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ABSTRACT 
 

Haneen Abuauf 

Strigolactones (SLs) are a novel class of phytohormones that shape shoot and root 

architecture. Carlactone, the precursor of SLs, is synthesized from all-trans-β-carotene by 

the sequential action of three enzymes: the all-trans/9-cis-β-carotene isomerase 

DWARF27 (D27) that reversibly converts all-trans-β-carotene into 9-cis-β-carotene 

(shown only for the rice D27) and the carotenoid cleavage dioxygenases 7 and 8 (CCD7 

and CCD8). Genomes of higher plants encode two D27 homologs (D27-like 1 and D27-

like 2) with unknown function. Rice and Arabidopsis d27 mutants show less pronounced 

high tillering/more branching phenotype, compared to ccd7 or ccd8 mutants. This 

difference might be the result of functional redundancy caused by the presence of D27-like 

1 and D27-like 2. In this study, we investigated the enzymatic and biological activity of 

the Arabidopsis D27 and the rice and Arabidopsis D27-like 1, using both in vivo and in 

vitro studies. Our results show that AtD27 is a true ortholog of the rice D27. Like SLs, the 

biosynthesis of ABA requires an all-trans/9-cis-isomerization reaction. However, the 

enzyme postulated for this activity is still elusive. Our enzymatic activity tests exclude a 

direct involvement of AtD27 in ABA biosynthesis. Nevertheless, Atd27 mutant shows low 

level of ABA, and analysis of AtD27 promoter::GUS lines generated in this study shows 

an induction upon treatment with Auxin and ABA, indicating a role of AtD27 in ABA 

biosynthesis. Arabidopsis ad rice D27-like 1 enzymes catalyze a novel isomerization 

reaction converting different β-carotene cis-isomers into each other. Constitutive 

overexpression of AtD27-like 1 in Atd27 mutant restored the wild type branching 

phenotype, suggesting that AtD27-like 1 may be involved in the SL biosynthesis pathway. 
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To further elucidate the biological function of AtD27-like 1, we generated CRISPR-

Cas9knockout lines, which will be analyzed in future work. 
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Chapter 1 

1. INTRODUCTION 

1.1. Carotenoids, structure and function 

   Carotenoids are a family of isoprenoid pigments, which are synthesized by all 

photosynthetic organisms and many heterotrophic microorganisms (Walter and Strack 

2011). In plants, carotenoids are accumulated at different levels in all types of plastids and 

organs (Howitt and Pogson 2006). Carotenoids are vital elements of the light-harvesting 

complexes (LHCs) and reaction centers inside the thylakoid membrane, acting as essential 

structural elements and  protecting chlorophylls and other cellular components from photo-

oxidation (Liu et al. 2004; Sozer et al. 2010; Hashimoto et al. 2016). The protective 

function of carotenoids is based on their ability to absorb energy of triplet chlorophyll, 

preventing the energy transfer to oxygen and the formation of toxic singlet oxygens species 

(Young 1991). In addition, carotenoids act generally as antioxidants in plants and other 

organisms (Stahl and Sies 2003). There is no de novo synthesis of carotenoids in animals. 

However, animals obtain these pigments through their diet and need them to synthesize 

vitamin A and other retinoids, and as antioxidants (Cogdell and Frank 1987). In addition, 

the bright colors ranging from yellow to red of many flowers, fruits and some animals, 

including birds, insects, fish, and crustaceans, are caused by accumulation of carotenoids, 

such as lutein in daffodil flowers, lycopene in tomato fruits, and astaxanthin in crustaceans 

and birds (Friedman et al. 2014).  

  There are more than 700 different types of carotenoids (Britton 2008). In general, 

carotenoids consist of a hydrocarbon backbone with 40 carbon-atoms, which carries an 

extended conjugated double bonds system that varies in the stereo-chemistry (cis-trans 
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configuration) and number of double bonds (Figure 1). This variation usually determines 

the colors of these pigments; for review see (Domonkos et al. 2013). Carotenoids are 

divided into two different groups; carotenes, such as β-carotene, which do not contain 

oxygen, and xanthophylls, such as lutein or zeaxanthin, which are oxygenated (for instance, 

hydroxylated) derivatives of carotenes (Hirschberg 2001; Fraser and Bramley 2004; Walter 

and Strack 2011). Colors of carotenoids are caused by absorption of light in the range of 

350-500 nm of the UV-Vis spectrum. Lutein and β-carotene have a yellow and orange 

color, respectively. These colors, caused by carotenoid accumulation, serve in the 

communication between plants and animals and are important for attracting animals for 

flower pollination and seed dispersal (Schaefer et al. 2004). In addition, carotenoids can 

reinforce the cell membrane of bacteria and alter membrane properties and fluidity in 

plastids (Rottem and Markowitz 1979; Britton 2008).  

 

 

 

                                                      

Figure 1. Structure of β-carotene, as example for carotenoids, showing numbering of C-

atoms. 

 

1.2. The biosynthesis of carotenoids 

   Carotenoids are tetraterpenes derived from two isoprene isomers, isopentenyl 

diphosphate (IPP) and Dimethylallyl pyrophosphate (DMAPP), which are also the 

precursors of the large family of isoprenoids, which includes further important compounds, 

such as steroids, phylloquinone, chlorophylls, gibberellins, monoterpenes, and 
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plastoquinone (Pulido et al. 2012). In plants, carotenoids are synthesized and localized in 

plastids; for review see (Ruiz-Sola and Rodríguez-Concepción 2012). There are two 

pathways for IPP biosynthesis: the methylerythritol 4-phosphate (MEP) and the 

mevalonate (MVA) pathway (Eisenreich et al. 2001; Rodrıguez-Concepción and Boronat 

2002). Cyanobacteria and most other bacteria species relay on the MEP pathway for IPP 

formation, whereas eukaryotes, apart from plants, exclusively use the MVA pathway. 

Plants utilize both routes, but in separated cellular compartments. The MVA pathway is 

localized in the cytoplasm, while plastid IPP biosynthesis proceeds via the MEP pathway 

(Eisenreich et al. 2001; Vranová et al. 2013). The MEP pathway is initiated by the 

condensation of pyruvate with glyceraldehyde-3-phosphate, leading to 1-deoxy-D-

xylulose 5-phosphate (DXP), catalyzed by the enzyme 1-deoxy-d-xylulose 5-phosphate 

synthase (DXS) (Araki et al. 2000). A complex pathway involving several enzymes 

converts DXP into the isoprenoid building blocks IPP and DMAPP (Lois et al. 2000; 

Botella‐Pavía et al. 2004). A series of condensation reactions of IPP and DMAPP yields 

geranylgeranyl diphosphate (GGPP), a central intermediate in plastid isoprenoid 

biosynthesis and precursor of carotenoids, cholorophylls, tocophertols, plastoquinone and 

gibberellines (Figure 2). The condensation of two GGPP (C20) molecules, catalyzed by the 

enzyme phytoene synthase (PSY), represents the first committed step in carotenoid 

biosynthesis and results in the formation of 15-cis-phytone (C40) (Figure 2); for review, see 

(Moise et al. 2014; Fraser and Bramley 2004). The conversion of the colorless 15-cis-

phytoene - with three conjugated double bonds - into the red all-trans-lycopene, the 

pigment of tomato fruits with 11 conjugated double bonds, is achieved by a series of 

desaturation and isomerization reactions that are catalyzed by the enzymes; phytoene 
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desaturase (PDS), ζ-carotene isomerase (Z-ISO), ζ-carotene desaturase (ZDS), and 

carotene isomerase (CRTISO), reviewed by (Nisar et al. 2015) (Figure 2). In non-

photosynthetic bacteria, the conversion of 15-cis-phytone into all-trans-lycopene is 

achieved by only one enzyme, the bacterial phytoene desaturase (CRTI), which catalyzes 

all required reactions (Misawa et al. 1990; Schaub et al. 2012). Following lycopene 

formation, carotenoid biosynthesis pathway splits into two branches, the β-branch and the 

α-branch. In the β-branch, the enzyme lycopene-β-cyclase (β-LCY) introduces two β-

ionone rings into the linear lycopene, forming β-carotene. The synthesis of α-carotene, the 

first compound in the α-branch, requires the enzymes lycopene-β-cyclase and lycopene-ε-

cyclase (ε- LCY), which introduce a β-ionone and ε-ionone ring in all-trans-lycopene, 

respectively. The two ionone rings differ in the position of their double bond (Cunningham 

et al. 1993; Cunningham et al. 1996). β-carotene and α-carotene are the precursors of 

zeaxanthin and lutein, respectively, which are formed by hydroxylation of the ionone rings 

in both precursors (Tian and DellaPenna 2004). Mono-hydroxylated β-cryptoxanthin (β,β-

cryptoxanthin) is an intermediate between β-carotene and zeaxanthin (Bouvier et al. 1998). 

In the next step, zeaxanthin is subjected to reversible epoxidation reactions, which together 

build the so-called xanthophyll cycle and are catalyzed by the enzymes zeaxanthin 

epoxidase and violaxanthin de-epoxidase. The epoxidation reactions convert zeaxanthin 

into antheraxanthin and further into violaxanthin (Büch et al. 1995) (Figure 2). De-

epoxidation reactions of violaxanthin, catalyzed by the violaxanthin de-epoxidase (VDE), 

lead back to zeaxanthin (Bugos and Yamamoto 1996). Violaxanthin is the precursor of 

neoxanthin, the final product of the β-branch, which is formed by the enzyme neoxanthin 

synthase (NXS) (Neuman et al. 2014). It is important to mention here that 9-cis isomers of 
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both violaxanthin and neoxanthin are produced from corresponding all-trans-isomers by 

yet unknown trans/cis isomerases (Schwartz et al. 1997; Fraser and Bramley 2004; Ruiz-

Sola and Rodríguez-Concepción 2012) (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scheme of plants carotenoid biosynthesis. The numbers 1-4 refer to involved 

isomerases: 

(1) isopentenyl diphosphate and dimethylallyl pyrophosphate isomerase (IPP/DMAPP 

isomerases), (2) ζ-carotene isomerase (ZISO), (3) carotene isomerase (CRTISO), (4) 

DWARF 27 enzyme (D27). 
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1.3. Isomerases in carotenoid biosynthesis 

Isomerases, including cis/trans-isomerases, play an important role in the 

metabolism and function of carotenoids and their cleavage products, i.e. apocarotenoids. 

That is not surprising, considering the presence of an extended double bonds system in 

which each single double bond can assume two different configurations. Most natural 

carotenoids exist in the stable all-trans configuration (Britton 1995). However, cis-

configured carotenoids exert important functions as constituents of the photosynthesis 

apparatus, as intermediates of carotenoid biosynthesis and as precursors of plant hormones, 

such as abscisic acid (ABA) (Schwartz et al. 1997). In the following, we briefly describe 

different types of isomerases that are involved in carotenoid metabolism.  

1.3.1. IPP/DMAPP isomerases 

 

The condensation of IPP with its isomer DMAPP represents the initial step in the 

synthesis of the vast majority of isoprenoids, the largest family of natural compounds. This 

condensation requires the presence of the two isomers IPP and DMAPP. In most cases, 

DMAPP is formed from its isomer IPP. IPP/DMAPP isomerases, including IPP type I 

isomerase and IPP type II isomerase, catalyze a reversible antarafacial isomerization of IPP 

and DMAPP (Lynen et al. 1959; Kaneda et al. 2001; Klassen 2010). IPP type I isomerases 

possess a wide phylogenetic repartition and are found in most species except some 

eubacteria and archaeabacteria (Kaneda et al. 2001). The tremendous and conserved IPP 

type I isomerase family is present in plant plastids, mitochondria, peroxisomes and cytosol 

(Momose and Rudney 1972; Phillips et al. 2008; Ramos-Valdivia et al. 1997). Compared 

to IPP type I isomerase, IPP type II isomerases are less widespread, mainly found in archae- 

and Gram-positive bacteria (Kaneda et al. 2001; Berthelot et al. 2012). In addition some 
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proteobacteria and cyanobacteria that live in extreme environments (e.g. anaerobic, 

methanophilic, halophilic, oligotrophic, antibiotic or acidophilic) also utilize IPP type II 

isomerases (Berthelot et al. 2012; Laupitz et al. 2004; Pattanaik and Lindberg 2015).  

1.3.2. Zeta (ζ) -carotene isomerase (Z-ISO)  

In carotenoid biosynthesis, the enzyme PDS converts 15-cis-phytoene to 15,9’-di-

cis-phytofluene which is eventually transformed to 9,15,9’-tri-cis-ζ-carotene. This tri-cis-

intermediate is further isomerized by the enzyme ζ-carotene isomerase (Z-ISO), or by light, 

at the15-cis-double bond to produce 9,9’-di-cis-ζ-carotene, the substrate of ZDS 

(Breitenbach and Sandmann 2005). Etiolated maize seedlings of yellow 9 (y9) mutant that 

is disrupted in the Z-ISO gene, accumulate 9,15,9’-tri-cis-ζ-carotene in the dark, indicating 

that the isomerization of 15-cis bond requires Z-ISO activity (Li et al. 2007). Z-ISO, a 

chloroplast-localized transmembrane protein (Berthelot et al. 2012; Zybailov et al. 2008) 

has been found throughout higher and lower plants, algae, diatoms, and cyanobacteria 

(Chen et al. 2010). There is a high correlation between the expression of Z-ISO transcript 

and the expression of other carotenogenic enzymes (e.g. PDS) (Chen et al. 2010), which 

further confirm the role of this enzyme in carotenogenesis.  

1.3.3. Carotene isomerase (CRTISO) 

 Carotene isomerase (CRTISO) is a constituent of the carotene desaturation 

pathway in plants, which catalyzes the cis-to-trans isomerization reactions of prolycopene 

yielding all-trans-lycopene, the substrate for the subsequent lycopene cyclization reactions 

(Yu et al. 2011). CRTISO shares sequence homology with CRTI, a bacterial carotene 

desaturase, indicating that CRTISO possibly originated from CRTI (Isaacson et al. 2002; 

Klassen 2010). Etioplasts of CRTISO-deficient plants such as the Arabidopsis, tomato and 
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melon mutants, ccr2, tangerine and yolf, respectively, accumulate a series of cis acyclic 

carotene isomers (Isaacson et al. 2002; Park et al. 2002; Galpaz et al. 2013). However, 

these isomers are only accumulated in tissues that do not perform photosynthesis and can 

be converted into all-trans-configured isomers upon illumination, suggesting that CRTISO 

activity can be replaced by light (Isaacson et al. 2002; Park et al. 2002).  

1.4. Apocarotenoids and Carotenoid Cleavage Oxygenases (CCOs) 

  Apocarotenoids are a group of carotenoid-derived compounds that arise by 

carotenoid cleavage. The first step in apocarotenoid formation is the attack of double bonds 

in carotenoid backbone by oxygen, which leads to oxidative cleavage and can be catalyzed 

enzymatically or non-enzymatically (Walter and Strack 2011). However, specific oxidative 

cleavage of defined double bonds is usually catalyzed by Carotenoid Cleavage 

Dioxygenases (CCDs), which build a ubiquitous family of non-heme iron (II) dependent 

enzymes. Apocarotenoids are usually designated according to the number of the  C-atom 

attached to the cleavage site and to the parent carotenoid, such as 9-cis-β-apo-10’-carotenal 

(Al-Babili and Bouwmeester 2015). Apocarotenoids are a diverse group including 

compounds with different physico-chemical properties, ranging from volatiles, such as the 

C8 compound 6-methyl-5-hepten-3-one (Vogel et al. 2008),  with short chain lengths to 

pigments, such as the C35 compound neurosporaxanthin (Estrada et al., 2008). Many 

apocarotenoids exert biologically important functions. Outstanding examples for such 

compounds are the ubiquitous opsin chromophore retinal (Moise et al. 2005) and its 

derivatives retinol (vitamin A) and retinoic acid (Moise et al. 2005), volatiles, such as β-

ionone and geranial (Ilg et al. 2009), the fungal pheromone trisporic acid (Medina et al. 



 
 

24 
 

2011), and the phytohormones ABA (Schwartz et al. 1997) and strigolactones (SLs) (Alder 

et al. 2012).  

  In plants, CCDs family comprises multiple members which are divided into two major 

groups, the 9-cis-epoxy-carotenoid dioxygenases (NCEDs) and the carotenoid cleavage 

dioxygenases (CCDs) (Walter and Strack 2011). NCEDs are characterized by their narrow 

stereo- and substrate specificity. These enzymes catalyze the oxidative cleavage of 9-cis-

violaxanthin and/or 9’-cis-neoxanthin into the ABA precursor xanthoxin (Schwartz et al. 

1997; Tan and Desai 2003). In contrast, CCDs, which are divided into the subgroups 

CCD1, -4, -7 and -8, have different substrate, stereo- and double- bond specificities (Walter 

and Strack 2011; Nisar et al. 2015). CCD1 enzyme cleaves a wide range of carotenoids and 

apocarotenoids at different double bonds, leading to a plenitude of products including 

volatile such as β-ionone and geranylacetone (Simkin et al. 2004). It is thought that CCD1 

enzymes are scavengers of destructed carotenoids (Ilg et al. 2009). There are two types of 

CCD4 enzymes. The first one catalyzes the cleavage of β-carotene and other bicyclic 

carotenoids and is supposed to act as a negative regulator of carotenoid content (Gonzalez-

Jorge et al. 2013). The second one has been characterized in citrus fruits and shown to 

produce long chain apocarotenoid pigments, such as citraurin, that are accumulated in fruit 

peel (Rodrıguez-Concepción and Boronat 2002). The other two members, CCD7 and 

CCD8 are involved in the biosynthesis of SL, by catalyzing the conversion of 9-cis-β-

carotene into the central intermediate carlactone (CL) (Alder et al. 2012). In contrast to 

other plant CCDs, CCD8 only cleaves the apocarotenoids and does not convert intact 

carotenoids (Alder et al. 2008). CCD8 is also unique in synthesizing two different products, 
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i.e. CL and β-apo-13-carotenone, depending on the stereoconfiguration of the β-apo-10’-

carotenal substrate (Alder et al. 2012; Jia et al. 2018).  

1.5. Strigolactones  

  The collective name strigolactone (SL) was coined to designate a group of 

intriguing compounds that were first discovered as interspecific communication signals 

that stimulate the germination of root parasitic weeds (Al-Babili and Bouwmeester 2015). 

Strigol, the first identified SL, was isolated from root exudates of the non-host crop cotton 

(Gossypium hirsutum) as a germination stimulant of the seed of the root parasitic plant, 

Striga lutea (Butler 1995; Cook et al. 1966). Since the identification of strigol, various SLs 

have been isolated, based on their activity in inducing seed germination in root parasitic 

plants from the Orobanchacea family (Yoneyama et al. 2013a). Generally, these parasitic 

weeds have partially or completely lost their photosynthetic capacity during the evolution 

towards parasitism. Hence, they need a host plant that provides them with carbohydrates 

and nutrient to survive (Xie et al., 2010). Seeds of root parasitic weeds germinate only after 

sensing SLs secreted by host plants. This dependency ensures that emerging parasite 

seedlings will find the host required for survival. Following germination, parasite seedlings 

develop a haustorium to connect to the host plant, enabling the uptake of photosynthetic 

products, minerals and water (Parker 2009). This parasitism leads to growth retardation 

and eventually death of the host plant and is a severe problem for agriculture in many zones, 

including South Europe, Asia and Africa. Indeed, infestation by root parasitic weeds leads 

to enormous yield losses in many crops, such as cereals, legumes, tomatoes, rapeseed and 

sunflower (Parker 2009).  
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 In addition to stimulating the seed germination in root parasitic plants, SLs stimulate  

hyphal in beneficial arbuscular mycorrhizal fungi (AMF), which initiates the establishment 

of AM symbiosis (Akiyama et al. 2005). This symbiosis plays an important role in 

supplying the host plant with minerals, such as phosphate which are absorbed by the 

hyphae of the AMF fungi. In return, the host plant provides photosynthetic products to their 

fungal partner that utilizes them as energy and carbon source (Bonfante and Genre 2015; 

Gutjahr and Parniske 2013). Furthermore, this symbiosis can protect plants from abiotic 

stress by improving nutrients and water supply. Symbiosis has also been suggested to 

protect the plants from biotic stresses (Rubiales et al. 2009). Around 80% of land plants 

engage with AMF in symbiosis (Gutjahr and Parniske 2013). The role of SLs in 

establishing AM symbiosis may explain why plants release SLs into soil (Gutjahr 2014; 

Khosla and Nelson 2016). 

 In 2008, SLs were discovered as a novel class of phytohormones that regulate shoot 

architecture by inhibiting the outgrowth of axillary buds (Umehara et al. 2008; Gomez-

Roldan et al. 2008). This breakthrough discovery was possible because of the availability 

of several more branching/tillering mutants from different species, which were shown to 

be either deficient in the synthesis or in the perception of a postulated branching inhibitor 

(Al-Babili and Bouwmeester 2015; Jia et al. 2018). The fact that mutants deficient in the 

biosynthesis were also SL deficient and could be rescued by exogenous application of the 

SL analog GR24 led to the assumption that SLs are the long-sought after branching 

inhibitor. This assumption was corroborated by the finding that GR24 cannot rescue the 

more branching/high tillering phenotype of presumed perception mutants (Al-Babili and 

Bouwmeester, 2015).  
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  In Arabidopsis, highly branched more axillary growth (max) mutants, max3 and max4 

encode CCD7 and CCD8, respectively (Booker et al. 2004; Booker et al. 2005; Gomez-

Roldan et al. 2008). Mutants from other species, such as the petunia decreased apical 

dominance (dad) mutants, dad3 and dad1 (Snowden et al. 2005; Drummond et al. 2009), 

the pea ramosus (rms) mutants, rms5 and rms1 (Sorefan et al. 2003; Johnson et al. 2006), 

and the rice dwarf (d) mutants d17 and d10 in rice (Zou et al. 2006; Arite et al. 2007), 

which are affected in CCD7 and CCD8, show also high branching/more tillering 

phenotype. This high branching phenotype in max3 and max4 and corresponding mutants 

from other species was restored after application of GR24. However, no effect was shown 

in SL signaling mutants, max2 (Stirnberg et al. 2007) and d14 (Hamiaux et al. 2012), which 

encode an F-box protein and an α/β-fold hydrolase, respectively (Gomez-Roldan et al. 

2008; Waters 2017).  

  Beside the regulation of shoot branching, SLs are involved in many aspects of plant 

growth and development, which include root architecture, shoot secondary growth and leaf 

senescence (Figure 3); for review see (Zhang et al. 2013; Al-Babili and Bouwmeester 

2015). In general, SLs are thought to adapt plants’ growth and development according to 

the availability of nutrients, particularly phosphorus (Brewer et al. 2013).  
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Figure 3. Functions of SLs in plant development. 

(a).stimulation of  internode growth, (b) increasing of leaf senescence, (c) enhancement of 

root hair elongation and primary root growth, (d) induction of secondary growth and the 

thickness of stem, (e) repression of the outgrowth of axillary buds, (f) inhibition of 

adventitious root formation, and (g) inhibition of lateral roots growth under normal growth 

conditions (Al-Babili and Bouwmeester 2015). 
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1.5.1. Structures of SLs 

To date, more than 25 natural SLs have been identified and characterized. The 

structure of SL comprises a conserved butenolide ring (D-ring) that is linked to a second 

variable moiety via an enol-ether bridge in R configuration (Al-Babili and Bouwmeester 

2015). Based on the second variable moiety, SLs are classified as canonical or non-

canonical (Jia et al. 2018). Canonical SLs, such as strigol (Cook et al. 1966) and orobanchol 

(Yokota et al. 1998), contain a tricyclic lactone (ABC ring, see Figure 4). Non-canonical 

SLs, such as methyl carlactonoate acid (MeCLA) (Abe et al. 2014), heliolactone (Ueno et 

al. 2014), and zealactone (Xie 2016; Charnikhova et al. 2017), are more variable and 

contain, as a second moiety, different structural elements instead of  ABC ring (Figure 4). 

Canonical SLs can be further classified as strigol-like and orobanchol-like SLs, based on 

the stereochemistry of B-C ring junction (Ueno et al. 2011; Xie et al. 2013). The C-ring of 

strigol-like SLs, which derive from 5-deoxystrigol, is in β orientation, while the C-ring of 

orobanchol-like SLs, which originate from ent-2′-epi-5-deoxystrigol (4-deoxyorobanchol) 

is in α orientation (Figure 4). The diversity of natural SLs is caused by modifications in the 

AB part of canonical SLs, which include methylation, hydroxylation, epoxidation, or 

ketolation, and the presence of variable second moiety in non-canonical SLs (Jia et al. 

2018) (Figure 4). 
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Figure 4. Structures of SLs. 

SLs are divided into canonical SLs characterized by the tricyclic ABC-lactone (I and II), 

and non-canonical (III) that contain a variable second moiety. The diversity of natural 

SLs results from modifications of ABC-lactone in canonical SLs and the variation of the 

second moiety in non-canonical SLs. The structure of GR24, a common synthetic SL 

analog, is shown in the inset (Jia et al. 2018).  
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1.5.2. SL biosynthesis 

1.5.2.1. From β-carotene to carlactone 

 

Similarity of the A ring of canonical SLs with the β-ionone ring present in many 

carotenoids indicated that SLs may derive from carotenoids. This was later confirmed by 

showing that root exudates of carotenoid deficient mutants of maize, cowpea, and sorghum 

plants treated with inhibitors of carotenoid biosynthesis are SL deficient, i.e. they lack the 

activity in stimulating seed germination of root parasitic plants (Matusova et al. 2005). The 

fact that ccd7 and ccd8 mutants from different species are SL deficient further corroborated 

that SLs are carotenoid derivatives.  

  The activity of AtCCD7 was first investigated by expressing the enzymes in E. coli strains 

engineered to accumulate different, particular carotenoids, including phytoene, ζ-carotene, 

lycopene, δ-carotene, β-carotene, and zeaxanthin. GC-MS analysis detected the formation 

of C13 volatiles, indicating the cleavage C9-C10 and/or C9′-C10′ double bond(s) in 

different carotenoids (Booker et al. 2004). Schwartz et al. (2004) confirmed the AtCCD7 

activity in β-carotene-accumulating E. coli cells and provided further evidence for this 

cleavage reaction by using in vitro incubations with purified AtCCD7. Schwartz et al. 

(2004) also co-expressed AtCCD7 and AtCCD8 in β-carotene accumulating cells and 

detected a C18-apocarotenoid (β-apo-13-carotenone; also called d’orenone) as a product, 

which indicated that AtCCD7 and AtCCD8 sequentially convert all-trans-β-carotene into 

β-apo-13-carotenone and that AtCCD8 cleaved the C13, C14 double bond of β-apo-10’-

carotenal, the long chain product of AtCCD7. Indeed, Alder et al. (2008) showed that 

CCD8 enzymes from Arabidopsis and pea cleave all-trans-β-apo-10′-carotenal (C27) to 

produce β-apo-13-carotenone (C18) by in vitro assay (Alder et al. 2008). These results 
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pointed to β-apo-13-carotenone as the precursor of SL. However, β-apo-13-carotenone 

application could not rescue the high-tillering phenotype of the rice ccd8 mutant (d10) 

(Alder et al. 2012), which did not support this hypothesis.  

  As mentioned above, cis/trans-isomerization is a common reaction in carotenoid and 

apocarotenoid metabolism. Assuming that this aspect may also play a role in SL 

biosynthesis,  Alder et al. (2012) reinvestigated the proposed AtCCD7 activity, by 

incubating CCD7 enzymes from Arabidopsis, rice and pea with different pure β-carotene 

stereoisomers, including all-trans-, 9-/13- and 15-cis-β-carotene (Alder et al. 2012). 

Intriguingly, all CCD7s showed a clear substrate stereo-specificity by only cleaving 9-cis- 

β-carotene, but not all-trans-, 13-cis-, or 15-cis-β-carotene (Figure 5). Moreover, this cis-

configuration was maintained in the long chain product that was identified as 9-cis-β-apo-

10’-carotenal by comparison to a presumably 9-cis-configured standard and later by NMR-

analysis (Alder et al. 2012; Bruno et al. 2014). It was also further shown that CCD7 cleaves 

other 9-cis-configured carotenoids, confirming the stereo-specificity of this enzyme (Bruno 

et al. 2014). However, CCD7 enzymes showed higher affinity to 9-cis-β-carotene than to 

other 9-cis configured substrates, such as 9-cis-zeaxanthin (Bruno and Al-Babili 2016).  

  Since 9-cis-β-apo-10’-carotenal was likely the true product of CCD7, Alder et al (2012) 

incubated heterologously expressed CCD8 enzymes from Arabidopsis, rice and pea with 

this CCD7 product. Surprisingly, an unexpected product that showed high structural 

similarity with SLs was produced. This product was later named carlactone (CL) (Figure 

5). CL contains an A ring and a lactone ring that is identical with the D-ring of SLs. 

Moreover, CL has the same stereo-configuration (R-configuration) at the C2′ of the D-ring, 

as known from all natural SLs (Seto et al. 2014). Most importantly, exogenous CL 
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application completely rescued the tillering phenotype of the rice ccd8 (d10) mutant and 

induced the germination of Striga seeds, demonstrating that this compound is the CCD8 

product dedicated to SL biosynthesis. Seto et al. (2014) also confirmed the endogenous 

presence of CL in both rice and Arabidopsis (Seto et al. 2014), supporting this conclusion. 

The synthesis of CL from 9-cis-β-apo-10’-carotenal requires a series of reactions, including 

repeated deoxygenation and intramolecular rearrangements. It is thought that CCD8 is an 

unusual CCD that can simultaneously catalyze different types of reactions leading to CL. 

Recently, a proposal for the CCD8 mechanism has been published, which was deduced 

from experiments performed with labelled precursor and in the presence of 18O2 (Bruno et 

al., 2017).  

 The identification of CL as a key intermediate in SL biosynthesis together with the stereo-

specificity of CCD7 and CCD8 imply that 9-cis-β-carotene is required for SL biosynthesis. 

Both 9-cis-β-carotene and all-trans-β-carotene are natural compounds, and in principle, 

they can be converted into each other through isomerization, which could be catalyzed by 

light. However, Alder et al. (2012) proposed that the formation of 9-cis-β-carotene may 

require a specific cis-trans-isomerase and hypothesized that this isomerization might be 

catalyzed by D27, a SL biosynthetic enzyme whose function was unknown. Indeed, in vitro 

and in vivo assays confirmed this hypothesis  (Alder et al. 2012). Details about the function 

and enzymatic activity of D27 are introduced below (1.7).       

1.5.2.2. From CL to Canonical and Non-canonical SLs  

Cytochrome P450 (CYP) enzymes are a super family of heme-containing 

monoxygenases that are present in plants, animals, fungi and bacteria (Chapple 1998). 

CYPs are involved in many biochemical pathways such as lipid, alkaloid, terpenoid and 
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plant hormones’ metabolism, by catalyzing various types of reactions (Chapple 1998; 

Werck-Reichhart and Feyereisen 2000). The Arabidopsis MAX1 encodes a member of the 

711 clade of CYPs (CYP711A1), and the corresponding knock-out mutant displays more 

axillary branching phenotypes similar to that of max3 and max4 (Stirnberg et al. 2002; 

Booker et al. 2005). Genetic analysis and reciprocal grafting experiments indicated that 

MAX1 activity is localized downstream of MAX3 (CCD7) and MAX4 (CCD8) (Booker 

et al. 2005). In addition, Seto et al. (2014) showed that max1 mutant has approximately a 

700-fold higher CL content than wild type plants, suggesting that MAX1, likely, may act 

on CL or a close CL-derivative on the path to SLs (Seto et al. 2014). Hence, it was tempting 

to assume that MAX1 might directly take CL as a substrate. Indeed, by using in vitro assays 

with yeast microsomes expressing MAX1, it was shown that MAX1 enzyme converts CL 

into a molecule designated as carlactonoic acid (CLA) (Figure 5). This result was further 

confirmed in planta by feeding 13C-labeled CL in max4 and max1max4 mutants. This 

experiment led to the formation of 13C-labeled CLA in max4 mutant but not in max1max4 

double mutant (Seto et al. 2014). CLA was also identified as a natural metabolite in 

Arabidopsis and was found to be methylated by an, as yet, unidentified methyltransferase 

into MeCLA (Abe et al. 2014). Recently, another enzyme, LATERAL BRANCHING 

OXIDOREDUCTASE (LBO), which belongs to the 2-oxoglutarate and FeII-dependent 

dioxygenase family, was also found to be involved in SL biosynthesis (Brewer et al. 2016). 

And it was demonstrated that LBO works downstream of MAX1 in the SL biosynthetic 

pathway (Brewer et al. 2016). In addition, in vitro assay showed that LBO can convert 

MeCLA into an unknown product with a molecular weight equal to MeCLA+16 Da 

(Brewer et al. 2016).  



 
 

35 
 

  In another study, Zhang et al. (2014) investigated the activity of four rice MAX1 

homologs, using in vitro assays and Nicotiana benthamiana transient expression system 

(Zhang et al. 2014). Zhang et al. (2014) identified one MAX1 homolog Os900 (carlactone 

oxygenase, CO) as the enzyme that converts CL into 4-deoxyorobanchol (4DO), the 

precursor of orobanchol-type SLs (Zhang et al. 2014). This result indicates that one MAX1 

homolog enzyme is sufficient to catalyze the oxidation, ring closure, and B/C lactone 

moiety formation to produce canonical SL (Figure 5). Moreover, Zhang et al. (2014) 

identified the function of another rice MAX1 homolog, i.e. Os1400 showed that it acts as 

an orobanchol synthase that hydroxylates 4DO to form orobanchol (Zhang et al. 2014). 

Tomato contains only one MAX1 homolog, similar to that of Arabidopsis, SlMAX1, 

which, similar to the Arabidopsis AtMAX1, forms caralctonoic acid (Zhang et al. 2018). 

Recently, in vitro investigation of the activity of AtMAX1 and its homologs from rice, 

maize, tomato, poplar and the lycophyte Selaginella moellendorffii showed that MAX1 

enzymes can be generally classified based on their substrates and products into three groups 

(Yoneyama et al. 2018). The first group is called A1 type MAX1s and includes AtMAX1 

and its homologs from tomato and poplar, which mainly convert CL into CLA. The second 

group is A2 type MAX1s, represented by the rice Os900, which catalyzes the conversion 

of CL into 4DO. The third group, the A3 type, is represented by the rice Os1400 that can 

convert CL into both CLA and 4-DO (Yoneyama et al. 2018).  
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Figure 5. SL Biosynthesis. 

D27 isomerizes all-trans-β-carotene into 9-cis-β-carotene that is cleaved by CCD7 into β-

ionone and 9-cis-β-apo-10’-carotenal. The latter compound is a substrate of CCD8 that 

forms the central intermediate CL and ω-OH-(4-CH3) heptanal. CL is the precursor of 

canonical and non canonical SLs. In Arabidopsis, MAX1 converts CL to carlactonoic acid 

(CLA) via 19-hydroxy-carlactone. Further, CLA is converted to methyl carlactonoate, 
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which is the substrate of Lateral Branching Oxidoreductase (LBO). In rice, carlactone 

oxidase (CO), a homolog of the Arabidopsis MAX1, converts CL into 4-deoxyorobanchol, 

the precursor of orobanchol-like SLs, through repeated oxygination and closure of the BC 

ring of 4-deoxyorobanchol. A second rice homolog of Arabidopsis MAX1 acts as 

orobanchol synthase (OS) that converts 4-deoxyorobanchol into orobanchol. CL is 

assumed to be the precursor of 5-deoxystrigol, the parent molecule of strigol-like SLs. 

Sorgomol, a major SL of sorghum, is yielded from 5-deoxystrigol by the activity of an 

unknown CYP enzyme (Jia et al. 2018).  

 

1.6. Regulation of SL biosynthesis    

1.6.1. By Phosphate starvation 

   Phosphorus (P) is a vital nutrient and essential element present in many vital 

molecules, such as DNA, RNA and ATP (Péret et al. 2011). Phosphorus is common in soil 

mostly as an inorganic phosphate (Pi) in insoluble form and, hence, it is inaccessible to 

plant. Thus,  phosphorus is considered as a growth limiting factor (Péret et al. 2011). To 

increase the phosphate uptake from the soil, plants switch the architecture of their roots 

and establish the symbiosis with partners, such as AM fungi, that can provide plants with 

this element; for review see (Gutjahr 2014). In Arabidopsis, the lack of phosphate affects 

the growth, leading to short primary roots, long and more lateral roots and thick root hairs 

(Péret et al. 2011). These changes are triggered by an enhanced sensitivity to auxin and 

provide a better access phosphate that is usually accumulated in upper soil parts. However, 

it should be mentioned here that these changes in root architecture are not a common 

response of all plant species to phosphate starvation, but depend on the plant species and 

even ecotype (Niu et al. 2012). In rice, it was observed that SLs regulate the elongation of 

crown roots under phosphate starvation (Arite et al. 2012).  

  The impact of phosphate deficiency on root architecture in plants, such as Arabidopsis 

and rice, is mainly regulated by SLs (Kumar et al. 2015). Consistent with the role of SLs 
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in recruiting mycorrhizal fungi and modulating root architecture, SL biosynthesis and 

release are triggered by phosphate shortage (Jamil et al. 2012; Yoneyama et al. 2013b). 

Under normal conditions, very low concentrations of SLs are produced, however, under 

phosphate starvation conditions SL biosynthesis genes are usually induced (Jamil et al. 

2012; Yoneyama et al. 2013b). For example, phosphate starvation promotes the expression 

of DAD1 (CCD8), the SL transporter pleiotropic drug resistance (PDR1) of ATP-binding 

cassette (ABC) in petunia (Breuillin et al. 2010; Kretzschmar et al. 2012), D10, D27 and 

D17/HDT1 in rice (Sun et al. 2014), and of MtCCD7, MtCCD8, MtD27, and MtMAX1 in 

Medicago truncatula (Bonneau et al. 2013; Wen et al. 2016). In the moss Physcomitrella 

patens, the SL production is also increased under phosphate deficiency, which indicates 

that the role of SLs is conserved in managing the adaptation to nutrient accessibility 

(Decker et al. 2017).  

1.6.2. By Hormones 

Firstly, SL biosynthesis is regulated by a negative feedback to maintain its own 

homeostasis. When applying the SL analog GR24 to Arabidopsis plants, the expression of 

CCD7 and CCD8 are quickly repressed (Mashiguchi et al. 2009). On the other hand, SL 

deficient mutants in different species, including SL biosynthesis and perception mutants 

showed elevated transcript levels of SL biosynthetic enzymes (Arite et al. 2007; Brewer et 

al. 2016; Hayward et al. 2009; Snowden et al. 2005). Moreover, this negative feedback 

regulation is going through the SL signaling pathway, as shown for both rice and 

Arabidopsis (Jiang et al. 2013; Yao et al. 2016). 

  Auxin plays an important role in the regulation of plant growth and development (Zhao 

2010). In plants, auxin is synthesized in young expanding leaves and shoot apex and 
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transported by polar PINFORMED (PIN) efflux auxin transporters that generate an auxin 

gradient plants (Ljung et al. 2001). Polar auxin transport (PAT) establishes local auxin 

gradients that are responsible for auxin activity and direct the movement of auxin from cell 

to cell (Petrášek and Friml 2009). PIN proteins control the availability and direction of 

PAT stream. SL content and PAT regulate each other to maintain their balance required 

for shaping normal shoot architecture (Crawford et al. 2010). The inhibition of shoot 

branching by SLs in Arabidopsis results, at least partially, from reduction of PAT, which 

delays auxin transport from axillary buds (Seale et al. 2017). Auxin and PAT also regulate 

the biosynthesis of SLs. As shown in Arabidopsis, rice, pea, chrysanthemum and tomato, 

auxin determines SL biosynthesis at transcriptional level (Domagalska and Leyser 2011). 

In peas, treatment with 1-N-naphthylphthalamic acid (NPA), an inhibitor of auxin 

transport, decreases auxin concentrations by reducing PAT (Brewer et al. 2009). In peas, 

this treatment led to significant reduction in transcript levels of the SL biosynthetic genes 

RMS5 (CCD7) and RMS1 (CCD8), which could be rescued by auxin application (Foo et 

al. 2005; Johnson et al. 2006). Also, treatment with NPA decreased the transcript levels of 

MAX3 (CCD7) in Arabidopsis and DgD27 in Chrysanthmum (Hayward et al. 2009; Wen 

et al. 2016). Moreover, the expression of MAX4 (CCD8) in Arabidopsis and D10 (CCD8) 

in rice is positively regulated by auxin (Arite et al. 2007; Hayward et al. 2009).    

   ABA is a key regulator in stress responses in plants, particularly to abiotic stresses, such 

as drought and salt stress (Xiong and Zhu 2003). It was previously shown that root exudates 

of ABA-deficient mutants, such as viviparous14 (vp14) in maize and notabilis in tomato, 

induce less germination of S. hermonthica and Orobanche ramose seeds (Matusova et al. 

2005; López‐Ráez et al. 2008). Furthermore, in tomatoes, this reduction in germination 
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stimulatory activity was highly correlated with a reduction in the production of SLs (López‐

Ráez et al. 2008). Viviparous14 and NOTABILIS encode NCED, a carotenoid cleavage 

enzyme that initiates the synthesis of ABA by producing the precursor xanthoxin 

(Bouwmeester et al. 2007; Al-Babili and Bouwmeester 2015). In addition to notabilis, the 

two ABA-deficient tomato mutants flacca and sitien, which are disrpted in later steps of 

ABA biosynthesis, showed also reduced SL production (López‐Ráez et al. 2010). These 

results indicate that ABA content affects SL biosynthesis (López‐Ráez et al. 2008). 

However, there is no clarification yet about the mechanism of ABA-SL interference at 

biosynthetic level. Recently, ABA content in rice SL- deficient and insensitive mutants has 

been determined, to get a better insight into the relationship between ABA and SL (Haider 

et al. 2018). In this study, it was shown that ABA levels are significantly increased in d10, 

d17 and d3 mutants, but were decreased in the d27 mutant, indicating that OsD27 

contributes to both ABA and SL biosynthesis (Haider et al. 2018). 

  In addition, a recent study unraveled that gibberellins (GAs) negatively regulate SL 

biosynthesis in rice. Treatment with GA1, GA3 or GA4 reduced 4-deoxyorobanchol levels 

in root tissues and exudates, by decreasing transcript levels of  SL biosynthesis genes, such 

as D27, D10, D17, Os900 and Os1400 (Ito et al. 2017). 

1.7.  The role of the enzyme D27 in SL biosynthesis 

1.7.1. D27 encodes iron-binding protein involved in SL biosynthesis 

d27 loss-of-function rice mutant was discovered due to its high tillering phenotype 

(Lin et al. 2009). Overexpression of D27 (DWARF 27) in d27 mutant background could 

completely complement its branching/tillering phenotype, indicating that D27 enzyme is 

involved in the regulation of shoot architecture (Waters et al. 2012). The Arabidopsis 
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knock-out d27 mutant also showed more branching phenotype. The phenotype of both 

Osd27 and Atd27 were similar to those of corresponding SL deficient mutants (Figure 6) 

(Lin et al. 2009; Waters et al. 2012). Genetic analysis in both rice and Arabidopsis, and 

reciprocal grafting experiments in Arabidopsis, suggest that D27 is involved in SL 

biosynthesis pathway (Waters et al. 2012). Analysis of the subcellular localization of D27 

demonstrated plastid localization of this enzyme (Waters et al. 2012), i.e. D27 is co-

localized with CCD7 and CCD8, suggesting its involvement in an early step of SL 

biosynthesis. Although D27 showed no obvious similarities to any known proteins, Lin et 

al. (2009) demonstrated that D27 is an iron-binding protein, by generating a heterogously 

expressed protein in E. coli (Lin et al. 2009). 

 

              (a)                                                        (b) 

 

 

                                                                                                

                                                                         

 

 

 

                                                                                 Shiokari (WT)        Osd27  

Figure 6. Phenotypic analysis of d27 mutants. 

(a) d27 mutant of Arabidopsis shows increased numbers of shoot branches, compared with 

wild type (Col-0) and AtD27 complemented line (35S:D27). (b) high tillering phenotype 

of the rice d27 mutant, in comparison with wild type (Lin et al. 2009; Waters et al. 2012). 

  

 



 
 

42 
 

1.7.2. D27 is an all-trans-/9-cis-β-carotene isomerase required for SL biosynthesis 

As was introduced in the paragraph describing SL biosynthesis, the identification 

of CL as a key intermediate in SL biosynthesis together with the stereo-specificity of CCD7 

and CCD8, imply that 9-cis-β-carotene is required for SL biosynthesis. Both 9-cis-β-

carotene and all-trans-β-carotene are natural compounds, and in principle, they can be 

converted into each other through isomerization. So, the discovery of D27 led to the 

tempting hypothesis that D27 is involved in the all-trans-/9-cis-β-carotene isomerization, 

which provides β-carotene in the right stereo-configuration required for SL biosynthesis. 

In vitro assays indeed showed that the OsD27 enzyme reversibly catalyzes the 

isomerization between all-trans-β-carotene and 9-cis-β-carotene, resulting in an 

equilibrium which is in favor of all-trans-β-carotene (Alder et al. 2012; Harrison et al. 

2015; Bruno and Al-Babili 2016). Moreover, in Nicotiana benthamiana transient 

expression system, co-expression of D27, CCD7 and CCD8 resulted in the production of 

CL, confirming the role of D27 in SL biosynthesis.  

  The substrate specificity of OsD27 has been recently investigated (Bruno and Al-Babili 

2016). It was shown that, when the enzyme is expressed in engineered E. coli strains 

accumulating different carotenoids, OsD27 isomerized only  β-carotene, however, it did 

not convert other substrates such as, zeaxanthin, lycopene and ζ–carotene (Bruno and Al-

Babili 2016). Upon expression in all-trans-β-carotene accumulating E. coli cells, 

increasing of 15-cis-/ and 13-cis-/all-trans-β-carotene ratios were detected, beside the 

increased 9-cis-β-carotene content. These results indicated that OsD27 enzyme may also 

isomerize the central C15,C15’ and C12,C13 double bonds (Bruno and Al-Babili 2016). 

However, OsD27 did not show any isomerization activity of 13-cis- or 15-cis-β-carotene, 
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when it was tested in vitro (Bruno and Al-Babili 2016), suggesting a high specificity for 

the C9, C10 double bond (Bruno and Al-Babili 2016). In addition, in vitro incubation of 

OsD27 with α-carotene led to the formation of two different products, 9-cis-α-carotene and 

9’-cis-α-carotene. However, the amount of 9-cis-α-carotene was significantly higher than 

that of 9’-cis-α-carotene, which means that OsD27 prefers to isomerize the 9-cis-double 

bond next to the β-ionone ring moiety than the 9’-cis-double bond  in the vicinity of the β 

-ionone ring in β-carotene (Bruno and Al-Babili 2016). Further analysis of the substrate 

specificity in vitro allowed the conclusion that OsD27 substrates are bicyclic carotenoids 

with at least one unmodified β-ionone ring, which include β-carotene, β, β-cryptoxanthin 

and α-carotene (Bruno and Al-Babili 2016). Bruno and Al-Babili (2016) also investigated 

whether OsD27 can isomerize apocarotenoids. Such an activity could mean that the 

enzyme might also provide 9-cis-β-apo-10-carotenal, the substrate of CCD8, and be 

involved in SL biosynthesis at different steps. However, OsD27 did not isomerize any of 

the apocarotenoids tested (Bruno and Al-Babili 2016).  

  So far, the mechanism of D27 isomerization reaction is still unknown. However, it has 

been proposed that OsD27 is an iron-sulfur protein, based on the inhibition of its enzymatic 

activity in  the presence of silver acetate (Harrison et al. 2015).   

1.7.3. Phylogenetic analysis of D27 and homolog proteins 

Sequence comparisons revealed the presence of homolog proteins in many plant 

species. A phylogenetic analysis of D27 and similar proteins in land plants, green algae 

and cyanobacteria showed that the D27 family is divided into three clades (Waters et al. 

2012). Clade 1 and clade 2 are only represented in land plants and have evolved by gene 

duplication from a single D27-like gene copy. Clade 3 is apparently much older and shows 
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higher sequence divergence. It is assumed that clade 3 is functionally distinct from clades 

1 and 2, indicative of long periods of sequence divergence, which further suggests that this 

group of proteins arose prior to, and is functionally distinct from, clades 1 and 2 (Waters 

et al. 2012) (Figure 7). Rice D27 protein and its orthologs from both Arabidopsis and 

medicago (Medicago truncatula) belong to clade 1 (Water et al., 2012). As mentioned 

above, land plants contain two D27 homologs, which are called D27-like clade 1 and D27-

like clade 2, with unknown enzymatic or biological function (Waters et al. 2012). 

  It should be mentioned that Arabidopsis and rice d27 mutants show a less pronounced 

more branching/high tillering phenotype, compared to ccd7 or ccd8 mutants (Figure 9) (Lin 

et al. 2009; Waters et al. 2012), which indicates that the role of D27 in SL biosynthesis 

might  be redundant and partially compensated by the activity of AtD27-like 1or AtD27-

like 2. However, it is also possible that the cis-trans-isomerization mediated by D27 can 

be also achieved non-enzymatically by light or other factors that can catalyze this reaction. 
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Figure 7. Phylogenetic analysis of D27-like proteins. 

The phylogeny is generated from the alignment of D27-like protein sequences of land 

plants, green algae, and cyanobacteria (Waters et al. 2012). 

  

  AtD27-like 1 (TIAR accession At1g64680) and AtD27-like 2 (TIAR accession 

At4g01995) display 35.29 % and 27.73 % identity at the amino acid level with AtD27 

(TIAR accession At1g03055) (Figure 10a). D27 enzymes do not show significant 

homology to any enzyme with known structure. Therefore, we show here a prediction of 

3D structure of AtD27 (Figure 8c, d), which was done using LOMETS server (Wu and 

Zhang 2007) and based on the best matching template with pdb code 2kii. AtD27 is mostly 
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composed of alpha helices and loops with possible beta-turn at some positions. The amino 

acids 1-216 could form a core where the substrate molecule might bind and the enzymatic 

reaction takes place, while the residues from 217-264 build an extended loop with an alpha 

helix (Figure 8a, b). The protein have a hydrophobic surface (marked in green in Figure 

8c), which includes a binding pocket for ligand binding (Figure 8c). 

 

(a)                                                                        

(b)                                                              (c) 
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Figure 8. Structure-based multiple sequence alignment of AtD27 homologs and prediction 

of AtD27 structure. 

(a) The predicted secondary structure of AtD27 is placed above the alignment. α: α-helix; 

T: β-turns/coils. White letters on a red background: strict identity; red letters on a white 

background in blue box: similar physiological character; black letters: variable residues; 

dots: gaps. The multiple alignment was generated using ClustalW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html), and the program ESPript 2.2 

(http://espript.ibcp.fr/ESPript/cgi-bin/ESP ript.cgi). (b) AtD27 3D structure was predicted 

using LOMETS server based on the best matching template with pdb code 2kii. (c) 

Substrate binding pocket of AtD27. 

 

 

 

 

 

 

 

 

 

Figure 9. The phenotype of rice SL biosynthetic mutants d10 and d27 in comparision with 

wild type Shiokari. The d27 mutant shows a weaker phenotype, compared to d10 mutant 

(Lin et al. 2009). 
 

 

1.7.4. Is D27 involved in ABA biosynthesis? 

It was observed that rice d27 mutant has lower ABA levels, compared to other SL 

biosynthesis mutants, indicating that D27 may contribute to ABA biosynthesis (Haider et 

al. 2018). This hypothesis was supported by increased ABA content in OsD27 

overexpression lines. In addition, it was shown that d10, d17 and d3 mutants also exhibit 

higher ABA contents, which might be explained by increased these D27 transcript levels 

in these mutants (Haider et al., 2018). In ABA biosynthesis pathway, NCEDs cleave 9-cis-

violaxanthin or 9-cis-neoxanthin to produce the ABA precursor xanthoxin, (Al-Babili and 

Bouwmeester, 2015). Hence, It is tempting to hypothesize that D27 may also isomerize all-
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trans-violaxanthin and all-trans-neoxanthin into the corresponding 9-cis-forms. However, 

in vitro assays did not support this hypothesis, and, hence, the question on how D27 activity 

impacts ABA levels remains elusive.   

1.8. Research questions and objectives 

1.8.1. Characterization of the Arabidopsis D27 enzyme 

  Initially, rice D27 enzyme was discovered as an iron-containing protein with 

unknown enzymatic activity, which is involved SL biosynthesis (Lin et al. 2009). Later, it 

was shown that OsD27 catalyzes a reversible conversion of all-trans- into 9-cis-β-carotene, 

which provides the right stereo structure of the substrate for CCD7 (Alder et al. 2012; 

Bruno and Al-Babili 2016). In addition, it was shown that OsD27 may be also involve in 

ABA biosynthesis (Haider et al. 2018). In this thesis, we aimed at characterizing the 

enzymatic activity of the Arabidopsis D27 and its biological function. In addition, we 

wanted to investigate whether AtD27 is also contributes to ABA biosynthesis in 

Arabidopsis. For this purpose, we planned to: 

1. Investigate the enzymatic activity and substrate specificity of AtD27 by using 

carotenoid-accumulating E. coli strains as in vivo system and performing in 

vitro assays with heterologously expressed enzyme.  

2. Check whether AtD27 acts on all-trans-violaxanthin/-neoxanthin and 

determine ABA content in Atd27 mutant. 

3. Study the expression pattern of AtD27 in different tissues and upon treatment 

with different hormones.  
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1.8.2. Characterization of D27 homologs 

   The genome of both rice and Arabidopsis encodes two D27 homologs D27-like 1 

and D27-like 2 with unknown function (Waters et al. 2012). The less pronounced 

phenotype of d27 mutants, compared to other SL biosynthetic mutants, indicated the 

possibility that D27-like 1 and/or D27-like 2 are true D27 orthologs that can catalyze the 

same enzymatic activity. In this thesis, we aimed at determining the enzymatic activity of 

D27-like 1 and at providing data that can help in identifying its biological function. For 

this purpose, we planned to: 

1. Investigate the enzymatic activity of rice and Arabidopsis D27-like 1 enzymes 

to test whether they are involved in SL biosynthesis or ABA biosynthesis. 

2. Transform Atd27 mutant with AtD27-like 1 to check whether overexpressing 

AtD27-like 1 can rescue the more branching phenotype of the Atd27 mutant.   

3. Generate of Atd27-like 1 mutants. 

4. Study the expression pattern of AtD27-like 1 at tissue level by generating 

promotor-reporter Arabidopsis lines. 
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Chapter 2 

2.1. Materials 

2.1.1. Chemicals and materials 

Compound Company 

Acetone 

Acetonitrile 

Agarose 

Amylose resin 

Ampicillin (Amp) 

L (+)-Arabinose 

Bacto-Agar BD Biosciences 

Benzylamino purine 

β-mercaptoethanol 

Bovine Serum Albumine (BSA) 

Catalase from bovine liver 

Chloramphenicole (Chlor) 

Chloroform (CHCl3) 

VWR International 

Fisher scientific 

Sigma-Aldrich 

New England Biolabs 

Sigma-Aldrich 

Sigma-Aldrich 

BD Biosciences 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

VWR International 
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Coomassie Brilliant Blue 

Coomassie Brilliant Blue destaining solution 

Dichloromethane (CH2Cl2) 

Diethylether (DE) 

Disodiumhydrogenphosphat (Na2HPO4) 

Ethylendiamintetraacetate (EDTA) 

Gel red stain 

HEPES 

Hygromycin 

Isopropyl-β-D-Thiogalaktopyranosid (IPTG) 

iron (II)-sulfate hexahydrate 

Kanamycin (Kan) 

Lysozyme from chicken eggs white 

Methanol (MeOH), HPLC- /LC-MS-grade 

Murashige & Skoog basal salt mixture medium 

Octyl-β-D-glucopyranosid (β-OG) 

Pacto tryptone 

Bio-Rad 

Bio-Rad 

VWR International 

VWR International 

Sigma-Aldrich 

Sigma-Aldrich 

Invitrogen 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

VWR International 

Sigma-Aldrich 

Sigma-Aldrich 

Becton, Dikinson and Co. (BD) 
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PageRuler Prestained SDS-Page Marker 

Petrolether (PE) 

Potassium ferricyanide K3[Fe(CN)₆] 

Potassium ferrocyanide K4[Fe(CN)₆] 

Rifampicin 

Silwet L-77 

sodiumdodecylsulfat (SDS) 

Sodium phosphate dibasic (HNaO4P) 

Sucrose 

SyBR safe DNA gel stain 

TAE buffer 

TBE buffer 

Tert-butylmethyl-ether (TBME), HPLC-grade 

Tetracycline  

Trihydroxymehtylaminomethan (Tris) 

Tris(2-Carboxyethyl)phosphine Hydrochloride 

Triton X-100 

Thermo scientific 

VWR International 

Sigma Aldrich 

Sigma Aldrich 

Sigma-Aldrich 

LEHLE SEEDS 

Thermo scientific 

Sigma-Aldrich 

Sigma-Aldrich 

Invitrogen 

Invitrogen 

Invitrogen 

Fisher scientific 

Sigma-Aldrich 

MP Biomedicals 

Sigma-Aldrich 

Sigma-Aldrich 



 
 

53 
 

Tween 20 

X-Gluc 

Yeast extract 

Sigma-Aldrich 

Gold Biotechnology 

Sigma-Aldrich 
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2.1.2. Carotenoids and apocarotenoids 

 

Carotenoids and apocarotenoids Company 

all-trans-β-carotene 

all-trans-α-carotene 

all-trans-neoxanthin 

all-trans-violaxanthin 

all-trans-lutein 

all-trans-cryptoxanthin 

9-cis-β-apo-10’-carotenal 

9-cis-α -apo-10’-carotenal 

3-OH-9-cis-β-apo-10’-carotenal 

3-OH-9-cis-α -apo-10’-carotenal 

9-cis-β-carotene 

13-cis-β-carotene 

15-cis-β-carotene 

Sigma-Aldrich 

Caronature 

Caronature 

Caronature 

Caronature 

Caronature 

Buchem 

Buchem 

Buchem 

Buchem 

Carotenature 

Carotenature 

Carotenature 
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2.1.3. Enzymes and kits 

 

Enzymes and kits Company 

Clone pJET PCR Cloning 

DNase I, Amplification Grade 

dNTP 

DTT (Dithiothreitol) 

Gateway® LR Clonase® II Enzyme mix 

Gel extraction Kit 

iScript™ cDNA Synthesis 

LR Clonase II 

10x loading buffer 

1 Kb Plus DNA Ladder 

Nu PAGE LDS sample buffer 4x 

One Shot® TOP10 Chemically Competent E. coli 

Power SYBR® Green PCR Master Mix 

Thermo Fisher Scientific 

Invitrogen 

New England Biolabs 

Thermo Fisher Scientific 

GoldBio 

Thermo Fisher Scientific 

Bio-Rad 

Bio-Rad 

Invitrogen 

Invitrogen 

life technologies 

Invitrogen 

Thermo Fisher Scientific 
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Phusion ® High-Fidelity DNA Polymerase 

Plant RNA Purification Reagent  

Plasmid Midiprep Kit 

Plasmid Miniprep Kit 

Restriction enzymes 

RNeasy kit 

T4-DNA-ligase 

T7 Endonuclease 1 

Taq-DNA-Polymerase 

New England Biolabs 

Zymo 

Qiagen 

Qiagen 

New England Biolabs 

Qiagen 

life technologies 

New England Biolabs 

life technologies 
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2.1.4. Primers 

NO# Experiment Primer name Sequence (5′–3′) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

qRT-PCR 

analyses 

 

AtD27-q-for 

AtD27-q-rev 

AtD27-like 1-q-for 

AtD27-like 1-q-rev 

AtMAX3-q-for 

AtMAX3-q-rev 

AtMAX4-q-for 

AtMAX4-q-rev 

AtMAX1-q-for 

AtMAX1-q-rev 

AtD14-q-for 

AtD14-q-rev 

AtACTIN-q-for 

AtACTIN-q-rev 

  agtggatacggcaactagggt 

tctgaaggtccaacaagcca 

ggttggtccatctcaggtca 

gggttcatggtgagtgggag 

tggcgacgacaaactactcc 

tgttccacccgtttagaggc 

tgatgctgcacatatccatcg 

gttttacccgatgctaggatc 

gggtttgggaaccgtgatct 

agcagtttcccttgcaacca 

acggcgaaggatgtttctgt 

ctaagctgcggcaaatgtcc 

aagctggggttttatgaatgg 

ttgtcacacacaagtgcatcat 
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15 

16 

17 

 

 

18 

AtD27 promoter-

NLS-GUS lines 

AtD27-like 1 

promoter-NLS-

GUS lines 

AtD27-Pro-for 

AtD27-Pro-rev 

AtD27-like 1-Pro-for 

 

AtD27-like 1-Pro-rev 

 

tataggcgcgccagttttcaggtttgagaa 

gcgcttaattaaatcttttgtttttttttt 

tataaggcgcgccggggtctaaaactacaa

g 

 gcgcttaattaaccctaccaacctccatca 

 

19 

20 

 

AtD27-like 

1 overexpression 

restored Atd27 

lines 

AtD27-like 1-ent-for 

AtD27-like 1-ent-rev 

 

caccatggcggcataagctagt 

tcatgcctctagtttagggcag 

 

21 

 

22 

 

23 

 

24 

AtD27-like 1 

protein 

purification  

OsD27-like 

1 protein 

purification 

 

AtD27-like1–MBP-for 

AtD27-like1 –MBP-rev 

OsD27-like1–MBP-for 

OsD27-like1–MBP-rev 

ccagggagcagcctcgtgtggcattgcag

aaccgtcaggtg 

gcaaagcaccggcctcgttaggcttccagt

ttcgggcagatcggag 

ccagggagcagcctcgtgtgccgcaaccg

ccccggcac 

 

gcaaagcaccggcctcgttacgtttgcagtt

tcgggcagatcggtgc 

25 

26 

AtD27-like 1 

knock out lines 

(CRISPR-Cas9) 

AtD27-like 1- gRNA -for 

AtD27-like 1-gRNA-rev 

attgggcgacgtagcactcgatg 

aaacatcgagtgctacgtcgcct 
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27 

28 

29 

30 

31 

32 

 

 

Atd27-like 1 

knock out lines 

(CRISPR-Cas9) 

U6-26p- for 

U6-26p- rev 

AtD27-like 1-PCR -for 

AtD27-like 1-PCR -for 

AtD27-like 1-seq -for 

AtD27-like 1- seq -rev 

tgtcccaggattagaatgattaggc 

ccccagaaattgaacgccgaagaac 

gatggtggtagggaagaaga 

aagctctcgtaatcgtactcc 

caacgagggcgagagat 

ccttcgtgtccttcttcttct 

 

2.1.5. Vectors & plasmids  

Name Source Description 

pENTR-D-TOPO 

pET-His6-MBP  

pTHIO-DAN-1 

 

pGIIbar-pLORELEI 

pMDC32 

pUC57-AtD27(-cTP) 

Life Technology 

(Kitagawa et al. 2014) 

(Trautmann et al. 2013) 

 

(Groß-Hardt et al. 2007) 

 TAIR 

Genscript 

Cloning vector 

IPTG iducible expression 

Vector Arabinose inducible 

expression vector                          

NLS:GUS reporter vector 

2x35s- propoter 

Binary vector 
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pUC57-AtD27-like 1(-cTP) 

pHEE401 

Genscript 

(Wang et al. 2015) 

Binary vector 

CRISPR 

                     

2.1.6. Bacteria 

2.1.6.1. Strains 

Strains Description 

TOP10  

commercial 

Invitrogen 

One Shot TOP10 Chemically Competent E. coli were provided 

at a transformation efficiency of 1 x 109 cfu/µg plasmid DNA 

and were ideal for high-efficiency cloning and plasmid 

propagation. They allow stable replication of high-copy number 

plasmids.  

BL21 (DE3)  

Sigma-Aldrich 

 

This E. coli strain BL21 was transformed with the plasmid for 

overexpression of the chaperone-system. Expression of the 

chaperone system is induced by L(+)-arabinose. The system was 

used for the expression of AtD27, AtD27-like 1, AtD27-like 2 and 

OsD27-like 1.  

GV3101 

 

This Agrobacterium strain was used for Arabidopsis 

transformation.   
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Engineered, 

carotenoid-

accumulating E. 

coli strains  

Genetically modified E. coli strains accumulating β-carotene, 

zeaxanthin and lycopene which are used for in vivo test system 

and kindly provided by Prof. Salim Al-Babili.  

 

2.1.6.2. Media 

Name Components 

Luria-Bertani (LB) 

-media (1 L) 

Bacto-Peptone 10 g 

Bacto-Yeast extract 5 g 

NaCl 10 g 

pH 7.5 

2 YT-media (1 L) Bacto-Tryptone 16 g 

Bacto-Yeast extract 10 g 

NaCl 5 g 

pH 7.5 

 

2.1.6.3. Antibiotics final concentrations 

Ampicillin 50 μg / ml 

Chloramphenicol 34 μg / ml 

Kanamycin 50 μg / ml 
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Tetracycline 25 μg / ml 

2.1.7. Arabidopsis 

2.1.7.1. Media 

 Half MS media  (1L)                                             

½ MS 2.15 g, pH 5.8 

 Modified Half-strength Hoagland Medium (1L)  

Salt Final concentration 

(mM) 

Micronutrients Final concentration 

(mM) 

NH4NO3 

FeSO4.7H2O  

CaCl2 

Na2EDTA.2H2O  

MgSO4*7H2O 

K2HPO4.2H2O 

K2SO4 

5.6 

0.18  

1.6 

0.18 

0.8 

0.4 

0.8 

H3BO3 

MnCl2*4H2O 

ZnCl2CuSO4*5H2O 

Na2MoO4.2H2O 

 

23 

4.5 

1.5 0.3 

0.1 

 

 

2.1.7.2. Antibiotics final concentrations  

BASTA 10 μg / ml 

Hygromycin 50 μg / ml 
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2.1.7.3. Lines 

2.1.7.3.1. Wild type 

 Arabidopsis Colombia-0, wild type Col-0  

 Arabidopsis Landsberg erecta, wild type Ler-0  

2.1.7.3.2. Mutant lines 

 Atd27-mutant line in wild type Col-0 background (Waters et al. 2012) 

 Atd27-like 1- mutant line in wild type Ler-0 background provided by Prof. Mark 

Waters. 

 Atd27-like 2- mutant line in wild type Col-0 background, Salk_002182. 

 Atd27-Atd27-like 2- double mutant line in wild type Col-0 background, 

Salk_002182. 

2.1.7.3.3. Transgenic lines  

Overexpression lines 

 AtD27-like 1 overexpression lines (AtD27-like 1-OE) (OE1,OE2,OE3,OE4,OE5) 

were generated by introducing the plasmid pMDC32-AtD27-like 1 in wild type Col-

0 background.  

 Atd27 - mutant lines restored with AtD27-like 1 were generated by introducing the 

plasmid pMDC32-AtD27-like 1 into Atd27-mutant line in wild type Col-0 

background.  

Reporter lines 

 AtD27 - reporter lines were generated by introducing the pGIIbar-pLORELEI-

AtD27 p in wild type Col-0 background.  

 AtD27-like 1 - reporter lines were generated by introducing the pGIIbar-

pLORELEI-AtD27-like 1 p in wild type Col-0 background.  
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Knockout lines by CRISPR-Cas9 system 

 Atd27-like 1- Knockout lines (Atd27-like 1-KO) were generated by introducing the 

pHEE401-AtD27-like 1 in wild type Col-0 background to obtain Atd27-like 1 single 

mutant. 

 Atd27-like 1- Knockout line (Atd27-like 1-KO) were generated by introducing the 

pHEE401-AtD27-like 1 in Atd27-mutant (Col-0) background to obtain Atd27/ 

Atd27-like 1 double mutant. 

 Atd27-like 1- Knockout line (Atd27-like 1-KO) were generated by introducing the 

pHEE401-AtD27-like 1 in Atd27-like 2-mutant (Col-0) background to obtain 

Atd27-like 1/ Atd27-like 2 double mutants. 

 Atd27-like 1- Knockout line (Atd27-like 1-KO) were generated by introducing the 

pHEE401-AtD27-like 1 in Atd27-AtD27-like 2-double mutant (Col-0) background 

to obtain Atd27/ Atd27-like 1/ Atd27-like 2 triple mutants. 

Note: all these lines were generated using Agrobacterium tumefaciens strain GV3101 (see 

2.2.2.2.) by floral dip method, stable transformation (see 2.2.3.2). 

 

2.2. Methods 

2.2.1. Nucleic acid methods 

2.2.1.1. Isolation of nucleic acids 

 Small-scale preparation of plasmid DNA was performed with plasmid Miniprep 

Kit according to the instructions of the manufacturer (Qiagen). 

 Large-scale preparation of plasmid DNA was carried out using plasmid Midiprep 

Kit according to the instructions of the manufacturer (Qiagen). 
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2.2.1.2. RNA extraction 

  RNA isolation was carried out using the Plant RNA Purification Reagent 

according to the protocol of the manufacturer (Qiagen). Further purification and DNase 

digestion were carried out with the RNeasy Kit according to the instructions of the 

manufacturer. 

2.2.1.3. cDNA synthesis 

   Five micrograms of total RNA were used for cDNA synthesis using the Bio-Rad 

iScript cDNA synthesis kit according to the instructions of the manufacturer. 

2.2.1.4. PCR 

   All PCR reactions were either performed with Phusion High-Fidelity DNA 

Polymerase or Taq-Polymerase according to the instructions of the manufacturer. 200 ng 

of genomic DNA, 50 ng of plasmid DNA or 2 μl of cDNA were used as a template for 50 

μl PCR reaction (Bio-Rad).   

2.2.1.5. Quantitative real-time PCR analysis 

  Quantitative real-time PCR analysis (qRT-PCR) analysis was performed using the 

SsoAdvanced™ Universal SYBR® Green Supermix following the manufacturer’s 

instruction, and running the StepOnePlus™ Real-Time PCR System. The Actin gene was 

used as an endogenous control, and quantitative relative expression values were calculated 

according to the 2−ΔΔCt method and presented as the fold change (Livak and Schmittgen 

2001). Primer sequences used for qRT-PCR are listed in (2.1.4).  

2.2.1.6. Separation of nucleic acids    

   DNA or PCR product separation was performed by Agarose gel electrophoresis 

using TBE or TAE-buffer with 6x load buffer (Sambrook et al. 1989). 1- 2% agarose (w/v) 
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Gels were prepared based on the size of DNA fragments expected. After boiling and 

cooling down of the agarose, 10 μl of Gel red or SyBR safe DNA gel stain were added to 

100 ml gel. To estimate DNA size, 1Kb plus DNA Ladder was used (Invitrogen). The DNA 

Ladder contains the following 12 discrete fragments (in base pairs): 12000, 5000, 2000, 

1650, 1000, 850, 650, 500, 400, 300, 200, 100. 

2.2.1.7. Oligonucleotide phosphorylation and annealing 

   Two designed oligos of the target sequence of AtD27-like 1 (see 2.1.4. primers NO 

# 25, 26) were phosphorylated.  

100 μM oligo stock                    2 μL 

 

10X T4 DNA ligase buffer        2 μL       

 

T4 Polynucleotide Kinase          1 μL 

 

Sterile water                               5 μL 

 

Total                                           10 μL 

Total reaction was incubated at 37◦C for 30 min. The phosphorylated oligos were mixed 

and annealed in a thermal cycler with the following conditions: 95◦C for 5 min. Ramp to 

25◦C at 5◦C/min. 

2.2.1.8. T7 endonuclease 1 (T7E1) assay 

   CRISPR/Cas9 mutation of AtD27-like 1 was detected by T7E1 assay (New 

England Biolabs). The genomic DNA of single guide RNA (sgRNA-AtD27-like 1) was 

PCR amplified with primers NO # 29, 30 and extracted from agarose gel. PCR amplicons 

were denatured, renatured by the following steps: 

DNA, PCR amplified      10 μL (150 ng) 

 

NEB 2 buffer                   2 μL 
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Sterile water                    3 μL 

  

Total                                15 μL  

 

Total reaction was incubated at 95◦C for 5 min. Ramp to 25◦C at 5◦C/ 3 min at 95◦C. 

Reaction was treated with T7EI: 

The renatured reaction    15 μL 

T7E1 enzyme                  0.5 μL 

   

NEB 2 buffer                   2 μL 

 

Sterile water                    1.3 μL 

  

Total                                17 μL 

 

Reaction was incubated 37◦C for 1 hour and analyzed by gel electrophoresis. 

 

2.2.1.9. Gene cloning 

2.2.1.9.1. OsD27 

 pThio-Dan1-OsD27 

Provided by Prof. Salim Al-Babili. 

2.2.1.9.2. AtD27  

 pUC57-AtD27 was synthesized (Genscript) which contains AtD27 cDNA, without 

chlorophyll Transit Peptide (-cTP) flanked by EcoRI restriction enzyme.  

 pThio-Dan1-AtD27 was generated by excision of the coding region for AtD27 from 

pUC57-AtD27 with EcoRI and ligated into EcoRI digested and dephosphorylated 

(Trautmann et al. 2013). 

 pGIIbar-pLORELEI-AtD27 p was generated by PCR-amplified  1.1 Kb of 

AtD27 promoter sequence from Arabidopsis Col-0 genomic DNA using primers 
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NO # 15,16. The obtained fragment was digested with AskI and PacI, and ligated 

into AskI/PacI digested pGIIbar-pLORELEI vector (Groß-Hardt et al. 2007). 

2.2.1.9.3. AtD27-like 1  

 PUC57-AtD27-like 1 was synthesized (Genscript) which contains AtD27-like 1 

cDNA, without chlorophyll Transit Peptide (-cTP) flanked by EcoRI restriction 

enzyme.  

 pThio-Dan1-AtD27-like 1 was generated by excision of the coding region for 

AtD27-like 1 from pUC57-AtD27-like 1 with EcoRI and ligated into EcoRI digested 

and dephosphorylated pThio-DanI vector (Trautmann et al. 2013). 

 pET-His6 MBP-AtD27-like 1, maltose-binding protein (MBP)-fusion protein was 

generated by PCR-amplified full-length AtD27-like 1 cDNA from pThio- AtD27-

like 1-His using primers NO # 21,22 and cloned into the pET-His6 MBP 

N10 TEV LIC cloning vector (2C-T vector; http://www.addgene.org/29706/) with 

6xHis and MBP tags at the N-terminus (Kitagawa et al. 2014). 

 pGIIbar-pLORELEI-AtD27-like 1 p was generated by PCR-amplified 1.2 Kb of 

AtD27-like 1 promoter sequence from Arabidopsis Col-0 genomic DNA using 

primers NO # 17,18. The obtained fragment was digested with AskI and PacI, and 

ligated into AskI/PacI digested pGIIbar-pLORELEI vector (Groß-Hardt et al. 

2007). 

 pENTR/D-TOPO-AtD27-like 1 coding region for AtD27-like 1 was amplified from 

Arabidopsis Col-0 cDNA with primers NO # 19,20 and cloned into pENTR/D-

TOPO according to the instructions of the manufacturer. 

 pMDC32-AtD27-like 1 was generated by excision of AtD27-like 1 coding region 

from pENTR/D TOPO-AtD27-like 1 and cloned into pMDC32 by using a Gateway 

http://www.addgene.org/29706/
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compatible system with LR clonase according to the instructions of the 

manufacturer. 

 pHEE401-AtD27-like 1 was generated by ligated the phosphorylated target 

sequence of AtD27-like 1 (primers NO # 25,26) into pHEE401 vector (Wang et al. 

2015). 

2.2.1.9.4. OsD27-like 1  

 

 pThio-Dan1-OsD27-like 1 was generated by excision of the coding region for 

OsD27-like 1 from pUC57-OsD27-like 1 with EcoRI and ligated into EcoRI 

digested and dephosphorylated pThio-DanI vector (Trautmann et al. 2013). 

 pET-His6 MBP-OsD27-like 1, maltose-binding protein (MBP)-fusion protein was 

generated by PCR-amplified full-length OsD27-like 1 cDNA (Os08g0114100, 

annotated in RAP-DB) from pThio-OsD27-like 1-His using primers NO 23, 24 and 

cloned into the pET-His6 MBP N10 TEV LIC cloning vector (2C-T 

vector; http://www.addgene.org/29706/) with 6xHis and MBP tags at the N-

terminus (Kitagawa et al. 2014). 

2.2.1.10. DNA sequencing 

All sequencing reactions were performed at the Bioscience, Core lab, KAUST, 

Thuwal, KSA. 

2.2.2. Bacterial transformation methods 

2.2.2.1. E. coli TOP10 competent cells transformation   

 Five microliters of the plasmid or ligation reaction were added directly to 50 µl of 

commercial E. coli TOP10 competent cells, tubes were mixed by tapping gently. The tubes 

were incubated on ice for 30 min, incubated for 40 sec in 42◦C water bath, and then placed 

on ice for 2 min. Further, 250 µl of Super Optimal broth Catabolite repression (S.O.C) 

http://rapdb.dna.affrc.go.jp/viewer/gbrowse_details/irgsp1?name=Os08g0114100
http://www.addgene.org/29706/
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media (Thermo Fisher Scientific) was added to the tubes which were incubated at 37◦C for 

1 h in a shaker. Cells were collected by spinning briefly and spread in LB agar with the 

corresponding antibiotic.  

2.2.2.2. Transformation of Agrobacterium tumefaciens 

   To transform pGIIbar-pLORELEI-AtD27p, pGIIbar-pLORELEI-AtD27-like 1p 

and pHEE401: AtD27-like 1 constructs into Agrobacterium, freeze and thaw method was 

used for Agrobacterium tumefaciens, GV3101 strain. 100-200 ng of the plasmid or ligation 

reaction were added into 50 µl of Agrobacterium competent cells. Mixture was incubated 

on ice for 30 min, transferred to liquid nitrogen for 5 min, incubated further in 37◦C for 5 

min and, 1 ml of S.O.C media was added into the mixture. Then, tubes were incubated at 

30◦C for 2-4 h. Cells were collected by spinning briefly and spread in LB agar plate with 

5 mg of tetracycline antibiotic and 50 mg of kanamycin antibiotic and incubated in 30◦C 

for 2-3 days.  

  To transform pMDC32:AtD27 and pMDC32:AtD27-like 1 constructs, electroporation 

method was used for Agrobacterium tumefaciens (GV3101 strain) transformation, 100-200 

ng of the plasmid or ligation reaction were added into 50 µl of Agrobacterium competent 

cells. Mixture was incubated on ice for 30 min and, transferred to 0.2-cm gap 

electroporation cuvette. Dry the cuvette and fit it into the cuvette holder. Two pulses were 

applied to deliver the electric pulses to the cells. Immediately add 500 μL of the growth 

medium S.O.C to the cuvette. Then, tubes were incubated at 28◦C for 2-4 h. Cells were 

collected by spinning briefly and spread in LB agar plate with 25 mg of rifampicin, 50 mg 

gentamycin and 50 mg of kanamycin antibiotic which is the antibiotic for the vector, cells 

were incubated in 28◦C for 2-3 days. 

https://www.thermofisher.com/order/catalog/product/15544034
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Sterile antibiotics were added to autoclaved media when bacteria were inoculated. For agar 

plates, 10 g of agar (BD Biosciences) was added to one-liter LB-media and autoclaved. 

After cooling down to approximately 50◦C, the antibiotics were added. 

2.2.3. Plants methods 

2.2.3.1. Arabidopsis seeds sterilization 

   Seeds of Arabidopsis were sterilized using 50% bleach (v/v) for 10 min, followed 

by washing 3-5 times with sterile distilled water and, stratified for 2 days in dark at 4◦C. 

2.2.3.2. Transformation of Arabidopsis thaliana  

   Transformation of Arabidopsis thaliana was performed by floral dip method 

(Clough and Bent 1998). Plants were grown under long day condition (16 h light/ 8 h dark) 

until the mature flowering stage. Agrobacterium tumefaciens strain GV3101 that carrying 

the positive clones of binary vector was grown in 3 ml of LB broth media with proper 

antibiotics at 28◦C. Overnight cultures were inoculated further in 200 ml LB broth media 

with proper antibiotics and incubated at 28◦C till an OD600 of 0.5. Cells were harvested by 

centrifugation for 15 min at 15000 rpm and resuspended with 200 ml of floral dip 

inoculation medium (Clough and Bent 1998) which contained ½ MS medium, 0.5% 

Sucrose, 0.05% Silwet L-77, 44 µM Benzylamino purine, pH adjusted to 5.7. For a floral 

dip, plants were inverted and dipped in a floral dipping medium for 5-10 sec and then 

removed gently. Further, plants were incubated overnight in the dark. Plants were grown 

for further 3 to 5 weeks until dry, then seeds were ready to be harvested. 

2.2.3.3. Selection of transgenic plants                                                                                  

   Seeds of transformed plants were harvested and sterilized. Seeds were sown in 1% 

agar containing ½ MS medium with the corresponding antibiotic. Seeds were stratified for 

2 days in dark at 4◦C. Then, seeds were transferred to a growth chamber at 22◦C for 16 h 
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light/ 8h dark. After 7-10 days, selection was performed, antibiotics-resistant transformants 

(BASTA 10 μg/ml, Hygromycin 50 μg/ml) were identified by selecting the grown 

seedlings under the antibiotic mixture. 

2.2.3.4. Plant material and growth conditions 

   The wild type Arabidopsis ecotype Columbia (Col-0) was used in this study. To 

quantify carotenoids in light, seedlings were grown on half-strength Murashige and Skoog 

basal salt (MS) medium for 14 days at 22°C, 16-h-light/ 8-h-dark. To quantify carotenoids 

in dark, seedlings were first grown on half-strength MS medium for 12 days at 22◦C, 16-

h-light/8-h-dark and then transferred into dark for another 2 days.  

  To quantify ABA, seedlings were grown on half-strength MS medium for 3 weeks at 

22◦C, 16-h-light/8-h-dark. Shoot and root tissues were separated and collected for ABA 

extraction. 

  To evaluate transcript levels under phosphate deficient conditions, Arabidopsis Col-0 

seedlings were grown for four weeks in the designed box as described (Conn et al. 2013) 

with a modified half-strength Hoagland nutrient solution (see 2.1.7.1). The nutrient 

solution replaced twice a week. After four weeks, the seedlings were transferred into the 

50 ml black tubes and grown further for another two weeks. Then seedlings were subjected 

to phosphate deficiency for another one week by replacing with a phosphate 

(K2HPO4.2H2O) free nutrient solution while some seedlings were continued to grow in the 

normal nutrient solution. Plants were grown in the growth chamber (Percival) under a 

22◦C, 10-h-light/14-h-dark, 55 % humidity and 100 µmol m-2 s -1 light intensity. 
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2.2.3.5. GUS staining 

   The resulting plasmids, pAtD27:NLS-GUS and pAtD27-like 1:NLS-GUS were 

transformed into wild type Col-0 plants, separately, mediated by Agrobacterium strain 

GV3101 using the floral dip method. More than three independent T2 transformation lines 

were tested for GUS (β-glucuronidase) staining and a representative line containing a 

single transgene was confirmed to be homozygous and used for subsequent analysis. GUS 

staining was performed as described (Jefferson et al. 1987) and plant tissues were examined 

by a microscope (Axioplan Observer.Z1, Carl Zeiss GmbH, Germany) with a digital 

camera (Axio Cam MRC, Carl Zeiss Microimaging GmbH, Göttingen, Germany). 

2.2.4. Protein methods 

2.2.4.1. Protein expression and purification 

   The obtained plasmid, pET-MBP-AtD27-like 1 or pET-MBP-OsD27-like 1 was 

transformed into E. coli BL21 (DE3) cells. The cells were grown in LB broth containing 

ampicillin (100 mg/ml) at 37◦C until an OD600 of 0.5, and expression was induced with 0.1 

mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 16◦C for 16 h under shaking. 

Harvested cells were resuspended in lysis buffer: 50 mM Tris–HCl (pH 8.0), 200 mM 

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

(10 min), 2 sec ON, 1 sec OFF) on ice for 10 min, the lysate was centrifuged at 25,000 rpm 

for 30 min at 4◦C. Further, the supernatant was allowed to bind to MBP-beads-Amylose 

Resin (New England Biolabs) for 2 h at 4◦C. Then, washed 3 times with buffer (50 mM 

Tris–HCl (pH 8.0), 200 mM NaCl, 2 mM DTT) for 15 min each at 4◦C and eluted with 50 

mM maltose monohydrate after shaking for 30 min at 4◦C. Purified fusion protein MBP- 
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AtD27-like 1 and OsD27-like 1 were concentrated using an Amicon 10K filter unit (Merck 

Millipore). Purification was monitored by SDS-PAGE analysis.  

2.2.4.2. Enzymatic assays 

2.2.4.2.1. In vivo assays 

   Zeaxanthin, Lycopene and β-carotene accumulating E. coli strains were 

transformed either with the corresponding pThio-Dan1 plasmid or with the void plasmid 

pBAD-THIO (Invitrogen). Initially, positive clones were grown overnight at 37◦C in 3 ml 

of LB medium containing ampicillin and kanamycin. Then, 3 ml of overnight cultures were 

inoculated to 50 ml of LB medium and incubated at 37◦C until an OD600 of 0.5. 

Thioredoxin- corresponding protein expression (AtD27 or AtD27-like 1 or OsD27-like 1) 

was induced by 0.2% of arabinose (w/v), and cultures were incubated further for 6 h at 

28◦C. During the whole growth duration, flasks of cultures were covered with aluminum 

foil to prevent isomerization that caused by light. Cultures were harvested by centrifugation 

at 4000 rpm for 15 min, 5 ml of acetone were added to the harvested pellets, followed by 

sonication (3 times each 5 sec). After centrifugation for 10 min at 4000 rpm, the 

supernatants containing organic compounds were dried in a vacuum centrifuge. Dried 

samples were dissolved in 1 ml chloroform (CHCL3), filtered through 0.2 μM filters and 

dried again using a vacuum centrifuge. Dried samples were re-dissolved in 80 µl CHCL3 

and subjected to HPLC analysis with system 1, system 2 and system 3. 

2.2.4.2.2. Enzymatic assays with crude and purified enzymes 

2.2.4.2.2.1. Crude protein purification 

   For crude protein purification, the corresponding pT plasmids (pThio-Dan1-

AtD27, pThio-Dan1-AtD27-like 1 and pThio-Dan1-OsD27-like 1) were transformed into 

BL21 (DE3) E. coli cells harboring the plasmid pGro7 (Takara Bio Inc.) that codes for 
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chaperons system under the control of an arabinose-inducible promoter. Positive clones 

were grown overnight in 3 ml 2YT medium. (containing 1.6 % (w/v) tryptone, 0.5 % (w/v) 

NaCl, 0.2 % (w/v) glucose and 1 % (w/v) yeast extract), overnight cultures were inoculated 

into 50 ml of 2YT medium and incubated at 37°C till an OD600 of 0.5. Cultures were 

induced with 0.2% arabinose, then grown for 4 h at 28°C. Cells were harvested by 

centrifugation for 15 min at 4000 rpm, and pellets were re-suspended with 1 ml of lysis 

buffer which contains 1mg/ml lysozyme, 0.1M PBS, 1mM DTT and 0.1% Triton X-100 

and incubated on ice for 30 min, then centrifuged for 10 min at 15000 rpm. The obtained 

supernatant corresponds to the enzyme-containing soluble fraction (crude lysate). 

2.2.4.2.2.2. Substrate preparation 

   Synthetic all-trans, 9-cis, 13-cis, 15-cis-β-carotene, α-carotene, Lutein, 

Violaxanthin, Neoxanthin, 9-cis-β-apo-10’-carotenal, 9-cis-3-OH-β-apo-10’-carotenal, 9-

cis-α-apo-10’-carotenal and 9-cis-3-OH-α-apo-10’-carotenal were obtained from 

carotenature (Lupsingen, Switzerland) or Buchem (The Netherlands). Zeaxanthin and 

lycopene were isolated from engineered carotenoid accumulating E. coli strains (Prado-

Cabrero et al. 2007). Carotenoid substrates were quantified with UV Spectrophotometer 

Spectrophotometer (Hitachi-U-2910) according to their molar extinction coefficients 

deduced from (Britton 1995).  

2.2.4.2.2.3. In vitro assays 

   Assays were performed in a total volume of 200 µl. Calculated amounts of 

substrates 60µM in CH2CL2 were dried and dissolved in 50 μl of ethanolic Triton X-100 

(0.4%, v/v), substrate detergent mix was dried using a vacuum centrifuge and resuspended 

in 50 μl water, 100 μl of the incubation buffer containing (0.22 mM FeSO4, 2 mM TCEP, 
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200 mM HEPES pH 8, and 2 mg/ml catalase) was added to the prepared substrate. Crude 

Assays were performed by adding 50 μl of the prepared soluble protein (see 2.2.4.2.2.1.) 

to the mixture of substrate and incubation buffer. Assays were incubated at 28◦C for 30 

min shaking at 200 rpm in dark. Extraction was performed by adding two volumes of 

acetone, 3 times each 5 sec of sonication were applied, then, two volumes of 

petroleum/diethyl ether (4:1, v/v) were added. After vortex and short centrifugation, the 

upper layer which contains organic compounds was dried in a vacuum centrifuge. Dried 

samples were dissolved in 1 ml CHCL3, filtered by 0.2 μM filters, dried using vacuum 

centrifuge, and dried samples were re-dissolved in 80 µl CHCL3 and subjected to HPLC 

analysis with system 1, 3 and 4. 

 In vitro assays with purified protein were conducted at a protein concentration of 

250 ng/µl (MBP-AtD27-like 1, MBP-OsD27-like 1). Purified protein was added in 

a volume of 100 μM to the assay buffer containing substrate and detergent, and 

prepared as described above.  

2.2.4.2.2.4. Chemical inhibition assay 

  As previously described (Harrison et al. 2015), silver acetate was used as an 

inhibitor for iron-sulfur cluster. Silver acetate was dissolved in water, and a total of 2 µl 

was added to in vitro assays to give a final concentration of 100 µM. Inhibitor was pre-

incubated with enzyme for 10 min prior to the addition of 9-cis-β-carotene substrate. 

Inhibition was calculated from peak areas determined by integration compared to control 

assays. 

2.2.5. Metabolite method 

2.2.5.1 Extraction of lipophilic compounds 
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2.2.5.1.1. Carotenoid extraction from Arabidopsis  

Arabidopsis tissues were lyophilized overnight and grounded. About 10 mg of dry 

weight tissues was used for extraction. Initially, 2 ml acetone was added, and samples were 

vortexed, sonicated for 5 min and centrifuged for 10 min at 3800 rpm. Then, supernatant 

was transferred to a new tube, and extraction was repeated for the pellets. The combined 

supernatants were dried with the vacuum centrifuge. Dried samples were dissolved in 1 ml 

CHCl3, filtered through 0.2 μm filters and dried using a vacuum centrifuge. Dried samples 

were re-dissolved in 200 µl CHCl3 and subjected to HPLC analysis with system 5. Relative 

carotenoid amounts were calculated from peak areas determined by integration. 

2.2.5.1.2. ABA extraction 

 Arabidopsis seedlings were lyophilized and ground in a bead beater (Biospec Products, 

Bartlesville, Okla., USA). About 5 mg dry weight of powdered tissues was extracted with 

600 μl of 10% methanol containing 1% acetic acid and internal standard (1 ng of 2H6-

ABA, purchased from OlchemIm Ltd., Olomouc, Czech Republic) in the bead beater for 1 

min, followed by the incubation on ice for 45 min. After centrifugation at 13,000 rpm for 

8 min at 4◦C (Eppendorf centrifuge 5424, Hamburg, Germany), the supernatant was 

transferred to new tubes. The supernatants were filtered through 0.22 µm PTFE filters, 

before LC-MS/MS analysis.  

2.2.6. Chromatographic methods 

2.2.6.1. UHPLC analyses 

   UHPLC analyses of carotenoids and apocarotenoids were carried out on UHPLC 

ultimate 3000 system equipped with UV detector and autosampler. For carotenoid analysis 

five HPLC-systems were employed: 

Separation system 1: 
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  Used for in vivo and in vitro assays with AtD27, AtD27-like1 and OsD27-like 1 to detect 

β-carotene. Separation was performed on a reversed phase YMC C30 column (150 × 3 mm, 

5 μm, YMC Europa, Schermbeck, Deutschland) maintained at 30◦C with mobile phases 

consisted of MeOH/TBME (1:1, v/v, A) and MeOH/H2O/TBME (5:1:1, v/v/v, B). The 

eluting gradient program for β-carotene was as follows: 0 - 20 min, 20% - 100% A, 

followed by washing with 100% A and the equilibration with 20% A.  

Separation system 2: 

  Used for in vivo assays with AtD27, AtD27-like1 and OsD27-like 1 to detect lycopene. 

Separation was performed on a reversed phase YMC C30 column (150 × 3 mm, 5 μm, YMC 

Europa, Schermbeck, Deutschland) maintained at 30◦C with mobile phases consisted of 

MeOH/TBME (1:1, v/v, A) and MeOH/H2O/TBME (5:1:1, v/v/v, B). The eluting gradient 

program for β-carotene was as follows: 0 - 20 min, 20% - 100% A, followed by washing 

with 100% A and the equilibration with 20% A.  The eluting gradient program for lycopene 

started from 70% A and increased to 100% A within 20 min, followed by washing with 

100% A and the equilibration with 70% A. 

Separation system 3: 

  Used for in vivo assays with AtD27, AtD27-like1 and OsD27-like 1 to detect zeaxanthin, 

and for in vitro assays with AtD27, AtD27-like1 and OsD27-like 1 to detect α-carotene, 

lutein, violaxanthin, and neoxanthin. Chromatographic separation was performed on a 

reversed phase YMC C18 column (150 × 3 mm, 5 μm; YMC Europa, Schermbeck, 

Deutschland) maintained at 30◦C was used. Mobile phases were MeOH/TBME (1:1, v/v, 

A) and MeOH/H2O/TBME (30:10:1, v/v/v, B). The column was used to separate 

zeaxanthin, α-carotene, lutein, violaxanthin, and neoxanthin with a gradient of increasing 
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of 24 min form 30% to100% A 70 % B, washing of 1 min with 100% A, and the 

equilibration of 8 min with 30% A.  

Separation system 4: 

  Used for in vitro assays with AtD27, AtD27-like1 and OsD27-like 1 to detect 

apocarotenoids. Chromatographic separation was performed on a reversed phase YMC C18 

column (150 × 3 mm, 5 μm; YMC Europa, Schermbeck, Deutschland) maintained at 30°C 

was used. Mobile phases were MeOH/TBME (1:1, v/v, A) and MeOH/H2O/TBME 

(30:10:1, v/v/v, B). Apocarotenoids were eluted from HPLC column with the gradient from 

0 % to 100 % A within 24 min, maintaining the final conditions for 1 min and equilibration 

of column for 8 min. 

Separation system 5: 

  Used for total carotenoid analysis from Arabidopsis tissues. Separation was performed by 

using a reversed-phase YMC C30 column (150 × 3 mm, 5 μm, YMC Europa, Schermbeck, 

Deutschland) maintained at 30◦C with a gradient from 25 % to 100 % A (A, MeOH/TBME, 

1:1, v/v; and B, MeOH/H2O/TBME, 5:2:1, v/v/v) within 13 min, maintaining the final 

conditions for 1 min and equilibration of column for 5 min. 

 The flow rate was 0.6 ml/ min in all chromatographic separation systems. 

2.2.6.2. LC-MS/MS 

   Analysis of ABA was performed by using an Agilent 1200 HPLC 

(Agilent Technologies, Waldbronn, Germany) coupled to a Q-TRAP 5500 MS 

(AB SCIEX, MA, USA) with an electrospray source. Chromatographic separation was 

carried out on a ZORBAX Eclipse Plus C18 (150×2.1 mm, 3 μm) column with mobile 

phases of water/acetonitrile (95/5, v/v; A) and acetonitrile (B) at 35◦C. The gradient used 

was 0-15 min, 5%-100% B; 15-20 min, 100%B; 20-21 min, 100%-5% B; 21-28 min, 5% 
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B. The MS was operated in negative ionization mode. The MS conditions were as follows: 

temperature, 500◦C; ion source gas 1, 20 psi; ion source gas 2, 30 psi; ion spray voltage, -

4500 V; curtain gas, 40 psi; collision gas, medium; declustering potential, -25 V; entrance 

potential, -9; collision energy, -17; and collision cell exit potential, -2. Multiple Reaction 

Monitoring (MRM) of ion pairs for labelled and endogenous ABA using the following 

mass transitions: [2H6] ABA 269.2>159.1, ABA 263.2>153.1. Data were acquired and 

analyzed using Analyst 1.4 software (Applied Biosystems).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

81 
 

Chapter 3 
 

 

 

 

 

 

The Arabidopsis DWARF27 gene encodes an all-trans-/9-cis-β-carotene 

isomerase and is induced by auxin, abscisic acid and phosphate deficiency 

 

Haneen Abuauf, Imran Haider, Kun-Peng Jia, Abdugaffor Ablazov, Jianing Mi, 

Ikram Blilou,Salim Al-Babili 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

82 
 

3.1. Abstract 

   Strigolactones (SLs) are carotenoid-derived plant hormones that influence various 

aspects of plant growth and development in response to environmental conditions, 

especially nutrients deficiency. SLs are synthesized via a strict stereo-specific core 

pathway that leads to the intermediate carlactone, requiring the iron-containing polypeptide 

DWARF27 (D27) and the carotenoid cleavage dioxygenases 7 (CCD7) and 8 (CCD8). It 

has been shown that the rice D27 is a β-carotene isomerase catalyzing the interconversion 

of all-trans- into 9-cis-β-carotene. However, data about the enzymatic activity of D27 from 

other species are missing. Here, we investigated the activity and substrate specificity of the 

Arabidopsis AtD27 by testing a broad range of carotenoid substrates. Both in vivo and in 

vitro assays show that AtD27 catalyzes the reverse isomerization of all-trans-/9-cis-β-

carotene. AtD27 did not isomerize 13-cis- or 15-cis-β-carotene, indicating high specificity 

for the C9-C10 double bond. The isomerization reaction was inhibited in the presence of 

silver acetate, pointing to the involvement of an iron-sulfur cluster. We further investigated 

the expression of AtD27, using Arabidopsis transgenic lines expressing β-

glucuronidase (GUS) under the control of AtD27 native promoter. AtD27 is ubiquitously 

expressed throughout the plant with the highest expression in immature flowers. In lateral 

roots, AtD27 expression was induced by treatment with auxin and ABA, while the 

application of SL analogs did not show an effect. Lower ABA levels in Atd27 mutant 

indicated an interference with the ABA pathway. Quantitative real-time RT-PCR showed 

that transcript levels of AtD27 and other SL biosynthetic genes in roots are induced upon 

phosphate starvation. Taken together, our study on AtD27 confirms the postulated 

enzymatic function of this enzyme, shows its strict substrate- and stereo-specificity and 
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indicates an important role in response to multiple plant hormones and phosphate 

deficiency. 

3.2. Introduction 

   Carotenoids are ubiquitous, lipophilic, isoprenoid pigments synthesized by all 

photosynthetic organisms and many fungi and non-photosynthetic bacteria (Hirschberg 

2001; DellaPenna and Pogson 2006; Nisar et al. 2015). In plants, carotenoids play vital 

roles in protecting cells from photo-oxidative damage, as light-harvesting pigments, and in 

stabilizing membranes (Havaux 1998; Ledford and Niyogi 2005). Carotenoids also occur 

in non-green tissues, such as flowers and fruits, where they serve as visual cues in plant-

animal communication (Cazzonelli 2011). In addition, carotenoids are precursors of 

biologically important compounds, such as retinal (Prado-Cabrero et al. 2007; Moise et al. 

2014), many volatiles (Ilg et al. 2014), pigments (Estrada et al. 2008; Frusciante et al. 

2014), and hormones and signaling molecules, for review see (Giuliano et al. 2003; 

Auldridge et al. 2006; Walter and Strack 2011). The vertebrate growth-regulator retinoic 

acid (Moise et al. 2005) the fungal pheromone trisporic acid (Medina et al. 2011), and the 

plant hormones ABA (Schwartz et al. 1997) SLs (Al-Babili and Bouwmeester 2015) are 

prominent examples for carotenoid-derivatives. 

  Carotenoids owe their color to an extended, conjugated double bond system that varies in 

the number and stereo-chemistry (cis/trans configuration) of the double bonds (DellaPenna 

and Pogson 2006; Walter and Strack 2011). Moreover, carotenoids are divided based on 

the presence of oxygen into two different groups; the oxygen-free carotenes, such as the 

best known carotenoid β-carotene, and the oxygen-containing xanthophylls, such as lutein, 

zeaxanthin and neoxanthin (Walter and Strack 2011; Moise et al. 2014). Plants carotenoid 



 
 

84 
 

biosynthesis is located in plastids and starts with the condensation of two geranyl-geranyl 

diphosphate (C20 chain length) molecules, catalyzed by phytoene synthase that forms the 

colorless 15-cis-phytoene (C40 chain length) (Fraser and Bramley 2004; Moise et al. 2014). 

The conversion of 15-cis-phytoene into the red all-trans-lycopene occurs via a series of 

dehydrogenation and isomerization reactions, which involves the enzymes phytoene 

desaturase, ζ-carotene isomerase, ζ-carotene desaturase, and carotene isomerase 

(Jungalwala and Porter 1965; Porter and Anderson 1967). The red linear lycopene is 

converted into β and α branch carotenoids via cyclization reactions. Lycopene-β-cyclase 

catalyzes the formation of β-carotene that parent carotenoid of the β-branch, which carries 

two β-ionone rings, while combined activity of lycopene-β- and lycopene-ε-cyclase yields 

α-carotene that contains one β- and one ε-ionone ring marking the α-branch (Cunningham 

et al. 1993; Cunningham et al. 1996). The hydroxylation of α-carotene and β-carotene leads 

to lutein and zeaxanthin, respectively, via mono-hydroxylated intermediates, such as (β,β-

cryptoxanthin) (Fiore et al. 2006). Zeaxanthin is further converted to violaxanthin by 

zeaxanthin epoxidase (ZEP) via antheraxanthin in a reversible epoxidation reaction at the 

β-ionone rings. Violaxanthin is the precursor of neoxanthin which is the final product of 

the β-branch (Neuman et al. 2014). Violaxanthin and neoxanthin are isomerized into 9-cis-

violaxanthin and 9’-cis-neoxanthin, respectively, by yet unidentified cis/trans 

isomerase(s). These cis-isomers of violaxanthin and neoxanthin are the precursors of the 

plant hormone ABA (Schwartz et al. 1997; Finkelstein 2013). 

  SLs are a group of plant hormones and signaling molecules (Matusova et al. 2005; 

Gomez-Roldan et al. 2008; Umehara et al. 2008), which are best known for their role in 

determining shoot branching and are generally involved in shaping root and shoot 
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architecture in response to environmental conditions, especially phosphate deficiency (Al-

Babili and Bouwmeester 2015; Jia et al. 2018). In addition, SLs contribute to plant’s 

response to abiotic stress and pathogen defense (Ha et al. 2014; Decker et al. 2017). SLs 

were initially isolated from root exudates as a seed germination stimulant of root parasitic 

plants of the genera Striga and Orobanche (Cook et al. 1966; Xie et al. 2010). Later, it was 

shown that SLs stimulate the hyphal branching of arbuscular mycorrhizal fungi to mediate 

the establishment of mycorrhizal symbiosis that provides the host with water and nutrients 

(Akiyama et al. 2005). The around 25 natural SLs are characterized by the presence of a 

butenolide ring (D ring) that is linked via an enol ether bridge to a structurally less 

conserved second moiety (Xie et al. 2010; Al-Babili and Bouwmeester 2015; Jia et al. 

2018). The so-called canonical SLs, such as strigol and orobanchol, contain a tricyclic 

lactone (ABC ring) as a second moiety that is replaced by different structures in non-

canonical ones, such as methyl carlactonoate and zealactone (Al-Babili and Bouwmeester 

2015; Jia et al. 2018). Based on the stereochemistry of the B/C ring junction, canonical SLs 

are divided into strigol- and orobanchol-like SLs. 

  The identification of more branching/high-tillering mutants lacking SLs in different 

species have enabled the elucidation of major steps of SL biosynthesis (Al-Babili and 

Bouwmeester 2015; Jia et al. 2018). The first dedicated step in this metabolic process is 

mediated by an iron-binding enzyme DWARF27 that was first identified in rice and later 

in Arabidopsis (Lin et al. 2009; Waters et al. 2012). In vitro studies and expression in 

carotenoid accumulating E. coli strains suggested that the rice D27 is an isomerase 

catalyzing the reverse interconversion of all-trans- into 9-cis-β-carotene (Alder et al. 2012; 

Bruno and Al-Babili 2016). In the next step, CCD7 (Booker et al. 2004) catalyzes the 
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stereospecific cleavage of 9-cis-β-carotene at the C9’-C10’ double bond, leading to 9-cis-

β-apo-10′-carotenal and β-ionone (Alder et al. 2012; Bruno et al. 2014). 9-cis-β-apo-10′-

carotenal is the substrate of CCD8 that mediates a combination of reactions including 

isomerization, repeated deoxygenation and intramolecular rearrangement, which form CL 

and ω-OH-(4-CH3) heptanal (Alder et al. 2012; Bruno et al. 2017). However, CCD8 can 

also cleave all-trans-β-apo-10′-carotenal, supposedly through classical dioxygenase 

cleavage reaction, into all-trans-β-apo-13-carotenone (Alder et al. 2008). CL resembles 

SLs in the number of the C-atoms, the presence of the D-ring and the enol ether bridge. 

This intermediate is considered as the precursor of canonical and non-canonical SLs. In 

Arabidopsis, CL is converted by a cytochrome P450 (CYP) enzyme of the 711 clade, which 

is encoded by More Axillary Growth 1 (MAX1) gene, into the non-canonical SL 

carlactonoic acid (CLA) that can, after methylation to MeCLA, bind to the SL receptor 

D14 (Abe et al. 2014). However, establishing of normal branching in Arabidopsis also 

requires the enzyme Lateral Branching Oxidoreductase (LBO) that introduces a hydroxyl-

group into MeCLA (Brewer et al. 2016). In rice, the enzyme carlactone oxidase (CO), a 

homolog of the Arabidopsis MAX1, introduces a B-C ring into CL, yielding the canonical 

SL 4-deoxyorobanchol (4DO). 4DO is the direct precursor of orobanchol that is formed by 

the orobanchol synthase (OS), a further rice MAX1 homolog (Zhang et al. 2014; Al-Babili 

and Bouwmeester 2015; Yoneyama et al. 2018). Recent studies indicate that the formation 

of carlactonoic acid is a common SL metabolite in plants as communications in the 

rhizosphere (Yoneyama et al. 2018; Iseki et al. 2017). 

  It has been shown that the OsD27 is a β-carotene isomerase catalyzing reversible 

isomerization of all-trans- into 9-cis-β-carotene. However, data about the enzymatic 
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activity of D27 from other species are still missing. In this study, we investigated the 

activity and substrate specificity of Arabidopsis AtD27 by testing a range of possible 

substrates. Further, we examined the expression pattern and regulation of AtD27 in 

response to multiple plant hormones and phosphate deficiency.  

3.3. Results 

3.3.1. AtD27 isomerizes β-carotene in vivo 

   Carotenoid accumulating E. coli strains have been frequently used to investigate 

the activity of carotenoid modifying enzymes (Booker et al. 2004; Prado-Cabrero et al. 

2007). This system was also employed to identify the enzymatic activity of the rice D27 

and to determine its substrate specificity (Bruno and Al-Babili 2016). Hence, we expressed 

AtD27 in fusion with thioredoxin in β-carotene, zeaxanthin or lycopene accumulating E. 

coli strains (for chemical structures see Figure 10), to investigate the activity of the 

encoding enzyme. The introduction of thioredoxin-AtD27 in β-carotene-accumulating E. 

coli cells led to an increase in 9-cis: all-trans-β-carotene ratio compared to the control strain 

transformed with the void plasmid. In addition, we also detected an increase in the content 

of 13-cis-, and to a larger extent, of 15-cis-β-carotene (Figure 11a, b). The expression of 

AtD27 in all-trans-lycopene accumulating E. coli cells unraveled a less pronounced 

activity resulting in a relative increase in the content of two cis-isomers, which presumably 

correspond to 9-cis- (peak VI) and 15-cis-lycopene (peak VII) (Figure 12a, b). In contrast 

to β-carotene and lycopene-accumulating strains, we did not observe any isomerization 

activity upon the expression of thioredoxin-AtD27 in zeaxanthin background (Figure 13).  
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Figure 10. Chemical structures used in vivo and in vitro assays. 
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Figure 11. HPLC analysis of in vivo AtD27 activity. 

HPLC analysis of all-trans-β-carotene accumulating cells transformed with pThio-AtD27 

(Thio-AtDWARF27) and the corresponding void plasmid (pThio-control). (a) AtD27 

enzyme converts all-trans–β-carotene (I) to 9-cis–β-carotene (II) and other isomers of 13-

cis-β-carotene (III) 15-cis–β-carotene (IV) was detected. (b) Percentage of different cis 

isomers was significantly increased when all-trans–β-carotene was incubated with AtD27 

enzyme. A designation of ** = p < 0.01, *** = p < 0.001 (t-test). n = 3 independent 

biological replicate experiments. Error bars represent SD. 
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Figure 12.  HPLC analysis of in vivo AtD27 activity. 

HPLC analysis of all-trans-lycopene accumulating cells transformed with pThio-AtD27 

(Thio-AtDWARF27) and the corresponding empty plasmid (pThio-control). (a) AtD27 

enzyme alters all-trans-lycopene (I) into two different isomers (II, III). (b) Percentage of 

different cis isomers was significantly increased when all-trans–lycopene-carotene was 

incubated with AtD27 enzyme. A designation of *** =p < 0.001 (t-test). n = 3 independent 

biological replicate experiments. Error bars represent SD. 
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Figure 13. HPLC analysis of in vivo AtD27 activity. 

HPLC analysis of all-trans-zeaxanthin accumulating cells transformed with pThio-AtD27 

(Thio-AtDWARF27) and the corresponding empty plasmid (pThio-control). No 

isomereization was detected when AtD27 enzyme was expressed in zeaxanthin competent 

cells. 

 

3.3.2. AtD27 isomerizes β-carotene in vitro 

   Next, we studied the enzymatic activity of thioredoxin-AtD27 fusion in vitro. For 

this purpose, we expressed the enzyme in BL21 E. coli cells together with the chaperone 

system encoded by the plasmid pGro7, which is supposed to increase correct folding, and 

incubated soluble supernatants of these cells with different carotenoid and apocarotenoid 

substrates. Incubation with all-trans-β-carotene increased the amount of 9-cis-β-carotene 

that was almost absent in the control assay (Figure 14a, c). In contrast to the in vivo system, 

we did not observe an isomerization towards 13-cis-β- or 15-cis-β-carotene. To test 

whether the enzyme also catalyzes the reverse reaction, we incubated it with 9-cis-β-

carotene (for chemical structures see Figure 10). UHPLC analysis showed the conversion 

of 9-cis- into all-trans-β-carotene (Figure. 14b, d). We also detected a slight increase in the 
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relative amount of 13-cis-β-carotene, but not of that of 15-cis-β-carotene. Next, we checked 

whether the enzyme also acts on 13-cis- and 15-cis-β-carotene. However, we did not 

observe any significant conversion of these two isomers (Figure 15a). All isomers were 

identified based on comparison with synthetic, authentic standards. 

  As silver (I) acetate is confirmed to destroy the iron-sulfur cluster (Xu and Imlay 2012; 

Harrison et al. 2015), next we treated the crude AtD27 protein with silver acetate to test 

whether AtD27 contains an iron-sulfur cluster. Addition of silver acetate to the in vitro 

assay of AtD27 showed an inhibition of 9-cis-β-carotene isomerization, as confirmed by 

HPLC analysis (Figure 16), which suggests that AtD27 is an iron containing protein.  
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Figure 14. HPLC analysis of in vitro AtD27 activity. 

(a) pThio-AtD27 converts all-trans-β-carotene (I) to 9-cis-β-carotene (II) when all-trans-

β-carotene was used as substrate. (b) pThio-AtD27 (Thio-AtDWARF27) yielded all-trans-

β-carotene (I) and 13-cis-β-carotene (III) when 9-cis-β-carotene (II) was used as substrate. 

(c) Percentage of 9-cis–β-carotene was significantly increased when all-trans–β-carotene 

was incubated with AtD27 enzyme. A designation of *** = p < 0.001 (t-test). n = 3 

independent biological replicate experiments. Error bars represent SD. (d) Percentage of 

all-trans 
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–β-carotene was significantly increased when 9-cis–β-carotene was incubated with AtD27 

enzyme. A designation of ** = p < 0.01, *** = p < 0.001 (t-test). n = 3 independent 

biological replicate experiments. Error bars represent SD. 

 

 

 

 

 

 

 

 

 

Figure 15. HPLC analysis of in vitro AtD27 activity with different β-carotene isomers. 

(a) AtD27 did not convert 13-cis-β-carotene (I), 15-cis-β-carotene (II) when they incubated 

with AtD27 enzyme. (b) HPLC analysis of in vitro assays with 9-cis isomers of 

apocarotenoids. No detection of any isomerization of 9-cis-10’-apo-β-carotenal (I), 3-OH-
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9-cis-10’apo-β-carotenal (II), 9-cis-10’-apo-α-carotenal (III) and 3-OH-9-cis-10’-apo-α-

carotenal (IV). (c) HPLC analysis of in vitro assays with different substrates. AtD27 did 

not convert all-trans-lutein (I), all-trans-violaxanthin (II) and all-trans-neoxanthin (III) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. HPLC analysis of the reaction catalyzed by AtD27. 

(a) 9-cis-β-carotene extracted from E. coli (pThio-empty vector control). (b) pThio-AtD27-

(Thio-AtDWARF27) produced all-trans-β-carotene (I) after the incubation of AtD27 

enzyme with 9-cis-β-carotene (II). (c) Incubation of AtD27 enzyme with 9-cis-β-carotene 

after used 100um of silver acetate as inhibitor shows the inhibition of the isomerization 

activity of AtD27 enzyme. 

 

3.3.3. AtD27 isomerizes bicyclic substrates with one unmodified β-ionone ring 

   Next, we checked the in vitro activity of AtD27 on xanthophylls and further 

carotenes, including all-trans-violaxanthin, -neoxanthin, -lutein, -β,β-cryptoxanthin and –

α-carotene (for structures, see Figure 10). We did not observe any activity with all-trans-

violaxanthin, -neoxanthin or –lutein (Figure 15b). Incubation with all-trans-β,β-

cryptoxanthin (I) yielded a very slight amount of 9-cis-β,β-cryptoxanthin (III) (Melendez-

Martinez, 2013), which carries the cis-double bond next to the non-hydroxylated-β-ionone 

ring (Figure 17). Similarly, the enzyme showed slight formation of 9′-cis-α-carotene 
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(Emenhiser et al. 1996), with the cis-double bond close to the β-ionone ring, when 

incubated with all-trans-α-carotene (Figure 18).  

  We also investigated whether this enzyme can isomerize apocarotenoids, i.e. 9-cis-β-apo-

10’-carotenal (I) and 9-cis-3-OH-β-apo-10’-carotenal (II), 9-cis-α-apo-10’-carotenal (III) 

and 9-cis-3-OH-α-apo-10’-carotenal (IV) (for chemical structures see Figure 10). 

However, we did not detect any activity (Figure 15c). These results point to a preference 

for intact carotenoids with unmodified β-ionone ring.  
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Figure 17. HPLC analysis of in vitro AtD27 activity with all-trans-cryptoxanthin. 

(a) pThio-AtD27 slightly converts all-trans-cryptoxanthin (I) to 9-cis-cryptoxanthin (II,III) 

when all-trans-cryptoxanthin was used as the substrate. (b) 3D wavelength scan 

chromatogram of AtD27 activity with all-trans-cryptoxanthin. (c) Percentage of 9-cis-

cryptoxanthin (III) was significantly increased when all-trans-cryptoxanthin was incubated 

with AtD27 enzyme. A designation of * = p < 0.05 (t-test). n = 3 independent biological 

replicate experiments. Error bars represent SD. 
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Figure 18. HPLC analysis of in vitro AtD27 activity with all-trans-α-carotene. 

(a) pThio-AtD27 slightly converts all-trans-α-carotene to 9-cis-α-carotene when all-trans-

α-carotene was used as the substrate. (b) 3D wavelength scan chromatogram of AtD27 

activity with all-trans-α-carotene.  

 

3.3.4.   Atd27 mutant shows altered all-trans-/9-cis-β-carotene ratio and lower shoots 

ABA content  

The activity of AtD27 in changing the all-trans-/9-cis-β-carotene ratio might not 

only provide a precursor for SL biosynthesis but also generally affect the distribution of 

these two isomers in plants. To test this hypothesis, we examined the carotenoid pattern in 

two-week-old Atd27 mutant plants grown under light and in the dark, to avoid light-

dependent isomerization (Figure 20). Compared to the wild-type control, we observed a 

tendency of the decreased 9-cis-β-/all-trans-β-carotene ratio in seedlings of Atd27 mutant 
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under both conditions. However, this decrease was only significant in the dark (Figure 19a; 

Figure 20). Recent work indicated that OsD27 may contribute to ABA biosynthesis in rice 

(Haider et al. 2018). Therefore, we quantified the ABA content in two-week-old Atd27 

mutant plants by UHPLC-MS/MS. As shown in Fig. 19b, Atd27 shoots contained around 

20% less ABA, compared to those of the wild-type, while we did not detect a significant 

difference in root samples (data not shown). 

 

Figure 19. Carotenoid and ABA content in Atd27 mutant. 

(a) 9-cis/all-trans-β-carotene ratio in wild type Col-0 and Atd27 of two-week-old seedlings 

grown both in light and dark conditions. Ratio is calculated based on peak area of 9-cis-β-

carotene to all-trans-β-carotene in the chromatogram. (b) ABA content in shoot of 

Arabidopsis Col-0 and Atd27. Seeds were grown on half-strength MS medium for two-

weeks and ABA was measured by UHPLC-MS/MS. Bars represent means ± SD, n=3.  

Asterisks represent significance * p ˂ 0.05, ** p ˂ 0.01 (t-test).  
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Figure 20. Carotenoid pattern in light and dark exposed 14-days-old Arabidopsis 

seedlings wild type Col-0 and Atd27 mutant. 

Chromatograms analysis of wild type and Atd27 mutant with separation system 5 (a) light 

condition, (b) dark condition. P1; neoxanthin, P2; neoxanthin, P3; violaxanthin, P4; 

violaxanthin, P5; antheraxin, P6; lutein, P7; Chl-b, P8; Chl-a, P9; all-trans-β-carotene, 

P10; 9-cis-β-carotene. (c) quantification of the carotenoid in wild type Col-0 and d27 

mutant under light and dark conditions.  

 

 

3.3.5. Tissue specific expression patterns of AtD27 

   Next, we investigated the spatial-temporal expression pattern of the AtD27. For this 

purpose, we generated three independent Arabidopsis lines expressing the reporter gene 
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GUS with nuclear localized signal (NLS), driven by a 1.1 Kb DNA fragment of 

the ATD27 promoter and analyzed the GUS activity in various tissues of T2 lines. As 

shown in Figure 21, the AtD27 promoter was active throughout the 7-day-old seedlings 

with prominent GUS activity in young leaves (panel a), stomata (panel b), the primordia 

of lateral roots (panel d), and radicle of immature seed (panel e). In contrast, we detected 

very low expression in primary roots (panel c). In the reproductive stage (5-week-old plant) 

strong GUS signals appeared in trichomes of leaves and stem (panel f), internodes (panel 

g), and petals, style, stigma and peduncle of the immature flowers (panel h). However, 

GUS expression was relatively reduced in the mature flowers (panel i). 
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Figure 21. Histochemical localization of AtD27-GUS expression in transgenic Arabidopsis. 

The expression of AtD27 in (a) young leaves (YL) of 7-day-old seedlings, (b) stomata (ST) 

in leaves of 7-day-old seedlings, (c) primary root (PR) of 7-day-old seedlings, (d) the 

primordia in the lateral roots (LR) of 7-day-old seedlings, (e) radicle (RA) of immature 

seed. (f) trichomes (TR) of leaves and stem of 5-week-old plant, (g) internodes (IN) of 5-

week-old plant, (h) peduncle (PED), style (STY) and stigma (STI) of the mature flowers, 

(i) peduncle (PED), style (STY), stigma (STI) and petal (PET) of the immature flowers, 

Scale bars: (a) 20 μm; (b, c, d) 50 μm; (e, f, g, h, i) 500 μm. 

 

3.3.6. AtD27 expression is induced by ABA, auxin and phosphate deficiency 

    Since the expression of SL biosynthesis genes AtMAX3 and AtMAX4 is tightly 

regulated by auxin and GR24, suggesting the involvement of negative feedback mechanism 

(Hayward et al. 2009; Umehara et al. 2008), we investigate whether AtD27 are responsive 

to plant hormones. We treated 14-day-old pAtD27:NLS-GUS seedlings with 1 μM 
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synthetic auxin 1-naphthaleneacetic acid (NAA), 50 μM ABA, and 10 μM GR24, which 

were included in half-strength Hoagland nutrient solution. After 6 h incubation, we 

analyzed the GUS activity in primary and lateral roots, and shoots. In addition, we also 

tested the SL analog methyl phenlactonoate 3 (MP3) that resembles non-canonical SLs 

(Jamil et al. 2018). No changes of the GUS staining was observed in the tissues of shoot, 

suggesting hormone treatment did not modulate the GUS activity in shoot tissues. In lateral 

roots, application of the SL analogs GR24 and MP3 did not lead to noticeable changes 

in GUS activity. In contrast, treatment with ABA and, more pronounced, with NAA 

resulted in an increase in GUS activity in primordia of lateral roots (Figure 22). In primary 

roots, we observed the same tendency as in lateral roots, however at a generally lower GUS 

activity (Figure 23). These hormonal effects on AtD27 expression were further confirmed 

by qRT-PCR. The expression of AtD27 was significantly induced in the whole roots of 14-

day-old wild-type Col-0 seedlings upon NAA and ABA treatment, while GR24 and MP3 

did not show an effect (Figure 22). 
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Figure 22. Effect of different plant hormones on AtD27 expression. 

(a) pAtD27:NLS-GUS expression in the primordia of the lateral roots. (b) AtD27 expression 

in wild-type Col-0 roots. The expression levels in the mock were normalized to 1 and the 

expression levels were detected by qRT-PCR. Actin was used as a reference gene. Bars 

represent mean ± SD (n=3). Asterisks indicate significant differences (t-test, * p < 0.05). 

The seedlings were grown for 14 d on half-MS plates, then transferred to half-strength 

Hoagland nutrient solution for 6 h with treatments: mock (no additions), 1μM NAA, 50 

μM ABA, 10 μM G24 and 10 μM MP3. Scale bar (20 μm).  

 

  The role of AtD27 in SL biosynthesis indicates that the expression of this gene may be 

affected by Pi availability. To test this assumption, we analyzed the transcript levels of 

AtD27 in roots of phosphate-starved wild-type Arabidopsis plants using qRT-PCR. For this 

purpose, we exposed 6-week-old wild-type plants grown in normal nutrient solution (+Pi) 
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to phosphate deficient (-Pi) medium for 1-week. As shown in Figure 22, phosphate 

deficiency caused about a 3.5-fold increase in AtD27 transcript levels in roots compared to 

+Pi. Similarly, Pi-starvation also led to an up-regulation of transcripts of the other SL 

biosynthesis genes AtMAX3 (15-fold), AtMAX4 (about 5-fold), AtMAX1 (about 5.5-fold), 

LBO (12-fold), and also of AtD14 (about 5.5-fold) that encodes the SL receptor (Figure 

24). 

 

 

 

 

 

 

Figure 23. Effect of different plant hormones on AtD27 expression. 

pAtD27:NLS-GUS expression in the primary root. The seedlings were grown for 7d on 

half-MS plates, then transferred to half-strength Hoagland nutrient solution for 6 h with 

treatments: mock (no additions), 1μM NAA, 50 μM ABA, 10 μM G24 and 10 μM MP3. 

Scale bar (20 μm).  
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Figure 24. The relative expression levels of SL biosynthesis and signaling genes in wild-

type Col-0 under phosphate starved roots in Arabidopsis. 

The expression levels in the normal phosphate supply (+Pi) conditions were normalized to 

1 and the expression levels were detected by qRT-PCR. Actin was used as a reference gene. 

Bars represent mean ± SD (n=3). Asterisks indicate significant differences (t-test, ** p< 

0.01, *** p< 0.001). 

 

3.4. Discussion 

   β-carotene is the major pro-vitamin A for human diet (Eroglu and Harrison 2013). 

This carotene is present in plants in different stereo-configurations including all-trans and 

9-cis. Several reports showed that increased 9-cis-β-carotene content in diet is acting as a 

shield against cardiovascular disease and cancer (Maria et al. 2015). In plants, 9-cis-β-
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carotene is an integral component of the photosynthetic cytochrome b6f complex (Yan et 

al. 2001; Cramer et al. 2006). Furthermore, it is the precursor of SLs that are synthesized 

via a stereospecific pathway involving the 9-cis-carotenoid cleavage enzyme CCD7 (Alder 

et al. 2012). The discovery of the stereo-selectivity of CCD7, (e.g. the exclusive cleavage 

of 9-cis-configured carotenoids), led to the assumption of the presence of an enzyme that 

forms 9-cis-β-carotene from the predominant all-trans-form by a specific cis/trans-

isomerization reaction (Alder et al. 2012). However, such an enzymatic isomerization 

activity had not been described before. OsDWARF27 (OsD27) was initially identified as 

an iron-binding protein with unknown function, which is required for SL biosynthesis in 

rice (Lin et al. 2009). Hence, it was tempting to assume that OsD27 can mediate the 

isomerization of all-trans-β-carotene into 9-cis-β-carotene. Indeed, expression in 

carotenoid-accumulating E. coli strains and in vitro assays performed with heterogeneously 

produced enzyme demonstrated that OsD27 is the carotene isomerase required to initiate 

SL biosynthesis (Alder et al. 2012; Bruno and Al-Babili 2016). The physiological role of 

D27 with respect to its shoot branching and gene regulation has been characterized in 

several species, including Medicago truncatula (Liu et al. 2011), Arabidopsis thaliana 

(Waters et al. 2012) and Dendranthema grandiflorum (Wen et al. 2016). The exact 

mechanism of D27-catalyzed β-carotene isomerization is still not clear, although the 

inhibition of AtD27, shown here, and OsD27 by silver acetate indicates the involvement 

of FeS cluster in the catalysis. Here, we characterized the activity and substrates specificity 

of AtD27 and investigated its expression pattern and regulation by plant hormones and 

phosphate deficiency. 
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 First, we showed in vitro and in vivo that AtD27 catalyzes the isomerization of all-trans-

/9-cis-β-carotene in both directions. We also demonstrated, for the first time, the role of 

D27 in determining the all-trans/9-cis-β-carotene ratio in planta. Analysis of dark-grown 

Atd27 mutant seedlings unraveled a relatively lower 9-cis-β-carotene content, compared to 

wild-type control. The absence of this difference in light-grown seedlings may be explained 

by light-dependent isomerization process. Upon expression of the enzyme in β-carotene 

accumulating strains, we also observed a slight increase in 13-cis- and 15-cis-β-carotene 

content, indicating an isomerization activity of AtD27 at two further double bonds. 

However, our in vitro assays ruled out this possibility, because we did not see the direct 

conversion of 13-cis- and 15-cis-β-carotene into all-trans-β-carotene and vice versa. This 

suggests that AtD27 activity is restricted to the C9–C10-double bond and to all-trans- and 

9-cis-β-carotene among the four natural β-carotene isomers, which is in line with our recent 

study about OsD27 (Bruno and Al-Babili 2016). It can be speculated that the increase in 

13-cis- and 15-cis-β-carotene content in E. coli cells may be due to non-enzymatic, 

secondary isomerization of 9-cis-β-carotene. The in vivo test unraveled a weak activity that 

led to an increase in two lycopene isomers that were tentatively identified as 9-cis- and 15-

cis-lycopene. However, we cannot make a clear conclusion on the suitability of this 

substrate due to lack of standards. 

  Recently, analysis of the substrate specificity of OsD27 in vitro showed that this enzyme 

is active with bicyclic substrates which carry at least one unmodified β-ionone ring, 

including β-carotene, β,β-cryptoxanthin and β-carotene (Bruno and Al-Babili 2016).  

However, it has been shown that CCD7 also cleaves a wide range of 9-cis-configured 

carotenoids, including 9-cis- β,β-cryptoxanthin and -β-carotene -zeaxanthin and 9-cis-
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lutein in vitro into the corresponding 9-cis-configured apocarotenoids (Bruno et al. 2014; 

Decker et al. 2017). Very recently, we have also shown that CCD8 enzymes convert 9-cis-

3-OH-β-apo-10’-carotenal into 3-OH-carlactone, a natural metabolite supposed to 

contribute to SL diversity (Baz et al. 2018). This activity raised the question of whether 

D27 can provide CCD7 with different 9-cis-configured substrates. Therefore, we tested the 

activity of AtD27 with a series of carotenoids. Our results show that AtD27, similar to 

OsD27 (Bruno and Al-Babili 2016), converts all-trans-α-carotene and β,β-cryptoxanthin 

but does not isomerize zeaxanthin or lutein. We also tested the isomerization of lycopene 

in vivo and in vitro. Isomerization of apocarotenoids, particularly the SL biosynthesis 

intermediate 9-cis-β-apo-10’-carotenal (Alder et al. 2012; Bruno et al. 2014), would 

indicate that AtD27 might be involved in SL biosynthesis also after CCD7. Therefore, we 

checked the conversion of several 9-cis-configured apocarotenoids. However, we did not 

observe any activity. 

  Considering the all-trans/9-cis isomerase activity of D27 and the reported altered ABA 

level in rice d27 mutant (Haider et al. 2018), we speculated that AtD27 may also contribute 

to ABA biosynthesis that requires 9-cis-configured carotenoid precursors, namely 9-cis-

violaxanthin or 9’-cis-neoxanthin (Schwartz et al. 1997). Interestingly, phylogenetic 

analysis of SL biosynthesis and perception genes in the plant kingdom showed that D27 is 

highly conserved and already present in some cyanobacteria, whereas CCD7, CCD8 and 

SL perception genes are less conserved in the Chlorophytes division (Delaux et al. 2012; 

Ruyter‐Spira and Bouwmeester 2012). In addition, (Hartung 2010) reported that ABA is 

common throughout the green lineage (Hartung 2010). Combined, this suggests an 

alternative role for D27, possibly in ABA biosynthesis. However, our data exclude a direct 
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role of AtD27 in the formation of ABA precursors, 9-cis-violaxanthin or -neoxanthin, 

consistent with the reported OsD27 activity (Bruno and Al-Babili 2016). Nevertheless, we 

observed reduced ABA content in shoots of Arabidopsis Atd27 mutant, compared to wild-

type Col-0, suggesting that AtD27 positively impact ABA levels by a still unknown 

mechanism. 

  It is well known that phosphate deficiency triggers SL content in roots of several plants 

via the induction of SL biosynthesis and transporter genes (Umehara et al. 2010; 

Kretzschmar et al. 2012; Jia et al. 2018). However, in Arabidpsis the expression pattern of 

SL-synthesis and -signaling genes in response to phosphate starvation is less investigated. 

In this work, we showed that transcript levels of  Arabidopsis SL biosynthesis genes 

AtD27, AtMAX3, AtMAX4 and AtMAX1, and the recently discovered LBO gene, as well as 

the SL signaling gene AtD14, increased significantly upon phosphate starvation (-Pi). This 

suggests that the induction of SL biosynthesis and perception in response to phosphate-

limitation is conserved in Arabidopsis. 

  The tissue expression pattern by pAtD27:NLS-GUS showed that AtD27 is specifically 

expressed in the primordia of lateral roots rather than in the primary roots, consistent with 

the role of SL in inhibiting lateral root emergence (Jiang et al. 2015). Auxin could 

upregulate transcript levels of SL genes AtMAX3 and AtMAX4 in the root tissues to regulate 

root architecture by a feedback-regulation mechanism (Hayward et al. 2009; Beveridge and 

Kyozuka 2010). Consistently, pAtD27:NLS-GUS and qRT-PCR assays show the clear 

induction of AtD27 expression in roots upon treatment with 1 μM NAA. Recently, it was 

shown that DgD27 gene in Dendranthema grandiflorum is up-regulated by exogenous 

auxin (Wen et al. 2016). Furthermore, Ha et al (2014) demonstrated that expression of 
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AtMAX3 and AtMAX4 is induced almost 4-fold and 8-fold, respectively in leaves of wild-

type after 10 h treatment with ABA (Ha et al. 2014). We also observed 

that AtD27 expression in roots is significantly increased after 6 h ABA application in 

both pAtD27:NLS-GUS and qRT-PCR experiments, suggesting that AtD27 or SLs are 

involved in ABA-regulated stress responses or lateral root development (De Smet et al. 

2003).  

  In conclusion, this study illustrates the role of AtD27 in response to phosphate starvation 

and multiple plant hormones. Further studies are necessary to understand the role of AtD27 

in ABA biosynthesis and how AtD27 expression is regulated by auxin and ABA. 
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Chapter 4 

 

 

 

 

 

On the enzymatic activity of the D27-like 1 enzyme and its biological 

functions 
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4.1. Introduction 

SLs are carotenoid derived hormones that play an essential role in different plant 

developmental processes, such as regulation of shoot branching, formation of lateral and 

adventitious roots, development of root hairs, and photomorphogenesis (Al-Babili and 

Bouwmeester 2015; Jia et al. 2018). In addition, SLs act as rhizosphere signals that induce 

seed germination in root parasitic plants (Cook et al. 1966; Xie et al. 2010) and initiate 

arbuscular mycorrhizal fungi (AM) symbiosis (Akiyama et al. 2005). Key genes required 

for SL biosynthesis were identified by investigating more branching mutants/high tillering 

mutants in Arabidopsis (Sorefan et al. 2003; Booker et al. 2004; Booker et al. 2005), rice 

(Arite et al. 2007; Arite et al. 2009; Lin et al. 2009), pea (Beveridge et al. 1996; Sorefan et 

al. 2003; Foo et al. 2005) and petunia (Drummond et al. 2009; Hamiaux et al. 2012). SL 

biosynthesis involves the all-trans/9-cis-β-carotene isomerase DWARF27 (D27) (Alder et 

al. 2012), the carotenoid cleavage dioxygenases 7 (CCD7) (Booker et al. 2004) and 8 

(CCD8) (Sorefan et al. 2003), and cytochrome P450 enzymes of the clade 711. The latter 

are encoded by the Arabidopsis More Axillary Growth (MAX1) gene and its homologs 

(Booker et al. 2005).  

  D27 catalyzes the interconversion of all-trans- into 9-cis-β-carotene. Furthermore, OsD27 

was shown to be highly specific for the C9, C10 double bond in β-carotene and to isomerize 

the corresponding double bond in other carotenoid substrates that must have at least one 

unmodified β-ionone ring (Bruno and Al-Babili 2016).  In both rice and Arabidopsis, there 

are two homologs of D27, the proteins D27-like 1 and D27-like 2, whose function is still 

unknown. Based on phylogenetic analysis, D27 and D27-like genes are grouped into three 

clades (Waters et al. 2012). OsD27 and AtD27 belong to clade 1, while  AtD27-like 1 and 
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AtD27-like 2 are grouped into clades 2 and 3, respectively (Waters et al. 2012). It was 

observed that the high tillering/more branching phenotype of d27 mutant in rice and 

Arabidopsis is less severe, compared to other SL-deficient mutants (Lin et al. 2009; Waters 

et al. 2012), indicating that D27-like proteins may work redundantly with D27 in SL 

biosynthesis.  

 In this part of the thesis, we studied the enzymatic activity of the D27-like 1 enzyme from 

Arabidopsis and rice. Moreover, we explored the biological function of this enzyme by 

analyzing the expression pattern of the corresponding gene, generating knock-out mutants 

and complementing the Arabidopsis Atd27 mutant with AtD27-like 1-cDNA. . 

4.2. Results 

4.2.1. D27-like 1 did not isomerize all-trans carotenoids in vivo  

To investigate the enzymatic activities of AtD27-like 1 and OsD27-like 1 and to 

examine their substrate specificity, we expressed both enzymes in fusion with thioredoxin 

in all-trans-β-carotene, -zeaxanthin and -lycopene-accumulating E. coli strains and 

analyzed their activity by HPLC. However, we did not detect any activity of both enzymes, 

regardless the accumulated all-trans-carotenoid substrates (Figure. 25). These results 

suggest that D27-like 1 enzymes from rice and Arabidopsis do not convert all-trans 

carotenoid substrates. 
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Figure 25. HPLC analysis of in vivo AtD27-like 1 and OsD27-like1 activity test.      

HPLC analysis of all-trans-β-carotene (I), all-trans-lycopene (V) and all-trans-zeaxanthin 

(VIII) accumulating cells transformed with (a) pThio-AtD27-like 1 (Thio-AtDWARF27 

like 1), (b) pThio-OsD27-like 1 (Thio-OsDWARF27 like 1) and the corresponding empty 

plasmid (pThio-control). None of the two enzymes showed any detectable isomerization 

activity of all-trans-β-carotene, all-trans-lycopene and all-trans-zeaxanthin accumulating 

cells. All-trans-β-carotene (I), 9-cis-β-carotene (II), 13-cis-β-carotene (III), 15-cis-β-

carotene (IV), all-trans-lycopene (V), Lycopene isomer 1 (VI), Lycopene isomer 2 (VII), 

all-trans-zeaxanthin (VIII).    

 

4.2.2. Crude D27-like 1 enzyme preparation showed cis/cis-β-carotene conversion 

activity in vitro  

Since D27 enzyme catalyzes the reversible isomerization of all-trans- into 9-cis-β-

carotene and showed high specificity for a defined double bond (Alder et al. 2012; Abuauf 

et al. 2018), we hypothesized that AtD27-like 1 and OsD27-like 1 may catalyze the 

isomerization of cis-double bonds, instead of introducing a cis-double bond in an all-trans-

substrate. To test this hypothesis, we incubated the enzymes with different β-carotene 

stereo isomers using previously reported in vitro method (Abuauf et al. 2018) and all-trans-
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, 9-, 13- and 15-cis-β-carotene as substrates. Consistent with the results of the in vivo assay, 

we detected only weak, statistically insignificant activity with all-trans-β-carotene (I) 

(Figure 26). In contrast, both enzymes, AtD27-like 1 and OsD27-like 1, showed a clear 

activity when cis-isomers were used as substrates, i.e. 9-, 13-, and 15-cis-β-carotene. The 

Arabidopsis AtD27-like 1 converted 9-cis-β-carotene (II) into all-trans-β-carotene (I) and 

13-cis-β-carotene (III) (Figure 27a, d). We observed a similar activity with OsD27-like 1 

enzyme that isomerized 9-cis-β-carotene (II) into all-trans-β-carotene (I) and 13-cis-β-

carotene (III). OsD27-like 1 produced also 15-cis-β- (IV) from 9-cis-β-carotene (II) (Figure 

28a, d). Moreover, OsD27-like 1 showed higher activity than the corresponding 

Arabidopsis enzyme, as indicated by relatively higher products amounts (Figure 28a, d). 

Bothe enzymes converted also 13-cis-β-carotene (III) into 9-cis-β-carotene (II) (Figure 

27b, e and Figure 28b, e) and 15-cis-β-carotene into 9- and 13-cis-β-carotene (II, III) 

(Figure 27c, f and Figure 28c, f). Here again, we observed higher activity with the rice 

D27-like 1, compared to the Arabidopsis enzyme AtD27-like 1 (Figure 28e, f). In 

summary, both AtD27-like 1 and OsD27-like 1 enzymes moved the position of cis-double 

bond in β-carotene, by converting 13-cis- and 15-cis- into 9-cis-β-carotene, and 9-cis- and 

15-cis- into 13-cis-β-carotene. Likely due to its generally higher activity, the rice OsD27-

like 1 isomerized also 9-cis- into 15-cis-β-carotene (Figure 28d). These findings indicate 

that D27-like 1 enzymes also β-carotene isomerases that catalyze cis/cis-β-carotene and 9-

cis/all-trans isomerization reactions, which are different from the reversible all-trans-/9-

cis- β-carotene conversion catalyzed by D27 enzymes. These results also indicate that the 

biological function of D27-like 1 enzymes is likely different from that of D27 enzymes. 

 



 
 

117 
 

Figure 26. HPLC analysis of in vitro AtD27-like 1 and OsD27-like 1 activity with all-

trans-β-carotene. 

Weak activity was observed when all-trans-β-carotene was used as a substrate. n = 3 

independent biological replicate experiments. Error bars represent SD. 
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Figure 27. HPLC analysis of in vitro AtD27-like 1 activity with different β-carotene 

isomers. 

(a) Crude protein extract of thiredoxin-AtD27-like 1 expressing E. coli cells converted 9-

cis-β-carotene (II) into all-trans-β-carotene (I) and 13-cis-β-carotene (III). (b) The enzyme 

preparation isomerized 13-cis-β-carotene (III) into 9-cis-β-carotene (II) and (c) 15-cis-β-

carotene (IV) into 9-cis-β-carotene (II) and 13-cis-β-carotene (III). (d), (e) and (f) relative 

quantification of substrate and products of the incubations analyzed in (a), (b) and (c), 

respectively. Numbers represent the ratio of the peak surface of particular isomer to total 
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surface of all β-carotene peaks. A designation of *= p ˂ 0.05, ** = p < 0.01 (t-test). n = 3 

independent biological replicate experiments. Error bars represent SD.  

Figure 28. HPLC analysis of in vitro OsD27-like 1 activity with different β-carotene 

isomers. 

(a) Crude protein extract of thiredoxin-OsD27-like 1 expressing E. coli cells converted 9-

cis-β-carotene (II) into all-trans-β-carotene (I), 13-cis-β-carotene (III) and 15-cis-β-

carotene (IV). (b) The enzyme preparation isomerized 13-cis-β-carotene (III) into 9-cis-β-

carotene (II), and 15-cis-β-carotene (IV) into 9-cis-β-carotene (II) and 13-cis-β-carotene 

(III). (d), (e) and (f) relative quantification of substrate and products of the incubations 

analyzed in (a), (b) and (c), respectively. Numbers represent the ratio of the peak surface 

of particular isomer to total surface of all-trans β-carotene peaks. A designation of *= p ˂ 
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0.05, ** = p < 0.01 (t-test). n = 3 independent biological replicate experiments. Error bars 

represent SD. 

4.2.3. Purified D27-like 1 enzymes catalyzes cis/cis isomerization activity similar to 

that of crude extracts 

   To further confirm the novel activity catalysed by D27-like 1 crude preparations, 

we investigated the activities of purified AtD27-like 1 and OsD27-like 1. Firstly, we 

expressed AtD27-like 1 and OsD27-like 1 cDNAs in  E. coli fused with maltose-binding 

protein (MBP) gene and purified MBP-AtD27-like 1 (Figure 29a) and MBP-OsD27-like 1 

proteins by using commercial MPB beads (Figure 30a). Purified D27-like 1 proteins were 

incubated with different β-carotene isomers. HPLC analysis showed that purified AtD27-

like 1 protein has less activity than crude protein when 9-cis-β-carotene and 13-cis-β-

carotene were used as substrates (Figure 29c, d). Likewise, we observed higher cis/cis 

isomerization activity with crude AtD27-like 1 protein than with purified AtD27-like 1, 

upon incubation with 15-cis-β-carotene that was converted into 9-cis-β-carotene (II) and 

13-cis-β-carotene (III) (Figure 29e). Similar with the crude protein, no activity with 

purified AtD27-like 1 was detected when all-trans-β-carotene was used as a substrate 

(Figure 29b). However, HPLC analysis showed that purified OsD27-like 1 protein acts in 

the same pattern of crude protein when cis isomers substrates were used (Figure 30c, d and 

e). Contents of 13-cis-β-carotene, all-trans-β-carotene and 15-cis-β-carotene were 

increased when purified OsD27-like 1 was incubated with 9-cis-β-carotene. Moreover, 

when purified OsD27-like 1 was incubated with 13-cis-β-carotene, the percentage of 9-cis-

β-carotene was increased. In addition, the percentage of 13-cis-β-carotene and 9-cis-β-

carotene was increased when purified OsD27-like 1 protein was incubated with 15-cis-β-

carotene (Figure 30g, h and i). However, purified OsD27-like 1 acts differently than crude 
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OsD27-like 1 protein when all-trans-β-carotene was used as substrate. Purified OsD27-

like 1 enzyme converts all-trans-β-carotene (I) to produce 9-cis-β-carotene (II). We 

observed around 5% increase in 9-cis-β-carotene content when purified OsD27-like 1 

protein was incubated with all-trans-β-carotene (Figure 30b, f). These results confirmed 

the substrate specificity of D27-like 1 to β-carotene cis isomers and unravelled the ability 

of these enzymes to also catalyse reversible all-trans/9-cis-isomerization with low 

efficiency. 

 

Figure 29. HPLC analysis of in vitro purified AtD27-like 1 activity with different β-

carotene isomers. 

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

AtD27-like 1 purification fractions. Lanes represent: M, prestained protein molecular 

weight marker (size in kDa), 1. total protein extract of control cells, before induction and 

2. after induction with 0.1 mM IPTG, 3. total protein extract of cells, producing MBP-

AtD27-like 1 after induction, 4. fraction of total soluble protein of MBP-AtD27-like 1 

producing cells, 5. fraction of total insoluble protein of MBP-AtD27-like 1 producing cells, 

6. flow through fraction of 4 after binding to amylose, 7. wash fraction of MBP-beads-

amylose resin, 8. eluate from amylose resin of AtD27-like 1-fusion protein; arrow indicates 

MBP-AtD27-like 1 fusion protein, 9. Beads after elution. (b) MBP-purified AtD27-like 1 

(MBP-AtDWARF27 like1) was not active when all-trans-β-carotene (I) was used as a 
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substrate. (c) MBP-purified AtD27-like 1 (MBP-AtDWARF27 like1) yielded all-trans-β-

carotene (I), 13-cis-β-carotene (III) and 15-cis-β-carotene (IV) when 9-cis-β-carotene (II) 

was used as a substrate. (d) MBP-purified AtD27-like 1 (MBP-AtDWARF27 like1) 

yielded 9-cis-β-carotene (II) when 13-cis-β-carotene (III) was used as a substrate. (e) MBP-

purified AtD27-like 1 (MBP-AtDWARF27 like1) yielded 9-cis-β-carotene (II) and 13-cis-

β-carotene (III) when 15-cis-β-carotene (IV) was used as a substrate. 
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Figure 30. HPLC analysis of in vitro activity of purified OsD27-like 1with different β-

carotene isomers. 



 
 

124 
 

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

OsD27-like 1 purification fractions. Lanes represent: M, prestained protein molecular 

weight marker (size in kDa), 1. total protein extract of control cells, before induction and 

2. after induction with 0.1 mM IPTG, 3. total protein extract of cells,  producing MBP-

OsD27-like 1 after induction, 4. fraction of total soluble protein of MBP-OsD27-like 1 

producing cells, 5. fraction of total insoluble protein of MBP-OsD27-like 1 producing cells 

6. flow through fraction of 4 after binding to amylose 7. wash fraction of MBP-beads-

amylose resin, 8. eluate from amylose resin of OsD27-like 1-fusion protein; arrow indicates 

MBP-OsD27-like 1 fusion protein, 9. Beads after elution. (b) MBP -purified OsD27-like 1 

(MBP-OsDWARF27 like 1) yielded 9-cis-β-carotene (II) when all-trans-β-carotene (I) was 

used as a substrate. (c) MBP -purified OsD27-like 1 (MBP -OsDWARF27 like 1) yielded 

all-trans-β-carotene (I), 13-cis-β-carotene (III) and 15-cis-β-carotene (IV) when 9-cis-β-

carotene (II) was used as a substrate. (d) MBP -purified OsD27-like 1 (MBP -

OsDWARF27 like 1) yielded 9-cis-β-carotene (II) when 13-cis-β-carotene (III) was used 

as a substrate. (e) MBP -purified OsD27-like 1 (MBP -OsDWARF27 like 1) yielded 9-cis-

β-carotene (II) and 13-cis-β-carotene (III) when 15-cis-β-carotene (IV) was used as a 

substrate. (f) Percentage of 9-cis–β-carotene was significantly increased when all-trans-β-

carotene was incubated with purified OsD27-like 1 enzyme. (g) Percentage of all-trans-β-

carotene and 13-cis-β-carotene were significantly increased when 9-cis–β-carotene was 

incubated with purified OsD27-like 1 enzyme. (h) Percentage of 9-cis-β-carotene was 

significantly increased when 13-cis–β-carotene was incubated with purified OsD27-like 1 

enzyme. (i) Percentage of 9-cis-β-carotene and 13-cis-β-carotene were significantly 

increased when 15-cis–β-carotene was incubated with purified OsD27-like 1 enzyme. A 

designation of *= p ˂ 0.05, ** = p < 0.01 (t-test). n = 3 independent biological replicate 

experiments. Error bars represent SD. 

 

4.2.4. D27-like 1 proteins showed no activity with apocarotenoids and xanthophylls 

   In the course of SL biosynthesis, CCD7 enzyme cleaves 9-cis-β-carotene to 

produce 9-cis-β-apo-10’-carotenal that is further catalyzed by CCD8 to produce CL, the 

precursor of SL. Here, we examined if D27-like 1 enzymes may contribute to SL 

biosynthesis by directly isomerizing apocarotenoids, (e.g. all-trans-β-apo-10’-carotenal, 

into its 9-cis form to provide the substrate for CCD8). For this purpose, we investigated 

the catalytic activities of D27-like 1 enzymes with different 9-cis-configured apocarotenoid 

substrates, i.e. 9-cis-β-apo-10’-carotenal (I), 9-cis-β-apo-10’-3OH-carotenal (II), 9-cis-α-

apo-10’-carotenal (III) and 9-cis-α-apo-10-3OH-carotenal (IV). However, we did not 

detect any activity with these substrates (Figure 31). 9-cis-violaxanthin and 9-cis-
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neoxanthin are the precursors of ABA biosynthesis, and the isomerase (s) responsible for 

their formation are still unknown (Schwartz et al. 1997). To investigate whether AtD27-

like 1 and OsD27-like 1 enzymes are involved in ABA biosynthesis, we incubated both 

enzymes with all-trans-violaxanthin (II) and all-trans-neoxanthin (III). However, no 

isomerization activity was observed with both enzymes (Figure 32). In addition, all-trans-

lutein (I) and all-trans-α-carotene (IV) were also tested as substrates to study the substrate 

specificity of both AtD27-like 1 and OsD27-like 1 enzymes. Similarity, no activity was 

shown (Figure 32). 
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Figure 31. HPLC analysis of in vitro assays with 9-cis isomers of apocarotenoids. 

The incubation of (a) AtD27-like 1 enzyme and (b) OsD27-like 1enzyme with 9-cis-10’-

apo-β-carotenal (I), 9-cis-3-OH-10’apo-β-carotenal (II), 9-cis-10’-apo-α-carotenal (III) or 

9-cis-3-OH-10’-apo-α-carotenal (IV) did not lead any detectable isomerization of these 

substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. HPLC analysis of in vitro assays with different substrates. 
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The incubation of (a) AtD27-like 1 enzyme and (b) OsD27-like 1enzyme with all-trans-

lutein (I), all-trans-violaxanthin (II) and all-trans-neoxanthin (III) or all-trans-α-carotene 

(IV) did not lead to any detectable isomerization of these substrates.  

 

4.2.5. D27-like 1 contains an iron sulfur cluster 

Previous study showed that D27 is an iron binding enzyme (Lin et al. 2009) and 

that it likely contains an iron-sulfur cluster. Therefore, we also investigated whether D27-

like 1 enzymes contain such a cluster. For this purpose, we added silver acetate to D27-

like 1 enzyme crude preparation in vitro assays to see its effect on their enzymatic activities. 

HPLC analysis showed that silver acetate inhibited the 9-cis-β-carotene isomerization 

activity of both AtD27-like 1 and OsD27-like1 (Figure 33). This suggests that D27-like 1 

enzymes are also iron-containing proteins.    

 

Figure 33. HPLC analysis of the reaction catalyzed by AtD27-like 1 and OsD27-like 1. 

(a) Control crude preparation (protein extract of E. coli cells transformed with pThio-empty 

control vector. (b) Crude preparation of thioredoxin-AtD27-like 1 fusion produced all-

trans-β-carotene (I) and 13-cis-β-carotene (III) from 9-cis-β-carotene (II). (c) Incubation 

(b) in the presence of 100 µm silver acetate (SA). (d) Control of crude preparation. (e) 

Crude preparation of thioredoxin-OsD27-like 1 produced all-trans-β-carotene (I) and 13-

cis-β-carotene (III) from 9-cis-β-carotene (II). (f) Incubation of thioredoxin-OsD27-like 1 

crude preparation with 9-cis-β-carotene in the presence of 100 µm SA.  
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4.2.6. Tissue specific expression patterns of AtD27-like 1 

  To uncover the biological functions of D27-like 1, we examined the expression 

pattern of AtD27-like 1 by generating three independent Arabidopsis transgenic lines 

expressing the reporter gene GUS with nuclear localized signal (NLS), which is driven by 

a 1.4 Kb DNA fragment of the AtD27-like 1 promoter. We analyzed the GUS activity in 

one representative homozygous T2 lines. As shown in Figure 34, in 7-day-old seedling, 

GUS staining accumulated in young leaves (panel a), anchor root (panel b), and the 

differentiation zone of lateral roots (panel c). To further monitoring GUS expression in the 

adult plant stage, histochemical GUS staining was performed in the 5-week-old plant. The 

AtD27-like 1 promoter was shown to be active in vascular tissues (panel d), trichomes 

(panel f), stigma and pollens of immature flowers (panel g) and style of mature flowers 

(panel h). In addition, we observed a stronger GUS staining in internodes (panel e) and 

radicle of immature seeds (panel i). 

  



 
 

130 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Histochemical localization of AtD27-like 1-GUS expression in transgenic 

Arabidopsis. 

The expression of AtD27-like 1 in 7-day-old seedlings in (a) young leaves (YL), (b) anchor 

root (AR), (c) the differentiation zone of lateral root (LR), and in 4-week-old plants in (d) 

vascular tissues in the stem (VT), (e) internodes (IN), (f) trhicomes (TR), (g) stigma (STI) 

and pollen (PO) of the immature flowers, (h) style (STY) and stigma (STI) of the mature 

flowers, (i) radicle (RA) of mature seed. Scale bars: (a). 20 μm, (b, c, d). 50 μm, (e, f, g, h, 

i). 500 μm. 

 

4.2.7. AtD27-like 1 has a redundant role with AtD27 in SL biosynthesis  

   AtD27-like1 may work redundantly with AtD27 to regulate SL biosynthesis. To test 

this hypothesis, we transformed the Arabidopsis Atd27 mutant with a cDNA encoding 

AtD27-like 1 under the constitutive cauliflower mosaic virus 2x35S promoter. Three 

independent homozygous transgenic lines (#1, #3 and #5) were used for further analysis. 

Quantitative real-time PCR (qRT-PCR) confirmed that AtD27-like 1 gene was expressed 
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approximately 20-fold higher in all three transgenic lines than in the wild type (Figure 35a). 

Then we compared the shoot branching phenotype of the transgenic lines with the 

corresponding Atd27 mutant and wild type plants. The Atd27 mutant showed a significantly 

higher axillary branch number compared to wild type (Col-0), which is consistent with SL 

deficiency. In all three transgenic lines, the axillary branch numbers were much less than 

in the Atd27 mutant, and were not significantly different to that of wild type plants (Figure 

35b, c), indication that overexpression of AtD27-like 1 in Atd27 mutant background 

restored its branching phenotype to the wild type level. These results indicate that AtD27-

like 1 can replace AtD27 in SL biosynthesis. 
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Figure 35. Atd27 mutant rescued by AtD27-like 1 cDNA. 

(a) qRT-PCR analysis shows the expression of AtD27-like 1 in the overexpressers lines 

(#1, #3 and #5) compared to wild type and Atd27 mutant line. (b) number of branches in 5 

weeks old plants described in c, (n=12 plants). (c) branching phenotype of the 

representative lines. 

 

4.2.8. Generation of Atd27-like 1 knock-out lines by CRISPR/Cas 9 system 

To further understand the biological functions of AtD27-like 1, we generated 

knock-out lines of AtD27-like 1. For this purpose, we used clustered regularly interspaced 
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short palindromic repeats and CRISPR-associated protein 9 (CRISPR-Cas9) 

(http://www.genome.arizona.edu/crispr/CRISPRsearch.html) to design single guide RNA 

(sgRNA) that targets the coding sequence of AtD27-like1. Two oligos of the target 

sequence of AtD27-like 1 (see 2.1.4. primers no # 25, 26) were designed, and the target 

sequence was cloned into pHEE 401, CRISPR/Cas9 vector (Wang et al. 2015). The 

obtained construct was confirmed by colony PCR using (U6-26p-for, U6-26p-rev) primers 

(see 2.1.4. primers no # 27, 28) and by Sanger sequencing. The construct was transformed 

into wild type (Col-0), Atd27 mutant, Atd27-like 2 mutant and Atd27/ Atd27-like 2 double 

mutant to generate Atd27-like 1 single mutant, Atd27/Atd27-like 1 double mutant, Atd27-

like 1/Atd27-like 2 double mutant and Atd27/Atd27-like 1/Atd27-like 2 triple mutant, 

respectively, using a floral dipping method (Clough and Bent 1998). To confirm the 

positive transgenic lines, PCR were performed using (U6-26p-for, U6-26p-rev) primers 

(see 2.1.4. primers no # 27, 28), leading to 400-bp amplicon (Figure 36a). In addition, PCR 

amplification of the targeted sequence (sgRNA) was performed using (AtD27-like 1-PCR-

for, AtD27-like 1-PCR-rev) primers (see 2.1.4. primers no # 29, 30), leading to 280-bp PCR 

amplicon (Figure 36b). For the mutagenicity test, the amplified PCR of sgRNA were 

extracted from the agarose gel and subjected to the T7 assay for the detection of 

insertions/deletions (InDels), we observed 14 positive bands, which indicated the mutation 

of the targeted position (Figure 36c). For InDels confirmation, we cloned and sequenced 

280-bp PCR amplicon. 4 out of 14 positive PCR products were cloned into pJET 2.1 vector 

and 10 colonies of each 4 lines were sent for Sanger sequencing with (AtD27-like 1-Seq-

for, AtD27-like 1-Seq-rev) primers (see 2.1.4. primers no # 31, 32). Next, sequencing reads 

of 10 clones were aligned and around 5% of the cloned carried the targeted modification 

http://www.genome.arizona.edu/crispr/CRISPRsearch.html
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within AtD27-like 1 sequence (Figure 36d). Similarly, we performed the transgenicity and 

mutagenicity tests to confirm the mutation of Atd27/ Atd27-like 1 double mutant (Figure 

37). Till now, the confirmation of Atd27-like 1/Atd27-like 2 double mutant and 

Atd27/Atd27-like 1/Atd27-like 2 triple mutant is still pending. Also, we still did not obtain 

the homozygous lines for phenotyping analysis of the confirmed mutants, which will be 

performed in the future.   



 
 

135 
 

 

 

Figure 36. Mutation analysis of Atd27-like 1 single mutant using CRISPR/Cas 9 system. 

(a) Genomic DNA was isolated from 20 lines of transformed wild type Col-0-T0, 400-bp 

was analyzed by (U6-26p-for, U6-26p-rev) primers for the transgenicity test. The arrow 

indicates the presence of U6-26P::AtD27-like 1 (gRNA), lane 21; untransformed plant and 

lane 22; water. (b) AtD27-like 1-gRNA was PCR amplified using (AtD27-like 1-pcr-for, 

AtD27-like 1-pcr-rev) 280-bp. Bands were extracted from the gel and T7 assay was 

performed, lane 21; water. (c) T7 assay for detecting indels in the AtD27-like 1-gRNA 

domain. The T7 assay detected mutations in PCR amplicons of 14 lines. Arrows show the 

expected DNA fragments. (d) Alignment of reads from PCR amplicons that encompassing 
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the AtD27-like 1-gRNA region (10 colonies of 4 lines, 8, 13, 16 and 18 were sent to Sanger 

sequencing). The wild-type AtD27-like 1 genomic DNA sequence are shown at the top. 

The target sequence is shown in red, the protospacer-associated motif (PAM) is indicated 

in green. This is followed by the various indels, which are indicated by the numbers to the 

right of the sequence (-x indicates deletion of x nucleotides; +x indicates insertion of x 

nucleotides; and >x indicates the change of nucleotides). 

 

Figure 37. Mutation analysis of Atd27/Atd27-like 1 double mutant using CRISPR/ Cas 9 

system. 

(a) AtD27-like 1-gRNA was PCR amplified from 14 lines of transformed Atd27 mutant-

T0 using (AtD27-like 1-pcr-for, AtD27-like 1-pcr-rev) 280-bp.  Bands were extracted from 

the gel and T7 assay was performed. (b) T7 assay for detecting indels in the AtD27-like 1-

gRNA domain. The T7 assay detected mutations in PCR amplicons of 3 lines (1, 3, 4, 8 

and 12), this test is for rough estimation. Arrows show the expected DNA fragments. (c) 

Alignment of reads from PCR amplicons that encompassing the AtD27-like 1-gRNA 

region (10 colonies of 3 lines, 4, 8 and12 were sent to Sanger sequencing). The wild-type 

AtD27-like 1 genomic DNA sequence are shown at the top. The target sequence is shown 

in red, the protospacer-associated motif (PAM) is indicated in green. This is followed by 
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the various indels, which are indicated by the numbers to the right of the sequence (-x 

indicates deletion of x nucleotides and +x indicates insertion of x nucleotides). 

 

4.3. Discussion  

Previously, rice OsD27 was shown to be an isomerase enzyme that catalyzes 

reversible isomerization of all-trans-/9-cis-β-carotene (Alder et al. 2012), which provides 

the right substrate for CCD7 and CCD8 to produce CL, the precursor of SL (Alder et al. 

2012; Bruno and Al-Babili 2016). Recently, we reported that Arabidopsis AtD27 also 

catalyzes the reversible conversion of all-trans/ 9-cis-β-carotene (Abuauf et al. 2018), 

suggesting the conservative role of D27. Phylogenetic analysis of D27 showed the presence 

of homologs of D27, (D27-like 1 and D27-like 2) in rice and Arabidopsis (Waters et al. 

2012). This raised the question about  the biological functions of D27-like proteins and on 

whether they are also involved in SL biosynthesis (Waters et al. 2012). To answer these 

questions, we characterized the enzymatic activities of Arabidopsis and rice D27-like 1 

enzymes and investigated the biological function of AtD27-like 1. Unlike D27 enzyme, 

AtD27-like 1 enzymes did not convert all-trans-β-carotene to 9-cis-β-carotene. Moreover, 

D27-like 1 enzymes isomerized different cis isomers of β-carotene into each other, while 

D27 enzymes only isomerize 9-cis-β-carotene into all-trans form and vice versa. 

Specifically, D27-like 1 enzymes isomerized 9-cis-β-carotene into 13-cis-β-carotene; D27-

like 1 enzymes also isomerized 13-cis-β-carotene into 9-cis-β-carotene, and 15-cis-β-

carotene into 9-/13-cis-β-carotene. These results unraveled a novel enzymatic activity of 

D27-like 1 enzymes, which showed high specificity for cis-isomers of β-carotene. Our in 

vitro assays with purified protein also confirmed their activities, but indicated that D27-

like 1 enzymes have also a relatively weak all-trans/9-cis-isomerization activity (Figure 

30).  
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  Both OsD27 and AtD27 are identified as ferrous iron (Fe2+) enzymes (Lin et al. 2009; 

Abuauf et al. 2018) that likely contain an iron-sulfur cluster (Harrison et al. 2015; Abuauf 

et al. 2018), these findings raised the question on whether D27-like 1 is also an iron-sulfur 

cluster enzyme. In vitro assays showed that 9-cis-β-carotene isomerization activity of both 

AtD27-like 1 and OsD27-like 1 enzymes is inhibited by the addition of silver acetate, 

indicating that D27-like 1 is an iron-containing protein. 

  To examine whether D27-like 1 work redundantly with D27 in SL biosynthesis, D27-like 

1 overexpression transgenic lines in Atd27 mutant background were generated. It was 

shown that AtD27-like 1 overexpression restored Atd27 mutant branching phenotype into 

wild type. This suggests that AtD27-like 1 could replace the role of AtD27 in SL 

biosynthesis. Taken together, the biochemical characterization and the overexpression 

analysis of AtD27-like1 indicate that D27-like 1 enzyme might contribute to SL 

biosynthesis. However, the rescue experiments were done by using a constitutive promotor. 

We have initiated the generation of Atd27/ AtD27-like 1 double mutants to confirm the 

contribution of D27-like 1 enzyme to SL biosynthesis. Nevertheless, the cis to cis 

isomerization activity of D27-like 1 enzymes also suggests that D27-like 1 has other 

biological functions different from being involved in SL biosynthesis.   

  Similar with the tissue-specific expression analysis of AtD27, pAtD27-like 1:NLS-

GUS showed that AtD27-like 1 is also expressed in the lateral roots which is consistent 

with the lateral root emergence inhibition role of SL (Jiang et al. 2015). Unlike AtD27 

expression (Abuauf et al. 2018), in the flowering stage, AtD27-like 1 is expressed in the 

pollen indicating that AtD27-like 1 may have a role in pollen and anther development. It 

was identified that the key regulatory genes in Arabidopsis encode the AGAMOUS MADS 
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box transcription factors which are involved in pollen and anther development (Pearce et 

al. 2015). For instance, NOZZLE/SPOROCYTELESS (NZZ/SPL) gene is responsible for 

the initiation of sporogenous cell formation in stamen and carpel development (Yang et al. 

1999). In nzz/spl mutant, formation of the pollen mother cells (PMCs) and the layers of the 

surrounding cells were disrupted (Schiefthaler et al. 1999). Moreover, floral homeotic gene 

AGAMOUS (AG) is expressed in early and late stages of floral development and early 

expression of AG is involved in stamen and carpels specification (Yanofsky et al. 1990; Ito 

et al. 2004). In addition, late expression of AG is required in anther morphogenesis and 

filament elongation, and formation (Ito et al. 2007). Taken together, it might be speculated 

that AtD27-like 1 may control pollen development by regulating the expression of key 

genes involved in anther and pollen development through providing a precursor for a novel 

signaling molecule. 

  We also generated AtD27-like 1 knock-out lines by CRISPR/Cas9 technology, which 

could allow us better understand the biological functions of AtD27-like1, however, the 

analysis is still under progress. Further studies will give us a clue about how D27-like 1 is 

involved in SL biosynthesis and whither it is also involved in ABA biosynthesis.  
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Chapter 5 

5.1. Concluding remarks 

   SLs are a novel class of phytohormones that regulate the architecture of roots and 

shoots in response to environmental cues, especially under nutrients deficient conditions. 

In addition, SLs play an essential role in the rhizosphere by inducing the seed germination 

of root parasitic plants and by establishing the symbiosis with arbuscular mycorrhizal 

fungi. SL biosynthesis occurs by a strict stereo-specific pathway that leads to the 

intermediate CL. Three enzymes are involved in CL biosynthesis, D27, CCD7 and CCD8. 

The rice D27 was shown to be an isomerase enzyme that reversibly isomerizes all-trans-

β-carotene into 9-cis-β-carotene (only shown in rice). However, the enzymatic activity of 

D27 in different species is still elusive. Phylogenetic tree analysis showed that D27 has 

two homologs (D27-like 1 and D27-like 2) in rice and Arabidopsis. And d27 mutants in 

both rice and Arabidopsis showed high tillering/more branching phenotype, however, this 

phenotype was less severe in comparison with the other SL deficient mutants, indicating 

that D27-like proteins may work redundantly with D27 in regulating branching. Here, we 

characterized the enzymatic activity of AtD27, AtD27-like 1 and OsD27-like 1 using in 

vitro and in vivo systems. Moreover, we investigated the biological functions of both AtD27 

and AtD27-like 1.  

  In Chapter 3, we characterized the substrates specificity of AtD27 enzyme and studied its 

expression pattern and regulation by plant hormones and phosphate deficiency. We 

demonstrated that AtD27 is an isomerase enzyme that reversibly isomerizes all-trans-β-

carotene into 9-cis-β-carotene. Incubation of other β-carotene isomers indicates that the 

activity of AtD27 is restricted to the C9-C10 double bond. Also, we showed that AtD27 is 



 
 

141 
 

an iron-containing protein similar to OsD27. In addition, in vitro assays showed that AtD27 

isomerizes bicyclic substrates which carry at least one unmodified β-ionone ring, including 

α-carotene and β,β-cryptoxanthin, similar to OsD27. Also, expression of AtD27 enzyme in 

all-trans-lycopene accumulating cells showed that lycopene was converted into two 

lycopene isomers. However, AtD27 cannot take apocarotenoids as substrates.  

  We further studied the biological function of AtD27 by examination of its knock-out 

mutant Atd27 and its promoter driven GUS marker lines. First, we quantified the ratio of 

all-trans/9-cis-β-carotene in planta by analyzing the carotenoids content in dark-grown 

Atd27 mutant and wild type seedlings. The result showed that the content of 9-cis-β-

carotene is relatively lower in Atd27 mutants than that of the wild type. In addition, we 

showed that ABA content was reduced in shoots of Arabidopsis Atd27 mutant, compared 

to the wild type, although D27 cannot catalyze the conversion of all-trans-violaxanthin or 

-neoxanthin into the corresponding 9-cis-configured epoxy-carotenoids that are required 

for ABA biosynthesis. This suggests that AtD27 positively affects ABA levels by an 

unidentified mechanism. AtD27 tissue expression pattern showed that AtD27 is expressed 

in the primordia of lateral roots, consistent with the role of SL in lateral root inhibition. 

Moreover, AtD27 expression is induced in roots by ABA and auxin treatments, indicating 

that AtD27 likely interferes with ABA and auxin signalling. In addition, we confirmed that 

SL biosynthesis and signaling genes are induced by phosphate deficiency, by showing that 

the transcript levels of Arabidopsis SL biosynthesis genes AtD27, AtMAX3, AtMAX4 and 

AtMAX1, and LBO as well as the SL signaling gene AtD14 all increased significantly under 

phosphate starvation.  

  In Chapter 4, we characterized the enzymatic activity of one of the D27 homolog, D27-
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like 1, to see whether it, like D27, contributes to SL biosynthesis. Surprisingly, we observed 

a novel enzymatic activity of D27-like 1 enzymes from both Arabidopsis and rice. Unlike 

D27 enzyme, D27-like 1 enzymes are rather specific to cis-β-carotene substrates, such as 

9-/ 13-/ 15-cis-β-carotene. D27-like 1 enzyme converts the cis isomers, 9 cis-, 13 cis- and 

15 cis-β-carotene into different cis configured β-carotenes. In addition, D27-like 1 enzyme 

showed no catalytic activity to all-trans-violaxanthin or -neoxanthin, indicating that D27-

like 1 enzymes are, at least, not directly involved in ABA biosynthesis. In vitro assays 

showed that both Arabidopsis and rice D27-like 1 enzymes are also iron-containing 

proteins. Moreover, AtD27-like 1 overexpression in Atd27 mutant background restored the 

branching phenotype of AtD27 wild type, indicating AtD27-like 1 could replace the 

function of AtD27 in SL biosynthesis. The promoter of AtD27-like 1 drivened NLS-

GUS marker lines showed that AtD27-like 1 is expressed in the lateral roots primordia in 

the seedlings stage. In adult plants, AtD27-like 1 is expressed in stigma and pollens of 

immature flowers and style of mature flowers, which is different to that of AtD27. To get 

more insight about the biological function of AtD27-like1, AtD27-like 1 CRISPR lines were 

generated and the subsequent phenotyping analysis is still in progress.  
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