analysis of transcript levels of SL biosynthesis genes (SlCCD7, SlCCD8, and 

SlMAX1) transcript levels in tomato roots grown hydroponically under Pi starvation. Ubiquitin was 

used as a reference gene. Bars represent mean ± SE. Data n = 4 biological replicates. Statistical 

analysis was performed using one-way analysis of variance (ANOVA) and significant values are 

shown as follows: *P < 0.05, ns: no significant difference. 

Transcriptomic analysis (RNA-Seq) on tomato treated with zaxinone  

We also analyzed the impact of a zaxinone short exposure (6 h) on tomato 

transcriptome using RNA sequencing (RNA-Seq) (Figure 5, Supplementary figure 

3). We considered roots and shoots of plants treated (Zax) or not (Mock) with 5 µM 

zaxinone and grown under normal Pi condition (+Pi) or low Pi (-Pi). Reads were 

filtered for quality, cleaned from adapters, and transcripts were quantified with 



116 
 

Salmon (mapping-based mode on Solanum lycopersicum transcriptome index - 

EnsemblPlant SL.3 version). The zaxinone application in +Pi roots led to increased 

transcript levels in 210 genes and decreased transcript levels in 103 genes. Among 

the upregulated genes, we outlined two F-box/kelch-repeat proteins 

(Solyc03g120320, Solyc12g088220), a phosphate transporter PHO1-3 

(Solyc05g010060), and a pleiotropic drug resistance protein (Solyc09g091670). The 

downregulated genes included, among others, two ABA receptors (Solyc05g052420, 

Solyc03g095780) and two high-affinity nitrate transporters (Solyc11g069735, 

Solyc06g074990).  

For -Pi roots we found 12 up-regulated genes and 19 down-regulated genes. The 

upregulated genes comprised Solyc03g120320 and Solyc01g006050, two genes in 

common with the RNA-Seq conducted on rice treated with zaxinone (after 2h, 6h, 

and 24h) (Wang, Alseekh, et al. 2021); among the downregulated genes we 

described Solyc03g119660, encoding for a protein annotated as PLANT CADMIUM 

RESISTANCE like, and Solyc04g015210, encoding for a disease resistance protein, 

present under both -Pi and +Pi conditions. 

We detected a less significant impact on the shoot transcriptome (in the +Pi 

condition: 10 down-regulated genes and 1 up-regulated), which can be explained by 

the fact that zaxinone was applied to roots and for a short time. 

If we consider, on the other hand, the two different Pi conditions, the root and shoot 

transcriptomes changed significantly. In the root grown under the -P condition we 

observed 3168 down-regulated genes and 4206 up-regulated genes. In the shoot, we 

reported 1363 down-regulated and 2382 up-regulated genes. Among the root genes 

strongly induced by Pi deficiency we found, as expected, SlCCD7 (Solyc01g090660) 

and SlCCD8 (Solyc08g066650) (López-Ráez et al. 2008) and genes involved in Pi 

transport (Solyc09g066410 and Solyc05g010060) or genes induced by Pi starvation 

like TPSII (Solyc03g098010). Likewise, in the shoot, SlCCD8, the phosphate 

starvation inducible gene TPSI1, and different phosphate transporters 
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(Solyc09g066410, Solyc03g005530, Solyc09g090360, Solyc03g097840, 

Solyc05g010060, and Solyc09g090070) were up-regulated upon Pi starvation. 

To validate the RNA-Seq data, we monitored by qRT-PCR the transcript level of 7 

selected genes that showed low to high response to zaxinone treatment 

(Supplementary figure 2): the results of this experiment fully confirmed the RNA-

Seq expression patterns. 

Gene Ontology (GO term) analysis of molecular function and biological process 

allowed us to identify upon zaxinone application the activation of genes involved in 

signaling receptor activity, molecular transducer activity, ABA, and hormone 

binding. Furthermore, enrichments with Kyoto Encyclopedia of Genes and Genomes 

(KEGG) showed that most of the genes regulated by zaxinone were related to the 

biosynthesis of secondary metabolites, like phenylpropanoids, stilbenoid, 

diarylheptanoid and gingerol. In addition, we analysed the expression of SL 

biosynthesis genes (SlD27, SlCCD7, SlCCD8, SlMAX1) and SlZAS using the same 

samples of the RNA-Seq experiment. After 6h, we observed a statistically significant 

decrease in SlCCD7 and SlZAS in +Pi roots (Supplementary figure 4). 

Figure 5. Analysis of differentially expressed genes (DEGs) in response to short exposure, 6 h, 

zaxinone treatment (5 µM). a. Root Venn diagrams showing the numbers of genes that overlap 
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between different conditions (Zas_P = plants grown in +P condition and treated with zaxinone; 

Mock_P = plant grown in +P condition and no treated; Zax_Pstarv = plants grown in P starvation 

and treated with zaxinone; Mock_Pstarv = plants grown in P starvation and no treated). b. Shoot 

Venn diagrams showing the numbers of genes that overlap between different conditions. c. Volcano 

plot representation of differential expression analysis of genes in the zaxinone-treatment versus Mock 

data sets, in roots grown in +P condition. The blue point represents the down-regulated genes, and 

the red ones are the up-regulated (padj ≤ 0.05, log2FC ≤ 0). The genes whose names are indicated 

are differentially expressed (padj < 0.05) and have a log2FC >1 or < -1. d. Volcano plot 

representation of differential expression analysis of genes in the zaxinone-treatment versus Mock data 

sets, in roots grown in P starvation. The blue point represents the down-regulated genes, and the red 

ones are the up-regulated (padj ≤ 0.05, log2FC ≤ 0). The genes whose names are indicated are 

differentially expressed (padj < 0.05) and have a log2FC >1 or < -1. 

Zaxinone exogenous treatment affects AM symbiosis 

As we demonstrated that in rice zaxinone and OsZAS influence AM colonization 

(Wang et al., 2019; Votta et al., 2022). At first, we investigated SlZAS expression 

levels during a time-course mycorrhization experiment (Figure 6a). In analogy to 

rice, SlZAS abundance in mycorrhizal roots increased at the early stage of 

colonization (7 dpi) and decreased significantly in the next stage (21 dpi) (Wang et 

al., 2019). By contrast, at the late stage (35 dpi), in tomato the SlZAS transcript 

remains downregulated compared to non-mycorrhizal roots while in rice we 

observed an upregulation of OsZAS. The expression profile of SlPT4, a tomato 

phosphate transporter encoding gene used as an AM marker (Figure 6b) and the 

morphological evaluation of mycorrhization by the method by Trouvelot et al. (1986, 

Figure 6c) confirmed the AM colonization progression. 

To test the impact of exogenous zaxinone on the establishment of the AM symbiosis, 

we treated a set of mycorrhizal plants (cv. Money Maker and M82) with different 

zaxinone concentrations (0.5 µM and 5 µM) and assessed the colonization level by 

molecular and morphological analyses. We observed a significant decrease in the 

expression of SlPT4, a tomato phosphate transporter gene used as AM marker, in 

root samples (cv. Money Maker) treated with the highest zaxinone concentration (5 

µM; Figure 6c). The same result was obtained in the M82 cultivar, where we also 

observed reduced SlPT4 expression levels upon zaxinone supply; this result was in 
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line with the morphological data: treated plants showed lower values for all the 

evaluated mycorrhization parameters: frequency of mycorrhizal colonization (F%), 

the intensity of colonization (M%), and arbuscule abundance (a% and A%) 

compared to untreated plants (Figure 6 d-e). 

Taken together these results confirmed that, as in rice (Wang et al. 2019; Votta et al. 

2022), the exogenous application of zaxinone negatively impacts the AM symbiosis  

 

Figure 6. Zaxinone and mycorrhization. a. SlZAS expression in mycorrhizal (M; inoculation with F. 

mosseae) or no-mycorrhizal (NM) roots of tomato cv. Money Maker-MM, during a time course 

experiment (7, 21, 35 dpi). (b-c). Analysis of arbuscular mycorrhizal level in tomato roots (cv. MM). 

The relative expression of SlPT4, an AM-marker gene, in the distinct stages of mycorrhization 

(7,21,35 dpi). c. Level of colonization expressed as F%: frequency of mycorrhizal, M%: intensity of 

mycorrhizal colonization, a%, and A%: arbuscule abundance in roots at 35 dpi. d. The expression 

level of SlPT4 in mycorrhizal roots (cv. MM) treated (Zax) or not (Mock) with zaxinone (0.5 µM and 

5 µM) and colonized by F. mosseae at 35 days post inoculation (dpi). Ubiquitin was used as a 

reference gene. (e-f). Analysis of arbuscular mycorrhizal level in tomato roots (cv. M82) colonized 

by F. mosseae treated (myc+zax) or not (myc) with zaxinone (5 µM). The relative expression of SlPT4 

in mycorrhizal roots treated or not with zaxinone. Level of colonization expressed as F%: frequency 

of mycorrhizal, M%: intensity of mycorrhizal colonization, a%, and A%: arbuscule abundance in 

roots at 35 dpi. For each experiment, we considered at least n=4 plants. Data are means ± SE. 

Significant values are shown with asterisks (*P < 0.05; **P<0.01; ***P<0.001) or different letters 

(P < 0.05). 
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Zaxinone participates in the response to abiotic and biotic stresses 

Recent studies have shown that among apocarotenoids, beyond the well-known 

ABA, there are many molecules involved in abiotic stress responses and biotic 

interactions (Felemban et al. 2019; Wang, Lin, et al. 2021). To investigate the 

possible involvement of zaxinone in responses to water stress, we measured the 

transpiration rate of untreated (control) or zaxinone-treated tomato leaves. In 

parallel, GR24 was used as a positive control, since it is known that SL exogenous 

application induced stomata closure (Visentin et al. 2016; Lv et al. 2018). The 

transpiration rate of leaves treated with GR24 significantly decreased compared to 

untreated leaves at the first time point (2h), remaining stable at the second time point 

(24 h). A similar pattern was observed in the case of the zaxinone treatment, 

suggesting a possible involvement of zaxinone in stomata regulation and, 

consequently, in acclimatization to water stress, as it was shown for SL (Visentin et 

al. 2016) (Figure 7a). 

In addition, we evaluated whether SlZAS expression was responsive to drought. Gene 

expression profiles of SlZAS, SlCCD8, and SlNCED1, a marker gene for drought 

stress, were monitored in roots (Figure 7b) and shoot (data not shown) of plants 

exposed to osmotic stress (+PEG) at different Pi levels (+P: 500 μM, and -P: 50 μM). 

As expected, independently of the availability of Pi, the PEG treatment induced the 

expression of SlNCED1, the key gene for ABA biosynthesis, confirming the 

induction of the stress condition. In roots, SlZAS was upregulated by the osmotic 

stress under both Pi conditions. On the other hand, under low Pi conditions SlCCD8, 

was down-regulated by the osmotic stress as observed by Visentin et al. (2016). The 



121 
 

similar profile of SlZAS and SlNCED1 further supports a potential involvement of 

SlZAS in the regulation of the osmotic stress response. 

Figure 7. Zaxinone involvement in the response to abiotic stress. a. Leaves transpiration rate before 

the treatment (T0), after 2 hours (T1), and 24 hours (T2). The molecules tested are shown in the 

legend (0.5 µM). b. The expression level of SlZAS, SlNCED1, and SlCCD8 in tomato roots exposed 

to osmotic stress (+PEG), grown in different Pi conditions (+P: 500 μM, and -P: 50 μM). Bars 

represent mean ± SE; a n = 5 biological replicates; b n = 4 biological replicates. Statistical analysis 

was performed using the t-student test and one-way analysis of variance (ANOVA). Significant values 

are shown with asterisks (*P < 0.05; **P<0.01; ***P<0.001). 

Finally, to investigate the possible role of zaxinone in pathogenic interactions we set 

up a pathogenicity assay on tomato using the fungal pathogen Botrytis cinerea (Bc). 

Plants were treated with GR24, zaxinone, Mizax3 (zaxinone mimic; (Wang et al. 

2020), TIS108 (a SL inhibitor), and acetone, as control, which was given together 

with the nutrient solution 72 and 24 hours before Bc inoculation (Figure 8a). At 48 

hours post inoculation (hpi), plants that received GR24 showed a lower percentage 

of leaves with symptoms compared to those treated with acetone. In contrast, in 

plants treated with zaxinone and MiZax3 the percentage of leaves showing the onset 

of symptoms was higher. This trend was confirmed at 96 hpi, when plants treated 

with MiZax3 and zaxinone presented a higher percentage of leaf necrotic area, while 

those treated with GR24 showed a slight, although not more statistically significant, 

decrease (Figure 8b). At both time points, TIS108-treated plants revealed 
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intermediate values. These results suggested that plants treated with zaxinone or its 

mimic were more susceptible to pathogen infection. 

Figure 8. Zaxinone involvement in the response to biotic stress. a. In vivo infection of B. cinerea on 

tomato leaves treated with acetone, GR24, MiZax3, TIS108, and zaxinone, used at concentration 

10⁻⁶M. c. The percentage of leaves that after inoculation showed the onset of symptoms at 48 hours 

post inoculation (hpi). d. The percentage of leaf necrotized area at 96 hpi. Bars represent mean ± SE; 

n = 4 biological replicates. Statistical analysis was performed using the t-student test and one-way 

analysis of variance (ANOVA). Significant values are shown with different letters (P < 0.05). 

  



123 
 

5.4 Discussion  

Zaxinone is a recently discovered apocarotenoid described as a growth regulator in 

rice (Wang et al. 2019). This molecule, in rice, regulates the development and plant 

architecture, possibly by suppressing SL biosynthesis. This metabolite is produced 

by the action of an enzyme belonging to the CCD family, ZAS, which is conserved 

in most land species, except for Brassicales. However, zaxinone is also present in 

plant species that lack ZAS genes, such as Arabidopsis, indicating that it can be 

synthesized via alternative routes independent of these enzymes (Mi et al. 2019; 

Wang et al. 2019; Ablazov et al. 2020). Notably, in contrast to what was observed 

in rice, zaxinone application on Arabidopsis inhibited the hypocotyl elongation and 

promoted both SL and ABA content, suggesting that it might act as a stress signal 

(Ablazov et al. 2020). In light of these observations, it would be important to 

characterize ZAS homologs and describe the impact of zaxinone on other plant 

species. Here, we characterized the ZAS homolog gene - SlZAS - in tomato plants, 

and we evaluated the effect of zaxinone exogenous supply on tomato vegetative 

growth, mycorrhization, and the response to abiotic and biotic stresses. 

Our results presented many similarities with what was observed in rice (Wang et al., 

2019), starting with the expression pattern of SlZAS, which was up-regulated upon 

Pi starvation and expressed in roots. To better characterize the functions of this gene 

within a collaboration with Dr. Gianfranco Diretto (ENEA, Rome) slzas mutants are 

currently being generated with the CRISPR/Cas9 technology. Moreover, to 

determine the enzymatic activity of SlZAS, in vitro assay as described by Wang et 

al. (2019) and Ablazov et al. (2022) will be performed. 

Zaxinone exogenous treatment promotes tomato growth and reduces 

strigolactone synthesis 

Zaxinone exogenous application on tomato plants grown hydroponically or in the 

soil showed a positive effect of the molecule, which enhanced root and shoot growth, 
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as observed in rice (Wang et al. 2019). In addition, a recent study highlighted that 

the long-term zaxinone foliar application also positively impacts tomato 

productivity, increasing the number of flowers and fruits (Wang et al. 2022). In rice, 

the molecular mechanisms at the basis of the growth effect exerted by exogenous 

zaxinone were associated with the stimulation of sugar metabolism and regulation of 

cytokinin homeostasis (Wang, Alseekh, et al. 2021). In analogy to the rice, we 

observed that the application of zaxinone led to starch accumulation in tomato roots, 

suggesting potential conserved mechanisms of action. 

To evaluate the changes in tomato transcriptome after zaxinone treatment, we 

performed RNA-Seq analysis on plant exposure or not to the molecule and grown 

under high and low conditions of Pi. We found, as expected, a higher amount of 

DEGs when comparing the two Pi concentrations while the zaxinone treatment led 

to minor transcriptomic changes. In the +Pi root, genes involved in nitrate and 

phosphate metabolism and transport were expressed differently, highlighting plant 

responses' rapid activation. 

As observed in the RNA-Seq conducted by (Wang, Alseekh, et al. 2021) on rice 

treated with zaxinone (after 2h, 6h, and 24h), we detected a less significant impact 

on the shoot transcriptome, probably caused by the nature of the treatment when 

using the hydroponic condition. Remarkably, we identified a tomato gene 

(Solyc03g120320) that is up-regulated in zaxinone tomato-treated roots (under both 

Pi conditions), whose rice homolog was also found up-regulated by the zaxinone 

treatment. This gene was found to be induced in tomato leaves during senescence 

(Ma et al. 2019) and its Arabidopsis (AT1G80440) homolog encoded an F-box 

protein targeting type-B ARR (Arabidopsis Response Regulator) proteins that 

negatively regulate the cytokinin response (Kim et al. 2013; Ma et al. 2019). Since 

in rice the treatment with zaxinone modulated the cytokinins content (Wang, 

Alseekh, et al. 2021), it would be interesting to quantify their content in zaxinone-
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treated tomato roots and to further characterize the role of this F-box protein in both 

rice and tomato.  

As previously mentioned, zaxinone was described, under low Pi conditions, as a 

negative regulator of SL biosynthesis in rice (Wang et al. 2019), but a positive 

regulator of SL levels in Arabidopsis (Ablazov et al. 2022). Here, the SLs exudates 

quantification and the Striga seed germination assay indicated a lower SLs content 

in exudates of zaxinone-treated plants compared to the control condition; this was 

also mirrored by a slight decrease, although not statistically significant, in the mRNA 

level of SL biosynthetic genes (SlCCD7, SlCCD8, and SlMAX1) in roots. These data 

are in line with what has been observed in rice, where zaxinone acts as a plant 

growth-promoting metabolite and, under certain conditions, a negative regulator of 

SLs biosynthesis. 

Zaxinone exogenous treatment has a negative impact on mycorrhizal 

colonization 

The impact of zaxinone on the biosynthesis of SLs, the demonstration that OsZAS 

guarantees the correct extent of AM root colonization (Votta et al. 2022), as well as 

the induction of OsZAS in rice mycorrhizal roots (Fiorilli et al. 2015), led, therefore, 

to investigate also in tomato the role of zaxinone on the AM symbiosis. By 

monitoring the SlZAS expression level in the different mycorrhization stages, we 

obtained a profile similar to that described in rice in the early stages of 

mycorrhization (7-21 dpi). Moreover, the phenotypic and molecular analysis 

conducted on two different tomato cultivars, Money Maker and M82, highlighted 

that exogenous zaxinone negatively impacts the AM symbiosis, confirming the 

results obtained in rice (Wang et al. 2019; Votta et al. 2022). We recently 

hypothesized that in rice the zaxinone exogenous application repressed the AM 

colonization level, probably due to the strong negative effect of this compound on 

SLs biosynthesis or to alterations to other plant hormones involved in the AM 

symbiosis (Votta et al. 2022). The same situation can be envisaged for tomato plants. 
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The analysis of SlZAS mutant plants, when available, can be instrumental to better 

clarifying this issue. 

Zaxinone may play a role in the response to osmotic stress and fungal pathogen 

infection 

In the last years, apocarotenoids were also found to play a prominent role in biotic 

and abiotic stress responses. In this context, to explore the potential role of zaxinone 

on water stress, we evaluated the transpiration rate of leaves treated with or not with 

zaxinone or GR24, here used as a positive control. Compared to controls, plants 

treated with both molecules showed a significantly lower transpiration rate, 

suggesting a potential zaxinone involvement in stomatal regulation and, 

consequently, in acclimatization to water stress, as already demonstrated for SLs 

(Visentin et al. 2016; Lv et al. 2018). Notably, under osmotic stress, the SlZAS 

expression pattern was similar to that of SlNCED, which is a marker for water stress. 

In contrast, SlCCD8 was inhibited by the osmotic stress, confirming data reported 

by Cardinale et al. (2018), who proposed that this regulation promotes ABA 

biosynthesis and its translocation from root to stem. Taken together these preliminary 

results indicated a potential zaxinone implication in adaptation to water and osmotic 

stress, and suggest a possible zaxinone cross-talk with SLs and ABA (López‐Ráez 

et al., 2010, Visentin et al., 2016, Ruiz‐Lozano et al., 2016). 

Finally, to analyze the zaxinone involvement in other biotic interactions besides the 

AM symbiosis, we set up a pathogenicity test on tomato leaves with the fungal 

pathogen Botrytis cinerea (Bc). Plants treated with zaxinone and MiZax3, a mimic 

of zaxinone (Wang et al. 2020), were more susceptible to fungal infection while 

plants treated with GR24 were more resistant, confirming the protective action of 

SLs (Torres-Vera et al., 2014, Marzec 2016). We can hypothesize that the zaxinone 

and MiZax3 growth promotion effect (Wang et al. 2019; Wang, Alseekh, et al. 2021) 

causes an increase in the sugar content of the leaves, thus promoting the growth of 

the pathogen. A further hypothesis points to an indirect action of the two compounds 

https://scholar.google.com/citations?user=DCgz6YQAAAAJ&hl=it&oi=sra
https://scholar.google.com/citations?user=DCgz6YQAAAAJ&hl=it&oi=sra
https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Torres-Vera%2C+Roc%C3%ADo
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that negatively affect the SLs biosynthesis and content in planta (Wang et al. 2019, 

2020) thus reducing the resistance to pathogens (Torres-Vera et al. 2014, Marzec 

2016). We can also speculate on the possible involvement of zaxinone and its mimic 

in modulating defense responses through crosstalk with other hormones (i.e., 

jasmonate, salicylic acid, ethylene) related to the plant’s immune response. Further 

investigations are needed to clarify this issue. 

Overall, these data represent the first contribution toward understanding the 

biological effect of zaxinone on tomato plants. In analogy to what has been observed 

in rice, this metabolite positively regulates tomato growth and development and 

affects the level of SLs, which participate in the control of many aspects of plant 

biology. Moreover, the potential role of zaxinone in plant responses to water stresses 

and plant-pathogenic interactions deserves further attention opening perspectives for 

future applications in agriculture, especially in light of climate change. As a future 

perspective, it would be helpful to obtain and characterize mutant lines to fully 

understand the role between SlZAS and zaxinone in tomato development processes 

and the responses to stresses. 

  

https://bsppjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Torres-Vera%2C+Roc%C3%ADo
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5.5 Summary model 

 
Summary diagram of the effect of exogenous zaxinone treatment on tomato plants. Green arrows 

indicate a positive effect of zaxinone on root and shoot development (plants grown in hydroponics 

and soil), on starch content, on flowers and fruits production (upon a foliar treatment - Wang et al., 

2022), and a putative involvement in biotic and abiotic stresses. Orange arrows indicate a negative 

impact of zaxinone application on SLs biosynthesis and release and on the AM symbiosis. Created 

with “Biorender”. 
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5.7 Supplementary material 

 
Supplementary figure 1. Phenotypic evaluation of tomato plants treated (Zax) or not (Mock) with 

zaxinone (5 µM) grown hydroponically. Root number, root and shoot length, root and shoot biomass, 

and number of leaves were evaluated. n = 15. Data represent ± SE. Significant values (by one-way 

Anova) are shown as follows: *P < 0.05; **P<0.01; ***P<0.001. 

Supplementary figure 2. Validation of RNAseq by q-RTPCR. 7 selected genes showing high to low 

fold change in expression upon zaxinone treatment. n=4 biological replicates. Data represent ± SE. 

Significant values (by one-way Anova) are shown as follows: *P < 0.05.  
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Supplementary figure 3. a. Heatmap of zaxinone related DE genes in root. b. Principal component 

analysis (PCA) plots in root after zaxinone treatment (6h). n=4 biological replicates.  



137 
 

 

Supplementary figure 4. Validation of SL biosynthesis genes (D27, CCD7, CCD8, MAX1) and ZAS 

by q-RT-PCR using RNASeq samples. Bar presented mean ± SE, n=4 biological replicates. Asterisks 

indicate statistically significant differences as compared to control by t-test (*p < 0.05). 
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Experiment  Primer name  Sequence (5′–3′) 

 SlD27 F TCCCTAAGCCTATTCTTTCTCTG  

 SlD27 R TCACCTCACAAGGTCCAACTA  

 SlCCD7 F ACGGGTCAGGTTAAGTTTATG 

 SlCCD7 R CAACCATCTTCCCTCCTTTC 

 SlCCD8 F TGTACATGTTATGTGTAAAGCCAGT

G  

 SlCCD8 R CACAGCAATCTGCAATCACA 

 SlMAX1 F GGTTCTGCAACAACATCCTTTAC  

 SlMAX1 R CAAACCCATGTTCCCTTG  

 SlZas1 F CCACGTTATGGTGATGCTAA 

 SlZas1 R TCACCACCACCTCATCATA 

 SlUbi F TCCAGACCAGCAGAGATT 

 SlUbi R CTCTAAGGCGAAGAACAAGG 

   

Mycorrhizal plant SlPT4 F CCGAGACAAAAGGGAGATCAC 

 SlPT4 R CCAGAGACAGGTTTGCTAGTC 

 SlUbi F ACCAAGCCAAAGAAGATCAAGC 

 SlUbi R GTGAGCCCACACTTACCACAGT 

   

Osmotic stress SlUbi F ACCAAGCCAAAGAAGATCAAGC 

 SlUbi R GTGAGCCCACACTTACCACAGT 

 SlNCED1 F ACCCACGAGTCCAGATTTC 

 SlNCED1 R GGTTCAAAAAGAGGGTTAG 

Table 1. Primer sequences used in this study. 
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Chapter 6: Integration of Apocarotenoid Profile and 

Expression Pattern of Carotenoid Cleavage Dioxygenases 

during Mycorrhization in Rice 

6.1 Introduction 

Carotenoids represent an extended class of tetraterpene (C40) lipophilic pigments, 

synthesized by all photosynthetic organisms (bacteria, algae, and plants) and by 

numerous non-photosynthetic microorganisms (Nisar et al. 2015). In plants, 

carotenoids are essential constituents of the photosynthetic apparatus, where they act 

as photoprotective pigments and take part in the light-harvesting process. Further, 

these pigments have ecological functions, providing flowers and fruits with specific 

colors and flavors that attract insects and other animals or, in contrast, as a repellent 

for pathogens and pests (Cazzonelli 2011). 

The carotenoid structure, rich in electrons and conjugated double bonds, makes them 

susceptible to oxidation, which causes the breakage of their backbone and leads to a 

wide range of metabolites called apocarotenoids (Moreno et al. 2021). These 

compounds can be generated by non-enzymatic processes that are triggered by 

reactive oxygen species (ROS) (Harrison & Bugg 2014; Ahrazem et al. 2016) or by 

the action of a ubiquitous family of non-heme iron enzymes, called carotenoid 

cleavage dioxygenases (CCDs). 

The genome of the model plant Arabidopsis thaliana comprises nine members of the 

CCD family, including five 9-cis-epoxy carotenoid dioxygenases (NCED2, NCED3, 

NCED5, NCED6, and NCED9) and four CCDs (CCD1, CCD4, CCD7, and CCD8) 

(Tan et al. 2003; Sui et al. 2013). In short, NCEDs catalyze the first step in abscisic 

acid (ABA, C15) biosynthesis cleaving 9-cis-violaxanthin or 9’-cis-neoxanthin 

forming xanthoxin, the ABA precursor (Nambara & Marion-Poll 2005; Ahrazem et 

al. 2016). CCD1 cleaves several carotenoids and apocarotenoids at different 

positions along their carbon structure (Schwartz et al. 2001; Vogel et al. 2008; Ilg et 
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al. 2009, 2014) generating volatile compounds (i.e., β-ionone, β-cyclocitral, 

geranylacetone, and pseudoionone) in fruit and flowers of various plant species, and 

dialdehydes with several chain lengths (Moreno et al. 2021). CCD4 and CCD1 

enzymes are known to produce apocarotenoid-derived pigments, flavors, and aromas 

in planta, but their biochemical functions differ considerably (Schwartz et al. 2001; 

Auldridge et al. 2006; Ilg et al. 2009). In plants, two different forms of CCD4 are 

present (Huang et al. 2009): one, exclusive of Citrus, is involved in citraurin 

formation and carotenoid turnover in different tissues (Pan et al. 2012), while the 

other type mediates the cleavage of bicyclic all-trans-carotenoids at the C9, C10 or 

C9’, C10’ double bond leading to apo-10'-carotenoids (C27) and the corresponding 

C13 cyclohexenone outcome (i.e., β-ionone) (Bruno et al. 2015, 2016). 

CCD7 and CCD8 are involved in strigolactone (SL) biosynthesis: CCD7 cleaves 9-

cis-β-carotene (C40) to give β-ionone and 9-cis-β-apo-10'-carotenal (C27) while 

CCD8 leads to the conversion of 9-cis-apo-10'-carotenal (C27) into carlactone, the 

SL precursor (Alder et al. 2012). In addition, CCD7 may also catalyse the initial 9,10 

cleavage required for mycorradicin synthesis (Floss et al. 2008). 

A recent survey on plant genomes identified another CCD subfamily, Zaxinone 

Synthase (ZAS), which is conserved in most land plants but missing in non-

mycorrhizal species, i.e., A. thaliana (Fiorilli et al. 2019; Wang et al. 2019). In vitro, 

this enzyme cleaves a molecule of 3-OH-β-apo-10'-carotenal (C27) at the C13-C14 

double bond, generating zaxinone, a C18-ketone (3-OH-β-apo-13-carotenone), and 

an unstable C9-dialdehyde (Wang et al. 2019). Loss-of-function zas mutant showed 

a decreased zaxinone content in roots, reduced shoot, and root growth, and a higher 

SL level compared to wild-type rice plants (Wang et al. 2019). Phylogenetic analyses 

revealed that the rice genome encodes three OsZAS homologs, named OsZAS1b, 

OsZAS1c, and OsZAS2 (Ablazov et al. 2022). Intriguingly, although OsZAS2 is 

placed in a clade different from that of ZAS, it catalyses the same reaction, and both 

enzymes contribute to zaxinone production in rice (Ablazov et al. 2022). 
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Apocarotenoids play several roles in plants from the regulation of root and shoot 

developmental processes to plant responses to abiotic and biotic stresses (Moreno et 

al. 2021). They are also emerging signalling molecules implicated in plant-microbe 

interactions, including the arbuscular mycorrhizal (AM) symbiosis (Fiorilli et al. 

2019).The AM symbiosis is one of the most ancient and widespread association, 

formed by approximately 70% of land plants (Wang & Qiu 2006; Brundrett 2009), 

including major crops, and soil fungi belonging to the Glomeromycotina group 

(Spatafora et al. 2016). The fungus facilitates the plant uptake of minerals, 

predominantly phosphorus (P) and nitrogen (N) (Smith et al. 2011), and the tolerance 

to biotic and abiotic stresses (Pozo et al. 2010; Chen et al. 2018). Meanwhile, the 

plant provides the fungus with photosynthetically fixed organic carbon. The 

establishment of the AM symbiosis includes several steps, starting with partners 

recognition via diffusible molecules, which activate the common symbiosis signaling 

pathway (MacLean et al. 2017) and trigger the development of fungus adhesion 

structures, called hyphopodia, on the root epidermis. These structures permit the 

fungus to enter the host root tissues and proliferate intercellularly and/or 

intracellularly (Bonfante & Requena 2011; Nadal & Paszkowski 2013). Finally, 

fungal hyphae invade the inner cortical layers, penetrate single cells and form highly 

branched tree-shaped hyphal structures, the arbuscules, where nutrient exchanges 

occur (Harrison 2012; Gutjahr & Parniske 2013). During these stages, the plant 

controls fungal expansion and symbiotic functions, by activating a series of cellular, 

metabolic, and physiological changes (Gutjahr 2014; Carbonnel & Gutjahr 2014). 

Among the environmental factors that regulate AM colonization, phosphate (Pi) 

availability is certainly one of the most crucial (Smith et al. 2011; Richardson et al. 

2011). It has been recently shown that a complex gene network centered on the plant 

Pi starvation response actively supervises AM fungal development in roots acting at 

the local and systemic level (Shi et al. 2021; Das et al. 2022). Pi starvation also 

triggers the upregulation of genes involved in SLs biosynthesis (Yoneyama et al. 
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2007; Wang et al. 2017) while high Pi levels repress the expression of genes involved 

in the biosynthesis of carotenoids and SLs (Carbonnel & Gutjahr 2014). 

SLs are the best-known plant molecules active in the pre-symbiotic AM interaction. 

In Pi-starved plants, SLs are produced by roots and exported to the rhizosphere, 

which directly stimulates AM fungal metabolism, gene expression, and hyphal 

branching, supporting the development of this symbiosis (Waters et al. 2017; Müller 

& Harrison 2019). Notably, Volpe et al. (2022) recently showed that SL biosynthesis 

is stimulated by chito-oligosaccharides released by AM fungi. 

Studies of the last decade highlighted that other apocarotenoid compounds are 

involved in the AM symbiosis (Fiorilli et al. 2019 and reference therein). Among 

these, there is ABA, which is known for coordinating the plant’s response to biotic 

and abiotic stress factors (Felemban et al. 2019; Moreno et al. 2021). The role of 

ABA in mycorrhizal colonization has been reported in different host plants: ABA is 

probably acting through synergistic and antagonistic interactions with other 

hormones (Herrera-Medina et al. 2007; Martín-Rodríguez et al. 2011; Charpentier 

et al. 2014). Specifically, ABA and SLs influence the outcome of the symbiosis, 

regulating each other reciprocally (López-Ráez et al. 2010). In contrast, an 

antagonistic interaction with ethylene (Martín-Rodríguez et al. 2011) and 

gibberellins (GA) (Floss et al. 2013; Martín-Rodríguez et al. 2016) was reported: 

ABA controls the normal development of arbuscules inhibiting ethylene production 

(Martín-Rodríguez et al. 2011). Moreover, this apocarotenoid modifies bioactive GA 

levels, acting on GA-biosynthesis and catabolism; and vice versa GA activates ABA 

catabolism, regulating AM formation (Martín-Rodríguez et al. 2016). 

Other classes of apocarotenoids - blumenols (C13) and mycorradicin (C14) - were 

described as a signature for AM symbiosis since they are specifically accumulated 

in mycorrhizal plants (Walter et al. 2007; Hill et al. 2018; Moreno et al. 2021). They 

are associated with AM symbiosis establishment and maintenance (Walter et al. 
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2007; Floß et al. 2008; Floss et al. 2008; Fiorilli et al. 2019). Mycorradicins cause 

typical yellow/orange pigmentation of roots, which allowed the experts in the field 

to identify them for the first time (Scannerini & Bonfante-Fasolo 1977; Klingner et 

al. 1995; Floss et al. 2008). Blumenols are accumulated in the roots and shoots of 

host plants in direct correlation with the fungal colonization rate (Klingner et al. 

1995; Maier et al. 1997; Walter et al. 2000; Fester et al. 2002; Strack & Fester 2006). 

Even if their biological role has not yet been clarified, blumenols have been proposed 

as foliar markers that allow rapid detection of AM symbiosis and screening of 

functional AM associations (Walter et al. 2010; Wang et al. 2018). In addition, 

zaxinone acts as a plant growth regulator controlling plant architecture and 

development (Wang et al. 2019). We recently demonstrated that OsZAS influences 

the extent of AM colonization, acting as a component of a regulatory network that 

involves SLs (Votta et al. 2022). 

In the current study, to further explore the involvement of other apocarotenoids in 

the AM symbiosis we generated a qualitative and quantitative profile of 

apocarotenoids in roots and shoots of rice plants exposed to high/low Pi 

concentrations (+Pi and -Pi) and upon AM symbiosis. We quantified different non-

hydroxylated and hydroxylated apocarotenoids in a time course experiment covering 

different stages of growth and AM development, by using an ultra-HPLC (UHPLC)-

mass spectrometry (MS)-based approach (Mi et al. 2018) and, in parallel, we 

characterized the gene expression profiles of a set of CCDs genes. We also took 

advantage of chemometric tools such as Principal Component Analysis (Bro & 

K. Smilde 2014) and the low-level data fusion approach (Borràs et al. 2015), the 

latter used with the aim of combining and jointly exploring the information of the 

apocarotenoids and genes datasets. 
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6.2 Material and methods 

Plant and fungal material Rice seeds of wild-type (cv. Nipponbare) were 

germinated in pots containing sand and incubated for 10 days in a growth chamber 

under 14 h light (23 °C)/10 h dark (21 °C). A set of plants (MYC) was inoculated 

with Funneliformis mosseae (BEG 12, MycAgroLab, France). The fungal inoculum 

(15%) was mixed with sterile quartz sand and used for colonization. A group of non-

mycorrhizal plants (no-myc -Pi) was also set up. These two groups of plants (MYC 

and no-myc -Pi) were watered with a modified Long-Ashton (LA) solution 

containing 3.2 μM Na2HPO4·12H2O (low Pi) and grown in a growth chamber under 

14 h light (24 °C)/10 h dark (20 °C) regime. Another group of no-myc WT plants 

was watered with a LA containing 500 μM Na2HPO4·12 H2O (+Pi) and grown in the 

same condition described above; these plants were considered the no-myc + Pi 

samples. Plants for the three different conditions (MYC, no-myc -Pi, no-myc +Pi) 

were collected at three time points: 7 days post-inoculation (dpi), 21 dpi, and 35 dpi. 

For the molecular and metabolites analyses, roots and shoots samples were harvested 

and immediately frozen in liquid nitrogen and stored at -80°C. Some MYC roots 

were used for the morphological evaluation of mycorrhization according to 

Trouvelot et al. (1986): samples were clarified in KOH, stained with 0.1% cotton 

blue in lactic acid and the estimation of mycorrhizal parameters was performed using 

“Ramf” an open-source R package (https://github.com/mchiapello/Ramf) (Chiapello 

et al. 2019). 

Qualitative and quantitative profiling of plant apocarotenoids (APOs). 

Following the method used by Mi et al. (2018), about 20 mg lyophilized root and 

shoot tissue powder was spiked with Internal Standards (IS) mixture (2 ng each 

standard) and extracted with 2 mL of methanol containing 0.1% BHT in an 

ultrasound bath (Branson 3510 ultrasonic bath) for 15 min, followed by the 

centrifugation. The supernatant was collected, and the pellet was re-extracted with 1 

mL of the same solvent. The two supernatants were then combined and dried under 

https://github.com/mchiapello/Ramf
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vacuum. The residue was re-dissolved in 150 mL of acetonitrile and filtered through 

a 0.22 mm filter for LC-MS analysis. 

Analysis of apocarotenoids in plant tissue material 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 x 

2.1mm,1.7 mm) with a UPLC BEH C18 guard column (5 x 2.1mm, 1.7 mm) 

maintained at 35°C. UHPLC conditions including mobile phases and gradients were 

optimized based on the separation of APOs and the time needed for sample analysis. 

The quantification of APOs was calculated as follows: Amount [target APO] = Area 

[target APO]/Area [spiked IS] x Amount [spiked IS]/ mg materials.  

Gene expression analysis. Total RNA was extracted from WT rice roots using the 

Qiagen Plant RNeasy Kit according to the manufacturer’s instructions (Qiagen, 

Hilden; Germany). Following the producer's directives, samples were treated with 

TURBO™ DNase (Thermofischer). The RNA samples were routinely checked for 

DNA contamination through PCR analysis. Single-strand cDNA was synthesized 

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

instructions in the user manual. Quantitative RT-PCR (qRT-PCR) was performed 

using a Rotor-Gene Q 5plex HRM Platform (Qiagen). All reactions were performed 

on at least three biological and three technical replicates. Baseline range and take-

off values were automatically calculated using Rotor-Gene Q 5plex software. The 

transcript level of genes listed in Supplemental Table 1 was normalized using 

OsRubQ1 housekeeping gene (Güimil et al. 2005). Only take-off values leading to a 

Ct mean with a standard deviation below 0.5 were considered.  

Statistics and reproducibility. Both experiments (plant apocarotenoid 

quantification and CCD gene expression analysis) 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, using a probability level 
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of P<0.05. All statistical elaborations were performed using PAST statistical 

package version 4 (Hammer et al.). 

Data quality assessment and preprocessing. Gene and apocarotenoid datasets 

were inspected to spot potential extreme samples or outliers. Different preprocessing 

approaches were tested, including autoscaling (i.e., column scaling to unit variance, 

followed by mean centering) and normalization to a unit area (i.e., the normalization 

factor of each sample was computed from its “area under the curve”) followed by 

mean centering. Based on the ease of interpretation, we selected the following 

preprocessing: mean centering alone for the apocarotenoids dataset, and autoscale 

for the genes dataset. All modeling results were therefore obtained from the two 

datasets preprocessed as such. Regarding the analysis with the low-level data fusion 

approach (i.e., combining the two datasets into an individual one), a different 

sequence tailored to the issue of obtaining an equal representation of the two datasets 

was used, as described in the dedicated paragraph further in this Section (Data fusion 

approach). 

Exploratory analysis. All chemometric models reported in this work are 

“exploratory”, meaning that they describe the phenomena and natural groupings 

captured in the data, in an unsupervised manner (Li Vigni et al. 2013). To this aim, 

Principal Component Analysis (PCA) (Bro & K. Smilde 2014) was employed. This 

technique is exploited to capture, in sequence, the largest sources of variability by 

defining new variables (the so-called “Principal Components”, PCs), which are 

summaries of the different pieces of information contained in the data. This 

“summarized” version of the information can be inspected with the scores and 

loadings plots, which are scatter plots obtained by plotting pairs (and sometimes 

triplets) of PCs. The scores plot allows inspecting the relationships among the 

samples and thus spotting possible groupings and tendencies of interest, and the 

loadings plot allows inspecting the relationships among the variables of the data, 

while at the same time providing an interpretation of the scores plot. In our study, 
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individual apocarotenoids and genes were identified by their systematic names and 

inspected in PCA as the samples. At the same time, the variables of the datasets were 

the combinations of three-time points (7, 21, and 35 dpi) and three conditions (MYC, 

no-myc -Pi, no-myc +P) for a total of nine combinations. 

Data fusion approach. We used a low-level data fusion approach (Borràs et al. 

2015) to combine and jointly explore the information of the apocarotenoids and 

genes datasets. In our study, the apocarotenoids dataset was joined with the genes 

dataset in the sample direction so that the nine variables (combinations of time points 

and conditions) were coherent between the two datasets, i.e., the information 

described by each column had to be the same in both datasets. 

We performed the following data preprocessing and fusion sequence: (i) standard 

deviation scaling for each APO/gene quantification, (ii) fusion of the two data tables, 

(iii) group scale to give the two data tables the same importance (i.e., each dataset 

accounts for 50 % of the total variance of the resulting fused dataset), (iv) mean 

center. The new fused data table was then modelled with PCA, with the 

apocarotenoids and the genes as the samples (rows) and the combinations of time 

points and treatments as the variables (columns) (Supplementary figure 1). 
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6.3 Results 

CCD gene expression pattern 

We characterized the transcript level of a gene set of CCDs (CCD1, CCD4a, CCD4b, 

CCD7, CCD8, ZAS1, ZAS1b, ZAS1c, ZAS2) in mycorrhizal plants grown at low Pi 

(3.2 μM) and in non-mycorrhizal plants grown at low (3.2 μM) or high Pi (500 μM) 

during a time course experiment corresponding to early (7 dpi), middle (21 dpi) and 

late (35 dpi) stages of AM symbiosis development (Supplementary Figure 2 A-B). 

To assess the statistically significant differences, all samples were referred to the -Pi 

condition within each time point. As shown in the heatmap (Figure 1 A) referred to 

roots, CCD1, CCD4a, and CCD4b increase at 21 dpi in the +Pi condition compared 

to -Pi and MYC ones. Concerning the SLs biosynthesis genes, we observed an 

induction of CCD7 in MYC roots at the middle and late stages (21, 35 dpi), while 

CCD8 was induced at 7 dpi under the MYC condition, and, as expected (López-Ráez 

et al. 2008; Yoneyama et al. 2013), down-regulated under +Pi condition in the later 

time points (at 21 and 35 dpi). At the middle stage (21dpi) ZAS1 showed an up-

regulation in MYC samples and a down-regulation under +Pi. The ZAS1 homolog, 

ZAS1b was upregulated at 21 dpi in MYC and +Pi roots, while a down-regulation 

was detected in MYC roots during the later stage. By contrast, ZAS1c was up-

regulated at 35 dpi in MYC roots. Finally, the ZAS2 expression level was induced at 

21 dpi in +P (Supplementary figure 3 A). 

The CCDs gene expression level in shoots (Figure 1 B, Supplementary figure 3 B) 

displayed several differences compared to roots. We detected induction of CCD1 at 

21 dpi in the +Pi condition, while its expression was down-regulated in the MYC 

condition at 21 and 35 dpi. CCD4a showed an expression profile similar to CCD1. 

By contrast, CCD4b displayed an opposite trend compared to CCD4a with an up-

regulation at 35 dpi in the MYC condition. Moreover, CCD4b displayed an up-

regulation at 7 dpi in the +Pi condition.  
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Considering SLs biosynthesis genes, while CCD7 expression was not modulated 

across all conditions or time points, CCD8 was up-regulated at 7 dpi (MYC and +Pi 

conditions) while it was down-regulated in the later stages (21 and 35 dpi) in the 

shoot of plants grown in +Pi and at 35 dpi in shoots of MYC plants. ZAS1 displayed 

a down-regulation trend in all time points and conditions considered, with a 

statistically significant difference in mycorrhizal samples at 7 dpi. ZAS1b, and 

ZAS1c, showed an up-regulation in leaves of the MYC plant at the first time point (7 

dpi) and 21 dpi upon +Pi. Lastly, ZAS2 was barely detected in the shoot of plant 

growth at low Pi, while it showed an up-regulation at 21 dpi in MYC and +Pi 

conditions and a down-regulation in +Pi at 35 dpi. 

Figure 1. Heatmap of root (A) and shoot (B) gene expression of the three-time points (7, 21, 35 dpi: 

days post inoculation) and the three analyzed conditions (-Pi, MYC, +Pi). Data are means ± SE 

(n<=4). For each gene and time point, the value of the corresponding -Pi sample was set to 1. 

Asterisks show statistically significant differences referred to the –Pi condition, separately for each 

time point, by one way-Anova (*P < 0.05; **P<0.01; ***P<0.001). The circles represented the 

different stages of mycorrhization: at the early stage (7 dpi), the fungus structures, hyphopodia, 

adhered to the root epidermis, during the middle stage (21 dpi), the arbuscules started their 

development that will be completed at the later stage (35 dpi). Heatmaps were generated with the 

MultiExperiment Viewer (MeV) software.-Pi: 3.2 μM Pi; MYC: mycorrhizal plants grown at 3.2 μM 

Pi; +Pi:500 μM Pi. 

We also compared the CCDs gene expression of shoot and root (Supplementary 

figure 4); at 7 dpi, we observed a statistically significant down-regulation of CCD1 

and an up-regulation for CCD4b in shoots of -Pi, MYC, +Pi plants compared to the 

to -Pi root. At 21 dpi, root and shoot CCDs expression was similar, with a general 
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up-regulation of all analyzed genes (CCD1, CCD4a, CCD4b, CCD7, ZAS1b, 

ZAS1c, ZAS2), with the exception of CCD8 and ZAS1, compared to -Pi root. At the 

last time point (35 dpi), CCDs genes showed a rather similar expression pattern, but 

we noticed, compared to -P roots, an up-regulation of CCD4a in shoots of -Pi and 

+Pi plants, a down-regulation of CCD8 in root and shoot of +Pi plants and a down-

regulation of ZAS1b in root MYC and shoot of -Pi and +Pi plants. 

We used PCA (Bro & K. Smilde 2014) to assess the samples' natural grouping and 

clustering tendencies concerning different growth conditions (MYC, -Pi, +P) at the 

three-time points analysed. The loadings plot of Figure 2 A described the influence 

of the measured variables on the samples' distribution shown in the scores plot of 

Figure 2 B, which provided insights into this distribution. 

In our study, the PCA model was obtained from the expression level of the set of 

genes analyzed in all samples, in which PC1 explained 43.88% (related to the gene 

expression level) and PC2 explained 22.23% (related to the plant developmental 

stage) of the total variance (Supplementary figure 5). PC1 and PC2 models 

highlighted that the middle developmental stage (21 dpi) in all growth conditions 

considered induced a different CCD expression pattern compared to the early and 

the later stages. We selected the model with 5 PCs, since PC3 (9.90%) and PC5 

(5.53%) provided notable information related to the growth conditions, as shown in 

the loading plot (Figure 2 A), while the scores plot (Figure 2 B) displayed a clear 

separation between the plant organs: root and shoot. More in detail, Figure 2 B 

showed that in root CCD1 and CCD7 expression was mainly influenced by Pi level, 

while CCD8 by both Pi level and MYC condition. CCD4a, ZAS1c, and ZAS1 

expression was more affected by the time point than by the Pi level. By contrast, the 

CCD4b and ZAS2 expression levels were mainly influenced by the Pi level. 

Concerning the shoot, CCD1, CCD4a, CCD4b, and ZAS2 were located in the plot 

area influenced by the Pi level during the middle and late stages (21 and 35 dpi), 

while CCD7 and ZAS1c fell in the plot area related to the MYC condition. 
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Figure 2. PCA model of root and shoot CCDs genes expression across the three-time points and the 

three growth conditions (-Pi, MYC, +Pi). Loadings plot (A) and scores plot (B) show the third and 

fifth principal components. In the scores plot (B) for both groups the lines connecting each sample 

lead to the cluster center. 

Apocarotenoids profile 

To profile non-hydroxylated and hydroxylated apocarotenoids (Supplementary 

Table 2) in roots and shoots of rice plants grown in high/low Pi concentration (+Pi 

and -Pi) and upon MYC condition, we used the ultra-HPLC (UHPLC)-mass 

spectrometry (MS)-based approach to get insight into the apocarotenoid 

compositions (Mi et al. 2018). To simplify this analysis, the statistically significant 

differences were referred to as the -Pi condition within each time point. The results 

showed a substantial difference between root and shoot in apocarotenoids 

quantification and distribution, in analogy to what has been observed in CCDs gene 

expression data. 

Concerning the root (Figure 3 A, Supplementary Figure 6 A), we observed an 

increment of the content of Apo9 (β-ionone), Apo10, and their hydroxylated forms 

(OH-Apo9 and OH-Apo10) in MYC condition at 21 dpi and 35 dpi. In addition, 

Apo10 showed a higher accumulation in MYC roots and upon +Pi at 7 dpi. Likewise, 

at the same time point, the Apo11 level increased in the MYC condition, while it 
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decreased during the middle stage (21 dpi), contrary to its hydroxylated forms (OH-

Apo 11 and OH-Apo 11-iso) which showed a strong accumulation. Moreover, at 35 

dpi, all the β-apo-11-carotenoids (C15) showed a statistically significant decrease 

upon +Pi. Apo12 and Apo14 displayed the same pattern at 35 dpi: both showed a 

higher accumulation in MYC and +Pi compared to -Pi. By contrast, we observed an 

increase of Apo13 in MYC and +Pi conditions during the early (7 dpi) and middle 

stages (21 dpi); its hydroxylated forms (OH-Apo13 and OH-Apo13-iso) also 

displayed a higher content at 7 dpi in the +Pi condition and 21 dpi in the MYC root. 

Moreover, at the later stage (35 dpi), OH-Apo13-iso showed a statistically significant 

higher and lower content in MYC and +Pi roots respectively. Finally, Apo15 and 

Apo15-iso displayed a higher level at 21 dpi in MYC and +Pi roots.  

Concerning the shoot, the heatmap (Figure 3 B) showed that the non-hydroxylated 

apocarotenoids (from Apo 8 to Apo 15) displayed an overall similar profile: a general 

decrease at 7 and 35 dpi in +Pi condition compared to plants grown at -Pi, and an 

increase upon MYC and +P during the middle stage (21 dpi). Notably, Apo9, Apo10, 

Apo11, Apo12, Apo13, Apo14 and its isomer (Apo14-iso), and Apo15 levels 

decreased at 7 dpi in the +Pi condition. By contrast, at 21 dpi, Apo9, Apo10, Apo11, 

Apo12, Apo13, and Apo15 content increased in MYC and +Pi conditions, while 

Apo14 and its isomer showed an increment only for the MYC condition. At the later 

time point (35 dpi), we detected a decrease of Apo9, Apo12, and Apo14 e its isomer 

content in MYC plants.  

The hydroxylated forms showed a profile similar to non-hydroxylated APO with an 

increased content at 21 dpi in the +Pi condition, and a decreasing trend in the MYC 

condition at 35 dpi. In detail, at 7 dpi, the OH-Apo11 isomer showed a statistically 

different increase in MYC condition. Further, at 21 dpi, OH-Apo8, OH-Apo10, OH-

Apo11 and its isomer, OH-Apo12, OH-Apo13, OH-Apo15, and OH-Apo15 isomer 

strongly increase in +Pi. At the same time point, also OH-Apo11 isomer and OH-

Apo13 levels increased in the MYC condition, while the OH-Apo10 content 
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decreased. At the later stage, OH-Apo10 and OH-Apo11 displayed an increased 

content at +Pi, while OH-Apo13-iso accumulation decreased in the shoot of plants 

grown in MYC and +Pi conditions. (Supplementary Figure 6 B) 

Figure 3. Heatmap of root (A) and shoot (B) apocarotenoids quantification across the three time 

points and the three analyzed conditions (-Pi, MYC, +Pi). For each APOs and time point, the value 

of the corresponding -Pi was set to 1. Data are means ± SE (n<=4). Asterisks show statistically 

significant differences as compared to –P condition, separately for each time point, by one way-Anova 

(*P < 0.05; **P<0.01; ***P<0.001). The circles represented the different stages of mycorrhization: 

at the early stage (7 dpi), the fungus structures, called hyphopodia, adhered to the root epidermis, 

during the middle stage (21 dpi), the arbuscules started their development that will be completed at 

the later stage (35 dpi). The apocarotenoids indicated with asterisks represented the isoform of the 

corresponding apocarotenoid. Heatmaps were generated with the MultiExperiment Viewer (MeV) 

software. 

To inspect the apocarotenoid distribution to highlight possible interesting groupings 

through the different stages and identify if they were related to a specific Pi level or 

the MYC condition, a PCA was employed. In the apocarotenoids database, no 

outliers (i.e., samples with clearly inconsistent values and/or unexpected behaviors 

attributable to errors of measurement or to data acquisition problems) were 

identified, even if three apocarotenoids (OH-Apo10, Apo10, and Apo12) showed 

very high values across all time points and treatments (Supplementary Figure 7). 

To better model the information of the rest of the samples, these three extreme 

samples were removed from the apocarotenoids dataset and projected at a later stage 

to inspect their position in the final PCA model.  
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In the PCA model referred to apocarotenoids, PC1 explained 43.88% (related to 

apocarotenoid quantification) and PC2 explained 22.23% (related to growth 

conditions) of the total variance (Supplementary figure 8). PC1 and PC2 models 

highlighted the apocarotenoids strictly related to MYC condition (OH-Apo9; Apo11; 

OH-Apo11; OH-Apo13iso). Further, we adopted the PCA model PC2 combined with 

PC3, where PC3 explained 2.55% of the total variation, upon the propensity of 

samples to regroup following the temporal trend described in the loading plot 

(Figure 4 A).  In the plot chart, at 7 dpi all the growth conditions were clustered in 

the same area. Here, the majority of the analysed shoot apocarotenoids (Apo9, 

Apo11, OH-Apo11 isomer, OH-Apo13, OH-Apo13 isomer, and Apo15) were 

located, suggesting that their content was mainly influenced by the growth time than 

by the growth condition.  

The score plot (Figure 4 B) displayed a clear separation between the apocarotenoids 

quantified in roots or shoots. In-depth, in root OH-Apo9, OH-Apo11, Apo11, and 

OH-Apo13 isomer were mainly influenced by mycorrhization in different time 

points (21 dpi and 35 dpi). Instead, APO14 seems to be dependent on the Pi level 

and MYC condition. However, in shoot OH-Apo9, OH-Apo12 and OH-Apo15 were 

linked to the +Pi condition. OH-Apo8, the OH-Apo12 isomer, and the OH-Apo15 

isomer depended on the Pi level at the middle stage (21 dpi).   
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Figure 4. PCA model of root and shoot APOs across the three-time points and the three growth 

conditions (-Pi, MYC, +Pi). Loadings plot (A) and scores plot (B) showing the second and third 

principal components. In the scores plot (B) for both groups the lines connecting each sample lead to 

the cluster center. 

Data fusion  

Finally, to combine and investigate the potential correlation between apocarotenoids 

and CCD genes, we used a low-level data fusion approach (Borràs et al. 2015) to 

combine the two datasets into an individual fused one, also modelled with PCA. 

In the PCA model specified to genes expression and apocarotenoids profiles joined, 

PC1 explained 29.65% and PC2 explained 26.81% of the total variance (Figure 5 

A-B). From the loading plot (Figure 5 A) we observed the grouping of the samples 

interpretable by the temporal trend (7, 21, 35 dpi). As reported for the previous score 

plots referred to individual categories (genes and apocarotenoids), in Figure 5B we 

observed a clear separation between plant organs. In more detail, genes and 

apocarotenoids in the left upper part of the score plot (Figure 5 B) were more related 

to the early stage (7 dpi). Here, we found mainly shoot apocarotenoids, CCD8 

expressed in both root and shoot, and ZAS1c in the root. By contrast, the lower left 

part of the plot, clustered exclusively apocarotenoids and genes (CCD7 and ZAS1) 
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modulated in the root, depended on the MYC condition during the middle and later 

stages. In particular, Apo9 (β-ionone), Apo10, and their hydroxylated forms (OH-

Apo9 and OH-Apo10) were grouped in this plot area, suggesting their possible 

involvement during the AM colonization process. Further, in the same area, we 

highlighted the association between CCD7 and one of its cleavage products, Apo9 

(β-ionone). 

In addition, this group highlighted the correlation between ZAS1, responsible for the 

OH-Apo13 (zaxinone) or zaxinone isomer synthesis, and its precursors (OH-Apo10 

and OH-Apo12).  

In the shoot, most of the CCD genes (CCD1, CCD4a, CCD7, ZAS1b, ZAS1c, and 

ZAS2) were mainly influenced by the Pi level and by the growing time (21 dpi and 

35 dpi) similarly to some genes (CCD1, CCD4a, CCD4b, and ZAS2) in the root. 

Moreover, the right plot area clustered the majority of shoot apocarotenoids. On the 

whole, apocarotenoids profiles in the shoot seem to be more influenced by the time 

points (7, 21, 35 dpi) and Pi availability, while, in the root, most apocarotenoids and 

genes were mainly influenced by mycorrhization. 

Figure 5. PCA model of root and shoot genes and apocarotenoids datasets fused and analysed across 

the three-time points and the three growth conditions (-Pi, MYC, +Pi). Loadings plot (A) and scores 
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plot (B) show the first and second principal components. The apocarotenoids indicated with asterisks 

represent the isoform of the corresponding apocarotenoid. 

6.4 Discussion and conclusion 

In recent years, plant apocarotenoids are emerging not only as carotenoid breakdown 

products but as metabolites with active roles in regulating physiological and 

developmental processes and plant-(a)biotic interactions (Zheng et al. 2021). In 

particular, some apocarotenoids were associated with the establishment and 

maintenance of AM symbiosis (Fiorilli et al. 2019). Investigations over the last 

decade indicate that beyond SLs, ABA, mycorradicins, and blumenols (Walter et al. 

2007; Floss et al. 2008; Hill et al. 2018; Wang et al. 2018; Fiorilli et al. 2019), other 

apocarotenoids may play a role in this mutualistic association. For example, 

zaxinone, generated by the activity of the CCD subfamily Zaxinone Synthases, was 

shown to control the extent of AM root colonization with a complex interplay with 

SLs (Votta et al. 2022; Ablazov et al. 2022). To further explore the involvement of 

other apocarotenoids in the AM symbiosis in this work we developed a combined 

approach: we profiled apocarotenoids in rice roots and shoots across a time course 

(7, 21, 35 dpi) experiment of AM colonization by LC-MS (Mi et al. 2018) and, in 

parallel, we monitored the expression pattern of a set of CCD genes. To highlight 

genes and apocarotenoids more specifically related to the AM association, we 

analysed plants grown in low and high Pi conditions. 

The results show that the AM colonization, although confined to the root system, can 

trigger a systemic response which is evident from the modulation of CCDs gene 

expression and apocarotenoid content in rice shoots. The effect on epigeous organs 

exerted by AM root colonization has been already described in other species (Fiorilli 

et al. 2009, 2018; Zouari et al. 2014). In addition, our analysis indicates that both 

mycorrhization and Pi availability triggered an organ-specific response with 

differential modulation of genes and apocarotenoids in roots versus shoots (Figures 

3 and 4).  
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In particular, in roots Apo9 e OH-Apo9 e Apo10 e OH-Apo10 are much more 

abundant in the MYC samples across almost all the time points analysed and do not 

accumulate under +Pi; this profile suggests that they may be important for the AM 

colonization process. Apo9 is β-ionone, a cleavage product of several CCD enzymes 

(CCD1, CCD4, and CCD7) which was shown to have a role in plant-fungal 

interactions (Wilson et al. 1981; Sharma et al. 2012). However, its specific 

involvement in the AM symbiosis has not been characterized yet. As in our dataset, 

CCD7 displays an AM-responsive expression profile and it is involved in SLs 

biosynthesis, we envisage that β-ionone accumulation in AM roots is mainly due to 

CCD7 activity. It is worth noting that CCD7 could also be involved in the synthesis 

of blumenol-type metabolites and mycorradicin that accumulate in roots in the late 

stage of AM colonization (Wang et al. 2018; Fiorilli et al. 2019);  however, due to 

lack of authentic standards, we could not monitor these metabolites. 

Interestingly, we observed the accumulation at the middle and late stages of 

mycorrhization of zaxinone and OH-Apo10, which is the precursor of zaxinone, 

suggesting that mycorrhization stimulates multiple steps of this branch of the 

apocarotenoid biochemical pathway. Notably, the expression of ZAS1 (and partially 

ZAS2) was also highly influenced by the MYC condition in roots, confirming its 

correlation with zaxinone (Figure 1 and 5). The association between CCD8 and 

ZAS1 at 7 dpi is in line with previous data showing their interplay at the early stage 

of the AM symbiosis (Votta et al. 2022). 

Apo11 level increased at 7 dpi and decreased at 21 dpi, while OH-Apo11 and OH-

Apo11 isomers could be associated with the 21 dpi MYC condition. Importantly, the 

apocarotenoids Apo11 and OH-Apo11 were recently described as being part of an 

alternative zeaxanthin epoxidase-independent pathway to produce ABA (Jia et al. 

2022). Moreover, these compounds act like ABA in maintaining seed dormancy and 

inducing the expression of ABA-responsive genes (Zheng et al. 2021; Jia et al. 
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2022). In light of these findings, we could hypothesize that Apo11 and OH-Apo11, 

could be involved in the AM symbiosis, and deserve more investigations along the 

whole colonization process and in relation to what has been already described for 

ABA in mycorrhizal roots (López-Ráez et al. 2010; Pozo et al. 2015). 

The composition of shoot apocarotenoids seems to be most influenced by the time 

point considered. At 7 dpi, we observe a trend to a decrease of most apocarotenoids, 

especially in the +Pi compared to -Pi condition. At 21 dpi, the MYC and +Pi 

conditions showed a similar pattern with a general increase in the level of several 

apocarotenoids. At 35 dpi, MYC and +Pi conditions again displayed a similar profile, 

but with a general decrease of several apocarotenoids content. From these 

observations, it can be speculated that the similarity between the MYC and the +Pi 

conditions could mirror the Pi nutritional status since the AM symbiosis guarantees 

an improved Pi mineral nutrition mimicking the high Pi condition (Zouari et al. 

2014). Moreover, our data indicate that the OH-Apo11 isomer deserves more 

investigation as it could be considered a shoot marker of the early stage of AM 

colonization. 

We also attempted to associate the expression of specific genes with the 

accumulation of specific apocarotenoids with a data fusion approach as the genes 

involved in the production of many apocarotenoids are largely unknown. The 

reliability of the approach was confirmed by the association between ZAS1 and 

zaxinone and its precursor in roots and by the correlation between CCD7 and β-

ionone (Figure 5). In this context, we can speculate that CCD1 and CCD4a are 

linked to the production of OH-Apo15 and its isomer, since they are correlated in the 

shoot and both organs, respectively (Figure 5). Interestingly, a fungal CCD, 

NosACO, mediates Apo15 (retinal) production, indicating CCD1/4 or yet 

unidentified CCDs involved in Apo15 formation during AM symbiosis. In addition, 

the expression of ZAS1 in shoots is also related to the accumulation of zaxinone, 
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suggesting a direct involvement of the enzyme in endogenous zaxinone production 

in shoots. 

Over the years, the carotenoid metabolic pathway has been also investigated and 

manipulated to convert this knowledge into sustainable agriculture strategies. Recent 

studies highlighted how carotenoid biosynthesis and accumulation seem to positively 

impact the resistance of plants to abiotic stresses, such as high-light, increased 

temperature, and drought (Uarrota et al. 2018; Kim et al. 2018; Swapnil et al. 2021), 

represents a promising option for developing resilient crops (Stra et al. 2023). 

Among the apocarotenoids, many studies involved the well-characterized SLs 

biosynthesis or signaling based on the control of parasite plants, the efficiency of 

nutrient assimilation and crop development. With the increasing technologies 

available, future research should also investigate other carotenoid pathways to 

understand how they can influence the phenotype and other desirable traits in crops, 

focussing, in addition, on the impact on rhizospheric interactions and exploring the 

possibility of improving beneficial interactions to generate crops with better 

performance. 

In conclusion, our data show the specific profiles of CCD genes and apocarotenoids 

across different stages of the AM symbiosis and Pi conditions, possibly highlighting 

novel markers at both local and systemic levels. Moreover, this combined approach 

seems a promising tool to further dissect this complex metabolic pathway suggesting 

putative links between enzymatic activities and apocarotenoids production. 
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6.5 Summary model 

 

Overview diagram of biosynthesis and function of plant apocarotenoids. For each apocarotenoid 

the principal functions discovered in plants are listed, differentiating their role in plant development 

and response to (a)biotic stresses and their involvement during the AM symbiosis. The boxes with 

dotted lines indicate a putative role. The circles represented the different stages of mycorrhization: 

at the early stage (7 dpi), the fungus structures, called hyphopodia, adhered to the root epidermis, 

during the middle stage (21 dpi), the arbuscules started their development that will be completed at 

the later stage (35 dpi). The biosynthetic pathway diagram is modified from Stra et al. (2023). 
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6.7 Supplementary material 

Supplementary Figure 1. Data-fusion setup: the apocarotenoids and CCDs genes datasets were 

concatenated along the direction of time-growth conditions combinations (9), and after applying the 

preprocessing sequence described in Section Data fusion approach, the fused dataset was transposed 

and analysed with PCA with the apocarotenoids and CCDs genes as the samples and the time-growth 

conditions as the variables. 
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Supplementary figure 2. Mycorrhization level in rice mycorrhizal plants grown in three-time points 

( 7, 21, 35 dpi: days post inoculation). (A) Rice OsPT11 (Phosphate transporter 11) and OsLysM, 

and the fungal 18S rRNA expression pattern. Rubisco was used as a reference gene. Bars represent 

mean ± SE. Data n = 4 biological replicates. Asterisks indicate statistically significant differences 

referred to 7 dpi by one way-Anova (*P < 0.05; **P<0.01; ***P<0.001). (B) Morphological 

evaluation of root colonization with the method developed by Trouvelot et collegues (Trouvelot et al., 

1986).T he estimation of mycorrhizal parameter, as F%: frequency of mycorrhizal, M%: intensity of 

mycorrhizal colonization, a%: arbuscule abundance in the mycorrhizal root part, and A%: arbuscule 

abundance in roots, was performed using “Ramf” an open-source R package (Chiapello et al. 2019). 

N=3. Significant values are shown with different letter (P < 0.05). 
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Supplementary figure 3. qRT-PCR analysis of transcript levels of CCDs genes (CCD1, CCD4a, 

CCD4b, CCD7, CCD8, ZAS1, ZAS1b, ZAS1c, ZAS2) transcript levels in rice root (A) and shoot (B) 

grown in three time points (7, 21, 35 dpi: days post inoculation) and three conditions (-Pi, MYC, 

+Pi). Ubiquitin was used as a reference gene. Bars represent mean ± SE. Data n = 4 biological 

replicates. Asterisks indicate statistically significant differences referred to the –Pi condition, 

separately for each time point, by one way-Anova (*P < 0.05; **P<0.01; ***P<0.001). 
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Supplementary figure 4. Heatmap of root and shoot gene expression of the three-time points (7, 21, 

35 dpi: days post inoculation) and the three analyzed conditions (-Pi, myc, +Pi). Data are means ± 

SE (n<=4). For each gene and time point, the value of the corresponding -Pi root sample was set to 

1. Asterisks indicate statistically significant differences referred to the –Pi condition, separately for 

each time point, by one way-Anova (*P < 0.05; **P<0.01; ***P<0.001). Heatmaps were generated 

with the MultiExperiment Viewer (MeV) software. 

-Pi: 3.2 μM Pi; myc: mycorrhizal plants grown at 3.2 μM Pi; +Pi:500 μM Pi.  



175 
 

Supplementary figure 5. PCA model of root and shoot CCDs genes through the three-time point and 

the three growth conditions (no-myc -P, MYC, no-myc +P). Loading plot (A) and score plot (B) with 

the first and second principal components.  
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Supplementary Figure 6. Apocarotenoids quantification across the three time points and the three 

analyzed conditions (-Pi, MYC, +Pi). Data are means ± SE (n<=4). Asterisks indicate statistically 

significant differences as compared to –P condition, separately for each time point, by one way-Anova 

(*P < 0.05; **P<0.01; ***P<0.001). The apocarotenoids indicated with asterisks represented the 

isoform of the corresponding apocarotenoid. 
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Supplementary Figure 7. Plot of the raw apocarotenoids dataset. The three shoot apocarotenoids 

with extreme values (OH-Apo10, Apo12 and Apo10) are clearly visible and highlighted with warm 

colors. 

 
 

Supplementary figure 8. PCA model of root and shoot apocarotenoids across the three growth stages 

and conditions (no-myc -P, MYC, no-myc +P). Loading plot (A) and score plot (B) with the first and 

second principal components. The apocarotenoids indicated with asterisks represent the isoform of 

the corresponding apocarotenoid. 
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Supplementary Table 1. Primer sequences used in this study. 
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Supplementary Table 2. A summary with non-hydroxylated and hydroxylated apocarotenoids 

analyzed in this study, the formula, corresponding name, and structural formula are indicated for 

each abbreviation. 
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Chapter 7: General conclusions 

My thesis, and the research work behind, focused mainly on zaxinone, a natural 

apocarotenoid with plant growth-promoting activity.  The work has been carried out 

in collaboration with the group of Prof. Salim Al-Babili (KAUST, King Abdullah 

University of Science and Technology) which in 2019 led to the first publication on 

zaxinone and the gene responsible for its biosynthesis, Zaxinone Synthase (OsZAS) 

in rice plants (Wang et al. 2019). 

Tracing back the history of plant apocarotenoids, the first to be discovered and 

characterized in the mid-1960s were abscisic acid (ABA) (Liu & Carns 1961) and 

strigolactones (SLs) (Cook et al. 1966). For years research has been looking at these 

plant hormones, to unravel the mechanisms under their biosynthesis, signalling, 

metabolism, and cross-talk with other hormones (for example, auxins, cytokinins, 

ethylene, and gibberellins) (Ross & O’Neill 2001; Hayward et al. 2009; Ross et al. 

2011; Wang & Irving 2011). These studies highlighted the biological functions of 

these hormones and their role in the regulation of several aspects of plant biology 

and interactions with biotic and abiotic factors.  

In recent years, thanks to the rapid development and improvement of analytical and 

sequencing techniques, our knowledge of apocarotenoids and the underlying 

metabolic pathways have been extensively increased. Other apocarotenoids were 

identified and characterized such as β-cyclocitral, which was found to be involved 

in stress responses (Dickinson et al. 2019), and anchorene and zaxinone with plant 

growth-promoting properties (Dickinson et al. 2019; Wang et al. 2019; Ablazov et 

al. 2020). Besides their role in plant development and in abiotic stress response, 

apocarotenoids are emerging as a key regulator of plant-(micro)organism 

interactions, such as the volatile compounds α‐ and β‐ionone and loliolide, which 

influence plant–herbivore interactions (Moreno et al., 2021), and the C13 and C14 
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compounds, blumenols and mycorradicin, which are strongly associated with the 

establishment of AM symbiosis (Fiorilli et al., 2019).  

In my PhD, I contributed to characterizing the involvement of zaxinone and zaxinone 

synthase in plant development and in the arbuscular mycorrhizal (AM) interaction.  

First, we highlighted some of the mechanisms behind the plant growth promotion 

given by an exogenous zaxinone supply. In rice, zaxinone triggered sugar-related 

metabolic processes and influenced the root at the cellular level and induced an 

increase in root starch content and glycosylation of cytokinins (Wang et al. 2021) 

(Chapter 2). 

In Chapter 3, our study described the function of OsZAS and zaxinone in the AM 

symbiosis regulation; we showed that OsZAS takes part in the mechanisms 

underpinning the early symbiotic programs that are instrumental in achieving normal 

mycorrhization levels, influencing both SLs and D14-L signaling pathways (Votta 

et al. 2022). 

Moreover, we explored the role of OsZAS2, one of the other three OsZAS homologs 

encoded by the rice genome (Ablazov et al. 2022). This gene, besides OSZAS, is also 

involved in zaxinone production, is crucial for rice growth and development and is a 

further determinant of SL content and a regulator of mycorrhization level (Chapter 

4). 

Considering that zaxinone and the OsZAS homologous genes are present in other 

plant species, in Chapter 5, we investigated the impact of this apocarotenoid on 

tomato (Solanum lycopersicum), another important crop. As observed in rice, a 

zaxinone exogenous treatment positively regulates tomato growth, increases the 

starch content in roots, and affects SL biosynthesis. Furthermore, we highlighted the 

potential role of zaxinone in response to water stresses and in plant-pathogenic 

interactions, opening prospects for future investigations and applications in 

agriculture. 
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Finally, in the last chapter (Chapter 6), we explored the possible involvement of 

other apocarotenoids in the AM colonization process, by monitoring how their 

content change during different stages of mycorrhization, possibly highlighting 

novel markers at both local and systemic levels. The integration of metabolites and 

expression data of CCD genes has emerged as a promising tool to dissect this 

complex metabolic pathway suggesting putative links between enzymatic activities 

and apocarotenoid production. 

In conclusion, my PhD work is a contribution to apocarotenoids research, and in 

particular to zaxinone. On the whole, the data presented in this thesis have 

highlighted the relevance of this metabolite on plant growth and have opened 

applicative perspectives of its use in agriculture as a biostimulant (Wang et al. 2022). 

There are still many issues that deserve investigation: for example, how zaxinone is 

perceived by plants and if and how zaxinone moves across different plant organs or 

even outside in the rhizosphere. Its involvement in plant-microbe interactions other 

than the AM symbiosis should also be analysed as well as its contribution to plant 

responses to abiotic stresses such as drought, which is a big challenge of modern 

agriculture. It would also be interesting to know to what extent plant growth-

promoting effects of zaxinone, which we described in rice and tomato, occur in other 

plant species and what are the relationships with other phytohormones or bioactive 

metabolites of this versatile and fascinating plant metabolic pathway.  
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