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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 Cao 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 (Rodriguez-Concepcion & 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



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; Omura 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. a-carotene,
B-carotene, and B-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
(Jiaetal., 2019).

Plant apocarotenoids can be generated by non-enzymatic oxidation processes that
are triggered by reactive oxygen species (ROS) (Harrison and Bugg, 2014; Ahrazem
etal., 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 Fe?* 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, NCEDS5,
NCEDSG6, and NCED9) and four CCDs (CCD1, CCD4, CCD7, and CCD8) (Tan et
al., 2003; Sui et al., 2013).



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 (B-ionone, B-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; llg 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 (llg 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 B-carotene forming B-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



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 CCDI1, 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-p-
carotene, at the C9-C10 or C9’-C10’ double bond leading to apo-10’-carotenoids
(C27), e.g., B-apo-10’-carotenal, and the corresponding C13 cyclohexenone product,
e.g., p-ionone (Bruno et al., 2016). Zeaxanthin and B-epoxyxanthophylls may also
be substrates for CCD4-mediated 9,10 cleavage in Arabidopsis leaves and the
apocarotenoids formed may be sequestered as glycosides (Latari et al., 2015).

Moreover, a second type of CCD4 was identified, in Satsuma mandarin (Citrus
unshiu); it cleaves bicyclic carotenoid, as [-cryptoxanthin and zeaxanthin,
asymmetrically at the C7-C8 or C-7°C-8’ positions to yield B-citraurin, a pigment
responsible for the color of citrus fruits, and apo-8’-p-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-p-carotene (Cso) to give B-ionone and 9-cis-p-apo-10'-
carotenal (Cz7) (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 (Cao), 9-cis-zeaxanthin (Cao),
and 9-cis-C-carotene (Caso) resulting in the formation of the corresponding 9-cis-
apocarotenal (Co7) (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).

CCDs8 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-B-apo-10'-carotenal
(C27) produced by CCD7 into the 3-hydroxy-carlactone (3-H-CL, C»7), 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-p-apo-10'-carotenal (C»7), at C13-C14 leading to 3-apo-13-
carotenone (Cis), called D'orenone, and an unidentified dialdehyde product (Alder
et al.,, 2012; Bruno et al., 2017). Interestingly, from recent studies on this

9



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 CCDS8 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-B-apo-10’-carotenal, C7) at the C13-C14
double bond, generating zaxinone, a Cis-ketone, and an unstable Co-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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unknown
apocarotenoid

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).

11



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).

————————————————————————

Drought

[Salinity stress @

Na+

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).
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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 (Cis) and the corresponding Cos-
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 (AAQ), 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 (UGTSs) 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 B-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/RCARS5 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

13



factors, which bind to promoters of stress-responsive genes (Todaka et al., 2015;

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

S PYL

0N o O
Abscisic acid A

P
SnRK2
l Phosphorylation
i

AREB/ABF

Activated
* [—' ABA responses
¢  ABRE 72X  Gene WS

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; Pelédez-Vico et al., 2016), where SLs were shown to stimulate the surface
motility of rhizobia (Peldez-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
etal., 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).
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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, (I) 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 a- orientation/down) and strigol-type
SLs (C-ring in B-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-p-carotene (Cao) into 9-cis-f3-carotene in the plastids, which is catalyzed by
the 9-cis/trans-all-B-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 Al, A2, and A3. Type Al 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 o/f-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 Skpl/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).
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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).

19



1.4. Novel apocarotenoids

In recent years new apocarotenoids have been discovered, some of which are
involved in the stress response, such as B-cyclocitral; others seem to play a role in

plant growth and beyond, like anchorene and zaxinone (Figure 7).
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Figure 7. Biosynthesis and function of novel apocarotenoids. (A) S-cyclocitral can be formed
through the cleavage of all-trans-f-carotene at the (C7’- C8) double bound and, non-enzymatically,
through attack by singlet oxygen (10). 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 (-carotene in the carotenoid pathway,
stimulates anchor roots formation in Arabidopsis seedlings. (C) Zaxinone synthase (ZAS) cleaves a
molecule of apo-/0°-zeaxanthinal (3-OH-p-apo-10’-carotenal, Cy;) 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 B-cyclocitral

B-cyclocitral is a volatile B-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 (:02) (Figure 7 A). This second way of formation
makes cyclocitral a suitable candidate for sensing high-light/oxidative stress. Indeed,

B-cyclocitral acts in Arabidopsis as a second messenger that conveys the 10> stress
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signal to the nucleus, altering the transcription of 10,-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 B-cyclocitral into B-cyclocitric acid, a reaction that spontaneously
occurs in water, is an initial step in f-cyclocitral signaling (Havaux 2014; Shumbe
etal. 2017).

Though the mechanism of action is still unclear, the application of B-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, B-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 C1o 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 (-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 ahigher 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).
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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 vrole 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