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ABSTRACT 
 

Carotenoid Biosynthesis in Maize: Characterization of the PSY Gene Family and  
Genetic Definition of a New Biosynthetic Step in Higher Plants 

 
 

By FAQIANG LI 
 

Adviser: Professor Eleanore T. Wurtzel 

 

To date, vitamin A deficiency remains a significant global health problem. 

Improving the carotenoid content in food crops to provide provitamin A could alleviate 

this nutritional problem. To achieve this goal, a complete carotenoid biosynthetic pathway 

and well-characterized regulatory mechanism (s) are required. The carotenoid biosynthetic 

pathway remains uncertain at its isomerization steps although most parts are well 

established. Despite ongoing regulation studies of carotenoid biosynthesis in several 

model organisms, few of these studies involve members of the Grass family (Poaceae), 

which contains most of the agronomically important crops. Thus, I chose maize as a model 

for the Grass family to study the regulation of the carotenoid biosynthetic pathway. 

 

 The first committed step of the carotenoid biosynthetic pathway is catalyzed by 

phytoene synthase or PSY, which is thought to be a rate-controlling enzyme. Therefore, 

genes encoding PSY were selected to study the regulation of carotenoid biosynthesis in 

maize. My data showed that the maize genome possesses three gene copies encoding 

functional PSY enzymes. Transcript assays revealed that PSY1 but not PSY2 or PSY3 
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mRNA levels were correlated with carotenoid accumulation in endosperm. On the other 

hand, the up-regulation of PSY2 transcripts was associated with leaf carotenogenesis 

during greening. Maize PSY3 expresses predominately in root and embryo tissues, where 

carotenoids accumulate at negligible levels. PSY3 transcript levels in roots are induced in 

response to various abiotic stresses and are associated with accumulation of abscisic acid 

(ABA). 

  

The carotenoid composition analysis of maize kernel mutants also led to the genetic 

definition of a new isomerization step required for carotenoid biosynthesis. HPLC analysis 

revealed that dark-grown tissues, such as roots and etiolated leaves of the maize y9 mutant 

condition accumulation of the product of phytoene desaturase (PDS), 

9,15,9′-tri-cis-ζ-carotene. This finding suggests that maize Y9 encodes a factor required for 

an isomerase activity which is necessary for converting the product of PDS 

(9,15,9′-tri-cis-ζ-carotene) into the suitable ZDS substrate (9,9′-di-cis-ζ-carotene); this 

enzyme activity I named Z-ISO (15-cis zeta-carotene isomerase). In the future, cloning of 

the maize y9 locus will be critical for elucidation of the isomerization reactions in the 

carotenoid biosynthetic pathway of plants. 
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 CHAPTER 1  
 

BACKGROUND AND INTRODUCTION 
CHAPTERS                                                                                                                           
1. Background and Introduction 
1.1 The general roles of carotenoids in plants and human beings 
 

Carotenoids are a diverse group of pigments found in plants, fungi and bacteria. To 

date more than 750 carotenoids have been identified (Britton et al., 2004). β-carotene, 

which furnishes carrots their orange color, and lycopene, which is responsible for the red 

pigment found in tomato are two typical carotenoids found in plants. All carotenoids are 

C40 tetraterpenoids derived from isoprene and their polyene backbones are either linear or 

possess one or more cyclic β-ionone or ε-ionone rings at either end. Non-oxygenated 

carotenoids are referred to as carotenes, such as β-carotene. When they are oxygenated, 

they are designated as xanthophylls, such as lutein (Matthews and Wurtzel, 2007).  

 

In higher plants, carotenoids act as accessory pigments in the photosynthetic 

apparatus to assist in light harvesting. Chlorophylls absorb red and blue light, while 

carotenoids absorb blue-green and blue light, and subsequently transfer the captured 

energy to chlorophylls (Taiz and Zeiger, 2006). Carotenoids also function as 

photoprotectants to prevent photo-oxidative damage. In intense light, excited triplet state 

chlorophylls are formed and interact with oxygen molecules to produce reactive and 

damaging singlet oxygen molecules. Carotenoids can quench these triplet chlorophylls and 

singlet oxygen molecules by dissipating excess excitation energy in the form of heat 
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(Niyogi, 1999, 2000). The major carotenoids in the plant photosynthetic apparatus are 

lutein, β-carotene, and zeaxanthin; other carotenoids found in green tissue include 

neoxanthin, antheraxanthin and violaxanthin.  

 

In higher plants, some carotenoids also serve as precursors for the synthesis of the 

hormone abscisic acid (ABA) (Nambara and Marion-Poll, 2005). ABA is a carotenoid 

cleavage product and plays important roles in regulating plant stress responses, differential 

growth, and embryo dormancy. In addition, carotenoids also color flowers and fruits in 

plants to attract pollinators and seed dispersal agents. 

  

Carotenoids not only decorate this world with their beautiful color, but also enable 

us to see this colorful world. In humans and animals, carotenoids are essential precursors 

for the synthesis of vitamin A (retinaldehyde), which can act as a chromophore in vision 

(retinol). Vitamin A deficiency can lead to night blindness or even irreversible blindness, 

especially in children. Global vitamin A deficiency affects 140 million children in 118 

countries and results in increased mortality (WHO, http://www.who.int/vmnis/ 

vitamina/en/). Vitamin A is a C20 compound and can be synthesized by cleaving any 

carotenoid containing an unmodified β-ionone ring, such as β-carotene. In flies and 

chickens, the enzymes that catalyze the cleavage reaction have been identified and 

designated as β-carotene 15, 15'-dioxygenase (Wyss et al., 2000; von Lintig and Wyss, 

2001).  
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Apart from being precursors for the synthesis of vitamin A, nonprovitamin A 

carotenoids as antioxidants have been suggested to play beneficial roles in human health 

(reviewed in  Rao and Rao, 2007) . For example, lutein and zeaxanthin have been 

associated with prevention of macular degeneration (Krinsky et al., 2003); lycopene has 

been associated with  prostate cancer prevention (Giovannucci et al., 2002). In addition, 

astaxanthin has also been implicated in reducing the risk of cancer and diabetes (Hussein 

et al., 2006).    

 

1.2 The carotenoid biosynthetic pathway in plants 
 

 Over the past half century, the carotenoid biosynthetic pathways of plants, fungi 

and bacteria have been extensively studied; nearly all the carotenogenic genes have been 

identified and their products characterized.  All plant carotenogenic genes are located in 

the nucleus but their encoded enzymes must be transported into a variety of plastids where 

carotenoids are synthesized (Matthews and Wurtzel, 2007). 

 

Carotenoid biosynthesis starts with the condensation of two molecules of 

geranylgeranyl pyrophosphate (GGPP) to form a molecule of 15-cis phytoene (Fig. 1-1). 

This reaction is catalyzed by phytoene synthase or PSY, which is regarded as a 

rate-controlling step in the carotenoid biosynthetic pathway (Armstrong, 1994). Partial 

purification of PSY from tomato (Lycopersicon esculentum) chloroplasts revealed that it 

forms a protein complex together with the isoprenoid biosynthesis enzyme isopentenyl 
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diphosphate isomerase (IPI) and GGPP synthase (GGPPS)(Fraser et al., 2000).  

 

PSY is a single copy gene in some plants, such as A. thaliana, however multiple 

copies are also found in other plants, such as tomato, tobacco and most species in the Grass 

family (Poaceae).  PSY1 in tomato is a fruit- and flower-specific gene, whereas PSY2 is the 

predominant one expressed in green tissue (Bartley and Scolnik, 1993).  Maize (Zea mays) 

PSY1 was the first PSY gene identified in the Grass family (Poaceae),  which was isolated 

through characterization of the endosperm carotenoid-free y1 mutant (Buckner et al., 

1996). Soon after a second copy was also identified in the maize and rice genomes based 

on the sequence homology to maize PSY1 (Palaisa et al., 2003; Gallagher et al., 2004). 

PCR with ortholog-specific universal primers determined that duplicated PSY genes are 

present in at least eight subfamilies of the Poaceae, which suggests that this duplication 

may have occurred prior to the evolution of the Poaceae (Gallagher et al., 2004).  

 

The PSY product, 15-cis phytoene rarely accumulates in plants and is subsequently 

converted to all-trans lycopene. In plants, this process requires two desaturases (phytoene 

desaturase (PDS) and zeta-carotene desaturase (ZDS) and some supplementary 

isomerization reactions (Isaacson et al., 2002; Park et al., 2002; Li et al., 2007), whereas 

only one enzyme, CRTI, is required  to carry out this entire process in bacteria (Linden et 

al., 1991). 

    



 
 

 

5

The PDS and ZDS enzymes share similar structure and sequence and are unrelated 

to the bacterial CRTI. PDS and ZDS, together introduce four double bonds into the 

phytoene molecule; first at the C11, 12 and C11', 12' positions by PDS and then at the C7, 

8 and C7', 8' positions by ZDS (Fig. 1-1). These dehydrogenation reactions require 

plastoquinone (Mayer et al., 1992; Norris et al., 1995) or plastid terminal oxidase (Carol 

and Kuntz, 2001) as an intermediate, and oxygen as the final electron acceptor (Al-Babili 

et al., 1996).  

 

In plants the desaturation products of PDS (9,15, 9'-tri-cis ζ-carotene) and ZDS 

(tetra-cis lycopene) must be isomerized to produce acceptable geometrical isomer 

substrates for the following enzymes (Beyer et al., 1989).  It is essential that the 

desaturation product of PDS, 9,15,9'-tri-cis ζ-carotene be isomerized to 9,9'-di-cis 

ζ-carotene in order for it to be further desaturated by ZDS (Beyer et al., 1989). Similarly, 

the product of  ZDS, tetra-cis lycopene cannot be cyclized until it is converted to all-trans 

lycopene (Bartley et al., 1999) . Recently, characterization of the tomato mutant tangerine 

led to the cloning of the long-sought-after carotenoid isomerase gene, CRTISO (Isaacson 

et al., 2002). When CRTISO was assayed, it was revealed that CRTISO only recognized 

products of ZDS but not those of PDS (Isaacson et al., 2004).  Although the 15-cis bond in 

the product of PDS (9,15,9'-tri-cis ζ-carotene) can be photoisomerized in light exposed 

tissues, there is still the question of whether there is a gene responsible for such activity in 

the dark or in dark-grown tissue (Bartley et al., 1999; Matthews et al., 2003). To identify 
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this missing isomerase, which we call Z-ISO (zeta-carotene isomerase), I screened 

carotenoid biosynthetic pathway mutants that accumulate atypical geometrical isomers. A 

maize pale yellow kernel mutant, y9, was found to accumulate the product of PDS, a 

9,15,9' -tri-cis ζ-carotene isomer in its etiolated leaves and roots. This finding indicated 

that the carotenoid biosynthetic pathway is blocked at the step of converting the PDS 

product into the suitable ZDS substrate and that y9 is essential for the activity of Z-ISO (Li 

et al., 2007). The identification process will be discussed in detail in Chapter 4. 

 

The carotenoid biosynthetic pathway branches after the step of lycopene 

cyclization (Fig. 1-1). The β, β branch carotenoids (β-carotene and its derivatives: 

zeaxanthin, antheraxanthin, violaxanthin and neoxanthin) are created by adding β-rings 

onto either end of lycopene by lycopene beta cyclase (LCYB). To date, only one LCYB 

was identified in A. thaliana and two were cloned in tomato (Ronen et al., 2000). The 

second LCYB in tomato shows 53% identity to the first one at the amino acid level. The β, 

ε branch (α-carotene and its derivatives) involves the introduction of an ε-ring at one end 

of lycopene by the lycopene epsilon cyclase (LCYE)  and subsequently adding a β-ring at 

the other end by LCYB (Pogson et al., 1996).  Interestingly, the lettuce LCYE enzyme has 

the unique ability to add ε-rings onto both ends of lycopene to form ε,ε-carotene 

(Cunningham Jr. and Gantt, 2001).  

 

 α-carotene and β-carotene can be further modified to produce xanthophylls. In 

plant chloroplasts and chromoplasts, α-carotene is commonly hydroxylated at the positions 
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3 and 3' to form lutein. This process requires two types of hydroxylases; β-hydroxylases act 

on the β-ionone ring whereas the ε-hydroxylase hydroxylates the ε-ring. There are two 

classes of carotene β-hydroxylases:  CYP97A is a cytochrome P450-type β-hydroxylase, 

while HYDB is a ferredoxin-dependent di-iron monooxygenase (Quinlan et al., 2007).  

CYP97C (carotene ε-hydroxylase) is a cytochrome P450-type monooxygenase which was 

identified through characterization of the A. thaliana lut1 mutant (Tian and DellaPenna, 

2004) and functionally demonstrated in E. coli (Quinlan et al., 2007). In the α-carotene 

branch of the pathway of plants, lutein is always the end product. The β-carotene branch 

can be hydroxylated by either HYDB or CYP97A in two steps to produce zeaxanthin via 

β-cryptoxanthin (an intermediate). Unlike lutein, zeaxanthin can be further modified by 

zeaxanthin epoxidase (ZEP) to produce violaxanthin via the intermediate antheraxanthin. 

This process can be reversed under high light stress by violaxanthin de-epoxidase (VDE); 

this is referred to as the xanthophyll cycle (Fig. 1-1).  Zeaxanthin is recognized as the 

precursor for synthesis of ABA in plants (Fig. 1-2).  

 

1.3 Carotenoid cleavage products and enzymes 
 

Carotenoids not only serve their functions in their intact form, but can also be oxidized 

and broken down to form a diverse group of bioactive derivatives, called apocarotenoids. 

These cleavage products include vitamin A in humans and animals (Wyss et al., 2000; von 

Lintig and Wyss, 2001), the plant hormone ABA (Schwartz et al., 1997), aroma and flavor 

compounds (Bouvier et al., 2003a), root-secreted germination stimulant strigolactones 
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(Matusova et al., 2005) and a novel plant signal molecule involved in shoot branching 

inhibition (Booker et al., 2004; Akiyama et al., 2005; Matusova et al., 2005).  

 

The cleavage enzymes are called carotenoid cleavage dioxygenases (CCD). The 

first gene encoding a CCD had been identified through characterization of a maize 

ABA-deficient viviparous mutant, vp14 (Schwartz et al., 1997; Tan et al., 1997). The 

product of VP14 is also called 9-cis-epoxycarotenoid dioxygenase (NCED) because it can 

cleave two 9-cis-epoxycarotenoids (violaxanthin and neoxanthin) at their 11, 12 double 

bond (Fig 1-2). Its homologs in several other plants were also identified and characterized 

to recognize this enzyme’s critical role in controlling ABA synthesis (Qin and Zeevaart, 

1999; Iuchi et al., 2000; Thompson et al., 2000b). In most plants, NCED/CCD is encoded 

by a small gene family (Tan et al., 1997; Tan et al., 2003). For example, nine CCD genes 

have been identified in A.thaliana based on sequence homology to maize VP14 (Tan et al., 

2003).  Five of them (NCED2, NCED3, NCED5, NCED6 and NCED9) are similar to VP14 

in maize; a gene that is involved in ABA synthesis. Under drought conditions, AtNCED3 

is the major stress-induced NCED in leaves (Iuchi et al., 2001; Tan et al., 2003). AtNCED6 

and AtNCED9 are seed-specific and are required for ABA biosynthesis during seed 

development (Lefebvre et al., 2006).  

 

The roles of ccd7 and ccd8 in plant development have been elucidated through 

characterization of a series of similar mutants, including pea ramosus1 mutant (rms1), 

petunia decreased apical dominance mutant (dad1) and Arabidopsis more axillary growth 
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mutants (max3 and max4). In these mutants, both leaves and inflorescences can emerge 

from typically dormant axillary buds (Sorefan et al., 2003; Booker et al., 2004). The 

mutated phenotype can be restored by grafting wild type root tissue with the shoot of 

mutants, which suggests that a mobile signaling molecule is missing in these mutants. 

Characterization of these mutants revealed that ccd8 is allelic to rms1, dad1 and max4, 

whereas ccd7 is allelic to max3 (Sorefan et al., 2003; Booker et al., 2004; Snowden et al., 

2005). In vitro, the recombinant CCD7 protein can cleave β-carotene at the 9, 10 bond to 

produce 10'-apo-β-carotenal (C27), which can be further broken down by CCD8 to form 

13-apo-carotenone (C18). Thus, these data indicated that ccd7 and ccd8 may team up to 

synthesize a novel, mobile signaling molecule involved in shoot branching inhibition, by 

cleaving carotenoids.  

     

Carotenoid cleavage dioxygenases are also involved in the formation of the aroma 

compounds bixin in Bixa orellana and saffron in Crocus sativus respectively. The 

biosynthesis of bixin requires a lycopene cleavage dioxygenase (bixin aldehyde 

dehydrogenase), together with norbixin carboxyl methyltransferase (Bouvier et al., 2003b). 

Carotenoid derivatives in saffron are its major sources of color, flavor, and aroma. A 

crocus zeaxanthin 7,8 (7',8')-cleavage dioxygenase was identified and thought to be 

necessary to initiate the biosynthesis of these carotenoid derivatives (Bouvier et al., 2003a) 

  

 

Strigolactones represent a group of germination stimulants, which are secreted by 
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the roots of host plants of the parasitic plants Striga and Orobanche (Matusova et al., 2005). 

  They also mediate the symbiosis of arbuscular mycorrhizal fungi and their hosts by 

stimulating the cell proliferation of fungi (Besserer et al., 2006). Recently, Matusova et.al 

showed that strigolactones are derived from the carotenoid pathway using carotenoid 

biosynthetic mutants and inhibitors; the germination ratio of parasitic plants is reduced 

profoundly when they are treated with root exudates extracted from maize carotenoid 

biosynthetic mutants, such as vp5, vp14, y9 and y10.  Moreover, one of the carotenogenic 

genes, PDS, has been shown to be up-regulated specifically in root cells infected by 

mycorrhizae (Fester et al., 2002). The biosynthetic pathway of strigolactone is still unclear. 

However, a pathway similar to the ABA biosynthetic pathway has been proposed by 

Motusova et.al (2005) and a ccd member has also been suggested to be involved in 

strigolactone synthesis.   

 

1.4 The regulation of carotenoid biosynthesis in higher plants 
 

Although almost all carotenogenic genes have been successfully targeted by 

genetic engineering, the studies involving pathway regulation are still in the infancy stage. 

 Carotenoids are synthesized in a variety of plant plastids and this process is usually altered 

significantly during plastid development, therefore most regulatory studies were carried 

out on four model systems involving plastid development or transition: (1) de-etiolated 

seedlings, (2) ripening fruits, (3) budding flowers and (4) developing seeds. In de-etiolated 

seedlings, etioplasts develop into chloroplasts upon exposure to light, whereas chloroplasts 
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transition into chromoplasts during fruit ripening and flower budding (Fig. 1-3A, B and 

C). Crop seeds usually accumulate lower amounts of carotenoid in their plastids compared 

with leaves, fruits and flowers. However, crop seeds still draw attention because of their 

economic significance. These preliminary regulatory studies have clearly demonstrated 

that increasing carotenoid levels is always associated with the up-regulation of key 

carotenogenic genes; this strongly suggests that carotenogenesis is predominantly 

regulated at the level of transcription (Hirschberg, 2001; Römer and Fraser, 2005).  

 

1.4.1 Regulation in green tissue 

  

Etiolated leaves possess plastids called etioplasts, which accumulate low levels of 

carotenoids in a lattice of tubular membranes known as the prolamellar body (PLB) (Park 

et al., 2002) (Fig. 1-3B). Upon exposure to light, etioplasts develop into functional 

chloroplasts. During this process in A. thaliana and Sinapis alba, the levels of PSY mRNAs 

are up-regulated by light, whereas the transcript levels of upstream or downstream genes, 

such as GGPPS or PDS, remain constant (von Lintig et al., 1997). The cis-elements within 

the A. thaliana PSY promoter responsible for the modulation of different light qualities 

were identified via promoter deletion analysis (Welsch et al., 2003). Other than 

transcriptional regulation, post-translational control appears to be another regulatory 

mechanism in controlling PSY activity in Sinapis alba.  In etioplasts, the PSY enzyme is 

stored in PLBs and exhibits low enzymatic activity. Upon illumination, there is a rapid 

decay of the PLB and establishment of the chloroplast, accompanied by the relocalization 
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and activation of the PSY enzyme (Welsch et al., 2000).  

 

 In higher plants, oxycarotenoid xanthophylls (zeaxanthin, antheraxanthin and 

violaxanthin) function as photoprotectants for preventing photo-oxidation. Therefore, it is 

reasonable to envision that the carotenogenic genes related to zeaxanthin synthesis should 

be light-stress inducible.  It is true that an increase in HYDB gene transcript levels have 

been observed in A. thaliana, which is correlated with higher levels of zeaxanthin under 

high light stress (Rossel et al., 2002). Zeaxanthin can also be synthesized from 

violaxanthin through de-epoxidation by VDE. However, the levels of VDE transcripts 

decrease under high light stress and post-transcriptional or translational control has been 

suggested to be a critical factor in the regulation of VDE (Gilmore, 2001; Rossel et al., 

2002).  

 

To date, little is known about the regulatory components or mechanisms involved 

in sensing light signals for up-regulation of leaf carotenogenesis. Certain photoreceptors 

are thought to be such regulatory components and redox control may be another factor that 

could have an impact on this regulation.  Studies involving A. thaliana plants exposed to 

far-red light revealed that a specific phytochrome, phyA, may be involved in the regulation 

of the PSY gene during de-etiolation (von Lintig et al., 1997). Recently, I demonstrated that 

the up-regulation of maize PSY2 is abolished in the phytochrome chromophore mutant 

elm1 exposed to both red and far-red light (Chapter 3). Taken together, these results 

suggest that phytochromes are involved in the sensing of both red and far-red light signals 
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but not blue light. On the other hand, another photoreceptor, phototropin may be the 

regulatory component which mediates blue light for up-regulation of carotenogenesis; it 

has been reported that this photoreceptor is necessary for PSY, PDS, ZDS and ZEP genes 

induction in Chlamydomonas reinhardtii under blue light (Im et al., 2006). In addition, 

using a site-specific photosynthetic electron transport inhibitor, Woitsch et.al (2003) 

demonstrated that two genes encoding xanthophyll biosynthetic enzymes, HYDB and ZEP 

are redox-controlled by the plastoquinone pool.    

 

1.4.2 Regulation in the chromoplast 

  

 Carotenogenesis during the chloroplast to chromoplast transition has been best 

studied in tomato fruit (Fig.1-3C), marigold (Tagetes erecta) and Gentiana lutea flowers. 

At the breaker stage of tomato ripening, lycopene starts to accumulate so that fruit color 

changes from green to orange. During this stage, a 10 to 20-fold increase in transcript 

levels has been observed for tomato PSY1 and PDS (Giuliano et al., 1993), whereas the 

mRNA levels of both lycopene cyclases, LCYB and LCYE are not detectable (Pecker et al., 

1996; Ronen et al., 1999). Such differential gene expression is thought to be the main 

reason for the accumulation of lycopene in ripening tomato.  

 

 Lutein and lutein fatty acid esters are major carotenoids accumulating in the petals 

of marigold flowers. Their amounts vary significantly from one variety to another. 

Transcript analysis revealed that the levels of PSY mRNA are positively associated with 
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the carotenoid levels in marigold flowers (Moehs et al., 2001). The expression of the LCYE 

also increases during flower development, which diverts lycopene to the β, ε branch of the 

carotenoid pathway and α-carotene gets hydroxylated to produce the xanthophyll lutein, 

which accumulates to significant amounts.   

 

 When G. lutea flowers are blooming, carotenoid levels in the petals start to increase 

while chlorophyll content significantly decreases.  An increase in transcript levels of PSY 

and ZDS (6- to 7-fold) has been observed during the transition of the chloroplast to the 

chromoplast (Zhu et al., 2002). In addition, it has been shown that lycopene is diverted to 

the β, β- branch of the carotenoid pathway by increasing the transcript levels of LCYB and 

HYDB and decreasing the levels of LCYE.  Such differential gene expression in G. lutea led 

to a shift from β, ε branch (ie., α-carotene) xanthophylls such as lutein to β- carotene 

derived xanthophylls (Zhu et al., 2003).  

 

 The regulation of carotenogenesis has also been studied in the flowers of daffodil, 

 (Narcissus pseudonarcissus) (Schledz et al., 1996), citrus fruit (Kato et al., 2004) and 

pepper (Capsicum annuum) (Camara et al., 1995). All these studies have indicated that 

transcriptional regulation appeared to be the major regulatory mechanism in chromoplast 

carotenogenesis. However, post-transcriptional regulation has also been found to control 

the enzymatic activity of daffodil PSY and PDS in chromoplasts.  In order to be activated 

both PSY and PDS of daffodil must be associated with chromoplast membranes (Al-Babili 

et al., 1996; Schledz et al., 1996).  
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Over the past several years, there has been increasing evidence which indicates that 

light signal transduction pathway components and photoreceptors may be involved in the 

regulation of fruit and leaf carotenogenesis (Liu et al., 2004; Davuluri et al., 2005; 

Giliberto et al., 2005). In A. thaliana, the blue light photoreceptor cryptochrome 2 (cry2) is 

an important regulatory factor in controlling flowering time and photomorphogenesis 

under low-light.  Overexpression of a tomato cry2 homolog under the control of  the 

CMV35S promoter led to 2- to 3-fold increases in carotenoid levels in tomato fruit and leaf 

(Giliberto et al., 2005). Moreover, the nuclear protein DEETIOLATED1 (DET1) in A. 

thaliana is a negative regulator in the phytochrome signal transduction pathway (Liu et al., 

2004). Fruit-specific suppression of the DET1 homolog in tomato was able to increase not 

only carotenoid levels but also flavonoid content significantly in fruit (Davuluri et al., 

2005). Further characterization of the cross-talk between the light signal transduction 

pathway and the carotenoid biosynthetic pathway may enable us to identify potential 

regulatory genes useful in improving the carotenoid content in food. 

 

1.4.3 Regulation and manipulation of carotenoid biosynthesis in seeds 

 

 Two kinds of plastids are present in seeds; amyloplasts are found in starchy seeds 

such as maize, rice and wheat for storage of starch granules (Fig.1-3D), whereas 

elaioplasts are present in oilseeds of canola and sunflower for lipid-storage (Kirk and 

Tilney-Bassett, 1978). In maize amyloplasts, the amount of carotenoids can be as high as 
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38.23 µg. g-1 in the maize inbred line A619 with lutein as the major component, followed 

by zeaxanthin (Egesel et al., 2003).  However, carotenoids are present at very low levels in 

the amyloplasts of other grass family members, particularly in rice. 

 

The significant color change in developing endosperm, plus a large collection of 

colored kernel mutants, makes maize a good candidate for seed carotenogenesis studies of 

cereals. As previously pointed out, the maize PSY1 gene was identified through 

characterization of a colorless kernel mutant, y1. Moreover, the PDS gene was also 

identified through characterization of the viviparous 5 (vp5) mutant, which is a colorless 

endosperm mutant deficient in both carotenoids and ABA (Li et al., 1996; Hable et al., 

1998). ZDS has also been associated with the ABA and carotenoid deficient mutant 

viviparous 9 (vp9) (Matthews et al., 2003). 

 

In contrast to the seed carotenogenesis studies in maize, such studies in other 

cereals have received very little attention so far. But the basic biochemical and molecular 

knowledge of carotenogenesis obtained from maize and other plants has been used to 

improve the carotenoid content of rice (Ye et al., 2000; Paine et al., 2005), canola 

(Brassica napus) (Shewmaker et al., 1999) and A. thaliana (Lindgren et al., 2003). Rice 

endosperm cannot accumulate any carotenoids except the precursor GGPP (Burkhardt et 

al., 1997). The absence of PSY1 transcripts in endosperm seems to account for the lack of 

carotenoid accumulation in rice endosperm (Burkhardt et al., 1997; Gallagher et al., 2004). 

Subsequently, researchers over-expressed a daffodil PSY and a bacterial crtI to create the 
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first generation of ‘Golden rice’, in which endosperm β-carotene, lutein and zeaxanthin 

accumulate at variable levels (Ye et al., 2000). In the second generation,  ‘Golden rice 2’, 

maize PSY1 was over-expressed in rice endosperm and the level of total carotenoid was 

increased significantly to levels that were 23-fold higher than that of the first generation of 

‘Golden rice’ overexpressing a daffodil PSY (Paine et al., 2005).  

 

PSY  has also been overexpressed in the seeds of canola (Shewmaker et al., 1999) 

and A. thaliana (Lindgren et al., 2003). Wild type canola seeds accumulate negligible 

levels of carotenoids with lutein as the major component. Overexpression of a bacterial 

PSY gene, crtB, under the control of a seed-specific promoter in canola led to a 50-fold 

increase in total carotenoids and a 300-fold increase in β-carotene. The increase in 

carotenoid levels in this case is much higher than those observed in transgenic rice and 

tomato.  This may be due to the changes in elaioplast morphology in transgenic canola, in 

which a new inclusion body surrounded by a membrane was found.  Such changes in 

plastid structure led to the formation of a metabolic sink, which may allow for more 

carotenoids to be sequestered (Li and Van Eck, 2007).    

 

1.4.4. Regulation in root tissue  

 

In comparison to leaf, fruit and seed, root tissue contains much lower levels of 

carotenoids.  The plastid in roots is the colorless leucoplast (Fig 1-3E), in which 

carotenoid levels are only 0.03-0.07% of the levels found in the chloroplast (Parry and 



 
 

 

18

Horgan, 1992). 

 

Rather than focusing on carotenoid content or composition manipulation, root 

carotenogenesis studies are concentrating on carotenoid derived signaling compounds, 

including the plant hormone ABA and strigolactone.  As discussed above, the 

identification and characterization of the maize VP14 gene has established NCED as the 

rate-controlling step in the ABA synthesis pathway in both leaves and roots (Schwartz et 

al., 1997; Tan et al., 1997).  In leaves, abundant xanthophylls provide plentiful precursors 

so that NCED is regarded as the only regulatory step (Parry et al., 1990; Tan et al., 1997; 

Qin and Zeevaart, 1999; Tan et al., 2003). In contrast to leaf tissue, an increase in the 

mRNA levels of certain carotenogenic genes has been observed in dehydrated roots in 

order to supply xanthophylls for ABA synthesis (Audran et al., 1998; Thompson et al., 

2000a). For example, the levels of ZEP mRNA increased 3- to 7-fold and 4-fold in 

dehydrated roots of tomato and tobacco, respectively (Audran et al., 1998; Thompson et 

al., 2000a). Recently, the transcript profiles of maize carotenogenic genes under drought 

stress were investigated and maize PSY3, HYDB, and VP14 were found to be strongly 

induced by drought stress in root tissue (Chapter 2). This suggested that increased 

epoxycarotenoid supply through up-regulation of root carotenogenesis might be another 

bottleneck in ABA synthesis other than NCED activity.  

 

1.5 Objectives 
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To date, vitamin A deficiency is still prevalent in many developing countries and 

areas (Sommer and Davidson, 2002). The World Health Organization reported that at least 

140 million preschool children in more than 118 countries are affected by vitamin A 

deficiency (WHO, http://www.who.int/vmnis/vitamina/en/ ). To combat this problem, 

much attention has focused on the genetic manipulation of the carotenoid biosynthetic 

pathway in order to improve the nutritional content in crop plants.  However, such genetic 

modification of carotenogenesis relies on a complete, well-studied carotenoid biosynthetic 

pathway and well-characterized regulatory mechanism(s) involved in carotenoid 

biosynthesis.  As discussed above, regulation studies of carotenogenesis in various tissues 

have been done for several plant species. But very few of these types of studies have 

involved members of the Grass family (Poaceae), which contains most of the 

agronomically important crops. On the other hand, the carotenoid biosynthetic pathway 

remains uncertain at its isomerization steps although most parts are well established. Thus, 

our lab chose maize as a model for Grass family to study the regulation of carotenoid 

biosynthesis in cereal species. We also use maize kernel carotenoid mutants to elucidate 

the carotenoid biosynthetic pathway in higher plants. The regulation studies of 

carotenogenesis in maize will not only benefit carotenoid biosynthesis research in other 

cereal plants, but will also help researchers genetically manipulate the carotenoid pathway 

in order to improve the nutritional content in other crop plants. 

 

As previously mentioned, it has been shown that duplicated PSY genes are present 

in most Grass subfamilies, including maize and rice, and the expression of rice and maize 
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PSY1 in endosperm is associated with endosperm carotenoid accumulation (Gallagher et 

al., 2004; see Appendix 1). Duplicated genes are frequently preserved by 

subfunctionalization, which in turn provides plants a suitable mechanism for controlling 

gene expression in different tissues and when subjected to various growth conditions. This 

is best exemplified by the subfunctionalization of tomato PSY genes; PSY1 is a fruit- and 

flower-specific gene and PSY2 is a leaf-specific one. Thus, I hypothesized that the 

duplicated PSY genes in the Grass family may also be subfunctionalized and study of the 

roles of PSY gene members in controlling carotenogenesis in maize became my first 

project.  

 

The carotenoid biosynthetic pathway of higher plants still remains uncertain in its 

isomerization step as previously mentioned. The conversion from 15-cis phytoene to 

all-trans lycopene in plants requires two desaturases (PDS and ZDS) and some 

supplementary isomerization reactions, whereas only one enzyme, CRTI, is required in 

bacteria. Such differences in the plant and bacterial pathways are very important to be 

considered for metabolic engineering of plant carotenoid content and composition. 

Although one isomerase, CRTISO, has already been identified from A. thaliana and 

tomato (Isaacson et al., 2002; Park et al., 2002), the enzyme required to isomerize the 

product of PDS (9,15,9'-tri-cis-ζ-carotene) to produce the suitable ZDS substrate 

(9,9'-di-cis-ζ-carotene) is still a mystery, given CRTISO cannot recognize 

9,15,9'-tri-cis-ζ-carotene as its substrate. Thus, identification of this missing enzyme 

(tentatively named Z-ISO) and elucidation of the isomerization steps in the carotenoid 
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biosynthetic pathway became my second project. 

 

1.5.1 Specific aims 

More specifically, the questions addressed here are: 

(1) Enzymatic function of maize PSY3 (Chapter 2) 

Very recently, a novel PSY gene (PSY3) was identified in the grass family based on 

sequence homology to maize PSY1. To verify the enzymatic function of PSY3, maize and 

sorghum PSY3 full-length cDNAs were isolated and their functions were verified via a 

heterologous complementation assay.  

 

(2) Tissue specificities of maize PSY genes (Chapter 2) 

To assess the roles of maize PSY genes, including the newly isolated PSY3, their 

tissue specificities were investigated with quantitative RT-PCR using root, leaf, 

endosperm, and embryo tissues.   

 

(3) Regulation of root carotenogenesis (Chapter 2) 

To assess the roles of maize PSY genes in controlling root carotenogenesis, their 

transcript profiles were investigated using roots exposed to abiotic stresses, including 

drought, salt and ABA.  

 

(4) Regulation of endosperm carotenogenesis (Chapter 3) 

To evaluate the roles of the maize PSY genes in controlling endosperm 
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carotenogenesis, their expression patterns were studied with quantitative RT-PCR using 

developing endosperm from the B73 inbred line.  Moreover, the PSY1 endosperm mutant 

y1-602C was also used to assess the impact of PSY2 and PSY3 gene expression on 

endosperm carotenoid accumulation. The levels of maize PSY proteins in developing 

endosperm were also investigated with anti-PSY1 serum. 

 

 (5) Regulation of leaf carotenogenesis (Chapter 3) 

To assess the roles of the maize PSY genes in leaf carotenogenesis, their expression 

patterns were analyzed using de-etiolated maize seedlings. Chromophore biosynthesis 

mutant elm1 was also used to determine whether phytochromes were involved in PSY 

up-regulation by light.  Finally, a maize PSY1 null mutant, y1-8549, was used for leaf 

chlorophyll and carotenoid content analysis to assess the impact of the absence of PSY1 on 

leaf carotenogenesis. 

 

(6) ζ-carotene accumulating mutant screening (Chapter 4) 

 To identify Z-ISO which is responsible for the isomerization of the PDS product 

(9,15,9'-tri-cis-ζ-carotene), I screened maize mutants that accumulate ζ-carotene via 

HPLC and a maize pale yellow kernel mutant, y9, was found to accumulate the product of 

PDS.  

 

To study the roles of PSY gene family in controlling carotenogenesis, quantitative 

RT-PCR was the main tool used to investigate transcript levels of maize PSY genes in 
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various tissues and in PSY1 mutants.  In Chapter 2, the transcript profiles of the maize PSY 

genes expressed in plants exposed to various abiotic stresses were analyzed and the role of 

PSY3 in controlling root carotenogenesis was evaluated.  In Chapter 3, the roles of PSY1 

and PSY2 in controlling endosperm and leaf carotenogenesis were reported. The 

identification of a novel maize mutant disrupting Z-ISO activity was also reported in 

Chapter 4.  Finally, future studies on the regulation of carotenoid biosynthesis in the grass 

family and the Z-ISO activity disrupting mutant are discussed in Chapter 5. 
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Figure 1-1.   Carotenoid biosynthetic pathway in higher plants. PSY, phytoene 

synthase; PDS, phytoene desaturase; ZDS, zeta-carotene desaturase; Z-ISO, zeta-carotene 

isomerase; CRTISO, carotenoid isomerase; LCYB, lycopene β-cyclase; LCYE, lycopene 

ε-cyclase; HYDB, non-heme diiron carotene β-ring hydroxylase; CYP97A, P450 carotene 

β-ring hydroxylase;  

(Acknowledgment to Rena Quinlan for drawing this pathway)  

 

Figure 1-1.   Carotenoid biosynthetic pathway in higher plants 
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Figure 1-2.   ABA biosynthetic pathway in plants (Reprinted with permission from the 

Annual Review of Plant Biology, Volume 56 (c) 2005 by Annual Reviews   

www.annualreviews.org). ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; 

NSY, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; ABA2, short 

chain alcohol dehydrogenase; AAO3, abscisic acid oxidase. 
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Figure 1-3.   Electron micrographs of plastids 

(A): Chloroplast of maize leaf. G, grana stacks; S, starch grain. (Picture reprinted from 
Bachmann et al., 1969 with permission)  
(B): Etioplast of oat seedlings. PLB, prolamellar body. (Picture reprinted from Park et al., 
2002 with permission). 
(C): Chromoplast of tomato fruit. p, plastoglobules; nm, newly synthesized membranes; cc, 
membranes enclosing carotenoid crystals. (Picture reprinted from Simkin et al., 2007 with 
permission). 
(D): Amyloplast of maize endosperm. A, amyloplasts; P, protein body; AM, amyloplast 
membrane; CM, cell membrane. (picture reprinted from Commuri and Jones, 1999 with 
permission). 
(E): Leucoplast of bean root. DC, dilated cisterna; N, nucleus; PE, plastid envelope; Pn, 
protein; PW, primary wall; St, starch body; TC, tubular complex. (Newcomb, 1967 
Reproduced from The Journal of Cell Biology, 1967, 33:143-163. copyright 1967 The 
Rockefeller University Press)  
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CHAPTER 2 

A ROLE FOR PSY3 IN  

ABIOTIC-STRESS-INDUCED ROOT CAROTENOGENESIS1  

2. A Role for PSY3 in Abiotic-stress-induced Root Carotenogenesis 
2.1 Abstract  
 

Abscisic acid (ABA) plays a vital role in mediating abiotic stress responses in 

plants. De novo ABA biosynthesis involves cleavage of carotenoid precursors by 

9-cis-epoxycarotenoid dioxygenase (NCED), which is rate-controlling in leaves and roots; 

however, additional bottlenecks in roots must be overcome, such as biosynthesis of 

upstream carotenoid precursors. Phytoene synthase (PSY) mediates the first committed 

step in carotenoid biosynthesis; with PSY3 described here, maize and other members of the 

Poaceae have three paralogous genes, in contrast to only one in Arabidopsis. PSY gene 

duplication has led to subfunctionalization with each paralog exhibiting differential gene 

expression. I showed that PSY3 encodes a functional enzyme, for which maize transcript 

levels are regulated in response to abiotic stresses, drought, salt, and ABA. Drought 

stressed roots showed elevated PSY3 transcripts and ABA, responses reversed by 

rehydration. By blocking root carotenoid biosynthesis with the maize y9 mutation, I 

demonstrated that PSY3 mRNA elevation correlates with carotenoid accumulation, and 

that blocking carotenoid biosynthesis interferes with stress-induced ABA accumulation. In 

parallel, I observed elevated NCED transcripts, and showed that, in contrast to dicots, root 

                                                 
1  This Chapter is a revision of Li et al, (2007) Plant Physiol. DOI 10.1104/pp.107.111120 with the 
permission from the publisher 
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zeaxanthin epoxidase transcripts were unchanged. PSY3 was the only paralog for which 

transcripts were induced in roots and abiotic stress also affected leaf PSY2 transcript levels; 

PSY1 mRNAs were not elevated in any tissues tested. Our results suggest that PSY3 

expression influences root carotenogenesis and defines a potential bottleneck upstream of 

NCED; further examination of PSY3 in the Grasses holds value in better understanding 

root-specific stress responses that impact plant yield. 

 

2.2 Introduction  
 

Abiotic stresses such as water deficit, salinity and high or low temperatures have 

profound negative effects on plant growth; such stresses are the primary causes of crop 

productivity losses (Bray et al., 2000). For example, during the flowering and silking 

stages of corn, four days of mild drought-stress can cause up to a 50 % decrease in yield 

productivity (Classen and Shaw, 1970). Plants have evolved various levels of adaptation in 

response to stress conditions, and best understood is mediation by the hormone abscisic 

acid (ABA) (Xiong et al., 2002). 

 

Given its important role in plant stress tolerance, regulation of ABA biosynthesis 

and accumulation is a focal point of research. In higher plants, ABA is derived from 

9-cis-epoxycarotenoids, 9-cis-violaxanthin and 9-cis-neoxanthin; these C40 compounds 

are cleaved by 9-cis-epoxycarotenoid dioxygenase (NCED) to form xanthoxin, a C15 

intermediate, which is subsequently converted to ABA in two steps of oxidation (see Fig. 
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2-1) (reviewed in Nambara and Marion-Poll, 2005). ABA accumulation is a balance of 

biosynthesis and catabolism, the latter process primarily regulated by ABA 8' hydroxylase 

(ABA8ox) (Kushiro et al., 2004; Saito et al., 2004).  ABA biosynthesis, as derived from de 

novo biosynthesis in a given tissue, may be potentially limited by either the plastid 

enzymes involved in producing the carotenoid (epoxycarotenoid) precursors (Li et al., 

2007; Matthews and Wurtzel, 2007; Quinlan et al., 2007) and/or the enzymes involved in 

conversion of specific epoxycarotenoids to ABA (Taylor et al., 2005) (Fig. 2-1); factors 

affecting flux to ABA may vary according to tissue (photosynthetic vs. nonphotosynthetic) 

and/or to particular species (and possibly plant families), as we demonstrate in this report 

for maize (Zea mays). 

 

In leaves of dicot and monocot plants, including maize, de novo biosynthesis of 

ABA is induced by water-stress (Sindhu and Walton, 1987). The cloning and 

characterization of maize Vp14, which encodes NCED1, led to identification of NCED as 

a rate-controlling enzyme in stress-induced de novo biosynthesis of ABA, particularly in 

leaf tissue (Schwartz et al., 1997; Tan et al., 1997). Similar results were obtained from 

characterization of other orthologous genes, PvNCED1 of bean (Phaseolus vulgaris) (Qin 

and Zeevaart, 1999), VuNCED1 of cowpea (Vigna unguiculata) (Iuchi et al., 2000), 

LeNCED1 of tomato (Lycopersicon esculentum) (Thompson et al., 2000a) and AtNCED3 

of Arabidopsis (Iuchi et al., 2001). Stress-induced elevation of NCED transcript levels 

were observed to precede ABA accumulation (Qin and Zeevaart, 1999) and up or down 

regulation of the gene affected both ABA levels and drought-sensitivity (Thompson et al., 
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2000b; Iuchi et al., 2001). Conversion of the downstream xanthoxin to ABA is not limiting 

as evidenced by the invariant levels of a requisite cytosolic enzyme activity in comparing 

normal and water-stressed leaves (Sindhu and Walton, 1987).  Similarly, the upstream 

carotenoid levels are not thought to limit flux to ABA in leaves; leaf epoxycarotenoids are 

abundant (Parry et al., 1990) and transcripts for zeaxanthin epoxidase (ZEP), which 

converts zeaxanthin to violaxanthin, the precursor for epoxycarotenoids, were shown to be 

constant or deceased in leaves under drought stress (Audran et al., 1998; Iuchi et al., 2000; 

Thompson et al., 2000a). 

 

Roots of maize and other plants also respond to osmotic or water stress through 

elevation of ABA, only some of which is due to increased translocation from other tissues 

(Rivier et al., 1983; Cornish and Zeevaart, 1985). However, the mechanism for increasing 

flux to ABA in nonphotosynthetic tissues, such as roots, contrasts with that operating in 

leaves. ABA epoxycarotenoid precursors are lower in roots as compared with leaves (Parry 

and Horgan, 1992). Though NCED is a limiting enzyme for ABA biosynthesis in roots, 

just as it is in leaves (Qin and Zeevaart, 1999; Thompson et al., 2000a), increased rates of 

carotenoid synthesis in roots may also be necessary for elevating flux to root ABA. Unlike 

the constant levels seen in leaves, drought-stress induced elevation of root ABA was 

associated with ZEP transcript level increases of  3- to 7-fold and 4-fold in roots of tobacco 

(Nicotiana plumbaginifolia) and tomato, respectively (Audran et al., 1998; Thompson et 

al., 2000a). Another indication that there is an additional rate-controlling step upstream of 

NCED that limits flux to ABA in roots is suggested by experiments where transgenic 
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tomatoes were modified for constitutive overexpression of NCED1; the transgenic plants 

showed greater accumulation of ABA in leaves and only a modest increase in root ABA, 

suggesting that in roots there might be another step(s) upstream of NCED that limited flux 

to ABA (Thompson et al., 2007). Therefore, induction of elevated root ABA must also 

require enhanced levels of NCED precursors to accommodate elevated NCED levels 

induced under drought-stress but absent in NCED overexpressing transgenic plants. The 

observation that stress-induced accumulation of ABA was also associated with elevated 

transcripts for the nonheme diiron β-carotene hydroxylase (HYD), an enzyme catalyzing 

hydroxylation of beta-carotene to zeaxanthin, suggests that this and possibly other 

components of the carotenoid biosynthetic pathway may represent putative upstream 

bottleneck(s) that must be released in order to elevate root ABA levels in response to 

abiotic stress.  

 

To examine the nature of the root ABA bottleneck, I decided to look at maize, an  

important food crop worldwide, and model for translational genomics in the Grass family 

(Poaceae) (Lawrence and Walbot, 2007); insight from study of  maize paralogs will be 

useful in predicting ortholog targets in related grasses, many of which also serve important 

agronomic roles worldwide. The carotenoid biosynthetic pathway in maize and other 

grasses is complex compared to Arabidopsis and other dicots; many of the enzymes in the 

Grasses are encoded by small gene families for which much ongoing investigation is 

focused on elucidating specific roles in carotenogenesis (Wurtzel, 2004; Li et al., 2007; 

Matthews and Wurtzel, 2007).   
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The first enzyme in the plastid-localized carotenoid biosynthetic pathway, 

phytoene synthase (PSY) that is known to control flux to carotenoids in the seed 

(Gallagher et al., 2004), is nuclear-encoded by a small gene family consisting of PSY1 and 

PSY2, which we had previously shown to exist throughout the Grasses (Gallagher et al., 

2004). In the process of searching for orthologs of PSY1 and PSY2 in sorghum (Sorghum 

bicolor), a cultivated species in drought and salt-stressed environments, I stumbled upon 

a new and unrelated PSY gene, PSY3. The sorghum PSY3 gene led us to the rice ortholog, 

from which synteny with maize provided a strategy to identify a syntenic chromosome 

region harboring the maize PSY3 gene.   

 

The PSY3 cDNAs that I identified in the public databases were primarily associated 

with abiotic stress, suggesting that the PSY3 gene might play a role in regulating carotenoid 

flux in response to stress. I therefore tested this possibility, and showed that indeed PSY3 

gene expression represented at least one bottleneck in controlling flux to carotenoid 

precursors that are required for elevating ABA in maize roots. 

 

2.3 Results 
 

2.3.1 Isolation of the third PSY gene paralog from maize, rice and sorghum 

 

We previously showed that phytoene synthase was encoded by two paralogs, PSY1 
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and PSY2, in 12 species across eight subfamilies of the Grasses  (Poaceae) (Gallagher et al., 

2004) in comparison to a single PSY gene in Arabidopsis; we also demonstrated enzymatic 

functions for maize (Zea mays) PSY1 and PSY2 and rice (Oryza sativa) PSY2. While 

attempting to expand PSY studies in sorghum (Sorghum bicolor), which is an important 

cereal crop in Africa and other parts of the world, I discovered a novel PSY cDNA, which 

I termed PSY3. Sorghum PSY3 (GenBank BG464544) has a unique 3' end distinguishing it 

from sorghum PSY1 and PSY2 homologs. To rule out the possibility that sorghum was 

unusual among the Grasses in having a third gene, I used Blast analysis to test whether a 

homolog even existed in rice since earlier genome data had not revealed any additional 

genes; I did find a rice PSY3 gene located on chromosome 9 (Gramene ID: 

LOC_Os09g38320 ) and 6 rice ESTs in GenBank. For maize, I identified only one 

genomic contig (TIGR ID: AZM4_60808), which contained an incomplete maize PSY3 

gene, but no maize ESTs were found.  

 

To clone the maize PSY3 gene, I exploited synteny between maize and rice and 

used flanking markers to identify the maize syntenic region in maize bin 7.03 near 

umc1865 (Fig. 2-2); BAC clones in this region were screened by PCR to identify one 

containing the maize PSY3 gene which was sequenced by primer-walking (GenBank 

DQ372936) (see details in Materials and Methods). To facilitate gene annotation and later 

functional analyses, I used RT-PCR to clone full-length PSY3 cDNAs for maize and rice 

(as described in Materials and Methods). The cDNA clones containing the sorghum PSY1 

(GenBankCD234165) and PSY3 (BG46454) genes were requested from the Comparative 
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Grass Genomics Center (CSGR).  Analysis of genomic and cDNA sequences revealed 

conserved gene structure between PSY3 as compared to PSY1 and PSY2 in the Grass family, 

as well as with Arabidopsis PSY (Fig. 2-3). All PSY genes possess 6 exons and 5 introns, 

except sorghum PSY3 whose 3th and 4th exons are fused. All of these PSY genes have long 

first exons and a very short 2nd exon. With the exception of the sorghum fused PSY3 exons, 

the sizes of the 2nd, 3rd, 4th and 5th exons of all three groups of PSY genes in the Poaceae and 

Arabidopsis are identical with sizes of 51 bp, 173 bp, 236 bp and 193 bp, respectively. In 

addition, all PSY1s have a small first intron (~100 bp) and a large 2nd intron (> 600 bp) but 

all PSY2s have a large first intron (~400 bp) and small 2nd intron (~100 bp) (Fig. 2-3).  

The deduced protein sequences for all three PSY genes of maize, rice and sorghum 

were determined and used for phylogenetic analysis (Fig. 2-4A). This analysis showed that 

all PSY3 proteins belong to a novel group, whereas the PSY1 group in monocot species in 

the Grass family is most closely related to the PSY in the dicot plant Arabidopsis.  PSY3 

proteins possess a distinct domain found at the carboxyl terminal, R(H/R)XS(S/T)LT, a 

motif which separates these proteins from the members of the PSY1 group with the 

SLRNXQ(T/K) motif and PSY2 with the ARAAVAS(S/P) motif (Fig. 2-4B); H/R are 

charged amino acids and S/T are polar but uncharged amino acids.  All PSY3 proteins 

possess transit peptides for chloroplast targeting as predicted by the ChloroP 1.1 Server 

(Emanuelsson et al., 1999). Maize PSY3 was predicted to be 47.3 kD (426 residues) having 

a 51-residue transit peptide and processed to a 41.9 kD (375 residues) mature plastid 

protein; rice PSY3 was predicted as 49.3 kD (444 residues) and having a 54-residue transit 

peptide and processed to a 43.5 kD (390 residues) mature plastid protein. Sorghum PSY3 
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was predicted as 48.9 kD (441 residues) with a 57-residue transit peptide and processed to 

a 42.7 kD (384 residues) mature protein. When comparing the processed and 

plastid-localized PSY proteins, the 41.9 kD maize PSY3 is expected to be larger by 2 kD 

at the N-terminus as compared to maize PSY1 (39.8 kD) and PSY2 (39.4 kD). The 

unconserved first exon of the PSY genes encodes the PSY transit peptide and the 

N-terminal 2 kD extension in the case of PSY3 proteins; the last gene exon, which also 

lacks conservation among PSY genes, encodes the distinguishing C-terminal PSY motif 

(Fig. 2-4B). 

 

2.3.2 PSY3 encodes a functional phytoene synthase  

 

I used heterologous functional complementation to verify whether the novel PSY3 

proteins were functional (Gallagher et al., 2003; Matthews et al., 2003; Gallagher et al., 

2004; Quinlan et al., 2007). Maize PSY3, and sorghum PSY1 and PSY3 cDNAs were 

subcloned into the pET23 expression vector (Novagen, Madison, WI) and transformed into 

E. coli harboring pACCAR25∆crtB which carries a bacterial carotenoid gene cluster 

missing the bacterial PSY gene, crtB (Misawa et al., 1990). Cells produce the pathway 

endproduct, zeaxanthin diglucoside, only when a functional PSY enzyme is present; a peak 

corresponding to this endproduct is seen in an HPLC chromatogram of extracted 

carotenoids from positive control cells containing the entire carotenoid cluster including 

bacterial PSY (pACCAR25) (Fig. 2-5A), but not when empty vector only is 

co-transformed with the PSY deletion construct, pACCAR25∆crtB (Fig. 2-5B). HPLC 
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analysis of carotenoid extracts from transformants containing either the maize PSY3, or 

sorghum PSY1 and PSY3, showed a peak corresponding to zeaxanthin diglucoside (Fig. 

2-5C, D, and E), which matches in retention time and spectrum that seen for the positive 

control (Fig. 2-5A). These results indicate that maize PSY3, and sorghum PSY1 and PSY3 

all encode functional enzymes. 

 

2.3.3 Maize PSY3 is mainly expressed in root and embryo tissues  

 

To assess the role of maize PSY3, its tissue specificity was investigated with 

quantitative RT-PCR using endosperm and leaf tissues, where carotenoids generally 

accumulate to visible levels, and root and embryos, where carotenoids are barely 

detectable (Fig. 2-6). In leaf and endosperm tissue, maize PSY3 mRNA levels were 4 to 

5-fold lower than those of PSY2 and 10 to 15-fold lower than those of PSY1, which is 

consistent with the semi-quantitative data we previously reported (Gallagher et al., 2004). 

In contrast, maize PSY3 mRNAs represented the most prevalent PSY transcript in roots, 

being about 4-fold higher than that of PSY2 and 10-fold higher than that of PSY1 (Fig. 2-6). 

In embryo, the transcript levels of maize PSY2 and PSY3 were 3 and 2-fold higher than that 

of maize PSY1, respectively. The observed abundance of PSY3 transcripts in tissues that 

accumulate little colored carotenoids suggests that PSY3 may have a unique role in maize 

instead of merely being a redundant copy.  
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2.3.4 Maize PSY2 and PSY3 mRNA levels up-regulated by drought 

 

I used E-Northern from NCBI to reveal possible factors that might influence PSY 

transcript levels as indicated by source of abundant ESTs. I identified only 6 PSY3 ESTs 

from rice but none from maize; as described in Materials and Methods, five were related to 

the ABA pathway or associated with plants subjected to drought conditions. The 

E-Northern data suggested that PSY3 in the Grass family may be involved in drought stress 

or in regulation of ABA biosynthesis under abiotic stresses. To test these hypotheses, I 

subjected maize seedlings to various abiotic stresses and measured PSY3 transcript levels 

in comparison to transcript levels for PSY1 and PSY2. 

 

To test for effect of drought-stress on PSY transcript levels, maize seedlings were 

subjected to drought conditions at the 5-leaf stage. After four days of water deprivation, 

leaves began to wilt and ABA levels in leaf and root tissue began to increase (Fig. 2-7A, 

B); in parallel, mRNA level increases were observed for both PSY2 and PSY3 in leaves 

(Fig. 2-7A) and only PSY3 in roots (Fig. 2-7B). Transcript levels of PSY2 and PSY3 

reached their highest levels in seedlings subjected to continuous drought stress for 8 days, 

showing a 16 fold and 17 fold increase in leaves, respectively; in leaves, PSY2 encoded the 

most abundant (3.4-fold compared to PSY3) transcript at 8 days, the time point after which 

water was restored. In contrast to leaves, at 4 days, roots showed a 38 fold increase of PSY3 

transcripts and by 8 days, roots showed a 50-fold induction of PSY3 transcript levels as 

compared to pre-drought levels.  Upon re-watering at 8 days, both ABA and mRNA levels 



 
 

 

39

of PSY2 and PSY3 dropped to normal levels within 4 hours in both tissues. The rapid 

disappearance of PSY2 and PSY3 transcripts is suggestive of a tight control of mRNA 

stability and/or gene transcription rate. In contrast, maize PSY1 mRNA levels were only 

slightly altered by drought stress in both tissues.  

 

2.3.5 Response of maize PSY transcript levels to NaCl and ABA treatments 

 

For plants, the responses to drought and salt are closely related and their 

mechanisms overlap (Zhu, 2002). Moreover, in Arabidopsis, many drought-inducible 

genes can also be induced by exogenous application of ABA (Seki et al., 2002). Therefore, 

salt and exogenous ABA treatments were also used to study PSY responses.  

 

When maize inbred B73 seedlings were subjected to salt stress, PSY3 transcript 

levels were barely altered in leaves (Fig. 2-8A) but increased in roots within 30 minutes; 

within 2 hours of salt stress, PSY3 transcripts peaked six-fold, compared to untreated 

controls, and then dropped to lower levels by 5 hrs (Fig. 2-8B). In contrast, PSY2 

transcripts only slightly increased in salt-stressed root tissue. In leaves, PSY1 transcript 

levels decreased rapidly within 30 minutes and then remained at a low level, whereas 

transcript levels of PSY2 and PSY3 did not show significant changes (Fig. 2-8A).  

 

To test PSY responses to ABA treatment, maize B73 seedlings were subjected to 

100 mM ABA. In leaves, PSY2 transcript levels increased about 8 fold within 15 minutes, 
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then dropped down to normal levels within 4 hours (Fig. 2-9A). In contrast, PSY1 mRNA 

levels steadily decreased upon ABA application while PSY3 transcripts remained at a low 

level for the entire 4 h period. In roots, within 15 min of treatment, both PSY2 and PSY3 

mRNA levels increased in response to ABA, with distinguishable temporal patterns; the 

PSY3 response was higher and peaked earlier at 15 min compare to 1 hr for PSY2; PSY3 

mRNA levels increased about 7 fold in 15 minutes and PSY2 mRNA levels increased 4.5 

fold in 1 hour, and then dropped after 2 hrs (Fig. 2-9B). 

 

2.3.6 Up-regulation of PSY3 expression correlates with the increase of carotenoid flux 

under salt treatment 

 

The up-regulation of maize PSY3 in roots in response to drought, salt and 

exogenous ABA strongly suggested that PSY3 plays a role in stress-induced 

carotenogenesis required for ABA and other apocarotenoids. Since roots do not ordinarily 

accumulate carotenoids, it is difficult to assess the correlation between increased PSY3 

transcripts and increased carotenoid accumulation. However, it is possible to block the 

pathway using mutants which condition accumulation of pathway intermediates (Wurtzel, 

2004; Matthews and Wurtzel, 2007). I therefore chose the maize y9 mutation which blocks 

carotenoid biosynthesis in nonphotosynthetic tissues through interference with 

isomerization of ζ-carotene by Z-ISO (Li et al., 2007); homozygous mutants accumulate 

the Z-ISO substrate, 9,15,9′-tri-ζ-carotene, and earlier pathway intermediates (Fig. 3-1) 

which can be easily measured by HPLC. Therefore, in this set of experiments with y9, I 
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was able to compare changes in gene expression for carotenoid enzymes with changes in 

carotenoid content and ABA. Homozygous maize y9 seedlings were salt treated and 

carotenoid content, ABA and PSY transcript levels in roots were measured and compared 

with ABA levels in normal B73 roots subjected to salt stress.  In the salt-treated y9 roots, 

I observed that the total carotene content, including phytoene, phytofluene and ζ-carotene 

isomers, began to increase within 1 hr after salt treatment (Fig. 2-10A).  The total carotene 

content peaked after 2h, to levels 1.7 fold higher than that of untreated controls. ABA 

levels peaked at 5 hrs both in B73 and in y9 roots; due to the block at Z-ISO, the increase 

in ABA concentration in the root tissue of the y9 mutant was 46% less than that of the 

normal B73 control (Fig. 2-10B). The 2-fold increase in ABA levels in y9 roots may be due 

to leaf ABA re-distribution or incomplete blocking at the Z-ISO step. In comparison to the 

carotenoid increase seen at 1 hr in y9 roots, PSY3 transcripts began elevating at 30 min and 

peaked by 2 hrs (Fig. 2-10C) as seen for PSY3 in inbred B73 roots (Fig. 2-8B), while no 

changes were seen for PSY1, PSY2 or PDS (Fig. 2-10C). Therefore, the elevated 

carotenoid content appears to be preceded by elevation in PSY3 transcripts. A block in the 

pathway leads to reduced ABA, implying that elevated carotenoids are needed for 

stress-induced elevated ABA.  These results demonstrate that salt-induced elevation of 

PSY3 mRNA level correlates with increased carotenoid flux in roots, which contributes 

precursors needed for conversion to ABA.  

 

2.3.7 PSY3 is a key regulator of carotenoid biosynthesis in roots under stress  
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I showed that PSY3 transcript levels are increased in response to drought, salt, and 

ABA treatment; elevated PSY3 transcripts were also shown to precede carotenoid and 

ABA accumulation in y9 roots. It has been previously shown in dicots that ZEP and HYD 

transcripts are elevated in roots subjected to drought stress (Audran et al., 1998; Thompson 

et al., 2007). Therefore, I questioned whether PSY3 was the only gene encoding a 

carotenoid pathway enzyme that is abiotic-stress responsive or did other genes, including 

zeaxanthin epoxidase (ZEP) and β-carotene hydroxylase (HYD), contribute to enhanced 

carotenoids required for NCED1 activity and subsequent ABA induction. In maize, ZEP is 

encoded by two copies; I found that neither showed significant variation in transcript level 

in response to drought stress (Fig. 2-11 A and B). Maize HYD is encoded by a small gene 

family (Vallabhaneni and Wurtzel, unpublished), only one of which was significantly 

induced under drought conditions. HYD transcript level increases were first observed at 6d, 

and peaked at 8d following drought stress (Fig. 2-11C). In comparison, PSY3 mRNAs 

increased 38-fold already at 4 d and by 8 days roots showed a 50-fold induction of PSY3 

transcript levels as compared to pre-drought levels (Fig. 2-7B); parallel to PSY3, NCED1 

also increased 3.7-fold at 4 d (Fig. 2-11D). These observations suggest that modulation of 

HYD transcript levels is delayed relative to induction of PSY3 and NCED mRNA levels. I 

also tested PDS, ZDS, CrtISO, and LCYB, none of which showed significant changes in 

response to drought-stress (data not shown). Therefore, the temporal control of 

stress-induced root carotenogenesis and ABA biosynthesis appears to be regulated first 

through induction of PSY3 and NCED1 transcript levels, followed by induction of HYD 

transcript levels, but not induction of ZEP as seen in dicots. 
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Reversal of drought-stress in roots was observed within two hours of rehydration, 

when PSY3 transcript levels decreased and ABA levels plummeted (Fig. 2-7B). One 

explanation for the rapid loss of ABA, besides loss of PSY3 transcripts, is that rehydration 

likely induced transcript levels of the ABA degradative enzyme, ABA 8' hydroxylase 

(ABA8ox); in Arabidopsis and Phaseolus vulgaris, ABA8ox genes were upregulated in 

response to drought-stress and rehydration caused additional increases in transcript levels 

associated with reduced ABA (Kushiro et al., 2004; Yang and Zeevaart, 2006). To test 

whether reduced ABA was due to induction of the degradative enzyme, ABA8ox, I 

measured corresponding maize transcripts. I identified maize orthologs of the recently 

identified rice gene (Saika et al., 2007) and examined two maize orthologs (ABA8ox1a and 

ABA8ox1b) that were most abundantly expressed in maize roots (Vallabhaneni and 

Wurtzel, data not shown). Transcript levels of these root-abundant paralogs were measured 

in response to drought-stress and rehydration; both genes showed increased transcript 

levels upon drought stress (Fig. 2-11E and F). ABA8ox1a, having the most abundant root 

transcripts, showed a more rapid response to drought stress in comparison with ABA8ox1b; 

ABA8ox1a levels peaked at 4 days of drought stress compared to ABA8ox1b transcripts 

peaking at 6 days. ABA8ox1a, but not ABA8ox1b, also showed further elevation in 

response to rehydration within 2 hours of watering at day 8 (Fig. 2-11E). These results 

explain the rapid loss of ABA upon watering and are consistent with previous reports of 

ABA8ox gene responses to drought stress in other plants (Kushiro et al., 2004; Yang and 

Zeevaart, 2006). 
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2.4 Discussion  
 

The role of carotenogenesis in plants is multifaceted, including functions in 

photosynthesis and photoprotection, precursors to ABA and to other apocarotenoids that 

function as signals in development and in communication between plants and their biotic 

environment. Yet, in a species such as Arabidopsis, where a rate controlling carotenoid 

biosynthetic enzyme, phytoene synthase, is encoded by a single copy gene, responses 

leading to altered flux are limited to control of that single copy gene. In contrast, I showed 

that maize and other members of the Poaceae have three paralogs; gene duplication has 

provided an opportunity for subfunctionalization whereby gene family members vary in 

tissue specificity of expression and in responses to abiotic stress. 

 

Database searching led to the fortuitous discovery of PSY3 in the Grasses; syntenic 

comparisons between the published rice genome and available maize physical map 

facilitated isolation of the maize gene. I showed that PSY3 is present in maize, sorghum, 

and rice, three species that span two subfamilies in the Poaceae. Enzymes encoded by each 

of the three paralogs were shown to be functional, as demonstrated in a commonly used E. 

coli platform. Each enzyme is also predicted to be chloroplast-localized and marked by a 

paralog-specific C-terminal domain; while PSY3 is predicted to have an extended 

N-terminus as compared to PSY1 and PSY2.  The fact that PSY3 sequences across three 

species are more closely related than they are to PSY1 and PSY2 within a species, suggests 
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that gene family members may share paralog-specific roles in the plant either in terms of 

gene regulation or with regard to metabolon assembly and/or membrane-specific 

localization within different plastids. 

 

I discovered PSY3 among sorghum EST sequences, but I could not find any 

evidence that the gene was expressed in maize, suggesting that specific tissues or 

conditions were needed to elicit expression, which later proved to be true. In maize 

endosperm and leaves, tissues high in carotenoids, low levels of PSY3 transcripts were 

observed. In contrast,  the gene is expressed in minimally carotenogenic tissues; further 

analysis of roots revealed that the absence of accumulated carotenoids is likely due to 

carotenoid cleavage since carotenoid accumulation can be observed if further conversions 

are blocked by mutations affecting carotenoid biosynthetic enzymes.  

 

The rationale for investigating stress-induced regulation was based on prevalence 

of rice PSY3 ESTs associated with abiotic stress. Plant responses to drought and salt show 

overlapping mechanisms (Zhu, 2002) and many drought-inducible genes can also be 

induced by exogenous application of ABA (Seki et al., 2002). Therefore, I examined maize 

for the effects of salt, drought, and ABA upon transcript levels of PSY3 and its paralogs. I 

discovered that drought-induced elevation of ABA in leaves and roots was accompanied 

by elevated leaf mRNA levels for PSY2, and to a lesser extent PSY3, in contrast to roots 

where only PSY3 transcript levels increased; salt had a similar effect on induction of PSY3 

mRNA levels in roots, but not on PSY2 transcripts in leaves. Rehydration reversed 
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induction of PSY3 transcript levels in roots, stimulated induction of transcripts for the 

ABA degradation enzyme, ABA8ox, and led to diminution of ABA. PSY1 mRNA levels 

never showed enhancement by any of the abiotic stresses tested. Direct treatment with 

ABA induced elevation of both PSY2 and PSY3 transcripts in roots, although the PSY3 

response was earlier. The effect of abiotic stress on PSY3 transcripts in maize was 

consistent with the observed pattern of rice ESTs associated with plant stress, suggesting 

that PSY3 responses seen in maize are not unique to this species. 

 

In nonstressed leaves, the mRNA levels of maize PSY2 were 3.4 fold higher than 

that of PSY3, suggesting that PSY2 is the primary gene responding to drought stress in 

leaves. However, the response mechanism may not involve increased flux to ABA, since 

leaf ABA biosynthesis is limited not by the carotenoid precursor pool, but by 

NCED-mediated conversion of the xanthophyll precursors to ABA (Parry et al., 1990; 

Marin et al., 1996; Audran et al., 1998; Thompson et al., 2000a). Instead, increased 

carotenoid flux in leaves may relate to other processes, such as photosynthesis, 

temperature stress tolerance, and photoprotection (Davison et al., 2002; Rossel et al., 2002; 

Woitsch and Romer, 2003; Havaux et al., 2007). Nonstressed embryo dissected at 20 days 

after pollination, contains little accumulated carotenoids, and the most prevalent PSY 

transcripts were those of PSY2 followed by PSY3; perhaps in this tissue, which is lacking 

in photosynthetic plastids, PSY expression could possibly relate to plant development 

(Sorefan et al., 2003; Booker et al., 2004) and/or apocarotenoid biosynthesis (Matusova et 

al., 2005).   
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In roots, transgenic overexpression of NCED previously suggested that there were 

other factors that were bottlenecks to ABA (Thompson et al., 2007). The results shown 

here suggest that overexpression of PSY3 in combination with NCED may overcome the 

bottleneck that was observed when NCED was overexpressed alone. By using the maize y9 

mutation to block root carotenoid biosynthesis, I observed elevated root PSY3 mRNAs in 

parallel with carotenoid accumulation; the block in carotenoids also led to reduction in 

accumulated ABA. PSY3 and NCED shared a similar temporal response to drought stress 

and were followed by elevation of ABA. PSY3 was the only gene in the carotenoid 

pathway that showed significant changes in transcript levels needed to control flux to 

carotenoids in roots; induction of elevated PSY3 transcripts was followed by moderate 

induction of HYD transcript levels, which might be interpreted as a response to the 

increased carotenoid flux mediated by elevation of PSY3 transcripts. By using the y9 

mutant to block Z-ISO in the carotenoid pathway, I showed that the PSY3 transcript level 

correlated with increased root carotenoids that are produced upstream of HYD; at this time, 

I am unable to evaluate the effect of elevated HYD transcripts in driving flux further to 

xanthophylls. I rule out later steps, such as ZEP, since I did not observe any significant 

change in ZEP transcripts in roots when plants were subjected to drought stress. The lack 

of changes in maize root ZEP transcripts is in contrast to dicots, where stress did cause 

changes in ZEP mRNA levels in roots but not in leaves (Audran et al., 1998; Thompson et 

al., 2000a). Other factors that might additionally affect flux in roots may be attributed to 

the upstream nonmevalonate IPP biosynthetic pathway for which expression of certain 
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enzymes has been shown to impact flux to carotenoids in maize (Vallabhaneni and Wurtzel, 

unpublished) and in other organisms (Matthews and Wurtzel, 2000).  

  

2.5 Conclusion  
 

In summary, PSY3 expression plays a role in controlling flux to carotenoids in roots 

in response to drought stress; changes in PSY3 transcripts were accompanied by induced 

levels of carotenoid intermediates, elevation of HYD and NCED transcripts, and followed 

by accumulation of ABA. PSY3, which exists in multiple species within two subfamilies 

of the Poaceae, is a new target to consider for enhancing tolerance to drought and salt stress. 

Stress tolerance is an important factor affecting plant yield that could contribute to 

increasing the food supply or to improved biofuel production from Grass species of the 

Poaceae. 

 

2.6. Materials and Methods 
 

2.6.1 Plant materials 

 

Maize (Zea mays) inbred line B73 and mutant y9 (X07C, Maize Genetics 

Cooperation Stock Center, U. Illinois, Urbana/Champaign) and rice (Oryza sativa) indica 

variety IR36 were propagated as follows. Maize B73 and y9 mutant were grown in a 

greenhouse with a photoperiod of 16 h supplemented with artificial lighting at 25 0C with 
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appropriate watering prior to drought, salt or ABA treatment. Rice was grown under the 

same conditions and leaves were collected for cDNA isolation and gene cloning. The 

endosperm and embryo tissues of maize B73 were dissected at 20 days after pollination 

(DAP) from field grown plants and stored at -80 0C until analysis.  

 

2.6.2 Cloning of maize PSY3 

 

Maize PSY1 cDNA sequence (GenBank ZMU32636) was used in Blast analysis to 

identify a putative homolog from sorghum (Sorghum bicolor) (GenBank BG46454) 

(Altschul et al., 1997). Further sequence comparisons revealed that this sorghum EST had 

a unique 3' end which distinguished it from PSY1 and PSY2, and it was therefore named 

PSY3. To search for PSY3 homologs in other Grass species, I used the sorghum PSY3 

cDNA (GenBank BG46454) in Blast analysis which led to 6 rice PSY3 ESTs  (CF305089, 

CF312554, CF312553, CF307565, AK108154 and AY078162), though none were found 

for maize. Among these, 5 ESTs (except AK108154) were drought inducible or associated 

with ABA signaling; the first 4 ESTs originated from a cDNA library prepared from 

transgenic rice modified for overexpression of ABF3, an ABA-responsive element binding 

factor, which belongs to a distinct subfamily of bZIP proteins (Choi et al., 2000). Blast 

analysis (Altschul et al., 1997) with the sorghum PSY3 cDNA (BG46454) was then used to 

identify the rice PSY3 gene between loci AI666177 and rz404 on chromosome 9 (Gramene 

ID: LOC_Os09g38320). Next, I used synteny between rice and maize 

(http://www.tigr.org/tdb/synteny/) to identify the putative maize PSY3 locus; the rice PSY3 
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flanking markers were used to mark the syntenic region, which putatively encompassed 

maize PSY3, in bin 7.03 between loci rz404 (ccp) and umc1865. This maize region was 

covered by BAC contig 309 developed by the Maize Agarose FPC Map project 

(http://www.genome.arizona.edu/fpc/maize/).  Maize B73 BAC clones within this contig 

were requested and screened via PCR; PCR primers were designed from maize genomic 

contig AZM4_60808, which contained partial maize PSY3 genomic DNA sequence 

deduced by alignment with sorghum and rice PSY3 cDNAs. Maize PSY3 containing BAC 

clone b031205 was identified and both strands were sequenced by primer walking (DNA 

Sequencing Facility, Biotechnology Resource Center, Cornell University, Ithaca, NY) and 

deposited into GenBank (DQ372936). 

 

2.6.3 Sequence analyses 

 

The cDNA sequences and corresponding protein sequences of phytoene synthases 

of A. thaliana, O. sativa, S. bicolor and Z. mays were obtained from NCBI GenBank, some 

of which were deposited as a result of this work (DQ372936, DQ356431, AY705389, 

AY705390, DQ356430): A. thaliana (AtPSY AAA32836),  O. sativa (OsPSY1, 

AAS18307; OsPSY2, AAK07735; OsPSY3, DQ356431), S. bicolor (SbPSY1, AY705389; 

SbPSY2, AW679367; SbPSY3, AY705390 ), Z. mays (ZmPSY1, P49085; ZmPSY2, 

AAQ91837; ZmPSY3, DQ356430). Amino acid sequences were aligned using ClustalW 

and a neighbor-joining tree was constructed with 500 bootstrap replication support using 

MEGA3 software (Kumar et al., 2001). The carboxyl-terminal conserved domain of each 
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PSY group was identified manually after alignment. 

 

The genomic DNA sequences of phytoene syntheses of A. thaliana, O. sativa, S. 

bicolor and Z. mays were obtained from NCBI, Gramene and PlantGDB for gene structure 

analysis: maize PSY1 (ZmPSY1; GenBank AY324431); rice PSY1 (OsPSY1; GenBank 

AP005750); sorghum PSY1 (SbPSY1; PlantGDB SbGSStuc11-12-04.5154.1); maize PSY2 

(ZmPSY2; GenBank AY325302); rice PSY2 (OsPSY2; GenBank AL831803); sorghum 

PSY2 (SbPSY2; PlantGDB SbGSStuc11-12-04.12062.1); maize PSY3 (ZmPSY3; GenBank 

DQ372936) (described in this manuscript); rice PSY3 (OsPSY3; Gramene 

LOC_Os09g38320); sorghum PSY3 (SbPSY3; PlantGDB SbGSStuc11-12-04.766.1); 

Arabidopsis PSY (AtPSY; GenBank AB005238). The PSY gene structures were analyzed 

using Vector NTI Suite, Version 9.0 (InforMax, North Bethesda, MD).  

 

2.6.4 Plasmids  

 

Sorghum PSY containing ESTs, CD234165, AW679367 and BG46454, were 

requested  and verified by further sequencing. Both CD234165 and BG46454 contained 

full-length sorghum PSY1 and PSY3 cDNAs, respectively. The maize PSY3 (sequence 

deposited as DQ36430) and rice PSY3 (sequence deposited as DQ356431) full-length 

cDNAs were amplified from cDNAs prepared from leaf tissue of the corresponding plant 

species using RT-PCR primers designed based on genomic DNA sequences of maize BAC 

clone b031205 and rice LOC_Os09g38320, respectively.  The rice PSY3 (DQ356431) was 
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subcloned into the pGEMT-vector (Promega, WI) and renamed pGEMT-RPSY3 prior to 

sequencing of both strands and use in phylogenetic analysis.  The maize PSY3 cDNA 

(DQ36430) was inserted into the pET23b (+) vector between EcoR I and XhoI, named 

pETb-MPSY3. Sorghum PSY1 from CD234165 and PSY3 from BG46454 were inserted 

between EcoR I and Hind III sites of the pET23a (+) vector, designated as pETa-SPSY1 

and pETa-SPSY3, respectively. 

 

2.6.5 Functional complementation 

 

To test the function of PSY gene products, a heterozygous complementation assay 

was carried out as previously described (Gallagher et al., 2004). Briefly, E. coli BL21 

(DE3) cells (Novagen) were transformed with combinations of pACCAR25∆crtB and the 

expression constructs pETb-MPSY3, pETa-SPSY1, pETa-SPSY3 or empty vector pET23b 

(+). Carotenoids were extracted (Gallagher et al., 2004), resuspended in methanol, and 

subjected to HPLC analysis (Quinlan et al., 2007); zeaxanthin-diglucoside was identified 

as before (Gallagher et al., 2004) and in comparison with literature data (Misawa et al., 

1990). 

  

2.6.6 Quantitative real-time PCR 

 

RNA isolation and cDNA synthesis were carried out as described (Gallagher et al., 

2004) . Real-time PCR was performed using iQTM SYBR green supermix (BioRad, 
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Hercules, CA) with 10 ng synthesized cDNA. For primers and PCR conditions for test 

genes and the internal actin control, refer to Supplementary Table I. Specificity of 

amplification was confirmed via melt curve analysis of final PCR products by ramping the 

temperature from 50°C to 90°C with fluorescence acquired after every 0.5°C increase. All 

quantifications were normalized to the signal of actin cDNA for the same sample. The fold 

change of transcript abundance of target genes was first calculated as 2 –∆Ct, where ∆Ct is 

the number of PCR cycles required to reach the log phase of amplification for the target 

gene minus the same measure for actin. Transcript abundance of maize PSY1 was then 

adjusted to 100% and fold changes of transcripts from other genes from the same tissue 

were normalized via comparison with that of maize PSY1. Values represent the mean of 3 

RT-PCR replicates +/- SD from five pooled plants.  

 

2.6.7 Stress treatments 

 

To carry out the drought stress experiment, maize B73 seedlings at the 5-leaf stage 

(about 3 weeks) were deprived of water for 8 days and then re-watered. Leaves began 

wilting 4 days after withholding of water. Therefore leaves and roots were collected at 0, 

4, 6 and 8 days after water was withheld and 2, 4 and 24 h after re-watering.  

 

For high salt and ABA treatments, maize B73 seedlings were carefully removed 

from soil to avoid injury, rinsed with water and then hydroponically grown in solutions that 

contained either 250 mM NaCl or 100 mM ABA ((±)-Abscisic acid, CAT. A1049, Sigma, 
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St. Louis). For an effective concentration of 100 mM ABA, 200 mM of the enantiomeric 

mixture was used. Leaves and roots were collected after 0, 0.25, 0.5, 1, 2, 4, 5, 10 and 20 

hours of NaCl treatment, and after 0, 0.25, 0.5, 1, 2 and 4 hours of ABA treatment.  All 

plant materials were stored at -80 0C until analysis. For the salt treatment of y9 mutants, y9 

seedlings were treated with 250 mM NaCl and roots were collected for HPLC analysis to 

measure carotenoid content which was performed and quantified as previously described 

(Li et al., 2007). Values represent the mean of 3 RT-PCR replicates +/- SD from five 

pooled plants.  

 

2.6.8 ABA measurement 

 

ABA extraction was carried out according to the method described by Xiong 

(2001). Briefly, 1 g of frozen tissue was ground with liquid nitrogen and suspended in 5 mL 

of extraction solution (80% methanol, 100 mg L–1 butylated hydroxytoluene, and 1.7 g L–1 

NaHCO3). The suspension was stirred 48 hours at 4°C for extraction and centrifuged at 

3000g for 30 min. The supernatant was transferred to a new tube and dried under vacuum. 

Samples were dissolved in 100 µL of methanol and 900 µL of Tris-buffered saline (50 mM 

Tris, 0.1 mM MgCl2, and 0.15M NaCl, pH 7.8) and ABA concentration determined using 

the Phytodetek ABA immunoassay kit (Idetek, San Bruno, CA). Note that the monoclonal 

antibody is specific for ABA and does not bind to ABA-GE 

(2-cis-(s)-ABA-B-D-glucopyranosyl ester). Values are reported as the mean of 5 samples 

+/- SD. 
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Figure 2-1.   Carotenoid and ABA biosynthetic pathways in higher plants. Left panel 

shows carotenoid precursors of carotenes; right panel shows conversion of carotenoids to 

ABA. Enzymes are bold: PSY, phytoene synthase; PDS, phytoene desaturase; ZDS, 

zeta-carotene desaturase; Z-ISO, zeta-carotene isomerase; CRTISO, carotenoid isomerase; 

LCYB, lycopene β-cyclase; LCYE, lycopene ε-cyclase; HYD, non-heme diiron carotene 

β-ring hydroxylase; CYP97A, P450 carotene β-ring hydroxylase; ZEP, zeaxanthin 

epoxidase; VDE, violaxanthin de-epoxidase; NCED,  9-cis-epoxycarotenoid dioxygenase; 

ABA2, short chain alcohol dehydrogenase; AAO3, abscisic acid oxidase.
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Figure 2-2.   Cloning of maize PSY3 using synteny between rice and maize.   Rice PSY3 (Gramene ID: 
 LOC_Os09g38320) was located on chromosome 9 between marker AI666177 and rz404 (top). The syntenic region on 
 maize is bin 7 between marker umc1865 and Rz404 (ccp) (middle). BAC clone b0312I05 containing maize PSY3 was  
identified by PCR from contig 309 BACs that covered this region (bottom). The maize bin 7 map was adapted from 
 IBM2 2004 neighbors 7 of MaizeGDB. Contig 309 of the Maize Agarose FPC Map was developed by the Arizona  
Genomic Institute.
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Figure 2-3.   Gene structure of maize, rice, sorghum and Arabidopsis PSY genes. 

Maize PSY1 (ZmPSY1; GenBank AY324431); rice PSY1 (OsPSY1; GenBank AP005750); 

sorghum PSY1 (SbPSY1; PlantGDB SbGSStuc11-12-04.5154.1); maize PSY2 (ZmPSY2; 

GenBank AY325302); rice PSY2 (OsPSY2; GenBank AL831803); sorghum PSY2 

(SbPSY2; PlantGDB SbGSStuc11-12-04.12062.1); maize PSY3 (ZmPSY3; GenBank 

DQ372936); rice PSY3 (OsPSY3; Gramene LOC_Os09g38320); sorghum PSY3 (SbPSY3; 

PlantGDB SbGSStuc11-12-04.766.1); Arabidopsis PSY (AtPSY; GenBank AB005238). 

Arrows and thin bars indicate exons (bold numbers) and introns, respectively, sizes for 

which are in bp. 
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Figure 2-4.   PSY1, PSY2, and PSY3 protein sequence comparisons. A, Phylogenetic 

analysis of amino acid sequences.  B, conserved carboxyl termini of PSY proteins.  

GenBank accessions are in parentheses. A. thaliana (AtPSY AAA32836),  O. sativa 

(OsPSY1, AAS18307; OsPSY2, AAK07735; OsPSY3, DQ356431), S. bicolor (SbPSY1, 

AY705389; SbPSY2, AW679367; SbPSY3, AY705390 ), Z. mays (ZmPSY1, P49085; 

ZmPSY2, AAQ91837; ZmPSY3, DQ36430). The amino acid sequences were aligned 

using ClustalW, and a neighbor-joining tree was constructed with a 500 bootstrap 

replication support using MEGA3 software (Kumar et al., 2001). The carboxyl-terminal 

conserved domain of each PSY group was identified manually after alignment. Black 

highlight indicates identical residues; grey denotes similar residues. 
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Figure 2-5.   Functional complementation of PSY3 from maize and sorghum. E. coli 

cells were transformed with: (A) pACCAR25; (B) pACCAR25∆crtB + pET23a (empty 

vector); (C) pACCAR25 ∆crtB + maize PSY3; (D) pACCAR25∆crtB + sorghum PSY1; (E) 

pACCAR25∆crtB + sorghum PSY3. Chromatograms show HPLC separation of extracted 

pigments; the insert in section A shows the spectral fine structure for the pathway end 

product, zeaxanthin diglucoside. 
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Figure 2-6.   Transcript levels for PSY gene family members in different maize tissues. 

Endosperm and embryo were collected at 20 DAP from field-grown maize B73. Leaf and 

root samples were collected from B73 seedlings at the 5-leaf stage. Transcript levels of 

maize PSY1, PSY2 and PSY3 were normalized to levels of ß-actin transcripts measured in 

the same samples and are shown relative to PSY1 transcript levels in leaves (the expression 

level of maize PSY1 in leaf = 1).  Values represent the mean of 3 RT-PCR replicates +/- SD 

from five pooled plants. MPSY1, maize PSY1; MPSY2, maize PSY2; MPSY3, maize PSY3 
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Figure 2-7.   Effect of drought-stress on maize PSY transcript levels. Maize B73 

seedlings at the 5-leaf stage were greenhouse-grown, deprived of water for 8 days followed 

by rewatering. Total RNA was extracted from leaves or roots at 0, 4, 6, 8 days after water 

was withheld and 2, 4, and 24 h after re-watering. Transcript levels of maize PSY1, PSY2 

and PSY3 were normalized to levels of ß-actin transcripts measured in the same sample, 

and are shown relative to PSY1 transcript levels in leaf (A) and root (B) at 0 d. Values 

represent the mean of 3 RT-PCR replicates +/- SD from five pooled plants.  

Genes are abbreviated as in Fig. 2-6. 
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Figure 2-8.   Effect of salt-stress on maize PSY transcript levels. Total RNA was 

extracted from leaves or roots at indicated hours (h) after treatment with 250 mM NaCl. 

Transcript levels were normalized to levels of ß-actin transcripts measured in the same 

sample, and are shown relative to PSY1 transcript levels in leaf (A) and root (B) at 0 h. 

Values represent the mean of 3 RT-PCR replicates +/- SD from five pooled plants.  Genes 

are abbreviated as in Fig. 2-6. 
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Figure 2-9.   Effect of ABA on maize PSY transcript levels. Total RNA was extracted 

from leaves or roots at 0, 0.25, 0.5, 1, 2 and 4 h after ABA treatment. Transcript levels were 

normalized to levels of ß-actin transcripts measured in the same sample, and are shown 

relative to mPSY1 transcript levels in leaf (A) and root (B) at 0 h. Values represent the 

mean of 3 RT-PCR replicates +/- SD from five pooled plants.  Genes are abbreviated as in 

Fig. 2-6. 
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Figure 2-10. HPLC analysis of carotenoid content of maize y9 root tissue after salt 

treatment. Maize y9 mutant seedlings and normal B73 seedlings at the 5-leaf stage were 

salt-treated for 0, 0.25, 0.5, 1, 2, 5, 10 and 20 h. A, HPLC chromatogram (at λmax) 

showing carotenoid content of y9 mutant seedling roots (the mean of N= 5) subjected to 

salt stress for hours indicated. B, ABA content of roots from maize y9 mutant seedlings and 

normal B73 seedlings subjected to salt stress for hours indicated. C. Quantitative RT-PCR 

of salt-treated roots for analysis of genes listed. Transcript levels were normalized to levels 

of ß-actin transcripts measured in the same sample, and are shown relative to PSY1 

transcript levels in root at 0 h. Values represent the mean of 3 RT-PCR replicates +/- SD 

from five pooled plants. PDS, phytoene desaturase; other genes are abbreviated as in Fig. 

2-6. 
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Figure 2-11. Drought-stress modulated levels of transcripts encoded by genes 

controlling biosynthesis and degradation of ABA in maize.  The mRNA levels of (A) 

zeaxanthin epoxidase 1 (ZEP1, GenBank DR820114), (B) zeaxanthin epoxidase 2 (ZEP2, 

GenBank CO532283), (C) β-carotene hydroxylase (HYD, GenBank BQ619575), (D) 

9-cis-epoxycarotenoid dioxygenase 1 (NCED1, GenBank U95953), (E) ABA 8' 

hydroxylase 1a  (ABA8ox1a, GenBank DR806072), and (F) ABA 8' hydroxylase 1b 

(ABA8ox1b, GenBank EE190691), were normalized to levels of ß-actin transcripts 

measured in the same samples and are shown relative to maize PSY1 mRNA levels in roots 

at 0 h. Values represent the mean of 3 RT-PCR replicates +/- SD from five pooled plants. 
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Table 2-1. Primers for gene isolation, BAC sequencing and quantitative real-time PCR 

Genes GenBank Acc. No. primers Note 
Maize PSY1 AY324431 #505 (Forward): CATCTTCAAAGGGGTCGTCA Real Time PCR 
    #254 (Reverse): CAGGATCTGCCTGTACAACA   
Maize PSY2 AY325302 #503 (Forward): TCACCCATCTCGACTCTGCTA Real Time PCR 
    #676 (Reverse): GATGTGATCTACGGATGGTTCAT   
Maize PSY3 DQ372936 #996 (Forward): GCCAGAGCCTTCTTCAGGCAGG Real Time PCR 
    #997 (Reverse): GTCTTCGGAACGTAGGCCCTC   
Maize ZEP1 DR820114 #1664 (Forward): TTGGTGGCAACAGCTCAAAA Real Time PCR 
   #1665 (Reverse): CCTTCACTTGTTGCGATGAG   
Maize ZEP2 CO532283 #1400 (Forward): TTGGTGGCAATAGCTCAAAG Real Time PCR 
    #1401 (Reverse): GCTTCACTTGTTGCGAAGAG   
Maize HYD  BQ619575 # 1419 (Forward): GAGATCAAGAAGAGGATCAGGAG Real Time PCR 
    #1420 (Reverse): GATCTAATGTGAGGAGAAGGTCAA   

U95953 # 1652 (Forward): GCCCAGCTCGTAGCTTAACA Real Time PCR Maize 
VP14/NCED1   #1653 (Reverse): CGAGCAAGTAACAGCAACCA   
Maize ACTIN J01238 #1134 (Forward): CGATTGAGCATGGCATTGTCA Real Time PCR 
    #1135 (Reverse): CCCACTAGCGTACAACGAA   
Maize PSY3 DQ372936 #925 (Forward): ATGAATTCTACGAGCCGCGCGGTGAA Gene isolation 
    #926 (Reverse): GAGCTCGAGACCGGTCTATGTTA   
Rice PSY3 LOC_Os09g38320* #1155(Forward): AAGTACGTCGTCGTCGGCCATGA Gene isolation 
    #1191(Reverse): CAAGCTGATCATGATGATGTTA   
Maize ABA8ox1a DR806072 # 1774 (Forward) ATGCTCGTGCTCTTCCACCACCT Real Time PCR 
  #1769 (Reverse) TATACCGCCATACCATATCCATC  
Maize ABA8ox1b EE190691 #1774 (Forward) ATGCTCGTGCTCTTCCACCACCT Real Time PCR 
  #1772 (Reverse) GGAAGCGGTTTTTCGCGTTCCTGG  
* Gramene ID    

000 
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Table 2-1. (continued) 
 
Real time PCR conditions for maize 
PSY1, PSY3 and actin   
  
Protocol     
Cycle  1: (  1X)    
 Step  1: 95.0ºC for 05:00 
Cycle  2: ( 35X)    
 Step  1: 95.0ºC for 00:30 
 Step  2: 56.0ºC for 00:30 
 Step  3: 72.0ºC for 00:45 
 Data collection enabled. 
   
Cycle  3: ( 80X)    
 Step  1: 50.0ºC for 00:10 
 Repeated with temperature 
setpoint increased by 0.5ºC, until 90.0ºC 
is reached at the end (80X). Melt curve 
data collection and analysis enabled. 
 

Real time PCR conditions for maize 
PSY2  
    
Protocol     
Cycle  1: (  1X)    
 Step  1: 95.0ºC for 05:00 
Cycle  2: ( 35X)    
 Step  1: 95.0ºC for 00:45 
 Step  2: 54.0ºC for 00:45 
 Step  3: 72.0ºC for 00:45 
 Data collection enabled. 
   
Cycle  3: ( 80X)    
 Step  1: 50.0ºC for 00:10 
 Repeated with temperature 
setpoint increased by 0.5ºC, until 90.0ºC 
is reached at the end (80X). Melt curve 
data collection and analysis enabled. 

Real time PCR conditions for maize ZEP1, 
ZEP2, HYD, NCED1, ABA8ox1a  and 
ABA8ox1b     
Protocol     
Cycle  1: (  1X)    
 Step  1: 95.0ºC for 05:00 
Cycle  2: ( 35X)    
 Step  1: 95.0ºC for 00:30 
 Step  2: 58.0ºC for 00:30 
 Step  3: 72.0ºC for 00:45 
 Data collection enabled. 
   
Cycle  3: ( 80X)    
 Step  1: 50.0ºC for 00:10 
 Repeated with temperature setpoint 
increased by 0.5ºC, until 90.0ºC is reached 
at the end (80X). Melt curve data 
collection and analysis enabled.  
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CHAPTER 3 

THE MAIZE PHYTOENE SYNTHASE GENE FAMILY  

AND PARALOG-SPECIFIC ROLES IN ENDOSPERM AND 

LIGHT-REGULATED CAROTENOGENESIS 

3. The Maize Phytoene Synthase Gene Family and Paralog-specific Roles in 
Endosperm and Light-regulated Carotenogenesis 
3.1 Abstract  
  

Carotenoids are a diverse group of natural pigments derived from C40 phytoene. 

They serve essential functions for plants and play beneficial roles in human health as 

vitamin A precursors and as antioxidants.  The enzyme phytoene synthase (PSY) catalyzes 

the first committed step in the carotenoid biosynthetic pathway. Over the last ten years, the 

gene encoding PSY represents a major target in the study of the regulation and 

manipulation of carotenoid biosynthesis in some model plants. However, few of these 

studies have involved members of the grass family (Poaceae), which contains most of the 

agronomically important crops. Thus, I chose maize as a model for the Grass family and 

studied the role of PSY genes in controlling carotenoid biosynthesis. Previously, I reported 

the discovery of the third PSY gene and its role in controlling abscisic acid (ABA) 

biosynthesis in roots. Here, further research was executed to study the subfunctionalization 

of these three PSY genes and their roles in endosperm and leaf carotenogenesis.  I showed 

that PSY1 but not PSY2 or PSY3 transcripts and protein levels in endosperm correlate with 

the carotenoid accumulation. Moreover, by using carotenoid-free PSY1 endosperm mutant, 

y1-602C, I demonstrated that the contribution of PSY2 and PSY3 towards endosperm 
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carotenoid accumulation is negligible. On the other hand, I showed that PSY2 is 

responsible for the leaf carotenogenesis during greening. By blocking the light signal 

transduction with chromophore deficit mutant elm1, I demonstrated that it is phytochromes 

mediate the red and far-red light signals for up-regulation of PSY2 during de-etiolation. 

The role of PSY1 in leaf carotenogenesis was also assessed by using a PSY1 null mutant, 

y1-8549. Pigment analysis revealed that functional PSY1 is critical for maintaining the 

chloroplast carotenoid in green tissue under heat stress conditions. Studies of the 

duplication and subfunctionalization of maize PSY may benefit carotenoid biosynthesis 

research in other cereal plants. 

 

3.2 Introduction 
 

 Carotenoids represent a diverse group of natural pigments found in bacteria, 

fungi, alga and plants. More than 750 kinds of carotenoids are identified to date and all of 

them are derivatives of phytoene (Britton et al., 2004). In higher plants, they serve as 

accessory pigments in the photosynthetic apparatus where they play roles in light 

harvesting and photoprotection (Niyogi, 2000). Carotenoids are also precursors for 

apocarotenoids that play roles in internal and external signaling (Matthews and Wurtzel, 

2007) and precursors for abscisic acid (ABA), which plays various roles in regulating plant 

growth, embryo development, dormancy and stress responses (Nambara and Marion-Poll, 

2005). Carotenoids are also essential components in human and animal diets, primarily as 

some are precursors of vitamin A (Fraser and Bramley, 2004). 
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 The biosynthesis of carotenoids in plants (as recently revised, see Li et al., 2007) 

starts with the condensation of two molecules of geranylgeranyl pyrophosphate (GGPP) to 

form one molecule of phytoene. This reaction is catalyzed by the enzyme phytoene 

synthase (PSY) (Dogbo et al., 1988; Gallagher et al., 2004), which is regarded as the first 

committed step in the carotenoid biosynthetic pathway. In the past twenty years, genes 

encoding PSY have been identified from a number of plants, and their products 

characterized (see review by Matthews and Wurtzel, 2007). It appears that only one PSY 

gene is present in some plants, such as Arabidopsis. But the duplication of the PSY gene 

has been discovered in tomato (Bartley et al., 1992; Bartley and Scolnik, 1993), tobacco 

(Busch et al., 2002) and all subfamilies in the Poaceae or Grass family (Gallagher et al., 

2004).  

 

 Since phytoene formation represents a regulatory step in the carotenoid 

biosynthetic pathway, it is not surprising that over the last 10 years the PSY gene has 

represented a most important focus point in the research of the regulation and manipulation 

of the pathway. The important role of the PSY gene in controlling carotenoid biosynthesis 

has been demonstrated in ripening fruits (Giuliano et al., 1993; Kato et al., 2004), budding 

flowers (Moehs et al., 2001; Zhu et al., 2002) and de-etiolating seedlings (von Lintig et al., 

1997; Welsch et al., 2003).  For example, the expression levels of  tomato PSY1 appear to 

be tightly correlated with the levels of carotenoid accumulation in ripening tomato 
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(Giuliano et al., 1993), whereas tomato PSY2 seems to be leaf-specific and expresses at 

low levels in the fruit and flower (Bartley and Scolnik, 1993).  

 

 Although the carotenoid biosynthetic pathway was already successfully targeted 

by genetic engineering in the grass family, (ie., Golden rice), the regulation of 

carotenogenesis in the grass family still remains poorly understood. As a result, the 

manipulation of carotenoid content and composition in cereal crops has led to unexpected 

results. To better understand the regulation of carotenoid biosynthesis in the Grass family, 

I chose maize as a model. The carotenoid accumulation that occurs during endosperm 

development and the availability of a large collection of colored kernel mutants makes 

maize good candidate for regulation studies of the Grass family.  Previously , I reported 

that three PSY genes are present in the maize, rice and sorghum genomes (Li et al., in press). 

 Maize PSY1 was identified through the characterization of a mutator-induced  y1 mutant, 

which is unable to accumulate carotenoids in maize endosperm (Buckner et al., 1996). The 

expression of maize PSY1 appears closely correlated with the carotenoid accumulation in 

endosperm (Gallagher et al., 2004), which is similar to the role of tomato PSY1 in the fruit 

and flower.  However,  maize PSY1 is not endosperm-specific and also expresses at high 

levels in leaf tissues, with transcript levels that are two fold higher than those of the second 

copy, PSY2 (Gallagher et al., 2004; Li et al., in press).  Recently, I also showed that the 

expression of the third PSY gene, PSY3, is associated with ABA biosynthesis in roots (Li 

et al., in press) . 
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  To better understand the roles of the three maize PSY  paralogs in controlling 

endosperm and leaf carotenogenesis, their transcript profiles in developing endosperm and 

de-etiolated leaf tissue were investigated.  I showed that the transcript and protein levels of 

maize PSY1 were strongly correlated with the levels of carotenoid accumulation in 

endosperm.  On the other hand, the levels of maize PSY2 transcript were correlated with 

the carotenoid accumulation in the seedlings during greening. By using a PSY1 null mutant, 

I also demonstrated that functional PSY1 is essential for maintaining chloroplast 

carotenoids under heat stress conditions.  

 

3.3 Results 
  

3.3.1 Maize PSY1 expression levels correlate to carotenoid accumulation in 

endosperm. 

 

 To establish when carotenoid accumulation takes place during endosperm 

development, total colored carotenoids from the maize B73 inbred line were measured 

according to the method described by Kurilich and Juvik (1999). The accumulation of 

carotenoids in the endosperm appeared to start as early as 10 days after pollination (DAP). 

From 14 DAP to 16 DAP, the carotenoid content increased 3.5 fold, from 2.39 µg.g-1 to 

8.44 µg.g-1, and then increased gradually from 18 DAP to 28 DAP (Fig. 3-1A).  
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 To determine the roles of three maize PSY genes in carotenoid accumulation in 

endosperm tissue, their transcript profiles in the developing endosperms from the B73 

inbred line were investigated using real time PCR. The transcript levels of maize PSY1 

correlated with the levels of carotenoid accumulation. Maize PSY1 mRNA levels began to 

increase significantly at 14 DAP and reached their peak at 18 DAP (Fig 3-1A), which was 

about 4.3 fold higher than levels at 10 DAP.  Transcript levels started to decline after 22 

DAP and dropped down to significantly lower levels at 28 DAP. In contrast to maize PSY1, 

the mRNA levels of maize PSY2 remained constant during endosperm development and 

increased slightly after 24 DAP. Maize PSY3 transcripts remained at relatively low levels, 

which were 30 fold lower than that of maize PSY1 at 20 DAP (Fig. 3-1A).  

 

 The impact of maize PSY1 expression on carotenoid accumulation was further 

evaluated through characterization of a maize PSY1 endosperm mutant y1-602C.  The 

y1-602C allele has a normal green tissue phenotype with colorless endosperm, 

representing low carotenoid accumulation in the endosperm of this allele. The expression 

of maize PSY1 is only affected in endosperm but not in leaf tissue (Gallagher et al., 2004). 

The mRNA levels of maize PSY2 and PSY3 in tissue from all stages of development (10-28 

DAP) were very similar to transcript levels in the B73 line, whereas the transcripts of 

maize PSY1 were below detectable levels (Fig 3-2). Taken with the data from the B73 

inbred line, these results clearly demonstrated that the loss of maize PSY1 would block the 

carotenoid biosynthetic pathway completely in endosperm and that the presence of low 

amounts of maize PSY2 and PSY3 transcripts were unable to restore carotenoid synthesis.  
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The protein levels of maize PSY1 in developing endosperm was also examined with 

anti-maize PSY1 antiserum. The polyclonal antiserum against maize PSY1 was raised by 

using an expressed fusion protein containing 70% of the maize PSY1 protein (see materials 

section). To test its specificity to other PSY proteins, maize PSY2 and PSY3 were 

expressed as T7.tag fusion proteins by using the pET23 system (Novagen, Madison, WI). 

With the T7.tag monoclonal antibody, I detected a polypeptide of ~35 kDa in inclusion 

bodies from cells containing maize PSY2 and a polypeptide of ~50 kDa in inclusion bodies 

from cells containing maize PSY3, respectively (Fig 3-3A). The expressed fusion proteins 

were of expected sizes as predicted by cDNA sequences. However, no polypeptides of 

expected size for maize PSY2 and PSY3 were detected by using anti-maize PSY1 antiserum. 

These results indicate that maize PSY2 or PSY3 proteins cannot be recognized by this anti 

maize PSY1 antiserum. Using this antiserum, I detected a polypeptide of ~ 38 kDa in 

developing endosperm tissues (Fig. 3-1B). The molecular weight of the maize PSY1 

precursor is 46.3 kDa, with a ~ 8 kDa transit peptide predicted by ChloroP 1.1 Server 

service (http://www.cbs.dtu.dk/services/ChloroP/). Therefore, the 38 kDa PSY antigen 

detected in maize endosperm by western analysis may represent the mature maize PSY1 

found in plastids. Moreover, using this antiserum, I just barely detected PSY antigen from 

PSY1 endosperm mutant, y1-602C but a strong signal was detected in the B73 inbred line 

(Fig. 3-3B), which suggest that this antiserum is very specific for the maize PSY1 protein. 

 In the B73 inbred line, the maize PSY1 protein started to accumulate at 12 DAP, although 

the transcript levels of maize PSY1 were still low (Fig. 3-1B). Transcripts reached a 
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maximal level at 18 DAP and declined after 20 DAP. Taken with the transcript profiles of 

the maize PSY genes in developing endosperm, these results clearly demonstrate that it is 

maize PSY1, but not PSY2 or PSY3, which correlates with the carotenoid accumulation in 

maize endosperm.  

 

3.3.2 Maize PSY2 but not PSY1 is up-regulated by light in photosynthetic tissue 

 

During de-etiolation or under high light stress, the biosynthesis of carotenoids is 

enhanced to assist photosynthesis or to prevent photo-oxidative damage. The transcript 

levels of several carotenogenic genes, especially PSY, have been shown to be up-regulated 

by light, which leads to carotenoid accumulation (Bartley and Scolnik, 1993; von Lintig et 

al., 1997; Simkin et al., 2003). Therefore, I quantified the transcripts of three maize PSY 

genes in de-etiolated seedlings to assess their roles in leaf carotenogenesis. Dark-grown 

maize seedlings were illuminated for varying amounts of time (0 to 8 hours) as described 

in the methods section. In etiolated seedlings, the transcript levels of maize PSY1 were 

about 3 folds higher than that of maize PSY2 (Fig. 3-4, 0h). Upon illumination, it was 

observed that the mRNA levels of maize PSY2 were up-regulated by light. Its transcript 

levels started to increase after 1h of illumination and reached the highest level at 2 hours, 

which was 6.12 folds higher than that of the unilluminated control.  Subsequently, mRNA 

levels began to decline, reaching approximately the same levels observed in the 

unilluminated control after 8 h illumination. In contrast to the mRNA levels of maize PSY2, 

the mRNA levels of maize PSY1 in leaves were not affected by light. Maize PSY3 
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expression remained at very low levels during de-etiolation, which indicated that it is not 

important in carotenoid biosynthesis in leaf tissue. 

 

3.3.3 Maize PSY2 induction needs continuous illumination  

 

To examine whether continuous illumination is necessary for the induction of 

maize PSY2, an experiment was designed in which four sets of maize seedlings were 

exposed to white light and then kept in the dark for various lengths of time; the first, second, 

third, and fourth groups of seedlings were exposed to light for 10, 30, 60, and 120 minutes 

respectively and then kept in the dark for 110, 90, 60, and 0 minutes respectively in order 

for each set to have equal time for maize PSY2 transcript accumulation. These studies 

showed that the transcript levels of maize PSY2 did not increase until continuous 

illumination for 2 hours (Fig. 3-5). This suggested that light exposure for a short time was 

not sufficient for maize PSY2 induction.   

 

3.3.4 Red and far-red light induced maize PSY2 mediated by phytochrome 

 

In the above section, it was shown that only maize PSY2 is subjected to light 

regulation.  I also wanted to examine which kind of light can up-regulate the expression of 

maize PSY2.  Dark-grown maize seedlings were exposed to red, far-red or blue light, 

respectively. It was observed that the mRNA levels of maize PSY2 can be induced by all 

kinds of light regimes (Fig. 3-6A, C and E). Its mRNA levels began to increase after 2 
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hours of illumination by red or far-red light, with levels peaking at 4 hours, which were 5 

folds higher than that of unilluminated seedlings (Fig. 3-6A and E). Intriguingly, the 

response of maize PSY2 to blue light was more rapid as well as more intense. Its mRNA 

levels peaked after only 2 hours in blue light instead of 4 hours in red or far-red illuminated 

seedlings, with levels that were 10.5 folds higher than that of controls not exposed to light 

(Fig. 3-6C). 

 

To further determine what kind of photoreceptor mediates such light induction of 

maize PSY2, expression profiles of maize PSY2 in the elm1 mutant were characterized. 

elm1 is a mutant affecting chromophore biosynthesis, which is an essential constituent of 

all kinds of phytochromes (Sawers et al., 2002). In this mutant, there was no increase in 

maize PSY2 transcripts after illumination by red or far-red light (Fig. 3-6B and F). These 

results suggested that maize PSY2 up-regulation by red or far-red light, which was blocked 

in the elm1 mutant, was mediated by phytochromes.  Blue light, which is mediated by 

another kind of photoreceptor known as phototrophin or cryptochrome (instead of 

phytochrome), can still stimulate maize PSY2 expression in the elm1 mutants as it did in 

the B73 inbred line plants(Fig. 3-6D). In contrast, the expression profiles of maize PSY1 

and PSY3 in elm1 mutants were the same as those in the B73 inbred line (Fig 3-7 and 3-8). 

 

3.3.5 Maize PSY1 is essential for carotenoid biosynthesis in green tissue 

 

I have characterized here the role of maize PSY2 in leaf carotenogenesis.   However, 
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due to the high levels of transcripts present for maize PSY1 in green tissue, the role of this 

gene cannot be discounted with respect to its possible impact on carotenoid accumulation 

in green tissue (Gallagher et al., 2004). To elucidate the role of this gene I used a maize 

mutant which lacks a functional PSY1; maize PSY1 null mutants were screened by 

sequencing certain y1 alleles (see methods section).  

 

Two classes of y1 alleles have been reported in maize by Robertson’s earlier 

studies (Robertson and Anderson, 1961; 1987): 1) those with white endosperm and normal 

green leaves ; 2) those with white endosperm and pale green leaves. According to our 

understanding of the roles of PSY gene family members in carotenogenesis and transcript 

profiles of PSY genes, I presumed that y1-602C is of a unique class of alleles that only 

affect endosperm carotenoid accumulation, whereas another class of alleles may be null 

mutants.  Sequencing analysis of several y1 alleles revealed that in one of the PSY1 

mutants, y1-8549, a G insertion at 377 bp downstream of the initiator codon ATG caused 

an ORF shift and resulted in a new stop codon at 388 bp (Fig 3-9A; GenBank EU306868). 

In contrast, I cannot detect any mutation inside the maize PSY1 ORF of the y1-602C allele 

(GenBank EU306869). However, in its 5' regulatory region, no ins2 insertion was found, 

which is strongly associated with maize PSY1 expression (Palaisa et al., 2003). I used the 

y1-8549 null mutant to investigate the impact of the maize PSY1 mutation on carotenoid 

accumulation in etiolated and mature leaves. 

 

y1-8549 mutants were grown under 4 kinds of conditions: 20 0C in the dark, 37 0C 
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in the dark,  20 0C  in the light, and 37 0C in the light.  Carotenoids and chlorophylls 

accumulating in mature leaves or only carotenoids accumulating in etiolated seedlings of 

y1-8549 mutants were quantified (Table 3-1).  Under low temperature (20 0C) in the dark, 

the carotenoid levels (including carotenes and xanthophylls) of y1-8549 seedlings were 

62% of the levels found in wild type seedlings (Fig. 3-9B). When the temperature 

increased to 37 0C, the carotenoid levels of y1-8549 mutants increased slightly, whereas 

they increased 2.2-fold in wild type. This increase in temperature therefore had a 

significant impact on carotenoid accumulation for the y1-8549 mutant compared to wild 

type. The y1-8549 mature leaf samples showed only a slight difference in carotenoid 

accumulation from that of wild type grown at low temperatures (20 0C), and the mutant’s 

carotenoid and chlorophyll levels were 92% and 72 % of the levels found in wild type, 

respectively (Fig 3-9B.). At 37 0C, the carotenoid levels of wild type plants only increased 

6% versus the 2.2-fold increase found in dark-grown wild type seedlings. This might be 

due to an increase in photo-oxidation at high temperatures for plants grown in the light, 

which leads to more severe carotenoid degradation while also preventing carotenoid 

accumulation. For the same reason, the photobleaching of y1-8549 might be due to 

carotenoid degradation in leaves, which exceeds biosynthetic capacity, given that there is 

no functional maize PSY1.   

Under dark growth conditions, the mRNA levels of maize PSY1 in the y1-8549 

mutant dropped to 30 % - 40 % of the levels found in wild type, while the mRNA levels of 

PSY2 increased 1.5-fold at 20 0C and 3-fold at 37 0C in mutants compared to that of wild 

type (Fig. 3-9B). This increase in the transcript levels of maize PSY2 in the mutant might 
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be a result of feedback regulation, given that no functional PSY1 is present. When the 

temperature increased, the transcript levels of both PSY genes decreased in both the wild 

type and y1-8549 mutant. This decrease in PSY transcripts was unexpected given the 

concurrent increase in carotenoid accumulation at high temperatures.  It appears that the 

transcript levels of maize PSY genes are higher than necessary at low temperatures, and the 

fact that PSY transcripts decrease at high temperatures (which maize prefers) indicates that 

this gene is a rate-limiting factor in carotenoid biosynthesis. Therefore, the carotenoid 

levels double in wild type seedlings with an increase in temperature, whereas there is only 

a slight increase in carotenoid accumulation for y1-8549 plants (there is no functional 

PSY1in these mutants). Carotenoids can still be maintained at a basal level in wild type 

seedlings despite severe photo-oxidative stress at high temperatures under light growth 

conditions, whereas y1-8549 mutants are photobleached. Therefore, these data clearly 

demonstrated that the function of maize PSY1 is necessary for maintaining the carotenoid 

level in leaf.     

 

3.4 Discussion 
  

 The work presented here addresses the question as to how the carotenoid 

biosynthetic pathway is regulated in endosperm and green tissues at the molecular level in 

maize.  I have studied the transcript and protein profiles of three maize PSY genes in 

developing endosperms, and their transcript profiles in de-etiolated seedlings. Furthermore, 
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a maize mutant which lacks PSY1 function in all tissues was also used to evaluate the role 

of PSY1 in maize with regard to carotenoid synthesis in chloroplasts.  

 

 PSY represents the first enzyme in the carotenoid biosynthetic pathway and is 

thought to catalyze a major regulatory step. It has been shown that the transcript levels of 

PSY1 correlate with carotenoid accumulation in maize and rice endosperms (Buckner et al., 

1996; Burkhardt et al., 1997; Gallagher et al., 2004). Here I showed that not only the 

transcript levels but also the protein levels of maize PSY1 strongly correlate with 

carotenoid accumulation in maize developing endosperm (Fig. 3-1). Our data also 

demonstrated that the period between 14 and 20 DAP was the most important stage for 

carotenoid accumulation in maize endosperm.  

 

 Low levels of maize PSY2 and PSY3 transcripts have been detected in the 

endosperm tissues of both the B73 inbred line and PSY1 mutant y1-602C (Fig. 3-1 and 

3-2.). Lack of carotenoid pigment in the endosperm of the y1-602C mutant suggests that 

the presence of maize PSY2 and PSY3 transcripts cannot restore carotenoid biosynthesis. 

This is also the case with rice endosperm, which contains low levels of  PSY2 transcripts 

along with undetectable carotenoid levels (Gallagher et al., 2004). It has been proposed 

that a lack of a functional PSY2 protein in maize or rice endosperms might be due to the 

differences in membrane architecture between endosperm amyloplasts and leaf 

chloroplasts, in which PSY2 is a functional protein (Gallagher et al., 2004). The 
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differences in the N- and C-termini of maize PSY proteins may be critical with respect to 

their localization.   

 

 The presence of high mRNA levels of maize PSY1 and PSY2 in leaves makes it 

difficult to determine their respective contributions to carotenoid biosynthesis in green 

tissue. To solve this problem, the transcript profiles in de-etiolated seedlings were 

investigated, since genes involved in the regulation of carotenoid biosynthesis in green 

tissue are always light-regulated during de-etiolation. It was observed that only maize 

PSY2 mRNA levels increased 5-10 fold under all light regimes (Fig. 3-6).  The 

light-regulation patterns of maize PSY2 are very similar to those of Arabidopsis PSY: 1) 

Both genes are up-regulated by all light regimes and give the fastest and strongest response 

under blue light stimulation (Welsch et al., 2003); 2) Phytochromes are essential 

photoreceptors which mediate the regulation of far-red light (Fig. 3-6B and F). Maize 

PSY2 mRNA levels were not induced by continuous red or far-red light in the elm1 mutant, 

which is deficient in the chromophore of phytochromes. There are six phytochrome genes 

in the maize genome (PhyA1, PhyA2, PhyB1, PhyB2, PhyC1, and PhyC2) (Sheehan et al., 

2004).  Given that PhyA mediates the regulation of Arabidopsis PSY in far-red light, 

another phytochrome may be essential to mediate stimulation by red light, i.e. PhyB.  The 

increase in maize PSY2 transcript levels in elm1 mutants under continuous blue light 

indicates that other photoreceptors may be involved, such as phototropin or cryptochrome.  
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 It has been established that tomato PSY1 is flower- and fruit- specific while PSY2 

is leaf-specific (Bartley and Scolnik, 1993; Fraser et al., 1999). The transcript levels of 

tomato PSY2 are also 1.5 fold higher than that of PSY1 in mature leaf tissue. However, the 

loss of PSY1 function in the tomato mutant, r,r, can lead to lower carotenoid accumulation 

not only in non-green tissue but in leaf tissue (Fraser et al., 1999). Similar to the r,r mutant 

of tomato, the maize y1-8549 mutant, which lacks maize PSY1 function in all tissues, also 

accumulated lower levels of carotenoids in green tissue when they were grown under high 

temperature conditions (Table 3-1). These data clearly show that in maize and tomato, 

PSY1 is not simply a non-green tissue specific gene, but is also essential for maintaining 

chloroplast carotenoid under high-temperature growth conditions.  This contradicts the 

previous conclusion regarding the tissue specificities of the PSY genes. However, the 

functional redundancy of PSY1 and PSY2 in green tissues of tomato and maize may have 

been an adaptation during evolution due to the important roles of carotenoids as accessory 

pigments and photoprotectors in photosynthetic tissue. 

 

 The detailed characterization of the expression profiles of maize PSY gene family 

members in developing endosperm and de-etiolated seedlings in this work demonstrated 

that PSY1 but not PSY2 and PSY3 correlates with carotenoid accumulation in endosperm. 

Moreover, maize PSY1 is not simply a non-green tissue specific gene; it also contributes to 

chloroplast carotenoid formation. The functional redundancy of PSY1 and PSY2 in 

etiolated and mature leaves is critical for carotenoid formation in leaf tissue. The 
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up-regulation of maize PSY2 during de-etiolation suggests that it plays a specific role in 

carotenoid biosynthesis during photomorphogenesis.       

 

3.5 Materials and Methods 
 

3.5.1 Plant materials 

 

Maize (Zea mays) plants used were inbred line B73, phytochromobilin synthase 

mutant elm1 (Sawers et al., 2002), PSY1 recessive mutants,  y1-602C and y1-8549 (602M) 

(Maize Genetics CoOP Stock Center, University Illinois, Champaign-Urbana). The 

homozygous  y1-602C have a colorless endosperm with normal leaf phenotype and 

homozygous y1-8549 is a temperature sensitive mutant with pale green leaves grown at 

high temperature (Robertson and Anderson, 1961).  

 

For experiments related to endosperm, maize plants were field-grown and 

endosperms were dissected at various days after pollination (DAP) and stored at -80 0C 

until analysis.  

 

3.5.2 Total carotenoid content measurement 

 

The carotenoid extraction procedure used was slightly modified from Kurilich and 

Juvik (1999). Tissue samples of 500 mg were ground in 6ml of ethanol containing 0.1% 
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butylated hydroxyltoulene (BHT) and were incubated in an 85 0C water bath for 6min prior 

to a 10 min saponification with 120 µl (1g/ml) of KOH.  All samples were vortexed once 

during saponification, after which they were immediately placed in ice to which 4 ml of 

cold deionized distilled water was added to each sample, followed by  3 ml of petroleum 

ether (PE): Diethyl ether (DE) (2:1 v/v), vortexed and centrifuged for 10 min at 3500 rpm. 

The upper layer was transferred to a fresh tube and the aqueous phase was twice subjected 

to centrifugation with 3 ml of PE: DE each time and combined the fractions. The combined 

fractions were topped to 10 ml, and 1ml of aliquot was used to measure total carotenoids 

at OD 450nm using a Lambda 25 UV/VIS spectrometer (PerkinElmer Life Sciences, 

Boston).  

 

3.5.3 Real-time PCR 

 

RNA isolation and cDNA synthesis were carried out as described by Gallagher 

(2004) . Real-time PCR was performed using iQTM SYBR green supermix (BioRad, 

Hercules, CA) with 10 ng cDNA. Primers and PCR conditions for maize PSY1, PSY2, 

PSY3 and the internal control actin were described previously (Li et al., in press). 

Specificity of amplification was confirmed via melt curve analysis of final PCR products 

by ramping the temperature from 50°C to 90°C with fluorescence acquired after every 

0.5°C increase. 

 

The fold change of transcript abundance of target genes was first calculated as 2 
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–∆Ct, where ∆Ct is the number of PCR cycles required to reach the log phase of 

amplification for the target gene minus the same measure for actin. Transcript abundance 

of maize PSY1 was then adjusted to 100% and fold changes of transcripts from other genes 

from the same tissue were normalized via comparison with that of maize PSY1. Values 

represent the mean of 3 RT-PCR replicates +/- SD from five pooled plants.  

 

3.5.4 Generation of anti-maize PSY1 antibodies 

 

A partial B73 maize Y1 cDNA (encoding 287 residues, #124-410, GenBank 

#U32636) was subcloned as a BglII-XhoI fragment into the BamHI-XhoI sites of the 

Novagen vector, pPET23c(+), and renamed pY1ex1-1. After transformation of BL21(DE3) 

pLysS, induction with 1 mM final concentration of IPTG 

(isopropyl-beta-D-thiogalactopyranoside) at early stationary phase and lysis, 

approximately 800 µg inclusion body fraction containing the 32.9 kD Y1 fusion protein 

[including 12 aa, 1.32 kD of T7-Tag encoded by the vector and 70% of the Y1 protein 

(aa#124--aa#410, 31.57 kD), was separated on a 12% SDS-PAGE gel (110 mm wide x 140 

mm high x 1.5 mm thick) at 40 mA for 4 hours at room temperature.  The fusion protein 

band (about 50% yield) was excised, and immersed in 5 ml of 125 mM NaCl. Rabbits, 

chosen for absence of preexisting immune response to maize proteins, were injected with 

100 µg Y1 fusion protein preparation at week one, two, three, and five (Lampire Biological 

Laboratory Inc., Ottsville, PA). For western analysis and localization experiments, bleed 

from rabbit #3445 (five weeks after immunization) was used and diluted 1:10,000 in TBST 
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for westerns and 1:100 for confocal experiments. Specificity of the antiserum was verified 

by testing for presence of the antigen in normal but not homozygous y1 endosperm, using 

the y1 Maize CoOP allele 607C and 602C, which conditions reduced endosperm 

carotenoids, but does not affect leaf carotenoids.  For western analysis of E. coli protein 

extracts, primary and secondary antisera were preincubated for 30 minutes with E. coli 

BL21(DE3) lysate at a final concentration of 0.3 mg/ml. 

 

3.5.5 Expression of maize PSY2 and PSY3 T7.tag fusion proteins 

 

To test the specificity of anti-maize PSY1antiserum, maize PSY2 and maize PSY3 

T7.tag fusion proteins were also expressed using the pET23 vector (Novagen). 

pEMPSY2-1 contained a partial B73 maize PSY2 cDNA (GenBank AY450646), encoding 

aa#109 to aa#402 (33.46 kD) of PSY2 (Gallagher et al., 2004) fused to 16 residues (1.67 

kD) of the T7 tag, resulting in a PSY2 fusion product of 35.13 kD. pEMPSY3 was 

constructed by inserting a full-length maize PSY3 cDNA (encoding residues 1-426, 47.32 

kD, GenBank DQ36430) into the pET23C (+) vector (in frame fusion with 16 residues of 

a T7 tag, encoding 1.67 kD) to produce a PSY3 fusion protein of 48.99 kD. Expression of 

the fusion proteins was induced by addition of 0.5 mM IPTG for 4 hours when the E. coli 

cells reached an A600 of 0.6 at 37°C. To detect the fusion protein by immunoblot analysis, 

the inclusion bodies were isolated and fractionated on a 12% SDS-polyacrylamide gel. 

Anti-T7-Tag Antibody, AP Conjugated (Novagen) was used at 1:10,000 dilution to detect 

the induced T7.tag fusion proteins. Then anti-maize PSY1 antiserum at 1:5000 dilution 
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was used to test for antigenicity with maize PSY2 and PSY3 fusion proteins to test the 

antibody specificity.  

 

3.5.6 Western analysis to detect mPSY1 expression level in endosperm 

 

Maize proteins from endosperms were extracted according to the method described 

by Wurtzel (1987). Protein samples were separated on 12% SDS-PAGE in a CriterionTM 

Cell system (BioRad) and transferred to nitrocellulose membrane for western blot in a 

Trans-Blot Cell (BioRad). The first antibody, anti-maize PSY1, and the second anibody, 

goat anti-rabbit IgG, were diluted at 1:10,000 for use in Western anlysis according to the 

manufactuere’s protocol (Novagen). To control for protein loading, a duplicate western 

was probed with a polyclonal antiserum raised against maize Shrunken1 protein.(Wurtzel 

et al., 1987) 

 

3.5.7 De-etiolation experiment 

 

Seeds of maize (B73 and elm1) were surface sterilized and grown on MS agar 

medium (Murashige and Skoog, 1962) with 1.5 % (w/v) sucrose. B73 and homozygous 

elm1 plants were grown in the dark at 28 °C for 9 days and 11 days, respectively, to let 

them have two leaves. For de-etiolation, seedlings were transferred to continuous white 

(approximately 50 µmol m–2 s–1), red (100 µmol m–2 s–1), far-red (100 µmol m–2 s–1) or blue 

light (100 µmol m–2 s–1)  and irradiated  for 1, 2, 3, 4, 6 and 8 and 24 hours at room 
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temperature. At the end of the illumination period, leaves from 5 plants were randomly 

collected and immediately frozen for RNA extraction. Etiolated seedlings that were kept in 

the dark for the same time periods served as controls. 

 

3.5.8 Screening maize PSY1 null mutants by sequencing  

  

The full-length maize PSY1 cDNA and three genomic DNA segments covering the 

entire ORF and 590 bp upstream were PCR amplified from y1 alleles requested from the 

Maize Genetics Coop (U. Illinois, Urbana, IL). Primers were designed from the published 

Y1 sequence (GenBank ZMU32636) (Buckner et al., 1996). For primer sequences and 

PCR conditions, refer to Table 1S in supplementary material. The maize PSY1 cDNA was 

amplified from total cDNA synthesized from leaves. The PCR conditions were 94 0C 30 

sec, 56 0C 30 sec, 72 0C 90 sec, 35 cycles. The PCR conditions for isolating genomic DNA 

segments were 94 0C 45 sec, 56 0C 45 sec, 72 0C 2 min, 40 cycles with leaf genomic DNA 

as template. All PCR products were purified using the MinElute PCR purification kit 

(Qiagen, Chatsworth, CA) and verified by sequencing.  

 

3.5.9 Analysis of carotenoid composition of y1-8549 mutant  

 

Homozygous y1-8549 mutants were grown in the dark or in the light under either 

low temperature (20 0C ) or high temperature (37 0C) conditions. The etiolated leaves (two) 

of dark-grown plants and the third leaves of light-grown plants were collected for 
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chlorophyll and carotenoid analysis using HPLC. Chla and  chlb were extracted into 80% 

(v/v) acetone and quantified as described (Lichtenthaler, 1987).   

 

The carotenoid extract and HPLC analysis were carried out as described by 

Quinlan (2007). Lutein and β-carotene were identified by comparison with commercial 

standards. Neoxanthin and violaxanthin standards were isolated by thin-layer 

chromatography of carotenoids (Cammarata and Schmidt, 1992).  

 

3.6 Acknowledgements 
 

 I thank Dr. Thomas P. Brutnell (Boyce Thompson Institute, Cornell University, 

NY) for maize elm1seeds. I thank Dr. Timothy W. Short (Queens College, City University 

of New York, NY) for technical advice on light experiments, Dr. Gabriel Aisemberg for 

advice on confocal microscopy, and Dr. E.R. Macagno (Columbia University) for use of 

their microscope. I am grateful to Rena Quinlan for critical reading of the manuscript. 



 
 

 

92

Figure 3-1.   Transcript levels of maize PSY genes and total carotenoid content in 

developing endosperms of B73 inbred line (A) and the corresponding protein levels of 

maize PSY1 (B). Endosperms were dissected at 10, 12, 14, 18, 20, 22, 24, 26 and 28 days 

after pollination (DAP) from field-grown B73 inbred lines. UN is unfertilized ovule used 

as negative control. Transcript levels of maize PSY genes were normalized to the 

expression β-actin measured in the same samples and were relevant to maize PSY1 

transcript level at 20 DAP of B73 inbred line. Values represent the mean of 3 RT-PCR 

replicates +/- SD from five pooled plants.  The total endosperm proteins were extracted 

according to the method described by Wurtzel (1987) and the protein levels of maize PSY1 

were detected using anti-maize PSY1 antiserum. 
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Figure 3-2.   Transcript profiles of maize PSY genes in developing endosperms of 

y1-602C mutant. Endosperms were dissected at 10, 15, 20 and 25 DAP from field-grown 

y1-602C mutant. Transcript levels of maize PSY2 and PSY3 were normalized to the 

expression β-actin measured in the same samples and were relevant to maize PSY1 

transcript levels at 20 DAP of B73 inbred line. There is no detectable signal of maize PSY1 

in the endosperm of y1-602C allele using real time PCR. Values represent the mean of 3 

RT-PCR replicates +/- SD from five pooled plants.  
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Figure 3-3.   Western analysis to test the specificities of anti-maize PSY1 antiserum 

on maize PSY2 and PSY3 fusion proteins (A) and phytoene synthase expression in 

normal (Y1) and mutant (y1) maize endosperm (B).  A.  The antibodies are anti-maize 

PSY1 antiserum (left) and Anti-T7-Tag Antibody, AP Conjugated (right). The control “C” 

for anti-maize PSY1 antiserum and anti-T7 western blots are total protein extract from 20 

DAP endosperm and T7.tag positive control (Novagen). B. proteins extracted from yellow 

endosperm (Y1) and white endosperm (y1) at 20 DAP. Immunoblots were probed by 

anti-PSY1 antiserum or anti-Sh antiserum. 
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Figure 3-4.   Expression profiles of maize PSY genes in de-etiolating seedling 

illuminated with white light. 9 day-old maize B73 seedlings were treated with white light 

(50 µmol m–2 s–1) for 0 to 8 hours. Total cDNAs were prepared from leaves of illuminated 

seedlings as templates.  All quantifications were normalized to β-actin amplified using the 

same conditions and were relevant to maize PSY1 transcript levels in unlighted seedling. 

Values represent the mean of 3 RT-PCR replicates +/- SD from five pooled plants.  
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Figure 3-5.   Expression profiles of maize PSY genes during de-etiolation. 9 day-old 

maize B73 seedlings were exposed to white light for 10, 30, 60, and 120 minutes 

respectively. Then they were kept in the dark immediately for 110, 90, 60, and 0 minutes 

respectively in order for each set to have equal time for transcript accumulation. Total 

cDNA were prepared from leaves of illuminated seedlings as templates.  All 

quantifications were normalized to β-actin amplified using the same conditions and were 

relevant to maize PSY1 transcript level at 0 h. Values represent the mean of 3 RT-PCR 

replicates +/- SD from five pooled plants.  
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Figure 3-6.   The transcript profiles of maize PSY2 in B73 inbred line and elm1 

mutant treated with various lights during de-etiolation. Dark-grown B73 and elm1 

seedlings were illuminated with red light (100 µmol m–2 s–1), far-red light (100 µmol m–2 

s–1) or blue lights (100 µmol m–2 s–1) and real time PCR were used to determine the 

transcript levels of maize PSY2.  All quantifications were normalized to β-actin and were 

relevant to maize PSY1 transcript levels at 0 h using the same conditions. Values represent 

the mean of 3 RT-PCR replicates +/- SD from five pooled plants.  
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Figure 3-7.   The regulation of maize PSY1 in B73 inbred line and elm1 mutant 

treated with various lights during de-etiolation. Dark-grown B73 and elm1 seedlings 

were treated with red light (100 µmol m–2 s–1), far-red light (100 µmol m–2 s–1) and blue 

lights (100 µmol m–2 s–1) and real time PCR were used to determine the transcript level of 

maize PSY1.  All quantifications were normalized to β-actin and were relevant to maize 

PSY1 transcript level at 0 h using the same conditions. Values represent the mean of 3 

RT-PCR replicates +/- SD from five pooled plants.  
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Figure 3-8.   The regulation of maize PSY3 in B73 inbred line and elm1 mutant 

treated with various lights during de-etiolation. Dark-grown B73 and elm1 seedlings 

were treated with red light (100 µmol m–2 s–1), far-red light (100 µmol m–2 s–1) and blue 

lights (100 µmol m–2 s–1) and real time PCR were used to determine the transcript level of 

maize PSY3.  All quantifications were normalized to β-actin and were relevant to maize 

PSY1 transcript level at 0 h using the same conditions. Values represent the mean of 3 

RT-PCR replicates +/- SD from five pooled plants.  
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Figure 3-9.   Effect of PSY1 loss on maize leaf carotenogenesis. To assess the impact of 

functional PSY1 loss on maize leaf carotenogenesis, y1-8549 mutant were grown under 4 

conditions (dark and 20 0C, dark and 37 0C, light and 20 0C, and light and 37 0C). The 

chlorophyll, carotenoid contents and transcript profiles of maize PSY1 and PSY2 of 

y1-8549 mutant were analyzed. (A) Sequencing analysis of maize PSY1 cDNA and 

genomic DNA prepared from leaf tissue of y1-8549 mutant and B73 inbred line. The G 

insertions in the maize PSY1 genomic DNA and cDNA prepared from y1-8549 were 

highlighted. (B) The chlorophyll and (C) carotenoid contents. The mRNA levels of maize 

PSY1 (D) and PSY2 (E) in leaf tissues were normalized to levels of ß-actin transcripts 

measured in the same samples and are shown relative to maize PSY1 mRNA levels from 

seedlings grown in the dark at 20 0C. Values represent the mean of 3 RT-PCR replicates +/- 

SD from five pooled plants. 
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Table 3-1. Chlorophyll, carotene and xanthophylls analysis of wild type and y1-8549 mutant. 
 

  
Wild type 

 
y1-8549 

 Chlorophyll 
(µg.g-1 f.w.) 

Carotene  
(µg.g-1 f.w.) 

Xanthophyllsa 
(µg.g-1 f.w.) 

Chlorophyll 
(µg.g-1 f.w.) 

Carotene 
(µg.g-1 f.w.) 

Xanthophyllsa 
(µg.g-1 f.w.) 

20 0C dark n.a. 2,10 ± 0,04 
 

16,30 ± 1,66 
 

n.a. 0,51 ± 0,05 
 

10,89 ± 1,75 
 

37 0C dark  
 

n.a. 2,56 ± 0,17 
 

37,74 ± 4,86 
 

n.a. 0,61 ± 0,09 
 

11,51 ± 1,19 
 

20 0C  light 535.31 ±  19.16 119,31 ± 9,49 177,40 ± 7,70 385,42 ± 26,11 
 

119,24 ± 6,37 155,30 ± 12,31 

37 0C  light  493.24 ± 34.64 142,81 ± 11,53 
 

174,27 ± 10,97 105.89 ± 7.25 3,72 ± 0,86 
 

16,40 ± 2,28 
 

 
 a. Xanthophylls include lutein, neoxanthin, violaxanthin and antheraxanthin

000 

105 
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Table 3-2. Primers for sequence analysis of maize PSY1genomic DNA and cDNA isolated from y1-8549 and y1-602c mutants 

 
 
 
 
 
 
 
 
 
 
 
 

Analysis of genomic DNA Segments of the maize PSY1 of y1-8549 and y1-602c mutants 
Region Sequence Range Primer sequences 
1 1344-2472 # 217 GATGCCCAATGCCAAGAAATAACC 

# 344 GGCGCGGCGCCGCTCCTCTGTC 
2 2201-3246 #509 GCATTGCTCAAACGCCAG 

#519 TCAGAGAGAGCGGCATCAAG 
3 3229-5016 #257 TGATGCCGCTCTCTCTGATA 

#657 TCATCAAGGCCTCCTGATGTT 
Analysis of cDNA Segments of the maize PSY1 of y1-8549  and y1-602c mutants 
1 Whole ORF #627 ATGGCCATCATACTCGTACGAG 

#657 TCATCAAGGCCTCCTGATGTT 

106 

000 



 
 

CHAPTER 4 
 

MAIZE Y9 ENCODES A PRODUCT ESSENTIAL FOR 15-cis 

ζ-CAROTENE ISOMERIZATON2 

4. Maize Y9 Encodes a Product Essential for 15-cis ζ-Carotene Isomerization 
4.1 Abstract 

 
Carotenoids are a diverse group of pigments found in plants, fungi, and bacteria. 

They serve essential functions in plants and provide health benefits for humans and 

animals. In plants, it was thought that conversion of the C40 carotenoid backbone, 15-cis 

phytoene, to all-trans lycopene, required two desaturases (PDS and ZDS) and a ‘carotene 

isomerase’(CRTISO) plus light mediated photoisomerization of the 15-cis double bond; in 

contrast, bacteria employ one enzyme, CRTI, to provide the same geometrical isomer 

required by downstream enzymes. Characterization of the maize y9 locus has brought to 

light a new isomerase required in plant carotenoid biosynthesis. I report that maize Y9 

encodes a factor required for isomerase activity upstream of CRTISO, which I term Z-ISO, 

an activity that catalyzes the cis to trans conversion of the 15-cis bond in 

9,15,9'-tri-cis-ζ-carotene, the product of PDS, to form 9,9'-di-cis-ζ-carotene, the substrate 

of ZDS. I show that recessive y9 alleles condition accumulation of 

9,15,9'-tri-cis-ζ-carotene in dark-grown tissues, such as roots and etiolated leaves, in 

contrast to accumulation of 9,9'-di-cis-ζ-carotene in a ZDS mutant, vp9. I also identify a 

locus in Euglena which is similarly required for Z-ISO activity. These data, taken together 

                                                 
2  This chapter is a revision of Li et al, (2007) Plant Physiol. 144: 1181-1189 with the permission from the 
publisher. 
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with the geometrical isomer substrate requirement of ZDS in evolutionarily distant plants, 

suggest that Z-ISO activity is not unique to maize but that it will be found in all higher 

plants. Further analysis of this new gene-controlled step is critical to understanding the 

regulation of this essential biosynthetic pathway.  

 

4.2 Introduction 
 

Carotenoids are a diverse group of more than 750 naturally occurring pigments found 

in plants, fungi and bacteria (Britton et al., 2004). In higher plants, carotenoids serve as 

accessory pigments in photosynthesis and as photoprotectors at high light intensities. 

Apocarotenoids, carotenoid degradative products, are signals in plant development and in 

stress responses; their roles include extracellular rhizosphere signals that attract beneficial 

fungi and damaging parasitic plants that have opposite effects on plant yield (Milborrow, 

2001; Bouvier et al., 2003a; Booker et al., 2004; Schwartz et al., 2004; Simkin et al., 2004; 

Castillo et al., 2005; Matusova et al., 2005; Moise et al., 2005; Nambara and Marion-Poll, 

2005). Increasing interest has also been placed on carotenoid content and composition of 

food crops, because of the manifold importance of carotenoids in human health (Fraser and 

Bramley, 2004; Wurtzel, 2004; Quinlan et al., 2007). 

 

In plant cells, carotenoids are synthesized in plastids from isoprenoid precursors 

through reactions catalyzed by nuclear encoded enzymes (DellaPenna and Pogson, 2006). 

The first committed step, mediated by phytoene synthase, is condensation of two 
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molecules of geranylgeranyl pyrophosphate to form 15-cis phytoene, containing a central 

15-15' cis double bond (Beyer et al., 1985; Dogbo et al., 1988; Misawa et al., 1994). A 

four-step enzymatic desaturation of 15-cis phytoene to all-trans-lycopene also requires an 

electron transport chain (Mayer et al., 1990). Lycopene cyclases then catalyze ring 

formation at both ends of all-trans lycopene to form carotenes which can be further 

hydroxylated to produce xanthophylls (Kim and DellaPenna, 2006; Quinlan et al., 2007).  

 

In bacteria, four desaturation steps from 15-cis phytoene to all-trans lycopene are 

mediated by a single enzyme, CrtI (Linden et al., 1991). In contrast, plants employ two 

desaturases, phytoene desaturase (PDS), which forms trans double bonds at 11 and 11', 

concomitant with cis bond formation at existing 9 and 9' double bonds, while ζ-carotene 

desaturase (ZDS) forms cis double bonds at 7 and 7' (Breitenbach and Sandmann, 2005) 

(Fig. 4-1). In addition, plant desaturation steps require supplementary isomerization 

reactions to produce acceptable geometrical isomer substrates for the desaturases and for 

the following lycopene cyclization steps (Beyer et al., 1989). Such differences in 

isomerization capacities of the plant and bacterial desaturases are important considerations 

for metabolic engineering of carotenoid content in food crops and in influencing biological 

activities of plant-derived geometrical isomers, including intestinal absorption and 

localization (Krinsky et al., 1990; Osterlie et al., 1999; Bjerkeng and Berge, 2000; 

Holloway et al., 2000; Patrick, 2000). 

 

There has been confusion in the literature regarding the required number of carotene 
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isomerases needed in plant carotenoid biosynthesis, especially since reports of cloning of 

“the carotene isomerase gene” encoding “CRTISO”, from cyanobacteria and plants 

(Breitenbach et al., 2001; Masamoto et al., 2001; Isaacson et al., 2002; Park et al., 2002). 

Early in vitro studies using daffodil chromoplasts (Beyer et al., 1989) suggested that 

further progression in the plant carotenoid biosynthetic pathway beyond ζ-carotene (e.g. 

ζ-carotene desaturation and onwards), required an isomerase activity and only the 15-cis 

position was recognized as an isomerase target. Expression of Arabidopsis PDS and ZDS 

in E. coli also revealed a missing plant factor required for ζ-carotene desaturation that 

could be replaced by photoisomerization; ζ-carotene accumulated instead of the predicted 

prolycopene, unless cells were exposed to light (Bartley et al., 1999). In studies of the 

coupled maize desaturases, it was proposed that there was a need for either two companion 

isomerases or a single isomerase having multiple substrates (Matthews et al., 2003). In an 

effort to identify the “missing isomerase gene,” research groups looked at a number of 

pathway mutants that exhibited accumulation of atypical geometrical isomers. The tomato 

Tangerine locus, for which recessive alleles condition accumulation of prolycopene (poly 

cis lycopene), led to cloning of the corresponding gene that encoded what was thought to 

be the long sought-after “Carotene Isomerase,” and it was so named as CRTISO (Isaacson 

et al., 2002). Homologs were also found in Arabidopsis and cyanobacteria (Breitenbach et 

al., 2001; Masamoto et al., 2001; Park et al., 2002). 

 

When CRTISO (Isaacson et al., 2004) was assayed, it was found that isomerase activity 
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followed, rather than preceded, ζ-carotene desaturation which was inconsistent with 

earlier biochemical data indicating isomerization was needed prior to ζ-carotene 

desaturation; CRTISO was shown to be specific for adjacent double bonds at 7, 9 and 7',9' 

positions needed to convert prolycopene to all-trans lycopene, but it did not isomerize the 

single 15-15' cis double bond that was required for producing the proper substrate for ZDS 

(Beyer et al., 1989; Bartley et al., 1999; Matthews et al., 2003). Later, it was unequivocally 

demonstrated that in biosynthesis of prolycopene from phytoene, the product of PDS was 

9,15,9'-tri-cis-ζ-carotene, whereas the substrate for the following desaturase, ZDS, was 

9,9'-di-cis-ζ-carotene (Breitenbach and Sandmann, 2005). Therefore, isomerization of the 

15-cis position of ζ-carotene was clearly required to convert the PDS product to a suitable 

ZDS substrate. The in vitro assays of CRTISO (Isaacson et al., 2004), no longer supported 

the possibility of a multi-substrate enzyme, but suggested that indeed a second isomerase 

might exist. While light might compensate for this requirement in light-exposed tissue, 

there was still the question of whether any genetic locus was responsible for such activity 

in the dark or in dark-grown tissue. In considering the phenotype associated with a lesion 

affecting such a second isomerase, which I will call Z-ISO (15 cis-ζ-carotene isomerase), 

it seemed that mutants would be predicted to accumulate the PDS product (and Z-ISO 

substrate), 9,15,9'-tri-cis-ζ-carotene, which could be shown to photoisomerize to 

9,9'-di-cis-ζ-carotene. In comparison, ZDS mutants should accumulate 

9,9'-di-cis-ζ-carotene in a genetic background conditioning functional Z-ISO.  Unlike ZDS 

mutants that are lethal because they accumulate ζ-carotene under both light and dark 
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conditions, Z-ISO mutants should be nonlethal because the mutant phenotype only 

manifests in the dark and not in light-grown tissues.  Therefore, ZDS and Z-ISO mutants 

should both condition accumulation of ζ-carotene in the dark but only ZDS mutants will 

show accumulation in light grown tissues and exhibit an albino phenotype. I therefore 

searched for ζ-carotene accumulating mutants in maize (Wurtzel, 2004) to test for the 

presence of the predicted Z-ISO geometrical isomer substrate that is distinguishable from 

the ZDS substrate. I identified the maize y9 locus as a candidate and demonstrated that 

recessive alleles condition accumulation of 9,15,9'-tri-cis-ζ-carotene in “dark” tissues. 

This finding supports the role of an additional genetic locus in plants that controls an 

upstream carotene isomerase activity, Z-ISO, which is independent of CRTISO. 

Comparison of the y9 phenotype with that of ζ-carotene accumulating mutants in other 

species shows that Z-ISO activity is not limited to maize. 

 

4.3 Results  
 

4.3.1 Identification of a maize candidate Z-ISO mutant 

 

Numerous mutations affecting maize carotenoid biosynthesis, including phytoene 

desaturation, have been reported (Wurtzel, 2004). Endosperm phenotypes include white 

endosperm (compared to the yellow) and vivipary caused by an absence of abscisic acid, 

a carotenoid cleavage product promoting seed dormancy. Absence of leaf carotenoids 

cause lethality and manifest as albino tissue due to pleiotropic effects on chloroplast 
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biogenesis. Pathway blocks are also associated with accumulation of pathway 

intermediates. Accumulation of ζ-carotene was predicted for mutations in genes 

controlling either ZDS or a putative Z-ISO; such accumulation was found for maize vp9 

and y9 mutant endosperms (Robertson, 1975a). These mutants had otherwise dissimilar 

phenotypes; y9 homozygous mutants were nonlethal recessives affecting only endosperm 

and leaves remained green, while vp9 mutants were lethal recessives affecting both 

endosperm and leaf tissues and plants were albino. When the maize ZDS gene was isolated 

(Matthews et al., 2003), it was mapped to vp9 on chromosome 7 and not to y9 on 

chromosome 10 (Robertson, 1975b); also, y9 had no affect on ZDS transcript 

accumulation, indicating that y9 did not encode ZDS or control ZDS transcript levels. 

Given that a block in isomerase activity would be light-complemented, I predicted that a 

carotenoid isomerase mutant should have an almost normal leaf phenotype as seen for y9 

and not an albino phenotype as in vp9. Therefore, it was conceivable that y9 might encode 

CRTISO, although it did not accumulate prolycopene as did other CRTISO mutants 

(Isaacson et al., 2002). Furthermore, mapping of CRTISO to chromosomes 2 and 4 

(Wurtzel, 2004) (Conrad, Brutnell, and Wurtzel, unpublished) indicated that y9 did not 

encode CRTISO, because y9 mapped to chromosome 10. While y9 was not associated with 

ZDS or CRTISO, it remained a good candidate to consider for a possible genetic locus that 

might encode a factor necessary for putative Z-ISO activity. To validate that y9 was 

necessary for Z-ISO activity (and to further prove that light was insufficient and that a 

genetic locus was involved), it was necessary to demonstrate that y9 conditioned 

accumulation specifically of 9,15,9'-tri-cis-ζ-carotene in contrast to accumulation of 
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9,9'-di-cis-ζ-carotene in a ZDS mutant, such as vp9. Furthermore, while prior reports 

suggested that y9 had no leaf phenotype (Janick-Buckner et al., 2001), I predicted that light 

was photoisomerizing the accumulated 9,15,9'-tri-cis-ζ-carotene intermediate to relieve 

the pathway block such that plants appeared “green.” Therefore, it was necessary to 

demonstrate that in etiolated leaf tissue ζ-carotene accumulated because of the absence of 

photoisomerization. In contrast, photoisomerization would have no effect on the 

phenotype of a ZDS mutant. 

 

4.3.2 HPLC assay and standards for ζ-carotene geometrical isomers 

 

In order to distinguish the ζ-carotene isomers appearing in y9 and vp9 endosperm 

tissues, ζ-carotene isomers were extracted from E. coli cells containing pACCRT-EBP for 

use as HPLC standards (Matthews et al., 2003). It had been previously shown that  

expression of a plant PDS resulted in accumulation of 9,15,9'-tri-cis-ζ-carotene which has 

a characteristic spectrum including absorbance at 297 nm and which could be 

photoisomerized to 9,9'-di-cis-ζ-carotene, which elutes slower and whose spectrum lacks 

absorbance at 297 nm (Bartley et al., 1999; Isaacson et al., 2004; Breitenbach and 

Sandmann, 2005). Following HPLC conditions used earlier (Isaacson et al., 2004), in 

combination with photoisomerization to demonstrate isomer conversion, I was able to 

replicate separation and spectral identification of the tri-cis and di-cis isomers as follows. 

Based on spectrum and retention times, the carotenoids extracted from dark-grown E. coli 
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cells contained peaks 3a and 3b, ζ-carotene isomers, as well as a small amount of 

phytofluene (peak 2) and phytoene (peak 1) (Fig. 4-2), which was consistent with earlier 

reports (Bartley et al., 1999; Matthews et al., 2003; Isaacson et al., 2004; Breitenbach and 

Sandmann, 2005). Of the three ζ-carotene peaks, only peak 3b showed absorption at 297 

nm (see spectra, Fig. 4-2 top), consistent with 9,15,9'-tri-cis-ζ-carotene (Bartley et al., 

1999; Isaacson et al., 2004). When cells were exposed to light (as described in methods), 

the ratio of peak 3b to 3a changed from 3:1 in dark-grown cultures (Fig. 4-2, dashed trace) 

to 2:5 in light-exposed cultures (Fig. 4-2, solid trace), as previously seen for 

photoisomerization of 9,15,9'-tri-cis-ζ-carotene to 9,9'-di-cis-ζ-carotene (Bartley et al., 

1999; Isaacson et al., 2004). The ζ-carotene isomer, peak 3b, was converted to the 

ζ-carotene isomer, peak 3a, due to photoisomerization of the 15-cis double bond in tri-cis 

-ζ-carotene to form di-cis-ζ-carotene. In addition to matching spectra and 

photoisomerization-induced changes in peak heights, relative retention times also matched 

earlier reports using the same HPLC separation system (Isaacson et al., 2004). Based on 

this replication, I therefore identified peak 3a as 9,9'-di-cis-ζ-carotene and peak 3b as 

9,15,9'-tri-cis-ζ-carotene. A third ζ-carotene isomer, peak 3c, was also identified in the 

carotenoid extract of light-exposed cultures and tentatively identified as all-trans 

ζ-carotene based on its retention time being 0.5 min earlier than that of 

9,15,9'-tri-cis-ζ-carotene (Isaacson et al., 2004). 
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4.3.3 Carotenoid compositions in endosperm tissue of y9 and vp9 mutants  

 

Bacterial standards described above were used to identify the specific ζ-carotene 

isomers accumulating in homozygous y9 and vp9 mutant endosperms (see Fig. 4-3 for 

chromatograms and Table 1 for corresponding peak quantifications). I compared spectral 

fine structure including % III/II peak ratio, presence of a cis peak at 297 nm and retention 

time with those of the standards and prior values (Isaacson et al., 2004). In y9 endosperm, 

the major carotenoids were 40.4% of 9,15,9'-tri-cis-ζ-carotene as compared to 14.1% of 

9,9'-di-cis-ζ-carotene, and 15% phytoene, 13.2% lutein, 11.8% phytofluene, and 3.0% 

zeaxanthin. In comparison, endosperms of the Zds mutant, vp9, showed the reverse 

geometrical isomer composition with 55.7% of 9,9'-di-cis-ζ-carotene and 17.6% of 

9,15,9'-tri-cis-ζ-carotene. Taken together, these data show that y9 and vp9 accumulate 

different geometrical isomers of ζ-carotene. The carotenoid biosynthetic pathway in y9 is 

blocked in the cis to trans conversion of the 15-cis bond in 9,15,9'-tri-cis-ζ-carotene and 

therefore accumulates 9,15,9'-tri-cis-ζ-carotene. In contrast, vp9 tissue has isomerase 

activity needed to convert 9,15,9'-tri-cis-ζ-carotene to 9,9'-di-cis-ζ-carotene, but 

accumulates 9,9'-di-cis-ζ-carotene which indicates it is blocked in desaturation of this 

compound by ZDS. The accumulation of lutein and other downstream carotenoids in y9 

endosperms might be due to photoconversion of 9,15,9'-tri-cis-ζ-carotene in endosperms 

of field-grown plants. In contrast to y9, vp9 endosperms did not accumulate any detectable 

xanthophylls as expected for a mutation in a desaturase as compared to an isomerase (Fig. 
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4-3).  

  

4.3.4 ζ-carotene isomers in etiolated leaf and root tissues of y9 and vp9 mutants  

 

If the y9 locus indeed controls expression of a new isomerase, then a lesion in the 

gene should manifest as 9,15,9'-tri-cis-ζ-carotene accumulation in dark grown plants, 

when light is not available to compensate for absence of the cis-trans conversion; y9 leaves 

of light-grown plants have been reported not to accumulate ζ-carotene (Janick-Buckner et 

al., 2001). Therefore, I germinated plants in the dark and collected etiolated leaves and 

roots, extracted carotenoids and analyzed by HPLC (Fig. 4-3, Table 4-1). In both etiolated 

leaves and roots of homozygous y9 plants, 9,15,9'-tri-cis-ζ-carotene accumulated; no 

9,9'-di-cis-ζ-carotene was detected nor were there any other downstream xanthophylls. 

This suggests that the carotenoid biosynthetic pathway in dark-grown y9 is completely 

blocked at this step, thereby preventing downstream synthesis leading to xanthophylls 

typically found in either light-grown y9 or in dark-grown maize seedlings carrying the 

dominant Y9 allele (data not shown). In comparison, homozygous vp9 roots and etiolated 

leaves accumulated mainly 9,9'-di-cis-ζ-carotene. No xanthophylls were observed in 

carotenoid extracts from etiolated leaves or roots of either mutant as compared to the 

profile in y9 endosperm. The absence of downstream carotenoids in dark-grown tissues 

further supports the hypothesis that the xanthophylls detected in y9 endosperm were due to 

some photoconversion in the field-grown plants. As predicted for a Z-ISO lesion, 
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9,15,9'-tri-cis-ζ-carotene was found to accumulate in dark-grown tissues of y9 plants. 

These results establish that y9 does interfere with carotenoid biosynthesis in the absence of 

light in leaves and roots; the only reason that y9 plants are normally green is that light 

compensates for the lesion.  

 

4.3.5 In vitro photoisomerization of y9 carotenoids 

 

To further confirm identification of the ζ-carotene isomers accumulating in dark 

grown y9 roots, in vitro photoisomerization was used to demonstrate conversion of 9, 15, 

9'-tri-cis-ζ-carotene to 9,9'-di-cis-ζ-carotene using carotenoid extracts from underground 

roots of field-grown homozygous y9 plants. Carotenoid extracts were illuminated for 2 

hours with white light (50 µmol m-2s-1 photon flux) and the carotenoid composition before 

and after illumination was examined by HPLC (Fig. 4-4). Before illumination, the ratio of 

9, 15, 9'-tri-cis-ζ-carotene (peak 3b) to 9,9'-di-cis-ζ-carotene (peak 3a) was 3:2. (Fig. 4-4, 

lower chromatogram trace). After 2 hours of illumination, di-cis-ζ-carotene increased to 

72% of the total ζ-carotene isomers (Fig. 4-4, upper chromatogram trace). The 

photoconversion of peak 3b to 3a is consistent with identification of peak 3b as 9,15, 

9'-tri-cis-ζ-carotene and peak 3a as 9,9'-di-cis-ζ-carotene. In summary, I demonstrated that 

roots accumulate 9, 15, 9'-tri-cis-ζ-carotene which was shown to be photoisomerizable to 

the 9,9'-di-cis-ζ-carotene isomer. 
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4.3.6 Identification of other putative genetic loci needed for Z-ISO activity 

 

It is unlikely that Z-ISO activity is only required for maize carotenoid biosynthesis, 

but it is likely ubiquitous in all plants and cyanobacteria, given that both dicot and monocot 

as well as cyanobacterial PDS enzymes produce 9,15,9'-tri-cis-ζ-carotene, which is not the 

isomeric substrate of ZDS, as shown here for maize and previously reported for 

Arabidopsis, Capsicum, and Synechococcus (Bartley et al., 1999; Isaacson et al., 2004; 

Breitenbach and Sandmann, 2005). To identify genetic loci in other photosynthetic 

organisms that may be similarly required for Z-ISO activity, I re-examined earlier studies 

of mutants that exhibited blocks in ζ-carotene desaturation as such blocks might 

alternatively represent lesions in ZDS or Z-ISO (Table 2). Specific details on how Table 

2 was developed are provided (see Methods). Nine mutants were examined, all of which 

exhibit significant accumulation of ζ-carotene (see % ζ-carotene isomers), and some of 

which have already been associated with a structural locus for ZDS or CRTISO. To 

distinguish between ZDS and isomerase mutants, I grouped the mutants into two classes, 

light non-responsive (ZDS mutants), where light has no effect on the phenotype, or 

light-responsive (isomerase mutants), where light can reverse the phenotype by 

compensation for a genetic lesion.  

 

The first class included maize vp9 and sunflower nondormant-1 (nd-1); mutants in 

this class have been shown to be light-nonresponders and therefore albino, which is typical 

for ZDS lesions based on phenotype and in these cases, supported by gene analysis 
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(Matthews et al., 2003; Conti et al., 2004). Members of this group show a low ratio of 

tri-cis /di-cis ζ-carotene isomers and accumulate 9,9'-di-cis-ζ-carotene, the ZDS substrate.  

 

The second class of mutants have been shown to be light-responders; 

photoisomerization releases a pathway block and hence normal carotenoid accumulation in 

the light can be observed (e.g. in the case of plants, they are green and viable). This class 

could alternatively represent either CRTISO of Z-ISO isomerase mutants. To distinguish 

between the two isomerase mutant types, I predicted that dark-grown CRTISO mutants 

should accumulate prolycopene or proneurosporene because there is no block in tri-cis to 

di-cis isomerization, as evidenced by a lower tri-cis to di-cis ζ-carotene isomer ratio. On 

the other hand, dark-grown Z-ISO mutants will not accumulate prolycopene (or 

proneurosporene), but instead accumulate a high ratio of tri-cis to di-cis ζ-carotene isomers 

due to the block in the cis to trans conversion which is otherwise released by 

photoisomerization.  

 

The CRTISO class included Arabidopsis ccr2 (Park et al., 2002), tomato tangerine 

(Isaacson et al., 2002), Synechocystis sp. PCC6803 sll003 (Breitenbach et al., 2001; 

Masamoto et al., 2001), Scenedesmus C-6D (Ernst and Sandmann, 1988) and Scenedesmus 

PG1 (Britton and Powls, 1977; Britton et al., 1977). Among them, ccr2, tangerine and 

sll003, have all been shown to represent mutations in CRTISO or crtH genes.  With the 

exception of PG1, these mutants all accumulated prolycopene and proneurosporene, which 

is expected for blocks in CRTISO activity as reported (Isaacson et al., 2002). These 
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mutants, including PG1, all share a low tri-cis to di-cis ζ-carotene isomer ratio as predicted 

for a CRTISO mutant that has functional Z-ISO activity. PG1 is included in this class 

because it has a close to normal pigment composition in light-grown cells, indicating it 

carries a mutation in an isomerase because it can be light complemented; were it a lesion in 

ZDS, it would exhibit ζ-carotene accumulation even in light-grown cells. The low tri-cis to 

di-cis ζ-carotene isomer ratio found in dark-grown PG1 cells also suggests that the 

mutation blocks CRTISO and not Z-ISO activity, which would otherwise have given a 

high ratio.  

 

The Z-ISO class of light responders included the Euglena gracillis mutant W3BUL 

(Cunningham and Schiff, 1985) and maize y9. As expected for a block in Z-ISO activity, 

neither mutant accumulated prolycopene nor proneurosporene; both mutants exhibited a 

high ratio of tri-cis to di-cis ζ-carotene isomers, for which the tri-cis isomer was found to 

be photoconvertible to the di-cis isomer. This biochemical evidence suggests that both 

W3BUL and y9 loci affect Z-ISO and not CRTISO activity, and that  Z-ISO activity is not 

limited to plants but is also present in a photosynthetic protist.  

 

4.4 Discussion 
 

I demonstrated that isomerization of 9, 15, 9'-tri-cis-ζ-carotene to 

9,9'-di-cis-ζ-carotene is not simply light-mediated, but that it requires the product of a 
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nuclear-encoded gene. I showed that in the absence of light, the 9, 15, 9'-tri-cis-ζ-carotene 

isomer accumulates in etiolated leaves and roots of maize plants carrying the recessive y9 

allele, in comparison to a normal carotenoid composition in light-exposed y9 leaves 

(Janick-Buckner et al., 2001). Therefore, an activity, which I termed Z-ISO, is essential in 

dark-exposed tissues. However, even in light-exposed y9 tissues, there is evidence that 

Z-ISO activity is needed. Some striping seen in light-exposed y9 plants did lead to reduced 

carotenoids in pale-green regions (Janick-Buckner et al., 2001), a phenotype exaggerated 

by cold treatment (Robertson, 1975b) or temperature fluctuations (Janick-Buckner et al., 

2001). This suggests that photoisomerization is not entirely efficient in overcoming the 

pathway lesion associated with the recessive y9 allele and that Z-ISO activity may be 

required in photosynthetic tissues when plants are subjected to abiotic stress.  

 

The Z-ISO activity, which I demonstrated to be genetically controlled in maize, is 

not unique to this species, as I deduced by examining a collection of ζ-carotene 

accumulating mutants in multiple species. By applying a standard convention for naming 

the ζ-carotene isomers, I showed that the mutants fell into three classes of ζ-carotene 

accumulating mutants: ZDS, CRTISO and Z-ISO. The ZDS class contains two plant genes, 

the sunflower nd-1 and maize vp9 loci; CRTISO includes mutants from plants, a 

cyanobacterium and a green alga; the Z-ISO mutants include those in maize (y9) and 

Euglena. Therefore, unlike bacteria that encode one four-step desaturase, plants and other 

photosynthetic organisms possess two desaturases (PDS and ZDS) and two isomerases 

(Z-ISO and CRTISO) which have alternating functions in the biosynthetic pathway.    
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Z-ISO functions upstream of CRTISO and I ruled out y9 as encoding CRTISO, 

although I don’t as yet know whether y9 encodes Z-ISO or regulates its expression. It is 

unlikely that y9 encodes a factor that alters CRTISO activity, because if it did, then 

CRTISO mutants would not accumulate prolycopene, but instead would accumulate 9, 15, 

9'-tri-cis-ζ-carotene.  

 

I named the isomerase activity that is upstream of CRTISO, Z-ISO, to reflect 

isomerization of the 15-cis double bond in ζ-carotene.  I don’t know if Z-ISO will act on 

15-cis bonds only in ζ-carotene, or also on 15-cis phytoene, or the intermediate 9,15-cis 

phytofluene. It is unlikely that 15-cis phytoene is a substrate, as the primary phytoene 

isomer that was detected in plants is the 15-cis isomer and not trans (Jungalwalab and 

Porter, 1965). The y9 mutant phenotype also does not support 15-cis phytoene as being a 

substrate as it is the tri-cis-ζ-carotene isomer that predominates in accumulation and not 

15-cis phytoene that would accumulate were it the preferred substrate. Therefore, perhaps 

Z-ISO activity requires the unique conformation of the 15-cis double bond in ζ-carotene 

which also has the 9,9' cis double bonds, uniquely produced during PDS desaturation. If 

one looks at the structure of 9,15, 9' tri-cis ζ-carotene, its conformation is quite distinct 

from that of 15-cis phytoene, which may be significant in substrate binding and recognition 

of the 15-cis double bond.  
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The naming of CRTISO, was optimistic at the time of its discovery and suggested 

that it catalyzed all carotene isomerizations, which I know now not to be the case. If one 

looks further at the isomerase substrates it becomes clear why CRTISO was not the sole 

carotene isomerase. CRTISO isomerizes adjacent cis double bonds (Isaacson et al., 2004), 

whereas the Z-ISO substrate is a single cis double bond, making for a very different 

substrate structure. Therefore it is likely that Z-ISO is different from CRT-ISO in terms of 

protein structure which may explain why there has been no success in showing Z-ISO 

activity for any of the plant CRTISO homologs.     

 

Characterization of the maize y9 locus has brought to light a new factor required in 

plant carotenoid biosynthesis. Future characterization of this locus will lead to isolation of 

all of the components needed for plant desaturation/isomerization. Biogenesis and 

regulation of the complex plant desaturase/isomerase metabolon is an important and future 

problem to address; elucidation will have direct impact on metabolic engineering of this 

pathway in plants.  

  

4.5 Materials and Methods 
 

4.5.1 Plant and bacterial materials 

 

Maize ζ-carotene desaturase mutant vp9-Bot100 (Maize Co-op 706B) and mutant 

y9 (Maize Co-op X07C) were used in this study. For etiolated leaves and roots, seeds were 
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geminated and grown in the dark for two weeks at 25 0C. Endosperms were collected at 20 

days after pollination from field grown plants as described (Gallagher et al., 2004). The 

plasmid pACCRT-EBP, carrying bacterial crtE, crtB and maize Pds genes confers 

accumulation of ζ-carotene isomers in E. coli and was used to produce ζ-carotene 

standards for HPLC (Matthews et al., 2003); transformed cells were incubated for 48 hours 

at 37 0C under darkness or in the light (50 µmol m-2 s-1 photon flux) prior to pigment 

extraction as described below. 

 

4.5.2 Carotenoid extraction  

 

Carotenoids were extracted from approximately 100 mL bacterial culture or 1 g 

endosperm, etiolated leaf or root tissues taken from dark grown plants as described 

(Kurilich and Juvik, 1999), dissolved in 1 mL methanol, and 50 µl injected for HPLC 

analysis. 

 

4.5.3 Photoisomerization of 9,15,9'-tri-cis-ζ-carotene to 9,9'-cis ζ-carotene  

 

Carotenoids were extracted (Kurilich and Juvik, 1999) from ~ 6g underground 

roots taken from field-grown plants and dissolved in 1mL methanol.  For in vitro 

photoisomerization of ζ-carotene isomers, samples were placed in a Petri dish and exposed 

for 2 hours to light (50 µmol m-2s-1 photon flux) prior to HPLC analysis.  
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4.5.4 Carotenoid analysis by HPLC 

 

HPLC separation was carried out using a Waters (Millipore, Franklin, MA) HPLC 

system with a 2695 separation module, Empower 1 software (Waters), 996 photodiode 

array detector (Waters), and 717 autosampler. Gradient separation was conducted as 

described with slight modification for improved peak resolution using a Waters Spherisorb 

5µm OSD1 analytical Column (5µ, 4.6 x 250 mm, Waters, MA) and Nucleosil C18 (5µ, 4 

x 3.0 mm) guard column (Phenomenex, CA) (Isaacson et al., 2004). The mobile phase 

consisted of acetonitrile:water (9:1; A) and ethylacetate (B), at a constant flow rate of 1.6 

mL/min with the following gradient: 100% to 80% A for 8 min; 80% to 65% A for 4 min, 

65% to 45% A for 28 min and a final segment at 100% B. Identification of ζ-carotene 

isomers was based on comparison with spectra and elution time of authentic ζ-carotene 

isomers produced with expression of pACCRT-EBP and from published data (Beyer et al., 

1989; Sandmann, 1991; Isaacson et al., 2004). Lutein and zeaxanthin were identified based 

on comparison with standards purchased from Sigma (Sigma, MO). Quantification was 

performed by integrating the peak areas using the Empower I software (Waters) with 

β-carotene as an internal control. All chromatograms are shown with each peak at its λmax 

(Maxplot). 
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4.5.5 Geometrical isomer profiles of ζ-carotene accumulating mutants 

 

To compare the various ζ-carotene mutants in the literature, I converted the 

previously reported data to a standard format. Earlier reports named the same isomers by 

different naming conventions. Therefore I used several criteria to identify 

9,15,9'-tri-cis-ζ-carotene and 9,9'-di-cis-ζ-carotene based on the following properties: 

spectral fine structure including presence or absence of the 297 nm cis peak characteristic 

of 9,15,9'-tri-cis-ζ-carotene, potential for photoisomerization by light to the alternate 

isomer, and relative retention time. Table 2 contains data derived from this study for vp9 

and y9 plus the following mutants:  

 

Sunflower nondormant1 (nd-1) (Conti et al., 2004): Like maize vp9 (Matthews et 

al., 2003), nd-1 is a mutant with a known lesion in the Zds gene, both of which exhibit an 

albino phenotype regardless of light. For all of the other mutants, light reverses the mutant 

phenotype. The percentage of carotenoids in nd-1 were calculated based on data from low 

light treated plants (1 µmole m-2 s-1) as provided in Table 1 (Conti et al., 2004). 

 

Arabidopsis thaliana ccr2 (Park et al., 2002): This mutation was demonstrated to 

be in the CRTISO gene. The carotenoid composition data of etiolated ccr2 leaf was taken 

directly from the paper. Included are “pro-ζ-carotene” which elutes slower than 

“cis-ζ-carotene,” which they describe as having a spectrum appearing to be 15Z (cis), 
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indicating that these compounds represent 9, 9'- di-cis ζ-carotene and 9, 15, 9'- tri-cis 

ζ-carotene, respectively. 

 

Tomato (Lycopersicon esculentum) tangerine: this mutation was demonstrated to 

be in the CRTISO gene; I used the carotenoid composition from dark-grown seedlings as 

presented in Table 2 (Isaacson et al., 2002). 

  

Synechocystis sll0033: this mutation was shown to be in crtH, which is a homolog 

of the plant CRTISO gene (Breitenbach et al., 2001; Masamoto et al., 2001); I used the 

carotenoid composition from Table 1 (Masamoto et al., 2001). By identifying the 

photoisomerizable compounds described in the paper, I interpreted “cis-ζ-carotene” 

(which contained a 15-cis peak at 297 nm) to be 9, 15, 9'- tri-cis ζ-carotene and “all-trans 

ζ-carotene” (which lacked the 15-cis peak) to be 9, 9'- di-cis ζ-carotene. 

 

Scenedesmus obliquus C-6D (Ernst and Sandmann, 1988):  The percentage of each 

carotenoid in Scenedesmus  mutant C-6D was calculated based on data presented in Table 

I (Ernst and Sandmann, 1988). The isomer 9, 9'-di-cis ζ-carotene is alternatively named 

“pro-ζ-carotene”;  the isomer “cis-ζ-carotene II (?Z)” was later  identified as  9, 15, 9'- 

tri-cis ζ-carotene (Breitenbach and Sandmann, 2005).  

 

Scenedesmus obliquus PG1 (Britton and Powls, 1977; Britton et al., 1977):  The 
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percentage of each carotenoid in PG1 is calculated based on column A of Table I, which 

lists the total amount of ζ-carotene without specific isomers quantified (Britton et al., 

1977). In Table 1 of a second paper from the same laboratory, the isomers are quantified 

(Britton and Powls, 1977); ζ-carotene II (15-cis-ζ-carotene) and ζ-carotene-III (all-trans) 

(lacking a cis peak and most prevalent of the ζ-carotene isomer) represent 9, 15, 9'- tri-cis 

ζ-carotene and 9, 9'- di-cis ζ-carotene, respectively.   

 

Euglena gracilis var. bacillaris W3BUL (Cunningham and Schiff, 1985):  The 

carotenoid composition of W3BUL was obtained from Table I (Cunningham and Schiff, 

1985). Light was shown to convert “cis-ζ-carotene I” (which contains a 15-cis bond) to 

“trans-ζ-carotene” (which lacks the cis spectral peak), indicating that these compounds 

represent 9, 15, 9'- tri-cis ζ-carotene and 9, 9'- di-cis ζ-carotene, respectively. 
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Figure 4-1.   Proposed pathway of carotenoid biosynthesis in plants. CRTISO, 

Carotene isomerase; PDS, phytoene desaturase; PSY, Phytoene synthase; ZDS, ζ-carotene 

desaturase. Bonds isomerized by CRTISO and Z-ISO are circled.  In maize y9 mutant 

tissues, the step from tri-cis-ζ-carotene to di-cis-ζ-carotene is blocked.  



 
 

 

129

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Figure 4-2.   HPLC analysis of PDS enzymatic product, 9,15,9'-tri-cis-ζ-carotene, 

which is photoisomerized to 9,9'-di-cis-ζ-carotene. Top panel: Spectra of peaks identified 

in chromatogram shown in bottom panel. Bottom panel: HPLC chromatograms of 

carotenoids extracted from dark-grown (lower, dashed trace) or illuminated E. coli cells 

containing pACCRT-EBP plasmid (upper, solid trace). With light exposure, 

9,15,9'-tri-cis-ζ-carotene (3b) was converted into 9,9'-di-cis-ζ-carotene (3a), as well as 

trace amounts of all-trans-ξ-carotene (3c). Peak1, phytoene; peak 2a and 2b, phytofluene 

isomers; peak 3a, 9,9'-di-cis-ζ-carotene; peak 3b, 9,15,9'-tri-cis-ζ-carotene; peak 3c, 

all-trans-ζ-carotene.  
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Figure 4-3.   HPLC analysis of carotenoids extracted from endosperms, etiolated 

leaves or roots of y9 or vp9 mutants shows mutant-specific geometrical isomers. 

Etiolated leaves and roots were samples from dark-grown plants. Peak1, phytoene; peak 2a, 

phytofluene isomer; peak 3a, 9,9'-di-cis-ζ-carotene; peak 3b, 9,15,9'-tri-cis-ζ-carotene; 

peak 3c, all-trans-ζ-carotene; peak 4, zeaxanthin; peak 5, Lutein.  
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Figure 4-4.   Carotenoid extracts from field-grown underground roots of y9 plants 

before (lower, dashed trace) and after illumination (upper, solid trace). Light-exposure 

converted 9,15,9'-tri-cis-ζ-carotene (3b) into 9, 9'-di-cis-ζ-carotene (3a), as well as trace 

amount of all-trans-ζ-carotene (3c). Peaks are numbered as in figure 4-2. 
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 Table 4-1. Carotenoid composition of y9 and vp9 mutant tissues (µg g-1) 

 y9 vp9   
 
 

Endosperm 
 

Etiolated 
leaf 

 

Root 
 

Endosperm 
 

Etiolated 
leaf 

 

Root 
 

Wavelengtha % III/IIb 

Phytoene 2.27 ± 0.14 13.0 ± 0.52 0.28 ± 0.01 - 4.06 ± 0.19 0.04 ± 0.00 276 286 298 0 

Phytofluene 1.78 ± 0.07 5.54 ± 0.14 0.13 ± 0.01 0.06 ± 0.01 2.22 ± 0.05 0.04 ± 0.00 333 349 369 58 

Tri-cis- 
ζ-carotene 
 

6.07 ± 0.24 15.98 ± 0.38 0.30 ± 0.04 2.44 ± 0.06 4.17 ± 0.27 0.12 ± 0.01 (297) 380 401 425 75 

Di-cis- 
ζ-carotene 
 

2.12 ± 0.18 - - 4.09  ± 0.13 13.18 ± 0.51 0.17 ± 0.01 380 402 427 98 

all-trans 
ζ-carotene 
 

- - - 0.61 ± 0.01 - - 381 403 428 112 

Lutein 1.98 ± 0.13 - - - - - 420 446 474 56 

Zeaxanthin 0.45 ± 0.06 - - - - - 427 452 479 15 
aOnline absorbance spectrum taken during HPLC separation; underlined peak is highest peak (II); parentheses indicates additional 
cis peak. *in the case of phytoene, “peaks” I and III are actually shoulders. 
bFine structure of absorbance spectra expressed as relative height of longest wavelength peak (III) compared to middle peak (II). 
Value of zero indicates absence of peak III. 
Values shown are averages and standard deviation for 3 samples. 
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 Table 4-2. Geometrical isomers accumulating in dark-grown tissues of ζ-carotene accumulation mutants (% total carotenoids) 
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Sunflower nd-1a c 4.8 6.7 n.a. n.a. 88.6 - - Zds 88.6 NO n.a. 

Z
D

S 

Corn vp9 b 17.2 9.4 17.6 55.8 - - - Zds 73.4 NO 0.3 
Arabidopsis ccr2 b - - 5.5 14.4 - 14.3 54.3 CRTISO 19.9 YES 0.4 

Tomato tangerin
e b 17.8 7.7 n.a. n.a 24.2 15.1 33.6 CRTISO 24.2 YES n.a. 

Synechocysti
s sll0033 c 2 2 <1 10 - 15 60 crtH 10.0 YES <0.1 

Scenedesmus C-6D c 14 8 12 44 - 12 10 unknown 56.0 YES 0.3 

C
R

T
IS

O
 

Scenedesmus PG1 a c 20.9 3.2 4.3 62.4 - - - unknown 66.7 YES 0.1 
Euglena W3BUL c - 7.6 24.7 9.8 - - - unknown 34.5 YES 3.0 

Z
-I

SO
 

Corn y9 b 37.6 16.0 46.3 - - - - unknown 46.3 YES >50 

 
a. Percentage of total carotenoids calculated based on data provided  
b. Etiolated leaf 
c. Dark-grown cells 
d. Leaf tissue from low-light grown plants 
n.a.= not available 
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CHAPTER 5 

SUMMARY AND FUTURE PERSPECTIVES 
5. Summary and Future Perspectives 
5.1 Summary 
 

  In this research, the regulation of carotenoid biosynthesis in maize was studied 

through investigating the duplication and subfunctionalization of maize PSY genes. 

Previously we reported that two duplicated PSY genes are present in the maize genome 

(Gallagher et al., 2004).  Here, a novel PSY gene (PSY3) was recently identified in maize 

and two other members of the grass family based on sequence homology to maize PSY1.  

The enzymatic activities of maize and sorghum PSY3 were subsequently verified using 

heterologous complementation tests. Tissue specificity analysis revealed that maize PSY3 

expresses predominately in root and embryo tissues, where carotenoids are barely 

detectable. In contrast, maize PSY1 is the major gene expressed in leaf and endosperm 

tissues, where carotenoids generally accumulate to significant levels. The levels of PSY2 

mRNA in leaf and endosperm were about half of the levels observed for PSY1 expressed in 

the same tissues.  To assess the roles of maize PSY paralogs in controlling carotenogenesis 

in root, endosperm and leaf tissues, their transcript profiles were investigated using 

quantitative RT-PCR with abiotic stress-treated root, developing endosperm, and 

de-etiolated leaf tissues.  

 

In roots, the levels of maize PSY3 mRNA can be induced by various abiotic stresses, 

such as drought, salt and exogenous ABA.  The elevation in PSY3 transcripts was 
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accompanied by induced levels of carotenoid intermediates, elevation of other downstream 

carotenogenic genes, and followed by accumulation of ABA (Chapter 2). The levels of 

PSY2 mRNA were also affected by abiotic stress in leaf and PSY1 mRNAs were not 

elevated in any tissues tested. 

 

In developing endosperm, the transcript and protein levels of PSY1 appear to be 

correlated to carotenoid accumulation, which suggests that PSY1 plays a critical role in 

maize endosperm carotenogenesis.  Low levels of PSY2 and PSY3 transcripts were also 

detected in the endosperm. However, the presence of PSY2 and PSY3 transcripts cannot 

compensate for carotenoid biosynthesis in the carotenoid-free PSY1 endosperm mutant, 

y1-602C; this indicates that the contribution of PSY2 and PSY3 toward endosperm 

carotenoid accumulation is negligible. 

 

In de-etiolated seedlings, the levels of PSY2 mRNA were up-regulated by various 

wavelengths of light, whereas the levels of PSY1 and PSY3 mRNAs were not altered. 

These results suggested that PSY2 plays an important role in controlling leaf 

carotenogenesis during de-etiolation. The sensing of red and far-red light signals for 

up-regulation of PSY2 is blocked in chromophore deficit mutant elm1, which indicates that 

the red and far-red light signals are mediated by photoreceptor phytochromes while the 

blue light signal is not. In addition, the role of maize PSY1 in leaf carotenogenesis was 

addressed using a PSY1 null mutant.  Chlorophyll and carotenoid content analysis revealed 

that loss of a functional PSY1 can severely impact leaf carotenogenesis under 
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high-temperature growth conditions.  

 

To elucidate the isomerization steps in the carotenoid biosynthetic pathway, I 

searched for maize mutants that accumulate atypical geometrical isomers. Using HPLC 

analysis, I showed that the isomerization of the PDS product (9,15,9′-tri-cis-ζ-carotene) to 

 the ZDS substrate (9,9′-di-cis-ζ-carotene) was blocked in the dark-grown maize y9 receive 

mutant (Chapter 4).  This discovery genetically defined a new isomerization step 

mediated by Z-ISO (15-cis zeta carotene isomerase) in the carotenoid biosynthetic 

pathway and demonstrated that Y9 encodes a product essential for the isomerase activity 

required for this step.   

 

The studies described above provide some useful data on the regulatory mechanism 

involved in carotenoid biosynthesis in maize as well as a much clearer picture of the 

biosynthetic pathway. The duplicated PSY genes in maize vary in tissue specificity of 

expression and in response to environmental stresses, such as light, drought and salinity. 

The gene duplication and subfunctionalization provide plants a suitable mechanism for 

controlling carotenogenesis in different tissues and when subjected to various growth 

conditions.  However, my studies only provide some preliminary information. More 

research must be performed in both fundamental and applied directions to gain a better 

understanding in the regulation of carotenoid biosynthesis. This will be discussed in the 

following sections.  
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5.2 Future perspectives 
 

5.2.1 PSY1 promoter analysis 

 

As shown in Chapter 3, both the transcript and protein levels of PSY1 are tightly 

correlated with carotenoid accumulation in endosperm.  Absence of PSY1 expression in 

endosperm is thought to be the major reason for low carotenoid accumulation in the 

endosperms of rice, white maize lines and the maize progenitor, teosinte (Burkhardt et al., 

1997; Gallagher et al., 2004). How the maize PSY1 gene gained its function in endosperm 

is still unclear. Moreover, we showed that the maize PSY1 expression is temporally 

regulated; the levels of maize PSY1 transcript and protein levels in B73 are higher between 

14 and 20 DAP, and then decrease throughout endosperm development. However, the 

regulatory mechanism that controls this temporal expression is still a mystery. Analysis of 

PSY1 genomic DNA sequences from a large collection of maize white and yellow lines 

showed that a transposon (ins2) is present in the promoter regions of all but one of the 

yellow lines, but is absent from all white lines and other zea species (Palaisa et al., 2003). 

These data indicated that the presence of the ins2 element might be responsible for the 

increase in PSY1 expression in endosperm, which leads to carotenoid accumulation.  

Up-regulation of gene expression or a change in tissue specificity due to transposon 

insertion has also been reported in Drosophila (Daborn et al., 2002; Schlenke and Begun, 

2004). Recently, promoter analysis of the Arabidopsis PSY gene allowed the identification 

of cis-elements responsible for the modulation of different light qualities (Welsch et al., 
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2003). Likewise, further analysis of the maize PSY1 promoter, particularly the region 

including the ins2 element, may enable us to determine how the maize PSY1 gained its 

function in endosperm and lead to elucidation of the regulatory components involved in the 

regulation. 

 

5.2.2 Role of PSY3 in producing root-secreted apocarotenoids 

 

Compared with leaf, root only accumulates trace amount of carotenoids. However, 

carotenoid accumulation in roots can be observed in mutations affecting carotenoid 

biosynthetic enzymes, suggesting that carotenoids are cleaved once synthesized. The 

carotenoid cleavage products, apocarotenoids, are a group of highly diverse bioactive 

compounds essential for plant development. ABA and strigolactone are two kinds of 

well-known carotenoid derived signal molecules.  In chapter two, we showed that the 

up-regulation of PSY3 in roots by drought was accompanied by induced levels of 

carotenoid intermediates, and followed by accumulation of ABA.  This indicated that PSY3 

plays a critical role in controlling root carotenogenesis in response to abiotic stresses. 

Strigolactones are a collection of root-secreted apocarotenoids involved in the interaction 

between parasitic plants or mycorrhizal fungi and their hosts.  A pathway similar to the 

ABA biosynthetic pathway has been proposed for strigolactone biosynthesis (Matusova et 

al., 2005). Thus, it is reasonable to hypothesize that up-regulation of PSY3 might also be 

essential for strigolactone production and further experiments must be conducted to test the 

hypothesis.   
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5.2.3 Other rate-limiting steps in the carotenoid biosynthetic pathway 

                 

 In Chapters 2 and 3, the important roles of the PSY genes in controlling maize 

carotenogenesis in different tissues were demonstrated. However, the existence of other 

rate-limiting steps besides PSY is also possible. This is best exemplified by the 

coordinated gene expression of certain pathway genes during tomato ripening. Large 

quantities of lycopene accumulate in ripe tomato by increasing the expression levels of 

tomato PSY1 and PDS, and concomitantly decreasing the transcript levels of LCYB and 

LCYE  (Giuliano et al., 1993; Pecker et al., 1996; Ronen et al., 1999). Gene expression 

transcriptome analysis and mapping analysis of quantitative trait loci (QTL) can provide 

valuable information for identifying other potential rate-limiting steps of the pathway 

(Santos and Simon, 2002; Fei et al., 2004) . For instance, Chander et al (2008) detected 31 

putative QTL in the maize genome through QTL association analysis. Besides the 

well-known PSY1 gene, his data also revealed that the y9 locus may be another important 

candidate gene for controlling the levels of β-carotene, α-carotene, β-cryptoxanthin, 

zeaxanthin and total carotenoids in maize endosperm. 

 

5.2.4 Regulatory components or transcription factors involved in carotenoid 

biosynthesis  

 In my study, the carotenoid biosynthesis in maize has been explored through 

investigating the role of the PSY genes. This typical approach to study a biosynthetic 



 
 

 

140

pathway usually focuses on one or two rate-limiting steps, either at the gene or enzyme 

levels. Such a method remains valuable, but is relatively ineffective. Thus, multi-gene 

manipulation or the use of transcription factors to coordinately induce gene expression of 

the pathway has been suggested (Halpin, 2005). As transformation technology improves, 

multi-gene manipulation could be achieved by placing several carotenogenic genes in a 

plastidic polycistron and  with coordinated expression under the same regulatory elements 

(Matthews and Wurtzel, 2007). To date, no transcription factors involved in 

carotenogenesis have been isolated, but some tomato fruit mutants with altered carotenoid 

profiles might prove useful in identifying them. Recently, studies on the high-pigment 

mutants hp1 and hp2 revealed the cross-talk between the light signaling pathway and the 

carotenoid biosynthetic pathway (Mustilli et al., 1999; Liu et al., 2004).  Suppression of the 

photomorphogenesis regulatory gene, DET1, or overexpression of the photoreceptor cry-2 

has successfully enhanced carotenoid content in tomato fruits (Davuluri et al., 2005; 

Giliberto et al., 2005).  Further characterization of these mutants and the cross-talk 

between these two pathways may provide more insight into the regulation of carotenoid 

biosynthesis.  

 

In addition, comparative bioinformatics might be another potential tool for 

identifying common binding motifs, eventually the transcription factors involved in the 

regulation of carotenoid biosynthesis. Using this approach, the promoter regions of all 

carotenogenic genes from the rice and maize genomes could be studied systematically to 

search for potential transcription factor binding motifs.  
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5.2.5 Other factors to be considered with regard to carotenoid accumulation  

  

Besides altering the expression of genes encoding carotenoid biosynthetic enzymes 

to manipulate carotenoid content, precursor pool enhancement, minimization of carotenoid 

degradation and formation of deposition sink are other factors that should be considered in 

efforts to attain higher carotenoid levels. The isoprenoid precursors for carotenoid 

biosynthesis in plants are provided through the methylerythritol 4-phosphate (MEP) 

pathway. Deoxyxylulose 5-phosphate synthase (DXS) and hydroxymethylbutenyl 

4-diphosphate reductase (HDR) are two rate-limiting enzymes in the MEP pathway 

(Botella-Pavia et al., 2004; Enfissi et al., 2005).  Consistent with their rate-controlling role 

in carotenoid precursor biosynthesis, higher levels of lycopene and β-carotene have been 

achieved by fruit-specific overexpression of a bacterial DXS gene in tomato (Enfissi et al., 

2005). Likewise, higher carotenoid levels also have been accomplished in Arabidopsis by 

altering HDR levels (Botella-Pavia et al., 2004). These results highlight the importance of 

enhancing precursor pools to achieve elevated carotenoid content and suggest that it will 

be a novel alternative approach to manipulate carotenoid levels in crops. Similar to this 

strategy, carotenoids should also be protected from enzymatic cleavage and non-enzymatic 

oxidation to maintain high carotenoid concentrations.   

  

Plant carotenoids are synthesized in nearly all types of plastids, but only 

chloroplasts and chromoplasts are able to store massive amounts of carotenoids. In 
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chloroplasts, carotenoids bind to the light-harvesting protein complexes, whereas they are 

deposited into so-called carotenoid sequestering structures in chromoplasts (Bartley and 

Scolnik, 1995; Vishnevetsky et al., 1999). Recently, a novel gene controlling chromoplast 

differentiation was isolated by characterization of a gain-of-function cauliflower mutant 

(Lu et al., 2006). This Or gene encodes a DnaJ cysteine-rich domain-containing protein 

and could turn normally carotenoid-free curd tissue orange by accumulation of β-carotene. 

When the Or gene was introduced into the potato, a major staple crop, it gave transgenic 

lines orange-yellow tubers with up to six fold higher carotenoid levels. Further 

examination of these transgenic tubers revealed that carotenoid sequestering structures 

were formed inside; thereby provided a metabolic sink for carotenoid accumulation. This 

result demonstrated that regulating the formation of metabolic sinks to effectively 

sequester carotenoids may prove to be an effective strategy for carotenoid engineering, if 

combined with those approaches discussed above. 

 
5.2.6 Gene encoding Z-ISO 

 

By analyzing the accumulated carotenoid intermediates in dark-grown y9 seedlings, 

I showed that another carotenoid isomerase was necessary for carotenoid biosynthesis in 

higher plants (Chapter 4).  Further gene cloning and product characterization will be 

required to fill in the last gap of the carotenoid pathway of higher plants.  In future, cloning 

and characterization of the y9 locus in maize will help to better understand plant carotenoid 

biosynthesis. 



 
 

 

143

 

 



 
 

 

144

Appendix 1 A co-authored publication related to this dissertation3 

 
                                                 
3  This appendix is a publication of Gallgher et al (2004) Plant Physiol. 135: 1776-1783 with the permission 
from the publisher 
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Appendix 2 Sequences used in this study 

Genomic DNA 
sequences 

Accession No. / ID Source Note 

Maize PSY1b AY324431 GenBank  
Rice PSY1 AP005750 GenBank  
Sorghum PSY1 SbGSStuc11-12-04.5154.1 PlantGDB  
Maize PSY2b AY325302 GenBank  
Rice PSY2 AL831803 GenBank  
Sorghum PSY2 SbGSStuc11-12-04.12062.1 PlantGDB  
maize PSY3a DQ372936 GenBank  
rice PSY3 LOC_Os09g38320 Gramene  
sorghum PSY3 SbGSStuc11-12-04.766.1 PlantGDB  
Arabidopsis PSY AB005238 GenBank  

Note: For PSY genomic DNA structure analysis in Chapter 2 
 

Protein/cDNA  
sequences 

Accession No. / ID Source Note 

AtPSY AAA32836 (protein) GenBank Arabidopsis PSY 
OsPSY1 AAS18307 (protein) GenBank Rice PSY1 
OsPSY2 AAK07735 (protein) GenBank Rice PSY2 
OsPSY3a DQ356431 (cDNA) GenBank Rice PSY3 
SbPSY1a AY705389 (cDNA) GenBank Sorghum PSY1; 
SbPSY2 AW679367 (EST) GenBank Sorghum PSY2 
SbPSY3a AY705390 (cDNA) GenBank Sorghum PSY3; 
ZmPSY1 P49085  (protein) GenBank Maize PSY1 
ZmPSY2b AAQ91837 (protein) GenBank Maize PSY2 
ZmPSY3a DQ356430 (cDNA) GenBank Maize PSY3 

For PSY phylogenetic tree analysis in Chapter 2 
    

Other sequences Accession No. / ID Source  
Sorghum PSY1 EST CD234165 GenBank  
Sorghum PSY3 EST BG46454 GenBank  
Maize PSY3 contig AZM4_60808 TIGR  
Rice PSY3 EST CF305089 GenBank  
Rice PSY3 EST CF312554 GenBank  
Rice PSY3 EST CF312553 GenBank  
Rice PSY3 EST CF307565 GenBank  
Rice PSY3 EST AK108154 GenBank  
Rice PSY3 EST AY078162 GenBank  
Maize PSY1 gene 
sequence in y1-602C 

EU306869 GenBank  

Maize PSY1 gene 
sequence in y1-602M 

EU306868 
 

GenBank  

a. Sequences deposited by Li F.  
b. Sequences deposited by Dr. Gallagher 
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Appendix 3 Plasmids used in this study and laboratory clone records 

Clone Name Brief Description 
Insert 
Size 
(kb) 

GenBank Chapter 

 
pACCAR25∆crtB 

 
crtE, crtI, ∆crtB, crtX, crtY 

 
6.5 kb 

 
D90087 2 

BAC b031205 Maize PSY3 containing BAC clone 137 kb DQ372936 2 
pET23b-MPSY3 Maize PSY3 expression construct 1.4 kb DQ356430 2 
pGEMT-RPSY3 Rice PSY3 non-expression 

construct 
1.4 kb DQ356431 2 

pETaSPSY1 Sorghum PSY1 expression 
construct 

1.3 kb CD234165 2 

pETaSPSY3 Sorghum PSY3 expression 
construct 

1.3 kb BG464544 2 

CD230490 Sorghum PSY1 EST ~2 kb CD230490 2 
CD234165 Sorghum PSY1 EST ~2 kb CD234165 2 
AW679367 Sorghum PSY2 EST 0.5 kb AW679367 2 
BG464544 Sorghum PSY3 EST 1.6 kb BG464544 2 
pET23b(+) Expression vector 0 kb N/A 2 
pET23a(+) Expression vector 0 kb N/A 2 
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WURTZEL LAB 
CLONE INFORMATION 

 
Date Today:  08/27/07                                                                               Entered into database #403 
CLONE NAME: pACCAR25∆crtB 
 
Lab Clone Number/Name:  pACCAR25∆crtB  (Expression) 

Clone Description: Frameshift in MluI(5379) in crtB.  
Genes: crtE, crtI, ∆crtB, crtX, crtY 

 
Constructed by: Misawa                 
Purified by: Faqiang Li 
DNA Location (-20oC) Box Number:  9               Position: A9              Conc.  >1   µg/µl 
      Tube labeled as:  pACCAR25∆crtB  
Strain Location (-80oC)  Box Number:     14        Position      F2 
      Tube labeled as:    pACCAR25∆B                   Strain:   BL21(DE3)   

 
 
Cited in journal:  
1. N. Misawa et al., J Bacteriol 172, 6704 (1990). 
2. H. Linden et al., Z. Naturforsch. 46c, 1045 (1991). 

 
Lab Notebook to reference: Li book 1page 127 Date:        5/28/02 

 
Organism source of gene: Erwinia uredovora  

 
Cloning vector used:   pAC184      Vector size:  4.26 kb  Insert size:   6.5 kb  

  
Antibiotic markers:  chloramphenicol; 

 
Restriction enzyme(s) to release insert:    N/A 
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WURTZEL LAB 
CLONE INFORMATION 

 Date Today: 12/01/05                                                                                       Entered into database #357    
CLONE NAME: BAC b031205 
Lab Clone Number/Name: BAC b031205 
Clone type: Genomic 
Original GenBank Accession:  N/A 
Clone Description:  
                    BAC clone requested from Arizona Genomic Institute. It contains maize PSY3 gene. 
Order homepage : http://www.genome.arizona.edu/orders/ 
Contact info: Dave Kudrna, Plant Sciences Department,303 Forbes Building, Tucson, AZ 
85721-0036,USA.(520)-626-9596 (phone) (520)-621-1259 (fax) 
Constructed by: Arizona Genomic Institute     Date rec’d: Apr.13.2005 
Purified by: Faqiang Li 
DNA Location (-20oC) Box Number:  #9                                    Position:   A7    Conc.  0.1µg/µl 
                                     Tube labeled as: Maize PSY3 genomic DNA BAC b031205 Apr.13.2005 
Strain Location (-80oC)  Box Number:       14                            Position    F5 

      Tube labeled as: Maize PSY3 genomic DNA BAC b031205     Strain: Top10F’ 
 
Cited in journal: Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene 
synthase gene family conserved in the Poaceae and a key regulator of abiotic-stress-induced root 
carotenogenesis. Plant Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  
Lab Notebook to reference:  Li book 4 page 42-52        Date:  April 2005 
Organism source of gene:  Maize B73 
Cloning vector used:  pIndigoBac536    Vector size:  N/A  Insert size:   ~137 kb 
Antibiotic markers:  Chloramphenicol 
Restriction enzyme(s) to release insert: N/A 
Sequence verified: yes          Junction verified: no 
TTGGGGAACAAGCAAGAAATGAACGGAGGAAGCGATCAGGCTCTCCTCTCTCCNCACCACACCGGCCGGGNNGCAGGCAGGAGGCCCCNCCGGGTGCTCCTCCTGTCGCTCCCACANGNNGAACAGGCCGGGGGCGAGGC
CTGCCACGATCGCGCGCCCCACCANGTGTCCCNTCCGGCGNGCNGCCNACNTGCCTGCNNTGGGTACCGGTACCGGTCTCGTCTCTGCGTGACCTGATGGCCATGTGCGTGCGGGCGGCGGATGCGGACCCGCCCCTTGG
CCCTAGGCGGCGCTCCGCGTACGGTGCGCGACGCGCCCGGGCGTGGTTCGGTGACGCCTCGTGGTCGGCGGGCACTCGAATACCTCGTTGACCAGAGAGATTACAACGGGTCAAGCAACTTTTTCATGAGGTGGAGGTTA
AAGTCTACATACAAGTTTGGAGAGGAAATCCAAATGTCTCCGTAATGATAATAGATTACGATCCAAATATATCTTCACAATTTATTTAGTCTATTTATTAACTTAATTTAAAAAAATAGATAGAATAGAGTTAAATCCTA
ATTTAATTTAAAACCTATTACCACCCCTGTCCATAGCAGGATAATCTTGTGATGCTTTGCCCTCTGGACACTGGACTAATGGAGTAGCATGGTTTCGCCAGATAAGCACAGCTACCTGTGCCGTATCGACCACAGCACAT
CGCACCACACAACAGTCATCATAACGAAAACGGACTTGCCATCTCCTAMMAGGGRCAACGTCTGAACCGCTCCACGCGCGCCGTTTTGTCTGGTTGCGGAGCGCAGGCAGCACCACCCTCGCCCGCGCCATGGCTGATGG
TGATGGCTGCTAGCGCGGAGCGAAATGCCTCACCTGCCCCTTTCACGAACCACGCAGAGCGCCTCTCCTCCTGGACAGGAGCACCCCCTGCCAACGCCCGCCACCTGGCCTCCTCCCGGCTCCGCAATCCCGCGCATTAC
AAAAGGCCGGCCACACCGCGCAAGTAGGAGTAGCTAGAGCTTGAGCGTGCATGCACCTGTGGTTCTCATCTCATCCGTGCTCTCCTCGACCTCGCCTAGCTAGAGCTAGAGGCTCGTGGGCTGGGGGTGTCCTCCACTCC
TCCCCTCGTCGTCTCCTTCCACGCGCGGCCGACACGGGTGCCGCCACGAGCGAGTCGGGCTCTGGCAACACCGCGCCGCCGCGTGGGTTGGGTTGGGTTGGGACTTGGGACTCGCGGTTTGGAACCCGAACACCAGTGGC
CGGTCGCCTGCCACAGGGGGGAGGGCTAGTTTTGTTTTTCTAGTACTCGGACAGTGTCCTGCAGGCAACGGACAAAACTGACGGGAGCCCCGCCGCCTGCTGGCCTCGGCCCTCAGTTCTCACTTCTCACATCCAGCCTC
CAGCGCCCGCCCGCCCGCCTCCGCTCTCTCGATCCTTCTCTATAGCTCGGCCTGGCCACCGGCCTTCCGCTCCACACATCCCCGTCTGCGTCCCTCCATTGCGACCGAGCACACGTACGCCACCGCCGCGTGTCAGCCAG
CCAGCCAGCC 
ATGATGTCTACGAGCCGCGCGGTGAAGTCGCCGGCGTGCGCGGCTCGGCGGCGGCAGTGGTCCGCGGACGCGCCGAACCGCACGGCGACGTTCCTGGCCTGCAGGCACGGGAGGCGGCTCGGCGGCGGCGGCGGGGCGCC
GTGCTCCGTGCGCGCCGAGGGCTCCAACACCATTGGCTGCCTCGAGGCCGAGGCGTGGGGCGGCGCGCCGGCGCTGCCGGGCCTCCGCGTGGCGGCGCCGTCGCCCGGGGACGCGTTCGTCGTGCCGTCCGAGCAGAGGG
TGCACGAGGTGGTGCTCAGGCAGGCGGCGCTCGCGGCCGCGGCGCCGAGGACGGCGCGGATCGAGCCGGTGCCCCTGGACGGCGGGCTGAAGGCGGCCTTCCACCGCTGCGGCGAGG 
TCTGCAGGGAGTACGCCAAGACATTCTACCTTGGTAAGCGAGATCGAAGTCCCCGCTGCTCTTCTTGTTCATCTGAATACGGTCAGTTTAATTACTTGGCACACACAAAGGTTTTGCCGTGATCGAGGCACATGCATGTG
TCACAGCTGCTAGTCAGCTAGTGTGTGTTTTTCTGGCAAACTGTTTAAACAAAGTAAAAAAAAGAAACTTTTTTTTGTCCTGAAAAGGACGATAGGCAAAGGATGGAAATCTCAGTCGTACGTATCCTTGGTAGAAGCCT
GAACCGGGGGGTGTCCAAGTCCAACACCTGCCTTTTCCAATTTGTTTTCTAAATCCACTAGCGTATTTGATTAATTCTGACAATGATTGTAAAAAATAACTTATAAATTATGGACTGAGAGAATACGTAGCGTGCATTGA
GATGTTAATCATGCACACTACTAGTATTTTGCCAGTAGTTGCAGCTGTGGCCACCGTATCACAACATACCGAATACCCGGCCCAGTCAGCTTGGACAATCAGCGCGCGCATTCCACCGCACATGCATGTGTCTCTCTCAC
CTCTGATCTGATGAGATGCCGCTGCTTTTCTGTTTCAGC 
GACGCAGCTGATGACGCCCGAGAGGAGGATGGCGATCTGGGCAATATACGGT 
AAGCAGAGCAAGCCCCACATGTCCCTGTTTCTTGTACCGCCTGCTGTTGGCGCACTGCAGGTTCCTTTCGTTTTCTCTGAATGGTATAAAATCGTAATCCGGCTTGTGAGCTAGCTAGAGTAGTTTATGCACCGGCACGA
TGGTTTTTTTAAGGGCAGTTTGGAAGGAAAATGAGCTAATTTTCTACTCAATCTCTGAGAATACCAGAGCGGATTTAAGTTTCTAAACTAACGCTAGGACGGTGAAAGGGGGGATACAGTTTGTATGGCTTGACGGTTGA
CGATAATGACGCTCTGAGAATACCAGAGCGGATTTAAGTTTCTAAACTAACGCTAGGACGGTGAAAGTGGGGATACAGTTTGTATGGCTTGACGGTTGACGATAATGACGAGGGAAGGGATGACACTGATTGATCGCTGA
CGTGGGTGTTCTATCTCCGCGCACGCGCGCTCCTGTTCA 
GTGTGGTGCAGGAGAACGGACGAGCTCGTGGACGGCCCCAACGCGTCCCACATCTCGGCGCTGGCGCTGGACCGGTGGGAGTCGCGGCTGGAGGACATCTTCGCCGGCCGGCCGTACGACATGCTCGACGCCGCCCTGTC
CGACACCGTCGCCAGGTTCCCCGTCGACATCCAG 
GCACGCACGCGCGCGATCGATCCATGGATACATCTCCTCCCTCCATATATTGAAGAACATTCCCATCATATCGTGTCTCCGTGCTGCAG 
CCGTTCAGGGACATGATCGAGGGGATGCGCATGGACCTGAAGAAGTCCCGGTACAGGAGCTTCGACGAGCTGTACCTCTACTGCTACTACGTGGCCGGCACCGTGGGGCTGATGAGCGTCCCGGTGATGGGCATCTCGCC
GGCGTCCAGGGCGGCCACCGAGACGGTGTACAAGGGGGCGCTGGCGCTGGGCCTGGCGAACCAGCTCACCAACATCCTCAGGGACGTCGGCGAGG 
AGTACGTCGTCAACGCCACTCATCATGATCGTAGCCGGCCCATGTTGCATACAGCATACTGACACGCGCGCTTCACGTGCCTGACAAATAATAACAG 
CGCCAGGAGGGGACGGATCTACCTCCCGCAGGACGAGCTGGAGATGGCGGGGCTCTCCGACGCCGACGTCCTGGACGGCCGCGTCACCGACGAGTGGAGGGGCTTCATGAGGGGCCAGATCGCGAGGGCCAGAGCCTTCT
TCAGGCAGGCGGAGGAAGGCGCCACCGAGCTCAACCAGGAGAGCCGATGGCCGGTG 
AGACTCACAACGCTAGCCGTTTTCAGAACCCGATCAGATGAGTGACTGAACAGCTGACTGCTGCTGTTTCAGGTG 
TGGTCTTCTCTGCTCCTGTACCGGCAGATCCTCGACGAGATCGAGGCCAACGACTACGACAACTTCACCCGGAGGGCCTACGTTCCGAAGACGAAGAAGCTGATGGCGCTGCCCAAGGCGTACCTGAGATCACTGGTGGT
GCCCTCCTCCTCTTCTCAGGCTGAGAGCCGGAGACGCTATTCCACCCTAACATAG 
ACCGGTCTCTCTCTCACTGTCGGTACATAGCAGCAGCAGCAGTGAATGATCGATATGATGTACAAATTTCTGGCCAGGCCACATGCATGAGTAGTACGTACATGGTTGGCAATTGGCATGTGGTGGTGGTCGATCGGTGT
TACATACTTGTTGTACTCCTCTGTACTATACAAAACATGCCGGAGACTCGCGCGTAAGTGAGAAGCGATAAATGGAGATAGATGTTTGTCTCATAAAATGAACTAATTTACGTTAAGGTGCCGTTTGGATCCCTCTATTG
GAAGCAACTGGAATTTACTTAATAAAGGTTATTGGT 
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WURTZEL LAB 
CLONE INFORMATION 

 
     Date Today: 12/01/05                                                                      Entered into database #358            
CLONE NAME: pET23b-MPSY3 
 
Lab Clone Number/Name: pET23b-mPSY3-10 
Clone type:  Expression cDNA clone 
GenBank Accession:  DQ356430 
Clone Description:  
Maize PSY3 full-length cDNA was amplified with primers #925 and #926 and cloned into pGEMT 
vector. Then PSY3 cDNA was released from pGEMT vector by complete digestion with EcoRI and 
partially with XhoI. Insert was placed into expressive pET23b (+) vector between EcoRI and XhoI 
sites to test the enzymatic function by complementary test. 
Constructed by:  Faqiang Li                     Date  SEP.28.2005 
Purified by: Faqiang Li 
DNA Location (-20oC) Box Number:  #9                Position:  A6    Conc.  1µg/µl 
      Tube labeled as:  Maize PSY3 genomic DNA pET23b-MPSY3-10 SEP.28.2005 

Strain Location (-80oC)  Box Number:  #14            Position    E2 
      Tube labeled as: pET23b-MPSY3-10         Strain: BL21 (DE3) 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase 
gene family conserved in the Poaceae and a key regulator of abiotic-stress-induced root 
carotenogenesis. Plant Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120 

 
Lab Notebook to reference: Li book 2 page 68      Date:   SEP.28.2005 

Organism source of gene: maize B73 

Cloning vector used:  pET23b (+) Vector size:  3.6 kb   Insert size:  ~1.4 kb 

Antibiotic markers: Amp 
Restriction enzyme(s) to release insert: N/A 
Sequence verified: yes                          Junction verified: yes 

> Maize PSY3 cDNA sequence 
atgatgtctacgagccgcgcggtgaagtcgccggcgtgcgcggctcggcggcggcagtggtccgcggacgcgccgaaccgcacggcgacgttcctggcctgcaggcacgg
gaggcggctcggcggcggcggcggggcgccgtgctccgtgcgcgccgagggctccaacaccattgtctgcctcgaggccgaggcgtggggcggcgcgccggcgctgccgg
gcctccgcgtggcggcgccgtcgcccggggacgcgttcgtcgtgccgtccgagcagagggtgcacgaggtggtgctcaggcaggcggcgctcgcggcagcggcgccgagg
acggcgcggatcgagccggtgcccctggacggcgggctgaaggcggccttccaccgctgcggcgaggtctgcagggagtacgccaagacattctaccttgcgacgcagct
gatgacgcccgagaggaggatagcgatctgggcaatatacgtgtggtgcaggagaacggacgagctcgtggacggccccaacgcgtcccacatctcggcgctggcgctgg
accggtgggagtcgcggctggaggacatcttcgccggccggccgtacgacatgctcgacgccgccctgtccgacaccgtcgccaggttccccgtcgacatccagccgttc
agggacatgatcgaggggatgcgcatggacctgaagaagtcccggtacaggagcttcgacgagctgtacctctactgctactacgtggccggcaccgtggggctgatgag
cgtcccggtgatgggcatctcgccggcgtccagggcggccaccgagacggtgtacaagggggcgctggcgctgggcctggcgaaccagctcaccaacatcctcagggacg
tcggcgaggacgccaggaggggacggatctacctcccgcaggacgagctggagatggcggggctctccgacgccgacgtcctggacggccgcgtcaccgacgagtggagg
ggcttcatgaggggccagatcgcgagggccagagccttcttcaggcaggcggaggaaggcgccaccgagctcaaccaggagagccgatggccggtgtggtcttctctgct
cctgtaccggcagatcctcgacgagatcgaggccaacgactacgacaacttcacccggagggcctacgttccgaagacgaagaagctgatggcgctgcccaaggcgtacc
tgagatcactggtggtgccctcctcctcttctcaggctgagagccggagacgctattccaccctaacatag 

>Maize PSY3 protein sequence 
MMSTSRAVKSPACAARRRQWSADAPNRTATFLACRHGRRLGGGGGAPCSVRAEGSNTIVCLEAEAWGGAPALPGLRVAAPSPGDAFVVPSEQRVHEVVLRQAALAAAAPR
TARIEPVPLDGGLKAAFHRCGEVCREYAKTFYLATQLMTPERRIAIWAIYVWCRRTDELVDGPNASHISALALDRWESRLEDIFAGRPYDMLDAALSDTVARFPVDIQPF
RDMIEGMRMDLKKSRYRSFDELYLYCYYVAGTVGLMSVPVMGISPASRAATETVYKGALALGLANQLTNILRDVGEDARRGRIYLPQDELEMAGLSDADVLDGRVTDEWR
GFMRGQIARARAFFRQAEEGATELNQESRWPVWSSLLLYRQILDEIEANDYDNFTRRAYVPKTKKLMALPKAYLRSLVVPSSSSQAESRRRYSTLT* 
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WURTZEL LAB 
CLONE INFORMATION 

 
    Date Today: 12/01/05                                                                        Entered into database #364 
CLONE NAME: pGEMT-RPSY3 
 
Lab Clone Number/Name:  pGEMT-RPSY3-1       
Clone type: cDNA: Non-expression 
New GenBank Accession: DQ356431                            Original GenBank Accession:  AK108154 

Clone Description:  
                         Rice PSY3 full-length cDNA was amplified with primers #1155 and #1191 by using 
rice leaf cDNA as temperate. Then PCR product was placed into pGEMT-easy vector (Promega) and 
verified by sequencing. 
Constructed by:  Faqiang Li                                              Date  Nov. 4. 2005 
Purified by:  Faqiang Li 
DNA Location (-20oC) Box Number:       #9             Position:      A1        Conc.   >0.5µg/µl 
      Tube labeled as:  Rice PSY3 pGEMT-RPSY3-1 NOV.4.2005 

Strain Location (-80oC)  Box Number:       14            Position      F2 
      Tube labeled as:pGEM-T-RPSY3             Strain:           Top 10 F’ 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase 
gene family conserved in the Poaceae and a key regulator of abiotic-stress-induced root 
carotenogenesis. Plant Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120 

 
Lab Notebook to reference: Li book 4 page19       Date: Nov. 4. 2005 

Organism source of gene:   Rice (variety indica IR36) 

Cloning vector used: pGEM-easy-T vector     Vector size:  3kb  Insert size:  1.4 kb 

Antibiotic markers:  Amp 

Restriction enzyme(s) to release insert:   EcoRI 

Sequence verified: yes                               Junction verified: no 
>rice psy3 cDNA sequence edited form pGEMT-rpsy3 sequences 
GTCGACCTGCAGGCGGCCGCGAATTCACTAGATGATTAAGTACGTCGTCGTCGGCCATGATGTCCACCACCACCACCAGCAGCGCGGCGGGGTCGCCGGTGTGCGCTCGT
CGGCGGCAACGCGTGTTCGTCGACGTGCCGAGGCGCCGGGCGACGTCGTTGGCCAGGGTCGAGTACGCGAAGATGGCGCCGCCGCCGCCGCCGCCGTGCTCCGTGCGCGC
CGCGGGCTCCAATCCAATTGGCTGCCTCGAGGTAGCAGAGCCGTGGAGCGGCGCCGCGCCGCCCCCGCTGCCGCCGCTGCCGGGCCATCTGCATGTCGCGGCGCCGGCGG
CGGAGGACGACGACGACGCGCTCGCCGCCGCCGCCGCCGCCGTGCCGTCCGAGCAGAGGGTGCACGACGTCGTTCTGAAGCAAGCGGCGCTCGCCGCGGCAGCGCCCGAG
ATGCGGAGGCCGGCGCAGTTGGCCGAGAGGGAGCGCGTCGCCGGCGGCCTGAACGCCGCCTTCGATCGCTGCGGCGAGGTCTGCAAGGAGTACGCCAAGACATTCTACCT
CGCGACGCAGCTGATGACGCCGGAGAGGAGGAGGGCAATCTGGGCGATATACGTGTGGTGCAGGCGAACGGACGAGCTGGTGGATGGGCCCAACGCGTCGCACATGTCGG
CGCTGGCTCTCGACCGGTGGGAGTCGCGGCTGGACGACATCTTCGCCGGCCGCCCCTACGACATGCTCGACGCCGCCCTCTCCCACACCGTCGCCACCTTCCCCGTCGAC
ATCCAGCCGTTCAGGGACATGATCGAGGGGATGCGATTGGACCTAACGAAGTCGAGGTACAGGAGCTTCGACGAGCTCTACCTCTACTGCTACTACGTCGCCGGAACGGT
CGGGCTCATGACGGTGCCGGTCATGGGCATCTCGCCGGACTCGAGGGCCAACACCGAGACCGTCTACAAGGGGGCACTGGCTCTCGGCCTCGCCAACCAGCTCACCAACA
TTCTCAGGGACGTCGGCGAGGATGCAAGAAGAGGCAGGATCTATCTCCCAATGGACGAGCTCGAGATGGCCGGACTCTCTGAAGATGACATCTTCGACGGCCGCGTCACG
GACAGATGGAGATGTTTTATGAGGGATCAGATCACGAGAGCGAGGGCGTTTTTCAGACAGGCCGAAGAAGGCGCCAGCGAGCTCAATCAGGAGAGCCGATGGCCGGTTTG
GGCTTCTCTACTTCTGTACCGACAAATCCTTGACGAGATCGAGGCCAACGATTACAACAACTTCACCAAGAGGGCCTACGTCCCAAAGGCAAAGAAGATTGTGGCTCTGC
CTAAAGCTTACTACAGATCACTCATGCTCCCCTCTTCAGTGAGGCACTGCTCTAGCCTAACATCATCATGATCAGCTTGTGGTATTGTTGTTACAATTTATCTTGTATTC
AAGTCTTGCAATGTACAAAGTATTGCAGTATCTGCAAATATATGTACACTTTAACATTGTGTATATATAGGGAAGTTTCTATGAAACAGAGTAGTGTATATATGACCATA
TTTCATAGGTCATACTACTCTTGCATAATGCTGTCAGCTTATCACTCATTGCTTCAGTCAATCAGCTAGGTTGTGAAAGTACCTAACTATCTATATGAAATATTAGTCTT
ATCAGCATGG 

> Rice PSY3 protein sequence (444 aa) 
MMSTTTTSSAAGSPVCARRRQRVFVDVPRRRATSLARVEYAKMAPPPPPPCSVRAAGSNPIGCLEVAEPWSGAAPPPLPPLPGHLHVA
APAAEDDDDALAAAAAAVPSEQRVHDVVLKQAALAAAAPEMRRPAQLAERERVAGGLNAAFDRCGEVCKEYAKTFYLATQLMTPERRR
AIWAIYVWCRRTDELVDGPNASHMSALALDRWESRLDDIFAGRPYDMLDAALSHTVATFPVDIQPFRDMIEGMRLDLTKSRYRSFDEL
YLYCYYVAGTVGLMTVPVMGISPDSRANTETVYKGALALGLANQLTNILRDVGEDARRGRIYLPMDELEMAGLSEDDIFDGRVTDRWR
CFMRDQITRARAFFRQAEEGASELNQESRWPVWASLLLYRQILDEIEANDYNNFTKRAYVPKAKKIVALPKAYYRSLMLPSSVRHCSS
LTSS 
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WURTZEL LAB 
CLONE INFORMATION 

 
     Date Today: 01/06/04                                                              Entered into database #404 
CLONE NAME: pETa-SPSY1 
 
Lab Clone Number/Name: pETa-SPSY1                           alternative name:  pETaSPSY1_2 
Clone type:  expression cDNA clone 
 
Original GenBank Accession: CD234165  

Clone Description:  
              Sorghum PSY1 expression vector. Sorghum PSY1 Full length cDNA was amplified from clone 
CD234165 with primers 820 (EcoRI) and 839 (HindIII). Then the fragment was placed into pET23a vector 
between EcoRI and HindIII sites. Its function was verified by complementation test.  
 
 
Constructed by:  Faqiang Li 
Purified by:     Faqiang Li 
DNA Location (-20oC) Box Number:  #9      Position:  B7    Conc.  >1µg/µl 
      Tube labeled as:  pETaSPSY1_2 
Strain Location (-80oC)  Box Number:  14     Position    C10 
      Tube labeled as:   pETaSPSY1_2   Strain:  BL21 (DE3) 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase gene 
family conserved in the Poaceae and a key regulator of abiotic-stress-induced root carotenogenesis. Plant 
Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  

 
Lab Notebook to reference:   Li book 3 page 19 and 35       Date:  5/17/04 

 
Organism source of gene:  Sorghum bicolor  

 
Cloning vector used:  pET23a (+)    Vector size:  3.7 kb  Insert size:   1.3 kb 

 
Antibiotic markers:  amp 

 
Restriction enzyme(s) to release insert:  EcoRI and HindIII 

 
Sequence verified: no             Junction verified: yes  
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WURTZEL LAB 
CLONE INFORMATION 

 
Date Today: 01/06/04                                                            Entered into database  #405 
CLONE NAME: pETa-SPSY3 
  
 
Lab Clone Number/Name:  pETa-SPSY3                             Alternative name:  pETa-SPSY3_8  
Clone type: Expressive cDNA clone 
 
Original GenBank Accession: BG464544 
New GenBank Accession: AY705390 
Clone Description:  
          Sorghum PSY3 expression vector. Full length cDNA was amplified from clone BG464544 with 
primers 840 (EcoRI) and 841 (HindIII). Then the fragment was placed into pET23a (+) vector between 
EcoRI and HindIII sites. Its function was verified by complementation test. 
 

Constructed by:  Faqiang Li                                               
Purified by:        Faqiang Li 
DNA Location (-20oC) Box Number:   #9                  Position:   B8          Conc.  >1  µg/µl 
      Tube labeled as:  pETa-SPSY3-8 
Strain Location (-80oC)  Box Number:  #14               Position   E3 
      Tube labeled as:  pETa-SPSY3_8  Strain:  BL21 (DE3)  
 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase gene 
family conserved in the Poaceae and a key regulator of abiotic-stress-induced root carotenogenesis. Plant 
Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  

 
Lab Notebook to reference:   Li book 3 page 35 – 46         Date: 05/20/04-09/08/04 

 
Organism source of gene:  Sorghum bicolor  

 
Cloning vector used:   pET23a (+)      Vector size:  3.6 kb   Insert size:  1.3 kb 

 
Antibiotic markers:  Amp 

 
Restriction enzyme(s) to release insert:  EcoRI and HindIII 

 
Sequence verified: no                   Junction verified: yes 
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WURTZEL LAB 
CLONE INFORMATION 

 
   Date Today: 01/06/04                                                                                   Entered into database  #406 
CLONE NAME: CD230490 
 
Lab Clone Number/Name:  CD230490  Alternate name(s):  SS1_44_D07 
Clone type: EST 
Original GenBank Accession:  CD230490 
 
Clone Description:  
Sorghum EST containing PSY1 full-length cDNA 
 
Constructed by:  Dr. Yutaka Suzuki and Dr. Sumio Ugano                Date rec’d   4/2/04 
Purified by:  Faqiang Li 
DNA Location (-20oC)     Box Number:   #9           Position:      E2              Conc. >1µg/µl 
      Tube labeled as:         SS1_44_D07 
Strain Location (-80oC)   Box Number:  14             Position       B1 
      Tube labeled as:         SS1_44_D07                   Strain:         Top 10F’ 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase gene 
family conserved in the Poaceae and a key regulator of abiotic-stress-induced root carotenogenesis. Plant 
Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  

 
Lab Notebook to reference:    Li book 3 page 5     Date:   4/2/04 

 
Organism source of gene:   Sorghum bicolor Variety: IS3620C 

 
Cloning vector used:   pME18s-FL3  Vector size: 3392 bp  Insert size:  ~2kb 

 
Antibiotic markers: amp 

 
Restriction enzyme(s) to release insert: XhoI 

 
Sequence verified: no                                      Junction verified: yes 
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WURTZEL LAB 
CLONE INFORMATION 

 
    Date Today: 01/06/04                                                                                 Entered into database #407 
CLONE NAME: CD234165 
  
 
Lab Clone Number/Name: CD234165                Alternate name(s): SS1-6-D10  
Clone type: EST 
 
Original GenBank Accession:  CD234165 
 
Clone Description:  
Sorghum EST containing PSY1 full-length  cDNA 
 
Constructed by:  Dr. Yutaka Suzuki and Dr. Sumio ugano         Date rec’d      4/2/04 
Purified by:  Faqiang Li 
DNA Location (-20oC) Box Number:  #9          Position:   E3    Conc.   >1   µg/µl 
      Tube labeled as:   SS1-6-D10 
Strain Location (-80oC)  Box Number: #14        Position     B2 
      Tube labeled as:    SS1-6-D10                      Strain:  Top10F’ 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase gene 
family conserved in the Poaceae and a key regulator of abiotic-stress-induced root carotenogenesis. Plant 
Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  

 
Lab Notebook to reference:  Li book 3 page 5           Date:  4/2/04  
Organism source of gene:  Sorghum bicolor          Variety:  IS3620C 

Cloning vector used:  pME18s-FL3 Vector size:  3392 bp_ Insert size: ~2kb 

Antibiotic markers:  amp 
Restriction enzyme(s) to release insert:  XhoI 
Sequence verified: yes                 Junction verified: yes 

> CD234165 
GCACGAGGGTTGCTCCTCGCTCTTCTGCTGATTGGTCTCCTCTCTCATCCCATCATCGTCTTCTTCGAGAGATAAGAATAAATAATACTATATGGCCATC
ATACTCGTACGAGCAGCGTCGCCGGCGGGGCTCTCCGACGCCGCCGGCATCATCAGCCACCATGGGAGTCTCCAGTGCTCCTCTCTGCCTCTGCTCAACA
AGAGGCCGGCCCCGGCCCGGCGGTGGATGCTCTGCTCGCTCAGGTACGGGTGCCTTGGCCTCGACCCCGGCCGCCCCTCCCCGCCCGCCGTCTACTCCAG
CCTCGCCGTCAACCCGGCGGGAGAGGCCGTCGTCTCGTCCGAGCAGAAGGTCTACGACGTCGTGCTCAAGCAGTCGGCATTGCTCAAACGCCAGCTGCGC
AAGCCGGTCCTCGACGTCGTCAGGCCCCAGGAGGACCTGGCGGAGATGCCACGCAACGGCCTCAACCAAGCCTACGACCGCTGCGGCGAGATCTGTGAGG
AGTATGCCAAGACGTTTTACCTCGGAACTATGTTGATGACAGAGGAGCGGCGCCGCGCCATATGGGCCATCTATGTGTGGTGTAGGAGGACAGATGAGCT
TGTGGATGGGCCAAACGCCAACTACATTACACCAACAGCTTTGGACCGGTGGGAGAAGAGACTTGAGGATCTGTTCGCGGGACGTCCTTACGATATGCTC
GATGCTGCTCTCTCTGATACCATCTCAAGGTTCCCCATAGACATTCAGCCATTCAGGGACATGATTGAAGGGATGAGGAGTGACCTTAGGAAGACAAGGT
ATAACAACTTTGACGAGCTCTACATGTACTGCTACTATGTTGCTGGAACTGTCGGGTTAATGAGCGTACCTGTGATGGGCATCGCACCCGAGTCTAAGGC
AACAACTGAAAGTGTGTATAGTGCTGCCTTGGCTCTCGGAATTGCTAACCAACTCACGAACATACTCCGGGATGTTGGAGAGGATGCTACAAGAGGGAGG
ATATATTTACCACAAGATGAGCTCGCACAGGCAGGGCTCTCTGATGAGGACATCTTCAAGGGGGTCGTCACAAACCGATGGAGAAACTTCATGAAGAGGC
AGATCAAGAGGGCGAGGATGTTTTTTGAGGAGGCAGAGAGAGGGGTAACTGAGCTCTCACAGGCTAGCAGATGGCCAGTATGGGCTTCCCTGTTGCTGTA
CAGGCAAATCCTGGATGAGATTGAAGCGAACGACTACAACAACTTCACAAAGAGGGCCTATGTTGGTAAAGGGAAAAAATTGCTGGCACTTCCTGTGGCA
TATGGGAAATCGCTACTGCTACCGTGTTCATTGAGAAATACCCAAACCTAGCCGCCAGAGAAGCTGCAAAGAAAGGGGTTCAGGTTAGGCTAGATAGAAA
TTAAATAGGGCAATGTCATCACATCAGACCTGATGAAAATAGACAACCTGGTGAATTGGTGGGGTATCATACGAATTGTTGGGATCAGGTACAGCACAGA
TTAAAGCCAACCTAGATGGATGTGGAACA 
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WURTZEL LAB 
CLONE INFORMATION 

 
   Date Today: 01/06/04                                                              Entered into database  #408 
CLONE NAME: AW679367 
 
Lab Clone Number/Name: AW679367          Alternate name(s): WS1_24_E02 
Clone type: EST 
 
Original GenBank Accession: AW679367 
 
Clone Description:  
Sorghum EST containing partial PSY2 cDNA 
 
Constructed by:     Dr. Cordonnier-Pratt MM                      Date rec’d 4/2/04 
Purified by:  Faqiang Li 
DNA Location (-20oC) Box Number:    #9          Position:     E5      Conc.  >1µg/µl 
      Tube labeled as:    WS1_24_E02 
Strain Location (-80oC)  Box Number:   #14       Position      B4 
      Tube labeled as:   WS1_24_E02                  Strain: Top10F’ 
 

 
 
Cited in journal:  

 
Lab Notebook to reference:     Li book 3 page 5          Date:  4/2/04 

 
Organism source of gene:    Sorghum bicolor  

 
Cloning vector used:    pBluescript II SK (+)       Vector size:  3kb  Insert size:  ~500 bp 

 
Antibiotic markers:  amp 

 
Restriction enzyme(s) to release insert:  EcoRI + XhoI 

 
Sequence verified: yes                  Junction verified: yes 
> AW679367 
GCACGAGGGCCAGATTCAGCGTGCCAGATTGTTCTTTGATGAGGCTGAGAAGGGCGTCGCCCATCTAGACTCTGCTAGCAGATGGCC
GGTTCTTGCGTCTCTTTGGCTGTACAGGCAGATCCTTGATGCCATTGAGGCAAACGACTACAACAACTTCACCAAGCGTGCGTACGT
CGGCAAGGCCAAGAAGCTGCTGTCATTACCGGTTGCATATGCAAGGGCTGCTGTTGCATCATGAACCATCTGTAGATCAGATGTTTT
TGTTTTGTTTTTTTCTTTTTCTTTTCCAAACCCAGTTTGTTACCCCCTCACCTCCCATTTTTTTGCTTGGTTTCTTTGCTCTTGTAT
ATAATCAGCTTCAGCTGCCTGCATGGCATAATCCTTGCCTGTCACATACAGTTCTTAGTTCAGAGGGGACTGATTCCATGTCCCTCA
ATACTCGGCTCTTGTTACCAGAAGGAATGAAGAATTAGAATTCGAGAAGCAAAAAAAAAAAAAAAAAAACTCGAGGGGGCCCGC 
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WURTZEL LAB 
CLONE INFORMATION 

 
   Date Today:  01/06/04                                                        Entered into database  #409 
CLONE NAME: BG464544 
 
Lab Clone Number/Name: BG464544            Alternate name(s):   EM1_71_A11 
Clone type: EST 
 
Original GenBank Accession: BG464544 
 
Clone Description:  
Sorghum EST containing PSY3 full-length cDNA 
 
Constructed by:  Dr. Cordonnier-Pratt MM            Date rec’d   4/2/04 
Purified by:    Faqiang Li 
DNA Location (-20oC) Box Number:     #9               Position:  E4              Conc.  > 1 µg/µl 
      Tube labeled as:      EM1_71_A11 
Strain Location (-80oC)  Box Number:   #14               Position  B3 
      Tube labeled as:  EM1_71_A11                         Strain:   Top10F’ 
 

 
Cited in journal:  
Li, F., Vallabhaneni, R., and Wurtzel, E.T. (2007) PSY3, a new member of the phytoene synthase gene 
family conserved in the Poaceae and a key regulator of abiotic-stress-induced root carotenogenesis. Plant 
Physiology.  First published on December 27, 2007; 10.1104/pp.107.111120  

 
Lab Notebook to reference:   Li book 3 page 5      Date:            4/2/04 
Original clone name (if different):  EM1_71_A11 

Organism source of gene:  Sorghum bicolor   

Cloning vector used:  pBluescript II SK (+)  Vector size:  3 kb     Insert size: 1.6 kb 

Antibiotic markers:  amp 

Restriction enzyme(s) to release insert:  EcoRI + XhoI 

Sequence verified: yes                           Junction verified: yes 

> BG464544 
GGCACGAGGGTCACCTGCCACAGGAGAGAGGGCTAGGTTTTGTTTTTNTAGTCCTCGGCCAGTGTCCTGCAGGGGCAACGGACAAAACTAACGCGAGACTTGTCGCCTGCTGGCCT
CACTCTGGTCTGTCACCTCTCACCTCCAGCCCCCGCCCACCCTCTGCTCTCCCGATCCCTCTCTATATAGCTCGGTCTGGCCACCAGCTTCCGATCCATATATCCCCCATCTGCGT
CTCTCCACTGCGACTGCGACCGAGCACGTACGCCGTCGCCGCGTGTCAGCCAACCATGATGTCCACCAGCCATGCGGTGAAGCAGTCGCCGGCGTGCGCGGCTCGTTGGCGGCGGC
GGCAGCACGGCCAGCGGTCCGCGGACGCGCCGGCCCGCACGGCGACGTTCTCGGCTAGGCACGGGAGGCAGCGGCGAGGAGGCCGCGGCGTGGCGCCGTGCTCCGTGCGCGCCGCG
GGCTCCAACACCATTGGCTGCCTCGAGGCCGAGGCGTGGGGCGGCGCCGCGCACGCCCCCGGCTCCGCCCCTTCGCTGCTGCTGCCGAGCTTCCATGTGGAGGCGCCGGCGCCCGG
GGGCGACGCGCTCGCCGTGCCGTCCGAGCAGAGGGTGCAGGAGGTCGTGCTCAAGCAGGCGGCGCTCGCGGCCGCGGCGCCGAGGACGGCGCGGATCGAGCCCGTGCCCATGGACG
GCGGGCTCAAGGCGGCCTTCCACCGCTGCGGGGAGGTCTGCCAGGAGTACGCCAAGACATTCTACTTGGCGACGCAGCTGATGACACCGGAGAGGAGGAGGGCAATCTGGGCAATA
TACGTGTGGTGCAGGAGAACGGACGAGCTGGTCGACGGGCCCAACGCGTCCCACATCTCGGCGGTGGCGCTGGACCGGTGGGAGTCGCGGCTGGAGGACATCTTCGCCGGCCGGCC
GTACGACATGCTCGACGCCGCCCTGTCCGACACCGTCGCCAACTTCCCCGTCGACATACAGCCGTTCAGGGACATGATCGAGGGGATGCGCATGGACCTGAAGAAGTCCCGGTACC
GGAGCTTCGACGAGCTGTACCTCTACTGCTACTACGTGGCCGGCACCGTGGGGCTGATGAGCGTCCCGGTGATGGGCATCTCGCCGGACTCCAGGGCGGCCACCGAGACGGTCTAC
AAGGGGGCGCTGGCGCTGGGCCTGGCCAACCAGCTCACCAACATCCTCAGGGACGTCGGCGAGGACGCCAGAAGGGGAAGGATCTATCTCCCACAGGACGAGCTGGAGATGGCGGG
GCTCTCCGACGCCGACATCTTGGACGGCCGGGTCACCGACGAGTGGAGGAGCTTCATGAGGGGCCAGATCACGAGGGCCAGAGCCTTCTTCAGGCAGGCCGAGGAAGGCGCCACCG
AGCTCAATCAGGAGAGCCGATGGCCGGTGTGGGCTTCTCTGCTCCTGTACCGGCAGATCCTGGACGAGATCGAGGCCAACGACTACAACAACTTCACCAGGAGGGCCTACGTTCCA
AAGACGAAGAAGCTGATGGCGCTGCCCAAGGCGTACCTGAGATCACTGGTTCCCCCCTCTTCTTCTCAGGCTGAGAGACAGAGACACCACTCCAGCCTAACATAGAACGGTCTCTG
TCGCGTTCGGTACATAGCAGTGAATGATGTACAAATTTCTGGTCAGGCTACATACATCAATAGTAGTACATGGTTGGCATGTAGTGGTGGTGGTNGGTGGTGGTGGCGCAGATTTC
TTGTACTCGGAGTTTTGCCATGTATTACAAAAAGCACTGGATATATCACATAGATATGTACACTAA 
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WURTZEL LAB 
CLONE INFORMATION 

 
Date Today:  07/05/1997                                                               Entered into database #72 
CLONE NAME: pET23a 
 
Lab Clone Number/Name: pET23a             
Clone type: expression vector 
 
Clone Description:  
Expression vector, see Novagen catalog 
 
Purified by:    RuiBai 
DNA Location (-20oC) Box Number:     #3              Position:  9B, 9C              
      Tube labeled as:      pET23a   
Strain Location (-80oC)  Box Number:   #7               Position:  5H 
      Tube labeled as:  pET23a                          Strain:   Noveblue 
 

 
 
Vector size:  3.66 kb      

 
Antibiotic markers:  amp 
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WURTZEL LAB 
CLONE INFORMATION 

 
  Date Today:  07/05/1997                                                                          Entered into database #73 
CLONE NAME: pET23b 
 
Lab Clone Number/Name: pET23b            
Clone type: expression vector 
 
Clone Description:  
Expression vector, see Novagen catalog 
 
Purified by:    RuiBai 
DNA Location (-20oC) Box Number:     #3              Position:  6D              
      Tube labeled as:      pET23b   
Strain Location (-80oC)  Box Number:   #7               Position:  5I 
      Tube labeled as:  pET23b                          Strain:   Noveblue 
 

 
 
Vector size:  3.66 kb      

 
Antibiotic markers:  amp 
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Appendix 4 List of PCR primers used in this study 
 

Appendix 4.1 List of maize PSY1 primers 

Oligo # Sequence (5’-3’)  Purpose 
109< CAGGTACGCTCATTAACCCG nt  4267-4286a 

217> GATGCCCAATGCCAAGAAATAACC nt 1344- 1367 a 

257> TGATGCCGCTCTCTCTGATA nt 3229-3248 a 

344< GGCGCGGCGCCGCTCCTCTGTC nt 2451-2472 a 

509> GCATTGCTCAAACGCCAG nt 2201- 2218 a 

519< TCAGAGAGAGCGGCATCAAG nt 3227-3246 a 

Genomic DNA sequencing 

254< CAGGATCTGCCTGTACAACA nt 4798-4779 a 

505> CATCTTCAAAGGGGTCGTCA nt 4559-4578 a 

Real time PCR primer 

627> ATGGCCATCATACTCGTACGAGCAGCGTC nt 1-29 b 

657< TCATCA AGGCCTCCTGA GTT nt 1293 - 1313 b  

cDNA sequencing 

701< ACCTTGCATTGAAGCTTCTCTG  

707> CCGCGGGATCCTCTAGAATGGCCATC  

Full-length cDNA isolation 

See clone sheet: pTMPSY1f 

Note: a, the GenBank Acce No. is U32636 
          b, The GenBank Acce No. is AY324431 
      

 

000 
168 
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Appendix 4.2 List of maize PSY2 primers 

 
oligo# Sequence (5’-3’)  Purpose 

503> TCACCCATCTCGACTCTGCTA nt 1005-10025a  

676< GATGTGATCTACGGATGGTTCAT nt 1183-1205a 

Real time PCR primers 

622> AAGGATCgaattcGGCACGG   

635< TCCTTGTAACTCGAGCTGATTGAG  

Expression vector construction;  
See clone sheet pEMPSY2-1 

 
Note: a, the GenBank Accession No. is AY450646 
           
 

000 
169 
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Appendix 4.3 List of maize PSY3 primers 

oligo# Sequence (5’-3’)  Purpose 

950> ACGCTAGG  ACGGTGAAAG TGGGGATACA nt 2926- 2953a 

960> CAGTCGTACGTATCCTTGGTAGAAGCCTG nt 2198- 2226a 

1143> TGCTCCTCCTGTCGCTCCCA nt 95-114a 

1202> TCAGAATTAATCAAATACGCTAGTGGA nt 2279-2305a 

1203< TCAGAATTAATCAAATACGCTAGTGGA nt 2279-2305a 

1121< TGTGGCAGGCGACCGGCCACTGGTGTTCG nt 1245-1273a 

1127< TAGCAGCCATCACCATCAGCCATGG nt 826-850a 

1128< GGTTCAGACGTTGTCCTGGTGGAGA nt 741- 765a  

 

 

 

 

 

Genomic DNA sequencing 

 

925> ATGAATTCTAC GAG CCG CGC GGT GAA  nt 1-26b 

926< GAGCTCGAGACCGGTCTATGTTA nt 1251-1272 b 

Full length cDNA isolation; 

See clone sheet pET23b-mPSY3; 

996> GCCAGAGCCTTCTTCAGGCAGG nt 995-1016 b 

997< GTCTTCGGAACGTAGGCCCTCCG nt 1133-1155 b 

Real time PCR primers 

Note:  a, the GenBank Accession No. is DQ372936 
           b, the GenBank Accession No. is DQ356430 
 

170 
000 
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Appendix 4.4 List of rice and sorghum PSY primers 

 
oligo# Sequence (5’-3’) Purpose 

569> ACTCGAGATGGCGGCCATCACGCTCCTAC 

570< AGGTACCGAGGCCGTTTCTTGGCAGCTC 

Rice PSY1 full-length cDNA cloning;  
See clone sheet: pT-RPSY1-1 

597> GAAGGTGTACGACGTCGTCCTCAAG 

598< TCCTACTTCTGGCTATTTCTCAGTG 

Rice PSY1 full-length cDNA cloning;  
See clone sheet: pT-RPSY1-1; 

 
820> TAAAGAATTCTATATGGCCATCATA 

839< TGAAGCTTCTCTGGCGGCTAGGT 

Sorghum PSY1 expression vector construct;  
See clone sheet pETaSPSY1-2; 

822< TGTACAGCCAAAGAGACGCAAGATC sorghum psy2 reverse primer 

840> TGTCAGGAATCCATGATGTCCACCAGC 

841< CGCGACAGAG AAGCTTCTATGTT  

Sorghum PSY3 expression vector construct; 
See clone sheet pETa-SPSY3-11; 

000 
171 
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Appendix 5 List of mutants used in this research 
 

 
 Maize Genetics COOP stock ID phenotype Mutated Gene Chapter 

y1-602c 602C white endosperm Maize PSY1 3 

y1-8549 602M white endosperm 
zebra leaf 

Maize PSY1 3 

vp9-Bot100 706B albino seedling 
white endosperm 

Maize ZDS 4 

y9 X07C pale yellow endosperm Unknown 2, 4 

elm1 804F pale green seedling 
long mesocotyl 

Maize 
phytochromobilin synthase 

3 

000 
172 



 
 

 

171

BIBLIOGRAPHY 

 
Akiyama K, Matsuzaki K-i, Hayashi H (2005) Plant sesquiterpenes induce hyphal 
branching in arbuscular mycorrhizal fungi. Nature 435: 824-827 

Al-Babili S, von Lintig J, Haubruck H, Beyer P (1996) A novel, soluble form of 
phytoene desaturase from Narcissus pseudonarcissus chromoplasts is Hsp70-complexed 
and competent for flavinylation, membrane association and enzymatic activation. Plant J 
9: 601-612 

Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ 
(1997) Gapped BLAST and PSI-BLAST: a new generation of protein database search 
programs. Nucl. Acids Res. 25: 3389-3402 

Armstrong GA (1994) Eubacteria show their true colors: genetics of carotenoid pigment 
biosynthesis from microbes to plants. J Bacteriol 176: 4795-4802 

Audran C, Borel C, Frey A, Sotta B, Meyer C, Simonneau T, Marion-Poll A (1998) 
Expression studies of the zeaxanthin epoxidase gene in nicotiana plumbaginifolia. Plant 
Physiol 118: 1021-1028 

Bachmann MD, Robertson DS, Bowen CC (1969) Thylakoid anomalies in relation to 
grana structure in pigment-deficiency mutants of Zea mays. J Ultrastruct Res 28: 435-451 

Bartley GE, Scolnik PA (1993) cDNA cloning, expression during development, and 
genome mapping of Psy2, a second tomato gene encoding phytoene synthase. J Biol Chem 
268: 25718-25721 

Bartley GE, Scolnik PA (1995) Plant carotenoids: pigments for photoprotection, visual 
attraction, and human health. Plant Cell 7: 1027-1038 

Bartley GE, Scolnik PA, Beyer P (1999) Two Arabidopsis thaliana carotene desaturases, 
phytoene desaturase and zeta-carotene desaturase, expressed in Escherichia coli, catalyze 
a poly-cis pathway to yield pro-lycopene. Eur J Biochem 259: 396-403 



 
 

 

172

Bartley GE, Viitanen PV, Bacot KO, Scolnik PA (1992) A tomato gene expressed 
during fruit ripening encodes an enzyme of the carotenoid biosynthesis pathway. J Biol 
Chem 267: 5036-5039 

Besserer A, Puech-Pages V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Portais 
JC, Roux C, Becard G, Sejalon-Delmas N (2006) Strigolactones stimulate arbuscular 
mycorrhizal fungi by activating mitochondria. PLoS Biol 4: e226 

Beyer P, Mayer M, Kleinig K (1989) Molecular oxygen and the state of geometric 
isomerism of intermediates are essential in the carotene desaturation and cyclization 
reactions in daffodil chromoplasts. Eur J Biochemistry 184: 141-150 

Beyer P, Weiss G, Kleinig H (1985) Solubilization and reconstitution of the membrane 
bound carotenogenic enzymes from daffodil chromoplasts. Eur J Biochemistry 153: 
341-346 

Bjerkeng B, Berge GM (2000) Apparent digestibility coefficients and accumulation of 
astaxanthin E/Z isomers in Atlantic salmon (Salmo salar L.) and Atlantic halibut 
(Hippoglossus hippoglossus L.). Comp Biochem Physiol B Biochem Mol Biol 127: 
423-432. 

Booker J, Auldridge M, Wills S, McCarty D, Klee H, Leyser O (2004) MAX3/CCD7 is 
a carotenoid cleavage dioxygenase required for the synthesis of a novel plant signaling 
molecule. Curr Biol 14: 1232-1238 

Botella-Pavia P, Besumbes O, Phillips MA, Carretero-Paulet L, Boronat A, 
Rodriguez-Concepcion M (2004) Regulation of carotenoid biosynthesis in plants: 
evidence for a key role of hydroxymethylbutenyl diphosphate reductase in controlling the 
supply of plastidial isoprenoid precursors. The Plant Journal 40: 188-199 

Bouvier F, Dogbo O, Camara B (2003b) Biosynthesis of the food and cosmetic plant 
pigment bixin (annatto). Science 300: 2089-2091 

Bouvier F, Suire C, Mutterer J, Camara B (2003a) Oxidative remodeling of 
chromoplast carotenoids: Identification of the carotenoid dioxygenase CsCCD and CsZCD 
genes involved in Crocus secondary metabolite biogenesis. Plant Cell 15: 47-62 



 
 

 

173

Bray E, Bailey-Serres J, Weretilnyk E (2000) Responses to abiotic stresses. Chapter 22. 
In: Biochemistry and Molecular Biology of Plants, B.B. Buchanan, W. Gruissem and R.L. 
Jones, ed. American Society of Plant Physiologists, Rockville, MD 

Breitenbach J, Sandmann G (2005) ζ-Carotene cis isomers as products and substrates in 
the plant poly-cis carotenoid biosynthetic pathway to lycopene Planta 220: 785-793 

Breitenbach J, Vioque A, Sandmann G (2001) Gene sll0033 from Synechocystis 6803 
encodes a carotene isomerase involved in the biosynthesis of all-E  lycopene. Z 
Naturforsch (C) 56c: 915-917 

Britton G, Liaaen-Jensen S, Pfander H, eds (2004) Carotenoids Handbook. Birkhäuser 
Verlag, Basel 

Britton G, Powls R (1977) Phytoene, phytofluene, and ζ-carotene isomers from a 
Scenedesmus obliquus mutant. Phytochemistry 16: 1253-1255 

Britton G, Powls R, Schulze RM (1977) The effect of illumination on the pigment 
composition of the zeta- carotenic mutant, PG1, of Scenedesmus obliquus. Arch Microbiol 
113: 281-284 

Buckner B, San Miguel P, Bennetzen JL (1996) The y1 gene of maize codes for 
phytoene synthase. Genetics 143: 479-488 

Burkhardt PK, Beyer P, Wünn J, Klöti A, Armstrong GA, Schledz M, von Lintig J, 
Potrykus I (1997) Transgenic rice (Oryza sativa) endosperm expressing daffodil 
(Narcissus pseudonarcissus) phytoene synthase accumulates phytoene, a key intermediate 
of provitamin A biosynthesis. Plant J 11: 1071-1078 

Busch M, Seuter A, Hain R (2002) Functional analysis of the early steps of carotenoid 
biosynthesis in tobacco. Plant Physiol 128: 439-453. 

Camara B, Hugueney P, Bouvier F, Kuntz M, Moneger R (1995) Biochemistry and 
molecular biology of chromoplast development. Int Rev Cytol 163: 175-247 



 
 

 

174

Cammarata KV, Schmidt GW (1992) In vitro reconstitution of a light-harvesting gene 
product: deletion mutagenesis and analyses of pigment binding. Biochemistry 31: 
2779-2789 

Carol P, Kuntz M (2001) A plastid terminal oxidase comes to light: implications for 
carotenoid biosynthesis and chlororespiration. Trends Plant Sci 6: 31-36. 

Castillo R, Fernandez J-A, Gomez-Gomez L (2005) Implications of carotenoid 
biosynthetic genes in apocarotenoid formation during the stigma development of Crocus 
sativus and its closer relatives. Plant Physiol. 139: 674-689 

Chander S, Guo YQ, Yang XH, Zhang J, Lu XQ, Yan JB, Song TM, Rocheford TR, 
Li JS (2008) Using molecular markers to identify two major loci controlling carotenoid 
contents in maize grain. Theor Appl Genet 116: 223-233 

Choi H, Hong J, Ha J, Kang J, Kim SY (2000) ABFs, a family of ABA-responsive 
element binding factors. J Biol Chem 275: 1723-1730 

Classen MM, Shaw RH (1970) Water deficit effects on corn. II.  Grain components. 
Agron. J. 62: 652-655 

Commuri PD, Jones RJ (1999) Ultrastructural characterization of maize (Zea mays L.) 
kernels exposed to high temperature during endosperm cell division. lant, Cell & 
Environment 22: 375–385 

Conti A, Pancaldi S, Fambrini M, Michelotti V, Bonora A, Salvini M, Pugliesi C 
(2004) A deficiency at the gene coding for zeta-carotene desaturase characterizes the 
sunflower non dormant-1 mutant. Plant Cell Physiol 45: 445-455 

Cornish K, Zeevaart JAD (1985) Abscisic acid accumulation by roots of Xanthium 
strumarium L. and Lycopersicon esculentum Mill. in relation to water stress. Plant Physiol. 
79: 653-658 

Cunningham F, Schiff J (1985) Photoisomerization of delta-carotene stereoisomers in 
cells of Euglena gracillis mutant W3BUL and in solution. Photochem. Photobiol. Sci. 42: 
295-307 



 
 

 

175

Cunningham Jr. FX, Gantt E (2001) One ring or two? Determination of ring number in 
carotenoids by lycopene epsilon-cyclases. Proc Natl Acad Sci USA 98: 2905-2910. 

Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, Jeffers S, Tijet N, Perry T, 
Heckel D, Batterham P, Feyereisen R, Wilson TG, ffrench-Constant RH (2002) A 
single p450 allele associated with insecticide resistance in Drosophila. Science 297: 
2253-2256 

Davison PA, Hunter CN, Horton P (2002) Overexpression of beta-carotene hydroxylase 
enhances stress tolerance in Arabidopsis. Nature 418: 203-206 

Davuluri GR, van Tuinen A, Fraser PD, Manfredonia A, Newman R, Burgess D, 
Brummell DA, King SR, Palys J, Uhlig J, Bramley PM, Pennings HM, Bowler C 
(2005) Fruit-specific RNAi-mediated suppression of DET1 enhances carotenoid and 
flavonoid content in tomatoes. Nat Biotechnol 23: 890-895 

DellaPenna D, Pogson BJ (2006) Vitamin Synthesis in Plants: Tocopherols and 
Carotenoids. Annual Review of Plant Biology 57: 711-738 

Dogbo O, Laferrière A, D'Harlingue A, Camara B (1988) Carotenoid biosynthesis: 
isolation and characterization of a bifunctional enzyme catalyzing the synthesis of 
phytoene. Proc Natl Acad Sci USA 85: 7054-7058 

Egesel CO, Wong JC, Lambert RJ, Rocheford TR (2003) Combining Ability of Maize 
Inbreds for Carotenoids and Tocopherols. Crop Sci 43: 818-823 

Emanuelsson O, Nielsen H, von Heijne G (1999) ChloroP, a neural network-based 
method for predicting chloroplast transit peptides and their cleavage sites. Protein Sci 8: 
978-984 

Enfissi EMA, Fraser PD, Lois L-M, Boronat A, Schuch W, Bramley PM (2005) 
Metabolic engineering of the mevalonate and non-mevalonate isopentenyl 
diphosphate-forming pathways for the production of health-promoting isoprenoids in 
tomato. Plant Biotechnology Journal 3: 17-27 

Ernst S, Sandmann G (1988) Poly-cis carotene pathway in Scenedesmus mutant C-6D. 



 
 

 

176

Archives of Microbiology 150: 590-594 

Fei Z, Tang X, Alba RM, White JA, Ronning CM, Martin GB, Tanksley SD, 
Giovannoni JJ (2004) Comprehensive EST analysis of tomato and comparative genomics 
of fruit ripening. Plant J 40: 47-59 

Fester T, Schmidt D, Lohse S, Walter M, Giuliano G, Bramley P, Fraser P, Hause B, 
Strack D (2002) Stimulation of carotenoid metabolism in arbuscular mycorrhizal roots 
Planta 216: 148-154 

Fraser PD, Bramley PM (2004) The biosynthesis and nutritional uses of carotenoids. 
Progress in Lipid Research 43: 228-265 

Fraser PD, Kiano JW, Truesdale MR, Schuch W, Bramley PM (1999) Phytoene 
synthase-2 enzyme activity in tomato does not contribute to carotenoid synthesis in 
ripening fruit. Plant Mol Biol 40: 687-698 

Fraser PD, Schuch W, Bramley PM (2000) Phytoene synthase from tomato 
(Lycopersicon esculentum) chloroplasts-- partial purification and biochemical properties. 
Planta 211: 361-369. 

Gallagher CE, Cervantes-Cervantes M, Wurtzel ET (2003) Surrogate biochemistry: 
use of Escherichia coli to identify plant cDNAs that impact metabolic engineering of 
carotenoid accumulation. Applied Microbiology and Biotechnology 60: 713-719 

Gallagher CE, Matthews PD, Li F, Wurtzel ET (2004) Gene duplication in the 
carotenoid biosynthetic pathway preceded evolution of the grasses (Poaceae). Plant 
Physiology 135: 1776-1783 

Giliberto L, Perrotta G, Pallara P, Weller JL, Fraser PD, Bramley PM, Fiore A, 
Tavazza M, Giuliano G (2005) Manipulation of the blue light photoreceptor 
cryptochrome 2 in tomato affects vegetative development, flowering time, and fruit 
antioxidant content. Plant Physiol 137: 199-208 

Gilmore AM (2001) Xanthophyll cycle-dependent nonphotochemical quenching in 
Photosystem II: Mechanistic insights gained from Arabidopsis thaliana L. mutants that 



 
 

 

177

lack violaxanthin deepoxidase activity and/or lutein. Photosynth Res 67: 89-101 

Giovannucci E, Rimm E, Liu Y, Stampfer M, Willett W (2002) A prospective study of 
tomato products, lycopene, and prostate cancer risk. Journal of the National Cancer 
Institute (Bethesda) 94: 391-398 

Giuliano G, Bartley GE, Scolnik PA (1993) Regulation of carotenoid biosynthesis 
during tomato development. Plant Cell 5: 379-387 

Hable WE, Oishi KK, Schumaker KS (1998) Viviparous-5 encodes phytoene desaturase, 
an enzyme essential for abscisic acid (ABA) accumulation and seed development in maize. 
Mol Gen Genet 257: 167-176 

Halpin C (2005) Gene stacking in transgenic plants - the challenge for 21st century plant 
biotechnology. Plant Biotechnol J 3: 141-155 

Havaux M, Dall'Osto L, Bassi R (2007) Zeaxanthin has enhanced antioxidant capacity 
with respect to all other xanthophylls in Arabidopsis leaves and functions independent of 
binding to PSII antennae. Plant Physiol. 145: 1506-1520  

Hirschberg J (2001) Carotenoid biosynthesis in flowering plants. Curr. Opin. Plant Biol. 
4: 210-218 

Holloway DE, Yang M, Paganga G, Rice-Evans CA, Bramley PM (2000) 
Isomerization of dietary lycopene during assimilation and transport in plasma. Free Radic 
Res 32: 93-102. 

Hussein G, Sankawa U, Goto H, Matsumoto K, Watanabe H (2006) Astaxanthin, a 
carotenoid with potential in human health and nutrition. J Nat Prod 69: 443-449 

Im CS, Eberhard S, Huang K, Beck CF, Grossman AR (2006) Phototropin 
involvement in the expression of genes encoding chlorophyll and carotenoid biosynthesis 
enzymes and LHC apoproteins in Chlamydomonas reinhardtii. Plant J 48: 1-16 

Isaacson T, Ohad I, Beyer P, Hirschberg J (2004) Analysis in vitro of the enzyme 



 
 

 

178

CRTISO establishes a poly-cis-carotenoid biosynthesis pathway in plants. Plant Physiol 
136: 4246-4255 

Isaacson T, Ronen G, Zamir D, Hirschberg J (2002) Cloning of tangerine from tomato 
reveals a carotenoid isomerase essential for the production of β−carotene and xanthophylls 
in plants. Plant Cell 14: 333-342 

Iuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, Kato T, Tabata S, Kakubari Y, 
Yamaguchi-Shinozaki K, Shinozaki K (2001) Regulation of drought tolerance by gene 
manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid 
biosynthesis in Arabidopsis. Plant J 27: 325-333 

Iuchi S, Kobayashi M, Yamaguchi-Shinozaki K, Shinozaki K (2000) A 
stress-inducible gene for 9-cis-epoxycarotenoid dioxygenase involved in abscisic acid 
biosynthesis under water stress in drought-tolerant cowpea. Plant Physiol 123: 553-562 

Janick-Buckner D, O'Neal J, Joyce E, Buckner B (2001) Genetic and biochemical 
analysis of the y9 gene of maize, a carotenoid biosynthetic gene. Maydica 46: 41-46  

Jungalwalab FB, Porter JW (1965) The configuration of phytoene. Arch. Biochem. 
Biophys. 110: 291-299 

Kato M, Ikoma Y, Matsumoto H, Sugiura M, Hyodo H, Yano M (2004) Accumulation 
of carotenoids and expression of carotenoid biosynthetic genes during maturation in citrus 
fruit. Plant Physiol 134: 824-837 

Kim J, DellaPenna D (2006) Defining the primary route for lutein synthesis in plants: The 
role of Arabidopsis carotenoid beta-ring hydroxylase CYP97A3. Proc Natl Acad Sci USA 
103: 3474-3479 

Kirk J, Tilney-Bassett R (1978) The Plastids: their chemistry, structure, growth and 
inheritance., Ed 2nd. Elsevier/ North-Holland Biomedical Press, Amsterdam, Netherlands 

Krinsky N, Russett MD, Handelman GJ, Snodderly DM (1990) Structural and 
geometrical isomers of carotenoids in human plasma. J. Nutr. 120: 1654-1662 



 
 

 

179

Krinsky NI, Landrum JT, Bone RA (2003) Biologic mechanisms of the protective role 
of lutein and zeaxanthin in the eye. Annu Rev Nutr 23: 171-201 

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2: molecular evolutionary 
genetics analysis software. In Bioinformatics, Vol 17, pp 1244-1245 

Kurilich A, Juvik J (1999) Quantification of carotenoid and tocopherol antioxidants in 
Zea mays. J. Agric. Food Chem. 47: 1948 -1955 

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, Asami T, Hirai 
N, Koshiba T, Kamiya Y, Nambara E (2004) The Arabidopsis cytochrome P450 
CYP707A encodes ABA 8'-hydroxylases: key enzymes in ABA catabolism. The EMBO 
Journal 23: 1647–1656 

Lawrence CJ, Walbot V (2007) Translational genomics for bioenergy production from 
fuelstock grasses: maize as the model species. Plant Cell  19: 2091-2094 

Lefebvre V, North H, Frey A, Sotta B, Seo M, Okamoto M, Nambara E, Marion-Poll 
A (2006) Functional analysis of Arabidopsis NCED6 and NCED9 genes indicates that 
ABA synthesized in the endosperm is involved in the induction of seed dormancy. Plant J 
45: 309-319 

Li F, Murillo C, Wurtzel ET (2007) Maize Y9 encodes a product essential for 15-cis 
zetacarotene isomerization. Plant Physiol. 144: 1181-1189  

Li F, Vallabhaneni R, Wurtzel ET (in press) PSY3, a new member of the phytoene 
synthase gene family conserved in the Poaceae and regulator of abiotic-stress-induced root 
carotenogenesis. Plant Physiology  

Li L, Van Eck J (2007) Metabolic engineering of carotenoid accumulation by creating a 
metabolic sink. Transgenic Res 16: 581-585 

Li ZH, Matthews PD, Burr B, Wurtzel ET (1996) Cloning and characterization of a 
maize cDNA encoding phytoene desaturase, an enzyme of the carotenoid biosynthetic 
pathway. Plant Mol Biol 30: 269-279 



 
 

 

180

Lichtenthaler HK (1987) Chlorophyll and carotenoids: pigments of photosynthetic 
biomembranes. In RD L Packer, ed, Methods in Enzymology, Vol 148. Academic Press, 
New York, pp 350-382 

Linden H, Misawa N, Chamovitz D, Pecker I, Hirschberg J, Sandmann G (1991) 
Functional complementation in Escherichia coli of different phytoene desaturase genes 
and analysis of accumulated carotenoids. Z. Naturforsch. (C) 46c: 1045-1051 

Lindgren LO, Stalberg KG, Hoglund A-S (2003) seed-specific overexpression of an 
endogenous Arabidopsis phytoene synthase gene results in delayed germination and 
increased levels of carotenoids, chlorophyll, and abscisic acid. Plant Physiol. 132: 779-785 

Liu Y, Roof S, Ye Z, Barry C, van Tuinen A, Vrebalov J, Bowler C, Giovannoni J 
(2004) Manipulation of light signal transduction as a means of modifying fruit nutritional 
quality in tomato. Proc Natl Acad Sci USA 101: 9897-9902 

Lu S, Van Eck J, Zhou X, Lopez AB, O'Halloran DM, Cosman KM, Conlin BJ, 
Paolillo DJ, Garvin DF, Vrebalov J, Kochian LV, Kupper H, Earle ED, Cao J, Li L 
(2006) The cauliflower Or gene encodes a DnaJ cysteine-rich domain-containing protein 
that mediates high levels of beta-carotene accumulation. Plant Cell 18: 3594-3605 

Marin E, Nussaume L, Quesada A, Gonneau M, Sotta B, Hugueney P, Frey A, 
Marion-Poll A (1996) Molecular identification of zeaxanthin epoxidase of Nicotiana 
plumbaginifolia, a gene involved in abscisic acid biosynthesis and corresponding to the 
ABA locus of Arabidopsis thaliana. Embo J 15: 2331-2342 

Masamoto K, Wada H, Kaneko T, Takaichi S (2001) Identification of a gene required 
for cis-to-trans carotene isomerization in carotenogenesis of the cyanobacterium 
Synechocystis sp. PCC 6803. Plant Cell Physiol 42: 1398-1402 

Matthews PD, Luo R, Wurtzel ET (2003) Maize phytoene desaturase and zetacarotene 
desaturase catalyze a poly-Z desaturation pathway: implications for genetic engineering of 
carotenoid content among cereal crops. J Exp Botany 54: 2215-2230 

Matthews PD, Wurtzel ET (2000) Metabolic engineering of carotenoid accumulation in 
Escherichia coli by modulation of the isoprenoid precursor pool with expression of 
deoxyxylulose phosphate synthase. Appl Microbiol Biotechnol 53: 396-400 



 
 

 

181

Matthews PD, Wurtzel ET (2007) Biotechnology of food colorant production. In C 
Socaciu, ed, Food Colorants: Chemical and Functional Properties CRC Press, Boca Raton 

Matusova R, Rani K, Verstappen FWA, Franssen MCR, Beale MH, Bouwmeester 
HJ (2005) The strigolactone germination stimulants of the plant-parasitic Striga and 
Orobanche spp. are derived from the carotenoid pathway. Plant Physiol. 139: 920-934 

Mayer MP, Beyer  P, Kleinig K (1990) Quinone compounds are able to replace 
molecular oxygen as terminal electron acceptor in phytoene desaturation in chromoplasts 
of Narcissus pseudonarcissus L. Eur J Biochem 191: 359-363 

Mayer MP, Nievelstein V, Beyer P (1992) Purification and characterization of a NADPH 
dependent oxidoreductase from chromoplasts of Narcissus pseudonarcissus:  a redox 
mediator possibly involved in carotene desaturation. Plant Physiology and Biochemistry 
30: 389-398 

Milborrow BV (2001) The pathway of biosynthesis of abscisic acid in vascular plants: a 
review of the present state of knowledge of ABA biosynthesis. J. Exp. Bot. 52: 1145-1164 

Misawa N, Nakagawa M, Kobayashi K, Yamano S, Izawa Y, Nakamura K, 
Harashima K (1990) Elucidation of the Erwinia uredovora carotenoid biosynthetic 
pathway by functional analysis of gene products expressed in Escherichia coli. J Bacteriol 
172: 6704-6712 

Misawa N, Truesdale MR, Sandmann G, Fraser PD, Bird C, Schuch W, Bramley PM 
(1994) Expression of a tomato cDNA coding for phytoene synthase in Escherichia coli, 
phytoene formation in vivo and in vitro, and functional analysis of the various truncated 
gene products. J Biochem (Tokyo) 116: 980-985 

Moehs CP, Tian L, Osteryoung KW, Dellapenna D (2001) Analysis of carotenoid 
biosynthetic gene expression during marigold petal development. Plant Mol Biol 45: 
281-293. 

Moise AR, von Lintig J, Palczewski K (2005) Related enzymes solve evolutionarily 
recurrent problems in the metabolism of carotenoids. Trends in Plant Science 10: 178-186 



 
 

 

182

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with 
tobacco tissue cultures. Physiol. Plant 15: 473-497 

Mustilli AC, Fenzi F, Ciliento R, Alfano F, Bowler C (1999) Phenotype of the tomato 
high pigment-2 mutant is caused by a mutation in the tomato homolog of 
DEETIOLATED1. Plant Cell 11: 145-157 

Nambara E, Marion-Poll A (2005) Abscisic acid biosynthesis and catabolism. Annu Rev 
Plant Biol 56: 165-185 

Newcomb EH (1967) Fine structure of protein-storing plastids in bean root tips. J Cell 
Biol 33: 143-163 

Niyogi KK (1999) Photoprotection revisited: genetic and molecular approaches. Annu. 
Rev. Plant Physiol. Plant Mol. Biol. 50: 333-359 

Niyogi KK (2000) Safety valves for photosynthesis. Current Opinion in Plant Biology 3: 
455–460 

Norris SR, Barrette TR, DellaPenna D (1995) Genetic dissection of carotenoid synthesis 
in Arabidopsis defines plastoquinone as an essential component of phytoene desaturation. 
Plant Cell 7: 2139-2149 

Osterlie M, Bjerkeng B, Liaaen-Jensen S (1999) Accumulation of astaxanthin all-E, 9Z 
and 13Z geometrical isomers and 3 and 3' RS optical isomers in rainbow trout 
(Oncorhynchus mykiss) is selective. J Nutr 129: 391-398 

Paine JA, Shipton CA, Chaggar S, Howells RM, Kennedy MJ (2005) Improving the 
nutritional value of Golden Rice through increased pro-vitamin A content. Nat. Biotech. 23: 
482-487 

Palaisa KA, Morgante M, Williams M, Rafalski A (2003) Contrasting effects of 
selection on sequence diversity and linkage disequilibrium at two phytoene synthase loci. 
Plant Cell 15: 1795-1806 



 
 

 

183

Park H, Kreunen SS, Cuttriss AJ, DellaPenna D, Pogson B (2002) Identification of the 
carotenoid isomerase provides insight into carotenoid biosynthesis, prolamellar body 
formation, and photomorphogenesis. Plant Cell 14: 321-332 

Parry AD, Babiano MJ, Horgan R (1990) The role of cis- carotenoids in abscisic acid 
biosynthesis. Planta 182: 118-128 

Parry AD, Horgan R (1992) Abscisic acid biosynthesis in roots I. The identification of 
potential abscisic acid precursors, and other carotenoids. Planta 187: 185-191 

Patrick L (2000) Beta-carotene: the controversy continues. Altern Med Rev 5: 530-545. 

Pecker I, Gabbay R, Cunningham Jr. FX, Hirschberg J (1996) Cloning and 
characterization of the cDNA for lycopene b-cyclase from tomato reveals decrease in its 
expression during fruit ripening. Plant Mol Bio 30: 807-819 

Pogson B, McDonald KA, Truong M, Britton G, DellaPenna D (1996) Arabidopsis 
carotenoid mutants demonstrate that lutein is not essential for photosynthesis in higher 
plants. Plant Cell 8: 1627-1639 

Qin X, Zeevaart JA (1999) The 9-cis-epoxycarotenoid cleavage reaction is the key 
regulatory step of abscisic acid biosynthesis in water-stressed bean. Proc Natl Acad Sci 
USA 96: 15354-15361 

Quinlan R, Jaradat T, Wurtzel ET (2007) Escherichia coli as a platform for functional 
expression of plant P450 carotene hydroxylases. Archives of Biochemistry and Biophysics 
458: 146-157 

Rao AV, Rao LG (2007) Carotenoids and human health. Pharmacol Res 55: 207-216 

Rivier L, Léonard J-F, Cottier J-P (1983) Rapid effect of osmotic stress on the content 
and exodiffusion of abscisic acid in Zea mays roots. Plant Science 31: 133-137 

Robertson D (1987) Some thoughts about the nature of Mu-induced Y1 mutants. MNL 61: 
9-10 



 
 

 

184

Robertson DS (1975a) Survey of the albino and white-endosperm mutants of maize. The 
Journal of Heredity 66: 67-74 

Robertson DS (1975b) Phenotypic and genetic studies of a new mutant of yellow 
endosperm in maize. J. Hered. 66: 127-130 

Robertson DS, Anderson IC (1961) Temperature sensitive alleles of the y1 locus in 
maize. J Hered 52: 53-60 

Römer S, Fraser PD (2005) Recent advances in carotenoid biosynthesis, regulation and 
manipulation. Planta 221: 305-308 

Ronen G, Carmel-Goren L, Zamir D, Hirschberg J (2000) An alternative pathway to 
beta -carotene formation in plant chromoplasts discovered by map-based cloning of beta 
and old-gold color mutations in tomato. Proc Natl Acad Sci USA 97: 11102-11107 

Ronen G, Cohen M, Zamir D, Hirschberg J (1999) Regulation of carotenoid 
biosynthesis during tomato fruit development: expression of the gene for lycopene 
epsilon-cyclase is down-regulated during ripening and is elevated in the mutant Delta. 
Plant J 17: 341-351 

Rossel JB, Wilson IW, Pogson BJ (2002) Global changes in gene expression in response 
to high light in Arabidopsis. Plant Physiol. 130: 1109-1120 

Saika H, Okamoto M, Miyoshi K, Kushiro T, Shinoda S, Jikumaru Y, Fujimoto M, 
Arikawa T, Takahashi H, Ando M, Arimura S-i, Miyao A, Hirochika H, Kamiya Y, 
Tsutsumi N, Nambara E, Nakazono M (2007) Ethylene promotes submergence-induced 
expression of OsABA8ox1, a gene that encodes ABA 8'-hydroxylase in rice. Plant Cell 
Physiol.  48: 287-298 

Saito S, Hirai N, Matsumoto C, Ohigashi H, Ohta D, Sakata K, Mizutani M (2004) 
Arabidopsis CYP707As encode (+)-abscisic acid 8'-hydroxylase, a key enzyme in the 
oxidative catabolism of abscisic acid. Plant Physiol.  134: 1439-1449 

Sandmann G (1991) Light-dependent switch from formation of poly-cis carotenes to 
all-trans carotenoids in the Scenedesmus mutant C-6D. Archives of Microbiology 155: 



 
 

 

185

229-233 

Santos CA, Simon PW (2002) QTL analyses reveal clustered loci for accumulation of 
major provitamin A carotenes and lycopene in carrot roots. Mol Genet Genomics 268: 
122-129 

Sawers RJ, Linley PJ, Farmer PR, Hanley NP, Costich DE, Terry MJ, Brutnell TP 
(2002) Elongated mesocotyl1, a phytochrome-deficient mutant of maize. Plant Physiol 130: 
155-163 

Schledz M, Al-Babili S, von Lintig J, Haubruck H, Rabbani S, Kleinig H, Beyer P 
(1996) Phytoene synthase from Narcissus pseudonarcissus: functional expression, 
galactolipid requirement, topological distribution in chromoplasts and induction during 
flowering. Plant J 10: 781-792 

Schlenke TA, Begun DJ (2004) Strong selective sweep associated with a transposon 
insertion in Drosophila simulans. Proc Natl Acad Sci USA 101: 1626-1631 

Schwartz SH, Qin X, Loewen MC (2004) The biochemical characterization of two 
carotenoid cleavage enzymes from Arabidopsis indicates that a carotenoid-derived 
compound Inhibits lateral branching. J Biol Chem 279: 46940-46945 

Schwartz SH, Tan BC, Cage DA, Zeevaart JAD, McCarty DR (1997) Specific 
Oxidative Cleavage of Carotenoids by VP14 of maize. Science 276: 1872-1874 

Seki M, Ishida J, Narusaka M, Fujita M, Nanjo T, Umezawa T, Kamiya A, Nakajima 
M, Enju A, Sakurai T, Satou M, Akiyama K, Yamaguchi-Shinozaki K, Carninci P, 
Kawai J, Hayashizaki Y, Shinozaki K (2002) Monitoring the expression pattern of 
around 7,000 Arabidopsis genes under ABA treatments using a full-length cDNA 
microarray. Funct Integr Genomics 2: 282-291 

Sheehan MJ, Farmer PR, Brutnell TP (2004) Structure and expression of maize 
phytochrome family homeologs. Genetics 167: 1395-1405 

Shewmaker CK, Sheehy JA, Daley M, Colburn S, Ke DY (1999) Seed-specific 
overexpression of phytoene synthase: increase in carotenoids and other metabolic effects. 



 
 

 

186

Plant J 20: 401-412 

Simkin AJ, Gaffe J, Alcaraz JP, Carde JP, Bramley PM, Fraser PD, Kuntz M (2007) 
Fibrillin influence on plastid ultrastructure and pigment content in tomato fruit. 
Phytochemistry 68: 1545-1556 

Simkin AJ, Schwartz SH, Auldridge M, Taylor MG, Klee HJ (2004) The tomato 
carotenoid cleavage dioxygenase 1 genes contribute to the formation of the flavor volatiles 
-ionone, pseudoionone, and geranylacetone. The Plant Journal 40: 882-892 

Simkin AJ, Zhu C, Kuntz M, Sandmann G (2003) Light-dark regulation of carotenoid 
biosynthesis in pepper (Capsicum annuum) leaves. J Plant Physiol 160: 439-443 

Sindhu RK, Walton DC (1987) Conversion of xanthoxin to abscisic acid by cell-free 
preparations from bean leaves. Plant Physiol. 85: 916-921 

Snowden KC, Simkin AJ, Janssen BJ, Templeton KR, Loucas HM, Simons JL, 
Karunairetnam S, Gleave AP, Clark DG, Klee HJ (2005) The Decreased apical 
dominance1/Petunia hybrida CAROTENOID CLEAVAGE DIOXYGENASE8 gene 
affects branch production and plays a role in leaf senescence, root growth, and flower 
development. Plant Cell 17: 746-759 

Sommer A, Davidson FR (2002) Assessment and control of vitamin A deficiency: the 
Annecy Accords. J. Nutr. 132: 2845S-2850S 

Sorefan K, Booker J, Haurogne K, Goussot M, Bainbridge K, Foo E, Chatfield S, 
Ward S, Beveridge C, Rameau C, Leyser O (2003) MAX4 and RMS1 are orthologous 
dioxygenase-like genes that regulate shoot branching in Arabidopsis and pea. Genes Dev 
17: 1469-1474 

Taiz L, Zeiger E (2006) Plant physiology, Ed 4th. Sinauer Associates, Sunderland, Mass. 

Tan BC, Joseph LM, Deng WT, Liu L, Li QB, Cline K, McCarty DR (2003) Molecular 
characterization of the Arabidopsis 9-cis epoxycarotenoid dioxygenase gene family. Plant 
J 35: 44-56 



 
 

 

187

Tan BC, Schwartz SH, Zeevaart JA, McCarty DR (1997) Genetic control of abscisic 
acid biosynthesis in maize. Proc Natl Acad Sci USA 94: 12235-12240 

Taylor IB, Sonneveld T, Bugg TDH, Thompson AJ (2005) Regulation and manipulation 
of the biosynthesis of abscisic acid, including the supply of xanthophyll precursors. 
Journal of Plant Growth Regulation 24: 253-273 

Thompson AJ, Jackson AC, Parker RA, Morpeth DR, Burbidge A, Taylor IB (2000a) 
Abscisic acid biosynthesis in tomato: regulation of zeaxanthin epoxidase and 
9-cis-epoxycarotenoid dioxygenase mRNAs by light/dark cycles, water stress and abscisic 
acid. Plant Mol Biol 42: 833-845 

Thompson AJ, Jackson AC, Symonds RC, Mulholland BJ, Dadswell AR, Blake PS, 
Burbidge A, Taylor IB (2000b) Ectopic expression of a tomato 9-cis-epoxycarotenoid 
dioxygenase gene causes over-production of abscisic acid. Plant J 23: 363-374 

Thompson AJ, Mulholland BJ, Jackson AC, McKee JM, Hilton HW, Symonds RC, 
Sonneveld T, Burbidge A, Stevenson P, Taylor IB (2007) Regulation and manipulation 
of ABA biosynthesis in roots. Plant Cell Environ 30: 67-78 

Tian L, DellaPenna D (2004) Progress in understanding the origin and functions of 
carotenoid hydroxylases in plants. Arch Biochem Biophys 430: 22-29 

Vishnevetsky M, Ovadis M, Vainstein A (1999) Carotenoid sequestration in plants: the 
role of carotenoid-associated proteins. Trends Plant Sci. 4: 232 

von Lintig J, Welsch R, Bonk M, Giuliano G, Batschauer A, Kleinig H (1997) 
Light-dependent regulation of carotenoid biosynthesis occurs at the level of phytoene 
synthase expression and is mediated by phytochrome in Sinapis alba and Arabidopsis 
thaliana seedlings. The Plant Journal 12: 625-634 

von Lintig J, Wyss A (2001) Molecular analysis of vitamin A formation: cloning and 
characterization of beta-carotene 15,15'-dioxygenases. Arch Biochem Biophys 385: 47-52. 

Welsch R, Beyer P, Hugueney P, Kleinig H, von Lintig J (2000) Regulation and 
activation of phytoene synthase, a key enzyme in carotenoid biosynthesis, during 



 
 

 

188

photomorphogenesis. Planta 211: 846-854. 

Welsch R, Medina J, Giuliano G, Beyer P, Von Lintig J (2003) Structural and 
functional characterization of the phytoene synthase promoter from Arabidopsis thaliana. 
Planta 216: 523-534. 

Woitsch S, Romer S (2003) Expression of xanthophyll biosynthetic genes during 
light-dependent chloroplast differentiation. Plant Physiol 132: 1508-1517 

Wurtzel ET (2004) Genomics, genetics, and biochemistry of maize carotenoid 
biosynthesis. In J Romeo, ed, Recent Advances in Phytochemistry, Vol 38. Elsevier Ltd., 
pp 85-110 

Wurtzel ET, Burr FA, Burr B (1987) DNase I hypersensitivity and expression of the 
Shrunken-1 gene of  maize. Plant Mol Biol 8: 251-264 

Wyss A, Wirtz G, Woggon W, Brugger R, Wyss M, Friedlein A, Bachmann H, 
Hunziker W (2000) Cloning and expression of beta,beta-carotene 15,15'-dioxygenase. 
Biochem Biophys Res Commun 271: 334-336 

Xiong L, Ishitani M, Lee H, Zhu JK (2001) The Arabidopsis LOS5/ABA3 locus encodes 
a molybdenum cofactor sulfurase and modulates cold stress- and osmotic stress-responsive 
gene expression. Plant Cell 13: 2063-2083 

Xiong L, Schumaker KS, Zhu JK (2002) Cell signaling during cold, drought, and salt 
stress. Plant Cell 14 Suppl: S165-183 

Yang SH, Zeevaart JAD (2006) Expression of ABA 8'-hydroxylases in relation to leaf 
water relations and seed development in bean. The Plant Journal 47: 675-686 

Ye X, Al-Babili S, Kloti A, Zhang J, Lucca P, Beyer P, Potrykus I (2000) Engineering 
the provitamin A (beta-carotene) biosynthetic pathway into (carotenoid-free) rice 
endosperm. Science 287: 303-305 

Zhu C, Yamamura S, Koiwa H, Nishihara M, Sandmann G (2002) cDNA cloning and 



 
 

 

189

expression of carotenogenic genes during flower development in Gentiana lutea. Plant 
Mol Bio 48: 277-285 

Zhu C, Yamamura S, Nishihara M, Koiwa H, Sandmann G (2003) cDNAs for the 
synthesis of cyclic carotenoids in petals of Gentiana lutea and their regulation during 
flower development. Biochim Biophys Acta 1625: 305-308 

Zhu JK (2002) Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 
53: 247-273 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


