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ABSTRACT 
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An essential component of development is the accumtdation of 

specific metabolites in a temporal and tissue-specific manner. The growth 

regulator abscisic acid (ABA), which acoomulates at a specific time during 

seed development, is required for seed maturation and prevents the 

premature developmental switch from dormancy to germination. ABA 

accumulates differently in two tissues of the seed; levels in the embryo are 

several-fold higher than in the endosperm and the temporal accumulation 

of ABA is also different between these tissues. To begin to understand how 

ABA accumulation is regulated during seed development, the regulation 

of ABA biosynthesis was investigated. The approach taken was to examine 

the expression of the biosynthetic enzyme, phytoene desaturase (PDS), 

which catalyzes a regulated step in ABA synthesis in several other 

organisms (Bramley, 1985, Sandmarm et al., 1989, Hugueney et al., 1992 and 

Giuliano et al., 1993). 

Unlike ABA accumulation, PDS transcript and protein levels were 

higher in the endosperm than in the embryo. The spatial difference in 

PDS levels did correlate with levels of the pathway intermediate, p-

carotene, suggesting that PDS may control the synthesis of ABA precursors 

while subsequent erizymes may regulate ABA accxmiulation. The 

temporal expression of Pds was also unrelated to ABA accimxulation. In 

the endosperm, transcript levels were initially high and declined during 

desiccation while protein levels remained high throughout development. 



In the embryo, transcript levels were low and constant while protein levels 

declined. 

There are several maize mutants {viviparous mutants) disrupted in 

ABA biosynthesis, resulting in decreased levels of ABA and premature 

germination. Analysis of the Pds allele and transcript in the viviparous-5 

mutant showed that the gene contains multiple insertions and deletions, 

giving rise to a larger transcript. In addition, the 55 kDa PDS protein was 

not detected in the vp5 mutant by inununoblot analysis, indicating that the 

vp5 phenotj^e results from a mutation at the PDS locus. To determine 

whether the wild type protein encoded by the ABA mutant, vp2, or the 

pathway intermediate, lycopene, regulate PDS, transcript and protein levels 

were compared in wild type and mutant {vp2 and vp7, respectively) seeds. 

The levels of PDS were not significantly different in vp2 or vp7 wild type 

and mutant seeds, suggesting that neither the VP2 protein nor lycopene 

regulate PDS at the steady-state transcript or protein level. 



CHAPTER I 

LITERATURE REVIEW AND INTRODUCTION 
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Developmental importance of regulated metabolites 

An essential component of development is the accumulation of 

specific metabolites in a temporal and tissue-specific manner. The 

importance of this phenomenon is demonstrated by developmental 

mutants in which the sjmthesis of these metabolites is perturbed. 

T)^ically, these mutants make insufficient levels of a given metabolite 

resulting in altered development. In many cases, normal development 

can be restored by supplying the missing metabolite to the appropriate 

tissue. For example, a class of mutants in Zea mays (maize) that are 

deficient in abscisic acid (ABA) acciunulation (viviparous mutants) are 

also unable to complete normal events in seed development. These 

mutants are affected in seed maturation and are unable to initiate seed 

dormancy, a quiescent phase that enables the plant to suspend its lifecycle 

until environmental conditions are suitable for germination (Manglesdorf, 

1930 and Robertson, 1952). 

The timing of metabolite addition can often control the timing of a 

developmental event, suggesting that during normal development, 

temporal regulation of metabolite accumulation is important. As an 

example, gametophore (bud) formation in the moss, Physcomitrella 

patens, is controlled by the timing of cytokinin accumulation. Cytokinin is 

normally produced at a particular stage in development by a specific cell 

type, initiating events that result in formation of the gametophore (Bopp, 

1963 and Ashton et al., 1979). The timing of bud formation can be 

shortened several weeks by supplying the growth regulator before the moss 
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would normally bud (Ashton, Cove et al., 1979 and Ashton, Grimsely et al., 

1979). 

From studies of these and other developmental mutants it is clear 

that an important component of normal development is the appropriate 

accumulation of specific metabolites. To begin to understand how 

developmental events are controlled, the focus of this study was to 

determine how the synthesis of a developmentally important metabolite is 

regulated. 

Significance of the metabolite abscisic acid 

The growth regulator abscisic acid (ABA) has been implicated in a 

number of plant processes. These processes include adaptation to 

environmental stresses, local and systemic woimd responses and seed 

development (reviewed by Giraudat et al., 1994). Support for ABA's role in 

mediating responses to drought (Cohen et al., 1990), cold (Chen et al., 1983) 

or high salt (Stewart et al., 1985) comes from studies showing that 

endogenous ABA levels increase in response to these stresses. In addition, 

physiological changes that normally result from these stresses can be 

induced in the absence of stress through the application of ABA (Chen et 

al., 1983, Stewart et al., 1985 and Cohen et al., 1990). For instance, during 

drought stress endogenous ABA levels increase and stomata close, 

preventing excess water loss through normal transpiration. Stomatal 

closure can be induced in unstressed plants by ABA application (Tal et al., 

1973). Finally, mutants deficient in ABA biosynthesis have also been 



shown to be affected in their ability to respond to drought (Koomneef et al., 

1982 and Neill et al., 1985) or to develop freezing tolerance (Heino et al., 

1990 and Gilmour et al., 1991). These mutants are more sensitive to low 

water conditions and have an increased tendency to wilt, in part due to 

improper stomatal regulation (Koomneef et al., 1982 and Neill et al., 1985). 

There are several indications that ABA is also involved in plant 

responses to systemic and local wounding. One line of evidence comes 

from an established correlation between wounding, endogenous ABA 

accumulation, and the induction of characteristic defense-related proteins. 

Mechanical woimding of potato leaves, for example, induces production of 

endogenous levels of local and systemic ABA and defense proteins 

including protease inhibitors I and II (Pin I and Pin EI). In addition, 

exogenous ABA can induce the production of defense-related proteins in 

both tomato and potato in the absence of wounding, suggesting that ABA 

production following wounding leads to induction of defense-related 

proteiris (Pena-Cortes et al., 1989 and Pena-Cortes et al., 1991). This model 

is further supported by the observation that in the tomato sitiens and 

droopy mutants which produce less ABA, the local and systemic induction 

of Pin n is reduced (Pena-Cortes et al., 1989 and Pena-Cortes et al., 1991). 

The growth regulator ABA is also essential for many processes of 

seed development. In several plants, ABA has been shown to control the 

expression of certain genes in both the embryo and endosperm during the 

maturation and dormancy phases (latter two-thirds) of development. In 

the wheat embryo, for instance, the accimiulation of the Em protein 
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(abundant embryo protein, function unknown) (Williamson et al., 1985) 

and wheat germ agglutinin (Triplett et al., 1982) occur during maturation 

and are dependent on ABA. Maize proteins associated with maturation in 

the embryo (Em, globulinl and globulinZ) are also ABA-inducible (Paiva et 

al., 1994). Several seed storage proteins which acciunulate in the 

endosperm during maturation are induced by the growth regulator, for 

example, Brassica sp. (rapeseed) cruciferin (Finkelstern et al., 1985) and 

Glycine max (soybean) p-subuiut of conglycinin (Bray et al., 1985). In the 

barley aleurone (endosperm), ABA induces acciamulation of the a-amylase 

inhibitor which is involved in repressing germination events (Mundy, 

1984). 

Both maternal and zygotic (embryo and endosperm) tissues 

contribute to the production of ABA in the seed (Zeevaart, 1988). 

However, zygotic ABA is necessary and sufficient for dormancy (Black 

1983, Zeevaart et al., 1988 and Quatrano, 1990). Evidence for the role of 

zygotic ABA in dormancy was first demoristrated in the viviparous 

mutants of maize which have reduced levels of ABA in the seed while 

maternal tissues have normal levels of ABA. These mutants bypass 

dormancy and germinate prematurely (Manglesdorf, 1930 and Robertson, 

1952). Dormancy can be restored in these mutants with the application of 

exogenous ABA. In addition, wild type maize and Arabidopsis thaliana 

embryos cultured in media lacking ABA during maturation mimic the 

ABA-deficient mutant phenotype (Robichaud, 1980 and Karssen et al., 

1983), indicating that ABA is required prior to the onset of dormancy. 
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The function of matemally-derived ABA is less clear and appears to 

be dependent on the plant species. In A. thaliana, maternal ABA is 

important for the acquisition of desiccation tolerance, a maturation-specific 

event. In these experiments, plants homozygous for a recessive ABA 

deficient mutation v^ere pollinated with wild t5^e pollen. In the resulting 

seeds, the zygotic contribution of ABA was normal while the maternal 

ABA contribution was deficient. These seeds entered the dormancy phase, 

but often did not survive desiccation, indicating that matemally-derived 

ABA is involved in the acqmsition of desiccation tolerance. In the 

reciprocal cross, seeds were viviparous, but desiccation tolerant if dried 

down before they began germinating (Karssen et al., 1983). The maize 

viviparous mutants, in contrast, are desiccation intolerant, indicating that 

zygotic ABA is required for maturation and dormancy events in this 

system (Manglesdorf, 1930 and Robertson, 1952). The role of maternal 

ABA in maize is unknown. 

These studies indicate that zygotic ABA is essential for normal seed 

development. Specifically, it is required for induction of maturation 

events, dormancy and the repression of germination. However, an 

understanding of how ABA accumulation is regulated in the seed is 

lacking. To to address this question, the goal of this study was to begin to 

determine the mechanisms that might be important in the regulation of 

ABA accumulation during seed development. 
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Role of biosynthesis in ABA accumulation 

The correct spatial and temporal accumulation of metabolites can be 

achieved in a number of ways including regulated synthesis or 

degradation, reversible conjugation to other compoimds or mobilization 

between storage compartments and the site of function. ABA 

accvmiulation may be regulated by several of these methods. For example, 

during water stress, increases in endogenous ABA levels are due to an 

increased rate of biosynthesis (Walton, 1990). ABA can also be inactivated 

through chemical modifications: it can be irreversibly oxidized to phaseic 

acid (PA) or 4'dihydrophaseic acid (DPA) (Pierce and Raschke, 1981 and 

Zeevaart et al., 1991) or it can be reversibly conjugated to form ABA P-D-

glucosyl ester (ABAGE) (Koshimizu et al., 1968) (Fig 1-1). ABA levels may 

also be regulated by compartmentation. Because it is a weak acid, ABA 

accumulates in basic compartments; it is membrane permeable when 

protonated, but not as the dissociated anion. As a result, during the 

photosynthetic light reactions, the chloroplast stroma becomes more basic, 

and ABA accumulation increases (Cowan et al., 1982 and Kaiser et al., 

1985). 

While ABA has been shown to be important in the seed, few studies 

have addressed the meaiis by which its levels are regulated in these tissues. 

Biosjmthesis appears to be an important component of this regulation 

since levels of an ABA precursor, p-carotene, increase during seed 

development (Goodwin, 1980). ABA biosynthesis has been extensively 

studied in many organisms and is almost exclusively limited to higher 
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plants. A few algae and some pathogenic fungi also produce ABA; 

however, its roles in these organisms have not been characterized. In all 

organisms examined, ABA is derived from the isoprenoid biosynthetic 

pathway (Fig 1-1). Evidence for the role of isoprenoids in the synthesis of 

ABA comes from experiments in which a labeled isoprenoid, [^H] 

mevalonate (MVA) (Neill et al., 1982), [l,2-13c]-acetate (Bennett et al., 1981) 

or [3H]-famesyl pyrophosphate (Bennett et al., 1984) was taken up into 

cultured fimgal cells {Cercospora rosicola), and [^H]- or [13c]-labeled end-

products included ABA. MVA incorporation into ABA has also been 

demonstrated for several plant species (Cowan et al., 1986). However, these 

results did not distinguish between two possible pathways of ABA 

synthesis (Fig 1-1). In the "direct" pathway a Ci5 precursor is derived from 

the isoprenoid famesyl pyrophosphate and is converted to ABA through 

unknown steps. The "indirect" pathway produces ABA through 

carotenoid intermediates. Because there are no known intermediates 

unique to the direct pathway, it is difficult to demonstrate or refute that 

ABA is produced in this manner. In contrast, there are many studies 

indicating that carotenoid intermediates are produced during ABA 

biosynthesis. This evidence comes predominantly from studies of 

inhibitors of carotenogenesis which reduce ABA accumulation (Gambel, 

1986) and from studies of carotenoid biosynthetic mutants, which also 

have reduced levels of ABA. 
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Fig 1-1. Direct and indirect pathways of ABA biosjoithesis in higher plants. 

The isoprenoid precursor mevalonate (MVA) is converted to famesyl 

pyrophosphate (FPP). In the direct pathway, FPP is converted to ABA 

through urvknown steps independent of carotenoids. In the indirect 

pathway, FPP is converted to phytoene, the precursor of all carotenoids. 

The xanthophyll carotenoid, violaxanthin, is cleaved to form ABA in three 

steps. ABA breakdown products are 4'dihydrophaseic acid (DPA) and 

phaseic acid (PA) and ABA can be conjugated to form ABA p-D-glucosyl 

ester (ABAGE). Dashed arrows represent two or more steps; solid arrows 

represent one step (modified from Taiz and Zieger, 1991). 
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The indirect pathway for ABA synthesis has been demonstrated in 

many plant species and appears to be the source of ABA during each of its 

physiological functions. For example, carotenoid mutants or wild type 

plants treated with these inhibitors show a reduced response to chilling, 

drought and wounding and are imable to initiate dormancy and repress 

germination during seed development (Moore, 1984, Neill, 1986, Koomeef, 

1986 and Zeevaart, 1988). Thus, both pathways may be operating in plants; 

however, the indirect pathway is likely to be the major or only mechanism 

for ABA production. 

Carotenoid biosynthesis 

Much of the knowledge of the indirect pathway of ABA biosynthesis 

comes from studies of ABA precursors, the carotenoids. Carotenoids have 

unique functions in specific plant tissues and in other organisms including 

photosynthetic bacteria, some heterotrophic bacteria and fungi. These 

molecules are lipophilic pigments which associate with plastid membranes 

and are essential for light harvesting and oxidative protection in 

photosjmthetic tissues (Goodwin, 1973 and Liaaen-Jensen, 1984). During 

light harvesting, carotenoids function to absorb light and funnel that 

energy to the photosynthetic reaction center (Anderson and Robertson, 

1960). In high light, more energy is absorbed than can be used and this 

excess energy generates chlorophyll triplets which decay to reactive oxygen 

species (oxygen singlets) (Krinsky, 1979 and Davidson, 1981). These 

reactive molecules can damage lipids, proteins and other macromolecules 
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in the cell. Thus, a second function of carotenoids is to quench this excess 

energy before reactive species are formed (Davidson, 1981). In non-

photosynthetic tissues, carotenoid colors are not masked by chlorophyll 

resulting in yellow, orange or red pigments characteristic of fruits and 

flowers. In these tissues, carotenoids are believed to be important in the 

attraction of bird and insect pollinators and animals that disperse seed. In 

addition, they are essential intermediates of ABA synthesis during seed 

development. 

More than 600 structurally distinct carotenoid compounds which are 

derived from a common pathway have been identified. The basic reactions 

of the carotenoid biosynthetic pathway were first proposed in the 1970's 

from studies in in vitro systems from fungi, photosynthetic bacteria and 

plants (Bramley, 1975, Kushwaha, 1970, Qureshi, 1974). These pigments are 

synthesized from a symmetrical C40 hydrocarbon backbone which is 

modified by sequential desaturation reactions to form different carotenes 

or by reactions with oxygen (e.g., epoxidation) to form xanthophylls (Fig 1-

2). The first carotene, phytoene, is formed from the condensation of two 

molecules of geranylgeranyl pyrophosphate (GGPP) which is also the first 

step committed to carotenoid and ABA bios)nithesis. A series of three or 

four desaturations leads to the production of neurosporene or lycopene, 

respectively, at which point the pathway diverges to produce species-

specific carotenoids. 

The steps of the pathway have been confirmed and refined in the 

last two decades predominantly through genetic and molecular analysis of 
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carotenogenesis in the photosynthetic bacteria, Rhodobacter capsulatus, 

Rhodobacter spheroides, Erwinia herbicola and Erwinia uredovora. 

Unlike higher plants, these bacteria have small genomes and gene 

expression can easily be altered through transformation, features which 

have facilitated the identification and characterization of carotenogenic 

genes. In 1981 a cluster of photosynthetic genes was isolated from R. 

capsulatus and shown to include all genes necessary for carotenoid 

synthesis (Marrs, 1981, Scolruk, 1980, Zsebo, 1984). The function of each 

carotenoid biosynthetic gene was then identified from the analysis of 

accumulated intermediates in mutants which had each of the different loci 

independently inactivated. Concurrently, a cluster of genes was cloned 

independently from E. herbicola and £. uredovora which contained 

sufficient information to synthesize p-carotene when transformed into the 

carotenoidless bacteria, £. coli. To identify functions of these gene 

products, each gene was deleted from the cluster independently, 

transformed into E. coli, and the resulting accvimulated carotenoids were 

determined (Perry, 1986, Sandmann, 1990, Misawa, 1990). Once these 

genes were cloned and identified in the photosynthetic bacteria, the 

sequence information could be used to isolate the plant homologs. Thus, 

the molecular analysis of carotenoid biosynthesis in higher plant processes 

like flower development, fruit ripening and photooxidative stress 

responses began with new intensity in the late 1980's. 
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Phytoene desaturase 

To begin to understand whether the regulation of ABA biosynthesis 

is an important factor determining ABA levels in the seed, the expression 

of an ABA biosynthetic enzyme was examined in seed tissues. The 

acomiulation of ABA may be regulated by changes in the rate of one or 

more enzymatic reactions. This study focused on the enzyme phytoene 

desaturase (PDS), which in plants catalyzes two desaturation reactions at 

the C2 and C2' positions (Fig 1-2) to convert phytoene to phytofluene to 

carotene (Linden et al., 1991). PDS was chosen for this study because it 

catalyzes a regulated step in carotenoid and ABA biosynthesis in many 

other organisms. For example, PDS trai\script levels are upregulated 

during carotenoid accumulation in the tomato fruit. During ripening, red 

color production in the fruit results from the accumulation of the 

carotenoid pathway intermediates lycopene and p-carotene in the plastids 

(chromoplasts) (Khudairi, 1972, Maunders et al., 1987 and Giuliano et al., 

1993). Shortly before the red color begins to accumulate, PDS steady-state 

transcript levels increase ten-fold, suggesting that regulation of carotenoid 

synthesis may be controlled by PDS levels (Pecker et al., 1992 and Guiliano 

et al., 1993). 

Further indication that PDS is regulated during carotenoid and ABA 

synthesis comes from studies in the fungus, Phycornyces blakesleeanus, 

and the cyanobacteria, Synechococciis sp. In each of these systems, PDS 

activity is subject to feedback regulation and is specifically repressed by 

increases in lycopene (Bramley, 1985 and Sandmann et al., 1989). In vivo 
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Fig 1-2. The indirect pathway of caiotenoid and ABA biosynthesis in 

higher plants. Abbreviated intermediates are isopentenyl pyrophosphate 

(DPP) and geranylgeranyl pyrophosphate (GGPP). Biosynthetic enzymes are 

geranylgeranyl pyrophosphate synthase (GGPS), phytoene synthase (PSY), 

phytoene desaturase (PDS), (!^-carotene desaturase (ZDS) and lycopene 

cyclase (LCY). Dashed arrows represent two or more steps; solid arrows 

represent one step (modified from Bartley and Scoliuk, 1994). 
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lycopene accumulation may result from decreased carotenoid catabolism 

and signal a decrease in its biosynthesis through repressing PDS activity. 

A final indication that PDS is regulated comes from studies 

suggesting that this enzyme catalyzes the first rate-limiting step in 

carotenoid biosjmthesis in the Synechococcus sp. (Linden et al., 1990). An 

er\zyme which catalyzes a rate-limiting step is likely to be a pathway 

regulatory point; modulating the slowest step in a pathway would result in 

changes in levels of the end-product while modulating the faster steps 

would have no effect since the slowest step would still limit the pathway. 

Several maize mutants affected in carotenoid and ABA biosynthesis 

suggest that PDS may also be regulated dviring seed development in maize. 

Many of these mutants accumulate different pathway intermediates, 

indicating a defect at these different steps (Anderson et al., 1960, Robertson, 

1975 and Robertson, 1989) (Fig 1-2). Of these mutants, three {viviparous-2 

{vp2), viviparous-5 {vp5) and white-3 (loS)), are blocked at one or both steps 

catalyzed by PDS; all other mutants have a defect at unique steps in the 

pathway (Robertson, 1975). The existence of three loci that normally affect 

the PDS-catalyzed steps during seed development may indicate that PDS is 

regulated during this time. Support for this hypothesis comes from 

consideration of the possible roles of the wild type products normally 

encoded by these loci. It is likely that one or more of these mutants has a 

defect in the PDS enzyme itself. A mutation in each of these loci alone has 

a phenotype of phytoene or phytofluene accumulation (Robertson, 1975). 

Since the mutant phenotype exists even in the presence of wild type alleles 
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of the other genes, if more than one gene encodes PDS they must each be 

regulated differently, for example in a tissue-specific or temporally distinct 

manner. Alternatively, one or more of the wild tjq^e genes could encode 

proteins that regulate Pds gene expression. In this case, a mutation in a 

regulatory protein that affects PDS levels also affects ABA accumulation 

and seed development, suggesting that regvilation of PDS is an important 

factor in the control of ABA accumulation. 

Hypothesis 

The observations and experiments suggesting that PDS is a regulated 

enzyme in maize and other systems led to the hypothesis of this study: 

control of PDS levels may be an important component in the regulation of 

ABA biosynthesis in the seed. Several predictions and expectations arise 

from this hypothesis. First, a functional PDS errzyme should be essential 

for normal ABA accumulation; thus, a mutant which has a defect in the 

PDS enzyme should also be affected in ABA accumulation. Second, there 

should be a correlation between PDS levels and ABA accumulation. 

Finally, PDS levels should be regulated during ABA bios5nithesis and 

improper PDS regulation should result in improper accumulation of ABA. 

Thus, a mutant which has a defect in a regulator of PDS should be affected 

in ABA accumulation. To determine whether PDS is important in the 

regulation of ABA accumulation, PDS levels were determined in the 

maize seed during normal development and compared to ABA levels in 

the seed. In addition, PDS levels were determined in two viviparous 
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mutants to test whether improper regulation of PDS gives rise to ABA 

deficiency and abnormal seed development. 

Maize seed development 

The appropriate regulation of ABA accumulation is essential for 

normal seed development. However, little is known about the 

mechanisms of seed development and the genes required for this process. 

Most information has come from descriptive studies of morphology and 

physiology, and more recently molecular and genetic approaches have 

contributed to our knowledge (de Jong et al., 1993, West and Harada, 1993 

and Goldberg et al., 1994). Seed development begins with a double 

fertilization event resulting in a diploid zygote and a triploid endosperm. 

The development of the maize embryo has been divided into three 

general phases based on descriptive studies (Fig 1-3). During 

embryogenesis, a combination of strictly directed patterns of cell division, 

cell elongation and differentiation take place. Developmental axes are 

established and expressed through differentiation of the shoot and root 

meristems. Cell and organ enlargement are characteristic of the 

maturation phase which prepares the embryo for desiccation tolerance and 

early germination events. The accompanying deposition of storage 

proteins and oils provides nutrients necessary for germination of the 

embryo. Development concludes with metabolic arrest and cell 

dehydration, the dormancy phase (for detailed reviews see Randolf, 1936, 
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Fig 1-3. Maize seed development. Development of the maize embryo as a 

function of age (days after pollination) is depicted. The timing of 

maternally-produced ABA (maternal ABA) and ABA produced from the 

seed (zygotic ABA) is indicated above the embryos. 
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Keisselbach, 1949, Abbe et al., 1954, Sheridan et al., 1987, de Jong et al., 1993, 

West and Harada, 1993 and Goldberg et al., 1994). 

The endosperm is initially a syncitium of nuclei resulting from 

rapid DNA duplication and becomes cellularized during maturation. In 

the mature moncotyledonous seeds, it is the source of nutrients that will 

be absorbed by the embryo during germination (for reviews see Randolf, 

1936, Keisselbach, 1949, Abbe et al., 1954, Sheridan et al., 1987, de Jong et al., 

1993, West and Harada, 1993 and Goldberg et al., 1994). 

Maize seed development is an excellent system to study the 

mechanism and developmental regulation of ABA accumulation. 

Embryos and endosperm can be easily dissected at most stages of 

development, facilitating molecular and biochemical studies. In addition, 

200-300 developmentally synchronous progeny can be obtained from a 

single cross. There are many developmental mutants in maize, several of 

which are perturbed in ABA biosynthesis. Many are blocked at different 

steps in the pathway and all are affected in seed development. Most 

importantly, ABA acciunulates differently in the embryo and endosperm, 

suggesting unique regulation in these tissues. In both tissues, ABA 

accumulation is regulated in a temporal marmer. Levels fluctuate in the 

embryo over time, while in the endosperm ABA is initially high and then 

declines. ABA accumulation is also regulated in a spatial manner. Levels 

in the embryo are several-fold higher than in the endosperm throughout 

development (Fig 1-4). ABA accumulation must be regulated differently in 
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these two tissues; thus, the maize seed provides a system in which these 

differences can be compared. 

Regulation of the PDS transcript and protein 

In order to test the hypothesis that regulation of PDS is important 

for the control of ABA accumulation, PDS transcript and protein levels 

were determined in this study. A correlation between levels of PDS steady-

state transcript and carotenoids (ABA precursors) in several systems 

suggests that carotenoid accvimulation is controlled through regulated 

synthesis. Pds gene expression may also be regulated at this level in order 

to control levels of ABA. During tomato fruit ripening and floral 

induction, for example, increases in transcript levels accompany increases 

carotenoid accumulation (Giuliano et al., 1993). For the cell to regulate 

another product of the carotenoid pathway (ABA), the simplest approach 

would be to use this existing mechanism and, if necessary, to elaborate 

upon it. 

In other organisms PDS is regulated at the level of activity rather 

than the transcript level. During pepper fruit ripening, for example, PDS 

activity increases along with carotenoid production while transcript levels 

remain constant (Hugueney et al., 1992). Additionally, PDS activity can be 

repressed in some fungi and cyanobacteria by the pathway intermediate, 

lycopene (Bramley, 1985 and Sandmaim et al., 1989). In these experiments, 

PDS activity was determined in vitro; thus, it is unlikely that this 

repression is at the transcriptional level. If mechanisms regulating Pds 
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Fig 1-4. ABA levels in maize seeds. Picomoles of ABA per gram dry 

weight were determined for embryos and endosperm from 14 to 30 DAP 

(Moore, 1995). The upper graph describes embryonic levels and the lower 

graph describes levels in the endosperm. Note that the scales are different 

for the two graphs. 
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gene expression have been conserved in different organisms, PDS 

transcript levels or activity might also be regulated during seed 

development in order to control the accumulation of ABA. 

There are several methods that might be used for measuring PDS 

activity. The principle behind the most commonly used PDS activity assay 

is to measure the incorporation of radioactively labeled substrate, 

phytoene, into carotenoid products. However, there are two significant 

difficulties with using this assay to determine developmental changes in 

activity. The first is that beyond the production of P-carotene, carotenoid 

biosjnathetic intermediates and end-products vary widely between species. 

The accumulation of the carotenoid pigments capsanthin and capsorubin, 

for example, is uiuque to ripening pepper fruits (Bouvier et al., 1994). 

Thus, knowledge of the specific intermediates that are produced is essential 

for this assay. The second drawback is that developmental changes in the 

activities of other enzjones in the pathway will affect the apparent activity 

of PDS in this assay. For example, if the activity of the enzyme <!^-carotene 

desaturase is not constant during development, then changes in the level 

of the PDS product, ^-carotene, could reflect changes in the activities of 

both PDS and ZDS or just ZDS (Fig 1-2). It is clear that developmental 

changes in the levels of carotenoid intermediates occur in plants, 

suggesting that several of the carotenoid biosynthetic enzymes are 

developmentally regulated. During ripening, the transitions of the tomato 

fruit color from green (immature) to orange (ripening) to red (ripened) 

requires changes in the levels of carotenoid intermediates. All 
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intermediates are initially low, then lycopene and p-carotene levels 

predominate, and finally phytoene and phytofluene levels increase (Fraser 

et al., 1994). As a result of these difficulties, determining the compoxmds in 

which the incorporation of radioactivity is to be measured is dependent on 

the plant species and its developmental stage. Without prior knowledge of 

the intermediates that accumulate, an accurate determination of PDS 

activity is not possible. As an example, if the incorporation of labeled 

phytoene into phytofluene, ^-carotene, and lycopene was used to measure 

PDS activity in maize seeds as it is done in tomato, activity would be 

underestimated because p-carotene is one of the major carotenoid 

pigments known to be produced in the seed (Goodwin, 1980). Moreover, 

there is little knowledge of the relative levels of intermediates in maize at 

different times in development. 

Another approach to determining enzyme activity is to measure the 

rate of cor\sumption of a labeled substrate. Labeled phytoene is unstable 

and not readily available for PDS activity assays. Instead, [l^CJ-phytoene is 

generated by incubating extracts of fungal mutants that are blocked at the 

PDS catalyzed step {car b, Phycomyces blakesleeanus) with the labeled 

isoprenoid, MVA. In PDS enzyme activity assays, this phytoene-generating 

system is incubated with solubilized plastid membranes from the organism 

whose activity is being tested (Sandmarm et al., 1985). Since labeled 

phytoene is generated during the PDS assay, it is not possible to quantitate 

the amount of substrate be added to the assay. As a result, consumption of 

mevalonate rather than phytoene would be determined, reflecting activity 
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of steps after MVA synthesis rather than PDS activity. Based on these 

difficulties, methods for determining PDS activity may not be accurate or 

sensitive enough to determine differences in the seed. 

Due to the problems in measuring PDS activity directly, the PDS 

protein was analyzed by immunoblot analysis in this study. If PDS activity 

is regulated during development in order to control ABA levels, then 

changes in activity may occur through modulation of the s5mthesis rate or 

stability of the translation product or posttranslational modifications of 

PDS. Changes in steady-state levels of the protein and modifications to the 

protein may be determined by examining PDS levels and sizes by 

immimoblot analysis. 

Roles of ABA biosynthetic mutants 

To understand how^ ABA levels are normally regulated during 

maize seed development, the hypothesis that regulation of PDS is 

involved in the control of ABA accumulation has been tested in this study. 

A prediction of this hypothesis is that improper regulation of PDS should 

result in changes in ABA accumulation. The identification of mutants 

that are disrupted in the regulation of PDS and ABA accumulation would 

confirm this prediction, supporting the hypothesis. Several of the ABA 

biosynthetic mutants in maize provide the means to test this prediction. 

There are four vivipary mutants {viviparous-5 (vp5), viviparous-2 (vpl), 

white-3 {w3) and viviparous-7 {vp7) that may be affected in the regulation 

of PDS (Fig 1-2). Each of these mutants may be disrupted in the proper 
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regulation of PDS, either through defects in factors that regulate PDS or 

defects in the erizyme itself. 

The vp5, vp2 and w3 mutants are disrupted in the steps catalyzed by 

PDS while the vp7 mutant accumulates the intermediate, lycopene. As a 

result, the mutants have defects in physiological processes associated with 

carotenoid and ABA functions. Normally, in chloroplast-containing 

tissues, the p-carotene pigment prevents oxidation of the photosystems by 

excess light (Siefermann-Harms, 1987); it is the major photoprotective 

pigment in plants (Goodwin, 1980). Homozygous vp5, vp2, w3 and vp7 

mutants lack the pigment P-carotene because they are blocked at earlier 

steps in the pathway and consequently, seed tissues are white or pink 

(lycopene is a pink pigment). Each of these mutants is also deficient in the 

accumulation of ABA necessary for dormancy (Robertson, 1975). As a 

result, mutant seeds are viviparous, germinating prematurely on the ear. 

Although they germinate, seedlings siirvive no more than two weeks due 

to photooxidative damage. 

The vp2, vp5 and w3 mutants accumulate phytoene and zv3 

additionally accumulates low levels of phytofluene (Robertson, 1975), 

suggesting that the wild type proteins encoded may be involved in 

stimulating PDS levels or activity or the PDS enzyme itself. Alternatively, 

one or more of these mutants may be defective in synthesis of the cofactor 

for the PDS enzyme, plastoquinone (Norris et aL, 1995). If one of these 

mutants is disrupted at the Pds locus, it would demoristrate that the 

enzyme is essential for ABA biosynthesis and normal seed development. 



41 

In contrast, if one of these mutants encodes a regulator of Pds gene 

expression, it indicates that regulation of PDS is essential for ABA 

biosynthesis and seed development, supporting the hypothesis that ABA 

acciunulation is controlled through regulation of PDS. 

The vp7 mutant, which is defective in the cyclization of lycopene to 

P-carotene accumulates high levels of lycopene (Fig 1-2) (Robertson, 1975). 

Studies in the fimgus Phycomyces blakesleeanus and the cyanobacterium 

Synechoccocus sp. suggest that lycopene regulates PDS because activity is 

repressed in vitro by this intermediate (Bramley, 1985 and Sandmann, 

1989). Lycopene may also regulate PDS during seed development, which 

would provide additional evidence that regulation of PDS is important for 

the normal accumulation of ABA during this time. Thus, the vp7 mutant 

serves as a tool for manipulating lycopene levels in vivo and testing 

whether these changes affect PDS levels. 



CHAPTER II 

CLONING AND CHARACTERIZATION OF MAIZE PDS 
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Introduction 

The accumulation of particular metabolites in a temporal and tissue-

specific manner is an essential component of development. As mentioned 

previously, the growth regulator abscisic acid (ABA), for example, is required 

for the dormancy phase of seed development, a quiescent period enabling the 

plant to suspend its life cycle until environmental conditions are suitable for 

germination (Black, 1983, Quatrano, 1990 and Zeevart et al., 1988). ABA 

accumulates in seed tissues just prior to the onset of seed dormancy (Hsu, 

1979, Karssen et al., 1983, King, 1976, Naumann et al., 1982 and Zeevart et al., 

1988), and mutants defective in the biosynthesis of ABA bypass the dormancy 

phase and enter into germination precociously (Manglesdorf, 1930 and 

Robertson, 1952). 

While ABA has been shown to be important in the seed, there is little 

information of the means by which its levels are regulated in this tissue. ABA 

metabolism has been studied extensively in many other tissues and the 

accumulation of its precursors have been shown to be regulated by changes in 

biosynthesis (for review, Zeevaart, 1991 and Parry et al, 1991). For example, 

during tomato fruit ripening (Giuliano et al., 1993, Khudairi, 1972 and 

Maunders et al., 1987), the accumulation of ABA precursors (carotenoids) is 

known to be regulated through their synthesis. To begin to understand 

whether the regulation of ABA biosynthesis is an important factor in the 

determination of ABA levels in the seed, the approach taken was to examine 

the expression of an ABA biosynthetic enzyme in seed tissues. 



ABA biosynthesis is a multistep pathway in higher plants (Fig 1-2) and 

accumulation of ABA may be regvilated by changes in the rate of one or more 

enzymatic reactions. I focused this study on the enzyme phytoene desaturase 

(PDS), which catalyzes the conversions of phytoene to phytofluene to 

carotene (Linden et al., 1991) because it appears to catalyze a regulated step in 

carotenoid and ABA biosynthesis in many other organisms. First, PDS steady-

state transcript levels increase prior to and during carotenoid accumulation in 

several fruits (Pecker et al., 1992 and Giuliano et al., 1993). In addition, studies 

in fungal and cyanobacterial organisms indicate that the enzyme is subject to 

feedback regulation by the pathway intermediate, lycopene (Bramley, 1985 

and Sandmann et al., 1989). Third, PDS has also been shown to catalyze the 

first rate-limiting step in carotenoid biosynthesis in Synechococcus (Linden et 

al., 1990). 

Several lines of evidence suggest that PDS may also be regulated 

during seed development in maize. Three mutants deficient in ABA 

acciomulation {viviparous-! (vp2), viviparous-5 {vp5) and zvhite-3 {w3)), are 

blocked at one of the steps catalyzed by PDS (Anderson et al., 1960, Robertson, 

1975 and Robertson, 1989). It is possible that one or more of the viviparous 

mutants is defective in the PDS ei\z)niie itself. If more than one of these genes 

encodes PDS, they must be regulated in a tissue-specific or temporally distinct 

manner since neither protein can comper\sate for a mutation in the other 

(Robertson, 1975). Alternatively, one or more of the genes may encode 

proteins that modify Pds gene expression. Thus, the occurrence of three 

mutants deficient in the desaturation of phytoene to (^-carotene also suggests 

that this could be a regulated step in carotenoid and ABA biosynthesis. These 



observations led to the hypothesis that regulation of PDS levels is an 

important component in the regulation of ABA biosynthesis. To do these 

experiments, the initial goal was to isolate a Pds homolog from maize. 

Subsequent goals were to determine the role of PDS in seed development by 

analysis of Pds gene expression in wild type and mutant maize lines. 

A comparison of the PDS predicted amino add sequences that were 

available from higher plants (tomato and soybean) indicated that these 

proteir\s are relatively well conserved, having 91% similarity (Fig 2-1). In 

contrast, the nucleotide sequence identity was much lower, 77%. Tomato and 

soybean are both dicotyledonous plants and are more closely related to each 

other than to the monocotyledonous plant, maize. Given this level of 

similarity, screening a maize cDNA library with a heterologous probe might 

not be successful. The alternative strategy employed was to design 

degenerate oligonucleotide primers to the more conserved regions of PDS 

from tomato and soybean and to use these to amplify a maize PDS cDNA 

using the polymerase chain reaction. 
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Fig 2-1. Alignment of the predicted FDS protein sequences of tomato and 

soybean. The upper sequence corresponds to tomato PDS, the lower sequence 

to soybean PDS. A solid line between the two sequences denotes identical 

amino adds and one or two dots indicate a conserved substitution (ie., two 

different basic amino acids). Two dots are used for commonly observed 

coriserved substitutions while one dot is used for less frequently observed 

conserved substitutions. The symbol * > from position 134 to 142 of the 

tomato sequence indicates the region to which the 5-prime oligonucleotide 

primer was synthesized and the s5niibol < * from position 303 to 312 of the 

tomato sequence indicates the region to which the 3-prime oligonudeotide 

primer was synthesized. 



1 MAACGYISAANF NYLVGARNISKFASSDATI SFSFGGSDS 40 
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51 MGHKLKIRTPHATTRRLVKDLGPLKWCIDYPRPELDNTVNYLEAAFLSS 100 
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88 TFRASPRPLKPLNIVIAGAGLAGLSTAKYLADAGHKPILLEARDVLGGKV 137 

l l l l l l l l  l l h l l l l l l l h l l l l l l l l l l l l l l l l l l l l l l l l l l l l  
101 TFRASPRPTKPLEIVIAGAGLGGLSTAKYLADAGHKPILLEARDVLGGKV 150 

>  . . . . .  
138 AAWKDKDGDWYETGLHIFFGAYPYVQNLFGELGINDRLQWKEHSMIFAMP 187 
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201 SKPGEFSRFDFSEALPAPLNGILAILKNNEMLTWPEKVKFAIGLLPAMLG 250 
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251 GQSYVEAQDGISVKDWMRKQGVPDRVTDEVFIAMSKALNFINPDELSMQC 300 
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401 KLEKLVGVPVINVHIWFDRKLKNTYDHLLFSRSSLLSVYADMSVTCKEYY 450 
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488 LKYHWKTPRSVYKTVPNCEPCRPIQRSPIEGFYLAGDYTKQKYLASMEG 537 
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551 AVLSGKLCAQAIVQDYELLVGRSQKKLSEASW* 584 



Results 

In order to isolate a maize Pds homolog, a PDS-specific cDNA fragment 

was amplified using the polymerase chain reaction. To do this experiment, 

eight-fold degenerate oligonucleotide primers (5'GTGGAAAGGTTGCTGC 

(GATC)TGGAA(GA)GA) and (5-GGGTGGATrGCCATCCAA(AG)AA 

(GATC)GCCAT) were designed to a cor\served region of the tomato and 

soybean predicted protein sequence (Fig 2-1). Total RNA was isolated from 

maize seed and soybean cotyledon as a control (described in Chapter VII), and 

first-strand cDNA was made from 1 [ig of total RNA from each tissue type 

independently according to the GeneAmp RNA PGR Kit (Perkin Elmer Cetus). 

Partial PDS cDNAs (530 bp) from maize and soybean were amplified by the 

polymerase chain reaction, and the maize cDNA was cloned into the TA-

cloning vector (Invitrogen, San Diego, CA). To determine whether the clones 

corresponded to the PDS cDNA, the soybean cDNA fragment and the maize 

clone were sequenced according to the Sanger dideoxy method (Sanger, 1977). 

The nucleotide and predicted amino acid sequences of the soybean clone were 

identical to the published soybean sequences in the database (data not shown) 

and the maize predicted amino acid sequence was 88% similar to that of 

Lycopersicon esculentum (tomato). This high degree of similarity indicated that 

the maize partial cDNA clone encodes a portion of phytoene desaturase. 

To identify regions of the maize PDS enzyme that could be involved in 

catalysis, regulation or localization, a full-length clone was isolated, 

sequenced, and the sequence analyzed (Fig 2-2). A Lambda Zap cDNA library 

from 2-week-old maize seedlings (gift of Dr. Alice Barkan, Uruversity of 



Fig 2-2. Nucleotide sequence of the full-length maize PDS cDNA. A single 

open reading frame begii\s with the ATG start codon at position 46 and ends 

with the TAG stop codon at position 1759. 



1 GGCACGAGCA GAGCTGACCC CCACTTTATC AAGAGTTGCT CAACAATGGA 

51 CACTGGCTGC CTGTCATCTA TGAATATTAC TGGAGCTAGC CAGACAAGAT 

101 CTTTTGCGGG GCAACTTCCT CCTCAGAGAT GTTTTGCGAG TAGTCACTAT 

151 ACAAGCTTTG CCGTGAAAAA ACTTGTCTCA AGGAATAAAG GAAGGAGATC 

201 ACACCGTAGA CATCCTGCCT TGCAGTTGTC TGCAAAGGAT TTTCCAAGTC 

251 CTCCACTAGA AAGCACAATA AACTATTTGG AAGCTGGACA GCTCTCTTCA 

301 TTTTTTAGAA ACAGCGAACG CCCCAGTAAG CCGTTGCAGG TCGTGGTTGC 

351 TGGTGCAGGA TTGGCTGGTC TATCAACAGC GAAGTATCTG GCAGATGCTG 

401 GACATAAACC CATATTGCTT GAGGCAAGAG ATGTTTTGGG TGGAAAGGTA 

451 GCTGCTTGGA AGGATGAAGA TGGAGATTGG TACGAGACTG GGCTTCATAT 

501 CTTTTTTGGA GCTTATCCCA ACATACAGAA TCTGTTTGGC GAGCTTAGGA 

551 TTGAGGATCG TTTACAGTGG AAAGAACACT CTATGATATT CGCCATGCCA 

601 AACAAGCCAG GAGAATTCAG CCGGTTTGAT TTCCCAGAAA CTTTGCCAGC 

651 ACCTATAAAT GGGATATGGG CCATATTGAG AAACAATGAA ATGCTTACCT 

701 GGCCCGAGAA GGTGAAGTTT GCAATCGGAC TTCTGCCAGC AATGGTTGGT 

751 GGTCAACCTT ATGTTGAAGC TCAAGATGGC TTAACCGTTT CAGAATGGAT 

801 GAAAAAGCAG GGTGTTCCTG ATCGGGTGAA CGATGAGGTT TTTATTGCAA 

851 TGTCCAAGGC ACTCAATTTC ATAAATCCTG ATGAGCTATC TATGCAGTGC 

901 ATTTTGATTG CTTTGAACCG ATTTCTTCAG GAGAAGCATG GTTCTAAAAT 

951 GGCATTCTTG GATGGTAATC CGCCTGAAAG GCTATGCATG CCTATTGTTG 

1001 ATCACATTCG GTCTAGGGGT GGAGAGGTCC GCCTGAATTC TCGTATTAAA 

1051 AAGATAGAGC TGAATCCTGA TGGAACTGTA AAACACTTCG CACTTAGTGA 

1101 TGGAACTCAG ATAACTGGAG ATGCTTATGT TTGTGCAACA CCAGTCGATA 

1151 TCTTCAAGCT TCTTGTACCT CAAGAGTGGA GTGAAATTAC TTATTTCAAG 

1201 AAACTGGAGA AGTTGGTGGG AGTTCCTGTT ATCAATGTTC ATATATGGTT 

1251 TGACAGAAAA CTGAACAACA CATATGACCA CCTTCTTTTC AGCAGGAGTT 

1301 CACTTTTAAG TGTCTATGCA GACATGTCAG TAACCTGCAA GGAATACTAT 

1351 GACCCAAACC GTTCAATGCT GGAGTTGGTC TTTGCTCCTG CAGACGAATG 

1401 GATTGGTCGA AGTGACACTG AAATCATCGA TGCAACTATG GAAGAGCTAG 



1451 

1501 

1551 

leoi 

1651 

1701 

1751 

1801 

1851 

1901 

1951 

CCAAGTTATT TCCTGATGAA ATTGCTGCTG ATCAGAGTAA AGCAAAGATT 

CTTAAGTATC ATATTGTGAA GACACCGAGA TCGGTTTACA AAACTGTCCC 

AAACTGTGAG CCTTGCCGGC CTCTCCAAAG GTCACCTATC GAAGGTTTCT 

ATCTAGCTGG TGATTACACA AAGCAGAAAT ACCTGGCTTC CATGGAAGGT 

GCAGTCCTAT CCGGGAAGCT TTGCGCCCAG TCCATTGTGC AGGATTATAG 

CAGGCTCACA CTCAGGAGCC AGAAAAGCCT ACAATCAGGA GAAGTTCCCG 

TCCCATCTTA GTTGTAGTTG GCTTTAGCTA TCGTCATCCC CACTGGGTGC 

TATCTTATCT CCTATTTCAA TGGGAACCCA CCCAATGGTC ATGTTGGAGA 

CAACACCTGT TATGGTCCTT TGACCATCTC GTGGTGACTG TAGTTGATGT 

CATATTCGGA TATATATGTA AAAGGATCTG CATAGCAATT GTTAGACCTT 

TGGGAAAGCA AAAGCGATAA AGAGATCTCA GAT$ 



Oregon) was screened using the PDS insert labeled with [a-32p]dCTP by 

random priming (Feinberg and Vogelstein, 1983). Eighty putative positives 

clones were isolated in the first screen, and a random subset of these were 

rescreened (secondary screen). Phagemids were excised from clones of the 

secondary positives, plasmid DNA was isolated, and sizes of clones were 

determined by restriction analysis and by PCR amplification of inserts. The 

sequence of the largest clone, PDS13 (2.0 kb), was determined for both strands. 

PDS13 is 1999 bp long and contains one open reading frame extending from 

an ATG start codon at position 46 to a TAG stop codon at position 1759. The 

PDS13 predicted protein was compared to several protein databases (Swiss 

prot, pir, spupdate, genpept, gpupdate, kabatpro, tfd, and palu databases, 

BlastX, Genetic Computer Group Network Service) and was found to be most 

similar to the PDS nucleotide and amino acid sequences of Capsicum annuum 

(pepper). Direct comparison of these two sequences with the GAP program 

(Genetic Computer Group Network Service) indicated that the nucleotide 

sequences were 68% identical and the amino add sequences were 86% similar 

and 77% identical (Fig 2-3). 

Conserved domains of the protein were determined by aligning the 

deduced PDS protein sequences oi Athanocapsa sp., Erzoinia herbicola, 

Synecocystis sp., Synechoccocus sp., tomato, pepper, soybean, Arabidopsis 

thaliana, narcissus, maize, Myxococciis xanthus, Rhodobacter sphaeroides, 

Strqjtomyces setonii and Cercospora nicotianae using the PILEUP program 

(Genetic Computer Group Network Service) (Fig 2-4). Among higher plants 

and cyanobacteria, the central 550 amino acids (begirming at position 111) 

were nearly identical, with only a few conserved amino acid substitutions. 



Fig 2-3. Comparison of the predicted PDS proteins from maize and pepper. 

The upper sequence corresponds to pepper PDS, the lower sequence to maize 

PDS. A solid line between the two sequences denotes identical amino adds 

and one or two dots indicate a conserved substitution (ie., two different basic 

amino acids). Two dots are used for commorUy observed conserved 

substitutions while one dot is used for less frequently observed conserved 

substitutions. An asterisk denotes the stop codon for each sequence. 



1 MPQIGLVSAVNLRVQGNSAYLWSSRSSLGTDSQDGCSQRNSLCFGGSDSM 50 

: . |  : |  :  1 - . : .  | | : : | .  
1 .MDTGCLSSMNITGASQT. . .RSFAGQLPPQR CFASSHYT 36 

51 SHRLKIRNPHSITRRLAKDFRPLKWCIDYPRPELDNTVNYLEAAFLSSS 100 

I  : |  - 1 1  :  - H - :  •  |  :  |  -  |  -  |  :  -  |  :  |  |  |  !  1  :  | | |  
37 SFAVKKLVSRNKGRRSHRRHPALQLSAKDFPSPPLESTINYLEAGQLSSF 86 

101 FRSSPRPTKPLEIVIAGAGLGGLSTAKYLADAGHKPILLEARDVLGGKVA 150 

87 FRNSERPSKPLQVWAGAGIiAGLSTAKYLADAGHKPILLEARDVLGGKVA 136 

151 AWKDDDGDWYETGLHIFFGAYPNMQNLFGELGINDRLQWKEHSMIFAMPN 200 

l l l h l l l l l l l l l l l l l l l l l h l l l l l l l  h l l l l l l l l l l M I I I I  
137 AWKDEDGDWYETGLHIFFGAYPNIQNLFGELRIEDRLQWKEHSMIFAMPN 186 

201 KPGEFSRFDFPEALPAPLNGILAILKNNEMLTWPEKVKFAIGLLPAMLGG 250 

M M M M M M - M l h l M H I h l M M I M I M M M M I I I h l l  
187 KPGEFSRFDFPETLPAPINGIWAILRNNEMLTWPEKVKFAIGLLPAMVGG 236 

251 QSYVEAQDGISVKDWMRKQGVPDRVTDEVFIAMSKALNFINPDELSMQCI 300 

M I I I I I | : - l - : | | : | | l l l l l l - l l l l i l l l M I I I I I I I I I I I I I I  
237 QPYVEAQDGLTVSEWMKKQGVPDRVNDEVFIAMSKALNFINPDELSMQCI 286 

301 LIALNRFLQEKHGSKMAFLDGNPPERLCMPIVEHIESKGGQVRLNSRIKK 350 

I I I I I I I I M I I M I M I I I I I I I i l l l l M h I l  h l h l M M M M  
287 LIALNRFLQEKHGSKMAFLDGNPPERLCMPrVDHIRSRGGEVRLNSRIKK 336 

351 lELNEDGSVKCFILNDGSTIEGDAFVFATPVDIFKLLLPEDWKEIPYFQK 400 

I I M - I I - I I  I  l - l l -  M l h l  l i l l l l M l h h : M I - I M  
337 lELNPDGTVKHFALSDGTQITGDAYVCATPVDIFKLLVPQEWSEITYFKK 386 

401 LEKLVGVPVINVHIWFDRKLKNTSDNLLFSRSPLLSVYADMSVTCKEYYD 450 

I I I I I I I M I I I I I I I I I I M I  h I M I I M I I I I I I I I I I I I I I M  
387 LEKLVGVPVINVHIWFDRKLNNTYDHLLFSRSSLLSVYADMSVTCKEYYD 436 

451 PNKSMLELVFAPAEEWVSRSDSEIIDATMKELAKLFPDEISADQSKAKIL 500 

l | : | | | | | | | | l h l | : : | | | - l l l l l l l - I I I I I I I I I M I I I I I I I I  
437 PNRSMLELVFAPADEWIGRSDTEIIDATMEELAKLFPDEIAADQSKAKIL 486 

501 KYHWKTPRSVYKTVPGCEPCRLLQRSPVEGFYLAGDYTKQKYLASMEGA 550 

l l h M I I I M I I I I M I I I I  l l l l h l l l l i l l l l l l l l l l l l l l l l  
487 KYHIVKTPRSVYKTVPNCEPCRPLQRSPIEGFYLAGDYTKQKYLASMEGA 536 

551 VLSGKLCAQAIVQDYELLVGRSQRKLAETSW* . . . 583 

l l l l l l l l l - l l l l l -  I -
537 VLSGKLCAQSIVQDYSRLTLRSQKSLQSGEVPVPS* 572 



55 
Fig 2-4. Comparison of the predicted PDS proteins from higher plants, 

cyanobacteria, bacteria, and fimgi. Sequences from Athanocapsa sp., Envinia 

herbicola, Synecocystis sp., Synecoccocus sp., Lycopersicon esciilentiim (tomato). 

Capsicum annuum (pepper). Glycine max (soybean), Arabidopsis thaliana, 

Narcissus pseiidonarcissus, Zea mays (maize), Myxococcus xanthus, Rhodobacter 

sphaeroides, Streptomyces setonii and Cercospora nicotianae were aligned using 

the Pileup program (Genetic Computer Group Network Service). 



Athanocapsa sp. 
E. herbicola 

Synecocystis sp. 
Synecoccocus sp. 

Tomato 
Pepper 
Soybean 

A. thaliana 

Narcissus 
Maize 

M. xanchus 

R. sphaeroides 
S. seconii 

C. nicotianae 

1 50 51 100 
MLPAVGVDRP VGRRLQLHAR VCQGIGVRSI AWSRVOAVAL LAWRDROAA VQTPRVGQHQ AWQRNRRRH VRRARQGVAD GRQHLGHARR AERDDLCVQE 

•MPQ IGLVSAVNLR 
.MPQ IGLVSAVNLR 
.MAA CGYISAANF. 
,MW FGNVSAANLP 
,MSI VGLVSWCPS 

VQGSSAYLWS 
VQGNSAYLWS 

NYLVG 
YQN..GFL.. 
GGIKKRYFSK 
..MDTGCLSS 

SRSSSLGTES RDGCLQRNSL CFAGSESMGH KLKIRTPHAT TRRLVK..DL GPLKWCIDY PRPELDNTVN 
SR.SSLGTDS QDGCSQRNSL CFGGSDSMSH RLKIRNPHSI TRRLAK..DF RPLKWCIDY PRPELDNTVN 
ARNISKFASS DATI SF SFGGSDSMGL TLRPAPIRAP KR..,N..HF SPLRWCVDY PRPELENTVN 

EAL SSGGCELMGH SFRVPTSQAL KTRTRRRSTA GPLQWCVDI PRPELENTVN 
G LDNFQ GFRSSECLGI QLQVPVPFYS GIR.,QSPRA TSLQWCKDC PRPELEGAVN 
MNITGASQTR SFAGQLPPQR CFASSHYTSF AVKKLVSRNK GRRSHRRH., PALQLSAKDF PSPPLESTIN 

101 150 151 200 
Athanocapsa sp. GGGDIEIQAL VRAFEQDGVE CELDPLALGL ADVSAAVGVI GQTGRRLQLL EFIGEDVHRQ AKTVRRPTQP GLIGGDGFGI ERQGLGLGED RGA....VEA 

E. herbicola MSQPPLLD HATQTMANGS KSFATAAKLF DPATRRSVLM LY TWCRHCD DVIDDQTHGF A,.,,SEA 
Synecocystis sp MRWIAGAGL AGLACA.KYL ADAGFTPWL ERRDVLGGKI AAWKDEDGD. .WYETGLHIF F GAY PNMLQLFKEL 
Synecoccocus sp MRVAIAGAGL AGLSCA.KYL ADAGHTPIVY ERRDVLGGKV AAWKDEDGD. .WYETGLHIF F GAY PNMLQLFKEL 

Tomato YLEAAFLSST FRASPRPTKP LEIVIAGAGL GGLSTA.KYL ADAGHKPILL EARDVLGGKV AAWKDDDGD. .WYETGLHIF F GAY PNIQNLFGEL 
Pepper YLEAAFLSSS FRSSPRPTKP LEIVIAGAGL GGLSTA.KYL ADAGHKPILL EARDVLGGKV AAWKDDDGD. .WYETGLHIF F GAY PNMQNLFGEL 

Soybean FVEAAYLSST FRASPRPLKP LNIVIAGAGL AGLSTA.KYL ADAGHKPILL EARDVLGGKV AAWKDKDGD. .WYETGLHIF F GAY PYVQNLFGEL 
A. thaliana FLEAASLSAS FRSAPRPAKP LKWIAGAGL AGLSTA.KYL ADAGHKPLLL EARDVLGGKI AAWKDEDGD, .WYETGLHIF F GAY PNVQNLFGEL 

Narcissus FLEAAQLSAS FRSSPRPEKG LEWWGAGL AGLSTA.KYL ADAGHKPILL ESRDVLGGKI AAWKDKDGD. .WYETGLHIF F GAY PNVQNLFGEL 
Maize YLEAGQLSSF FRNSERPSKP LQVWAGAGL AGLSTA.KYL ADAGHKPILL EARDVLGGKV AAWKDEDGD. .WYETGLHIF F GAY PNIQNLFGEL 

M. xant/ius MASEGGSV RHVIWGAGP GGLSAA.INL AGQGFRVTW EKDAVPGGRM KGLTLGASGE YAVDTGPSIL QLPGVLEQIF RRAARRLEDY 
R. sphaeroides MPSISPASDA DRALVIGSGL GGLAAA.MRL GAKGWRVTVI DKLDVPGGRG SSITQEG... HRFDLGPTIV TVPQSLRDLW KTCGRDFDAD 

S. setonii VITVKGPV DHWWGAGL AGLAAA.LHL LGAGRSVTW EQEGVPGGRA GLLETDG... FRVDTGPTVL TMPDLVEEAF AAVGEPMADR 
C. nicotianae MPSTSKR PTAIVIGSGV GGVSTA.ARL ARAGFHVTVL EKNNFTGGRC SLIHHEG... YRFDQGPSLL LLPGLFHRTF AELGTSLEQE 

Ol 
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Achanocapsa sp. 

E. herbicola 
Synecocystis sp, 
Synecoccocus sp. 

Tomato 
Pepper 

Soybean 
A. chalSana 

Narcissus 
Maize 

M. xanthus 
R. sphaeroides 

S. seconii 
C, nicocianae 

Achanocapsa sp. 

E. herbicola 
Synecocystis sp. 
Synecoccocus sp. 

Tomato 
Pepper 

Soybean 
A. chaliana 

Narcissus 
Maize 

M. xanchus 

R. sphaeroides 
S, seConii 

C. nicocianae 

201  
AAAIAGPRRD 
AAEEEATQR. 
DIEDRLQWKE 
NIEDRLQWKS 
GINDRLQWKE 

GINDRLQWKE 
GINDRLQWKE 
GINDRLQWKE 
GINDRLQWKE 
RIEDRLQWKE 
.VKLLPLDVN 
.VELKPIDPF 
•LELIRLDPA 
GVKLLKCEPN 

301 
RLLVQWVLG 
YVTFEDTLRY 
PRIEKEVFIA 
ERVNDEVFIA 
DRVTDEVFIA 
DRVTDEVFIA 

ERVADEVFIA 
ERVTDEVFIA 
DRVNDEVFIA 
DRVNDEVFIA 
FFHDDRVTYA 
RVKDERLRMA 
FVSDERLRRV 
YFWTERLRRV 

EDVQVRGKGV 

HSMIFNQPEK 
HSMIFNQPTK 
HSMIFAMPSK 
HSMIFAMPNK 

HSMIFAMPNK 

HSMIFAMPSK 
HSMIFAMPNK 
HSMIFAMPNK 

TRVHFWDGTH 
YEVRWPDGSH 
YRARFADGSQ 
YMIHFSIXSEK 

PGRIAGPVGV 
CYHVAGWGL 
MSKALNFIDP 
MAKALNFIDP 
MSKALNFINP 
MSKALNFINP 

MSKALNFINP 

MSKALNFINP 
MSKALNFINP 
MSKALNFINP 
LAYPSKYLGL 
LSFHPLFIGG 
FSFQALYAGV 
FTFGSMYMGM 

FGRDPTRHW 
LARLRTLTLA 
PGTYSRFDFP 
PGTYSRFDFP 
PGEFSRFDFS 
PGEFSRFDFP 
PGEFSRFDFP 
PGEFSRFDFP 
PGEFSRFDFP 
PGEFSRFDFP 
LDTTRHLDRM 
FTVRQSTEAM 
LDVHTDGAAM 
FTLSSDLSVM 

VLEGAVPDEG 
AFEGAEMQD. 
D.IPAPINGL 
D.IPAPINGV 
EALPAPLNGI 

EALPAPLNGI 

EVLPSPLNGI 
DVLPAPLNGI 
EVLPAPLNGI 

ETLPAPINGI 

EAELAKF.GP 
KAEVARL. SP 
EAAVEQFAGA 
KTEVEKWEGK 

250 
IGRGEGLGEG 

VAILRNNDML 
AAILSNNDML 
LAILKNNEML 
LAILKNNEML 

WAILRNNEML 

WAILRNNEML 
WAILRNNEML 
WAILRNNEML 

RQASALRQWM 

GDVAGYEKFL 
RQAVGYRRLR 
EGYTRYLEFL 

350 
EVDIVRDVEG AHDPVQTTW WAQTHFQRG 

DEISATILLT 
DEISATWLT 
DELSMQCILI 
DELSMQCILI 

DELSMQCILI 

DELSMQCILI 
DELSMQCILI 
DELSMQCILI 
HPTTCSSVFS 

DPFNVTSMYI 

PPARALAAYA 
SPFDAPGTYS 

ALNRFLQEKN 
ALNRFLQEKK 
ALNRFLQEKH 
ALNRFLQEKH 

ALNRFLQEKH 

ALNRFLQEKH 
ALNRFLQEKH 
ALNRFLQEKH 
VIP.FLELAF 

LVS.QLEKEF 

VIA.YMDTVA 
LLQ.YTELAE 

GSKMAFLDGA 
GSMMAFLDGA 
GSKMAFLDGN 
GSKMAFLDGN 

GSKMAFLDGN 

GSKMAFLDGN 
GSKMAFLDGN 
GSKMAFLDGN 
G...VWHVEG 

G, ..VHYAIG 
G...VYFPRG 
G,,.IWYPVG 

251 
RDAPRVQWV 

PAFA 
TWPEKIRFGL 
TWEEKIKFGL 
TWPEKVKFAI 
TWPEKVKFAI 
TWPEKVKFAI 
TWPEKIKFAI 
TWPEKVRFAI 
TWPEKVKFAI 
EDGRE.KYGI 
KDSEK.RYWF 
IWLER.LYRV 
KESHG.HYEL 

361 
LVQRLIGIEA 
MMARVMGVRD 
PPERLCQPLV 
PPERLCQPIV 
PPERLCMPIV 

PPERLCMPIV 

PPERLCMPIV 
PPERLCMPW 
PPERLCMPIV 
PPERLCMPIV 
GFRELSRGMM 
GVAAIAAAMA 
GMHALPRAMA 
GFHRWEALV 

APAEGRLVAG VTQTARQGQL VGQVIVD1J\. 
AFQEVALTHG ITPRMALDHL DG FA. 
GLLPAIVQG QS YVEEMDKYTW 
GLLPAMIRG QS YVEEMDQYSW 
GLLPAMLGG QS YVEAQDGISV 
GLLPAMLGG QS YVEAQDGISV 
GLLPAMLGG QP YVEAQDGLSV 
GLLPAMVGG QA YVEAQDGLSV 
GLLPAMVGG QA YVEAQDGLTV 
GLLPAMVGG QP YVEAQDGLTV 
AYQKFICTSA DNLGYYAPWR LAPTL.RFKP 
GYEDLGRRSM HKL..WDLIK VLPTFGMMRA 
QMRRFIDANF DSPFQLVHPD LAR.LAALGG 
SVREVLLRNF EGLTAMLRPE FLRHLLQLHP 

RGRIGRAVAV 
ERVLDRACDL 
DYITERGGEV 
EHVQARGGDV 
EHIESKGGQV 
EHIESKGGQV 

DYIQSLGGEV 
DHIRSLGGEV 
DHIQSLGGRA 
DHIRSRGGEV 
RCARDLGATF 
KVIEGQGGSF 
DAAADAGASF 
KIGEREGVDF 

ALHRASRALD 
GL AFQ 
HINKPLKEIL 
LLNAPLKEFV 
RLNSRIKKIE 
RLNSRIKKIE 

HLNSRIQKIE 

QLNSRIKKIE 
QLNSRLQKIE 
RLNSRIKKIE 
RMGTPVEKVR 
RMNTEVDEIL 
RYGQSVTRLE 
RMETAVKKIL 

VADHRQIQ.V 
LTN 
LNEDGSVKGY 
LNDDSSVQAF 
LNEDGSVKSF 
LNEDGSVKCF 
LNDDGTVKSF 
LNDDGTVKSF 
LNPDGTVKHF 
LNPDGTVKHF 
V..DAGR... 
V. .EKGT. . . 
R..SGDR... 
LSEDGGV.., 

300 
...EHGEAVA 
...MDVAQTR 
SEWMAKQNIP 
TEWLRKQNIP 
KDWMRKQGVP 

KDWMRKQGVP 
QEWMKKQGVP 
KEWMEKQGVP 
TEWMRRQGVP 
SEWMKKQGVP 
WQTLYRQLDG 
DRTVYQHAAL 
FGRLDARIGH 
FESIWTRAGK 

400 
lAQTMLQRRR 
lA R 
LIRGLDGAPD 
RIAGIKGQEE 
ILSD G 
ILND G 
LLNN G 
LLTN G 
VLGN G 
ALSO G 
.AVGVKLVGG 
.ATGVRLASG 
.VTAV.VTDQ 
.AKGVELEDG 
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Achanocapsa sp. 
E. herbicola 

Synecocyscis sp, 
Synecoccocus sp. 

Tomato 
Pepper 

Soybean 
A. chaliana 

Narcissus 
Maize 

M. xanthus 
R. sphaeroides 

S. setonii 
C. nicotianae 

Aehanocapsa sp. 

E. herbicola 
Synecocyscis sp. 
Synecoccocus sp. 

Tomato 
Pepper 

Soybean 
A. Chaliana 

Narcissus 
Maize 

M. xanchus 
R. sphaeroides 

S. seConii 
C. nicocianae 

401 450 451 
HAIDVDAMG RI LRRIE LVRVWLARI GDIAVQRRRD IWLARVAP. 
DIIDDAAID RC YLPAE WLQDAGLTPE NyAA...REN RAALARVAER 
EVITADLYVS AMPVDP.LKT MVPAPWRE YPE FKQIQGLEGV PVINLH.LWF DRKLTDI. DH 
QLIEADAYVS ALPVDP.LKL LLPDAWKA MPY FQQLDGLQGV PVINIH.LWF DRKLTDI,DH 
SAIEGDAFVF AAPVDI.FKL LLPEDWKE IPY FQKLEKLVGV PVINVH.IWF DRKLKNTYDH 
STIEGDAFVF ATPVDI.FKL LLPEDWKE IPY FQKLEKLVGV PVINVH.IWF DRKLKNTSDN 
KVMEGDAYVF ATPVDI. LKL LLPDNWKG IPY FQRLDKLVGV PVINVH.IWF DRKLKNTYDH 
STVEGDAYVF AAPVDI.LKL LLPDPWKE IPY FKKLDKLVGV PVINVH.IWF DRKLKNTYDH 
NIITGDAYW AAPVDI.LKL LLPQEWRE IPY FQKLDKLVGV PVINVH.IWF DRKLKNTYDH 
TQITGDAYVC ATPVDI.FKL LVPQEWSE ITY FKKLEKLVGV PVINVH.IWF DRKLNNTYDH 
EVLDADAVW NADLAYAARS LIPAEAREGS RLTDAALERA KYSCSTFMAY Y...GLDTVY ADLPHHLIYL SESARRTDRD 
EVLRAGLWS NADAGHTYMR LLRNHPR..R RWTDAHVKSR RWSMGLFVWY FGTKGTKGMW PDVGHHTIVN APRYKGLVED 
ERIACDAWL TPDLPVSYRL LGRSPHR PLPLR HSPSAVIL. . . .HAGTDRTW PNLAHHTISF GAAWKSTFHE 
RRLEADVWN NSDLVYAYEK LLPIKTPYA ESLKGR PGSCSSISFY W...ALDRQV PELEAHNIFL ADEYRESFDS 

501 550 551 
DSGPAGEQIL VAETFTAAR I DDGRNLGLGH AGDDRLEARQ 
QAGLHDLPPR CAWAIATAR SV YREIGIKVKA AGGSAWDRRQ 
TCREYSDPDK SMLELVLAP AQDW IGKSDEEIVA 
TCREYEDPDR SMLELVFAP AKDW IGRSDEDILA 
TCKEYYNPNQ SMLELVFAP AEEW ISRSDSEIID 
TCKEYYDPNK SMLELVFAP AEEW VSRSDSEIID 
TCKEYYSPNQ SMLELVFAP AEEW ISRSDDDIIQ 
TCKEYYDPNR SMLELVFAP AEEW ISRTDSDIID 
TCKEYYDPNR SMLELVFAP AEEW ISRSDSEIIE 
TCKEYYDPNR SMLELVFAP ADEW IGRSDTEIID 
VTDPSGAPAG HSTLYVLVPT PN TGRPV . DWVKTEQAL RERIPAMLEK 
ITDPTVAPEG DDTFYALSPV PHL KQAQPV .DWQAVAEPY RESVLEVLEQ 
ASDPSLAPPS KHLHYVLAPC PNT EVGPGV REWRELGPRY RDELLAELER 
RVDSTAAPEG KDSVWLVPV GHLLEEDRHA SQAHQLSASR NGHISSASPP DQPGLTPTEK QDWPAMISLA RKTILSTIQS 
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601 650 651 700 
Achanocapsa sp. TPTVSLRGPP TAASIAR* 

E. herbicola IRAKTTRVTP RPAGLWQRPV * 
Synecocystis sp. ARLLKSHWK TPRSVYKATP GRQACRPDQR TSVPNFYL AGDFTMOKYL GSMEGAVLSG KQCAQAIAAD 
Synecoccocus sp. ARLRKYKIVK TPLSVYKATP GRQQYRPDQA SPIANFFL TGDYTMQRYL ASMEGAVLSG KLTAQAIIAR 

Tomato AKILKYHWK TPRSVYKTVP GCEPCRPLQR SPIEGFYL AGDYTKQKYL ASMEGAVLSG KLCAQAIVQD 
Pepper AKILKYHWK TPRSVYKTVP GCEPCRLLQR SPVEGFYL AGDYTKQKYL ASMEGAVLSG KLCAQAIVQD 

Soybean AKILKYHWK TPRSVYKTVP NCEPCRPIQR SPIEGFYL AGDYTKQKYL ASMEGAVLSG KLCAQAIVQD 
A. Cbaliana AKILKYHWK TPRSVYKTIP NCEPCRPLQR SPIEGFYL AGDYTKQKYL ASMEGAVLSG KFCSQSIVQD 

Narcissus AKILKYHWK TPRSVYKTIP DCEPCRPLQR SPIEGFYL AGDYTNQKYL ASMEGAVLSG KLCAQSIVQD 

Maize AKILKYHIVK TPRSVYKTVP NCEPCRPLQR SPIEGFYL AGDYTKQKYL ASMEGAVLSG KLCAQSIVQD 
M. xanchus WRDDFNVFRG AVFNLSHTWL QLGPLRP KV KNRDIEGLYF VGGGTHPG,. SGLLTIMESA NIAADYLTRE 

R. sphaeroides FRDRYLSPWG AGFSIEPRIL QSAWFRP HN ISEEVANLFL VGAGTHPG.. AGVPGVIGSA EVMAK.LAPD 
S. setonii WTAQGHAA.G TPFSVAHTFP QTGPFRP GN LVRGTVNAVL AGCGTTPG.. VGVPTVLISG KLAAQRIT.G 

C. nicotianae WKQTFNLDRG AILGLSHSFF NVLCFRPTTR ARKPGAFDAQ LLKFGVLGRA AEVIIDAFRG RGKDIKGLYM VGASAHPG.. TGVPICLAGG ALVAEQICGD 

701 750 751 
Achanocapsa sp 

E. herbicola 
Synecocystis sp. FNP.QTVPPT REIVTVG" 
synecoccocus sp, QDELQRRSSG RPLAASQA* 

Tomato YELLVGRSQK .KLSEASW* 
Pepper YELLVGRSQR .KLAETSW" 

Soybean SELLATRGQK .RMAKASW* 
A. Chaliana YELLAASGPR .KLSEATVSS S* 

Narcissus YELLVRRSKK ASTAEMTW* 
Maize YSRLTLRSQK SLQSGEVPVP S« 

M. xanchus AGKG PLPGW PYVPPLEPES PVQARAG* 
R. sphaeroides APRA RREA EPAE RLAAE* 

S. seconii PPPF RDPAR EVLSHDRP* 
C. nicotianae YGVDIPWKEE ERKGRDVGGK RKLDVLESPM WLDSWEQWVS VLIYLLVGIF AWLWMKFR* 



The NH2-tenninal region, between amino adds 1 and 96 (maize), contained 

fewer identical amino adds and a greater number of conserved substitutions 

relative to the central domain among plant spedes. This domain is absent 

from PDS sequences of non-chloroplast-containing spedes, induding 

cyanobacteria, fungi, and bacteria. The COOH-terminus was not conserved 

between any of the species examined. 

Since PDS is required for carotenoid biosynthesis, the maize clone 

should be expressed in tissues contairiing these pigments. Moreover, if 

transcript levels correlate with carotenoid levels, it would suggest that PDS 

might be important in their regulation. To determine whether PDS is 

expressed in these tissues, steady-state trai\script levels were determined in 

maize tassels, leaves, immature ears, seeds, shoots and roots by RNA 

hybridization analysis. Carotenoids accxmiulate in tassels, leaves and 

immature ears and to a lesser extent, seeds and shoots, while roots have 

extremely low levels (Neill et al., 1986 and Parry et al., 1992). Total RNA (20 

|ig) from each tissue was denatured, fractionated by agarose gel 

electrophoresis, transfered to a membrane and incubated with the PDS cDMA 

insert labeled with [a-32p]dCTP. A single 2.5 Kb transcript was detected in all 

tissues examined (Fig 2-5). A portion of the 18S rRNA from maize was 

amplified using primers from a conserved domain of the RNA (gift of M. 

Hammer, University of Arizona). To determine relative levels of total RNA in 

each sample, the labeled PDS insert was removed and the membrane was 

reincubated with a labeled fragment of the IBS rRNA. Corrected PDS 

transcript levels were highest in leaves and immature ears, intermediate in 

tassels and shoots, and lowest in seeds and roots. 



Fig 2-5. PDS transcript levels in maize tissues. Steady-state transcript levels 

were determined in tassels, leaves, immature ears, seeds, shoots and roots by 

RNA hybridization analysis. To determine relative levels of total RNA from 

each tissue, 18S rRNA levels were also determined for each samples. 
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Discussion 

A full-length cDNA from maize with 86% amino acid similarity to PDS 

from pepper was cloned (Figs 2-2,2-3). This high degree of similarity 

indicated that PDS13 encodes maize PDS. The alignment of predicted protein 

sequences from maize and other available PDS sequences identified three 

general regions within the primary structure (Fig 2-4). A conserved central 

domain of 550 amino acids was present in chloroplast-containing species and 

cyanobacteria. This domain showed the highest degree of similarity and may 

contain the enzymatic activity. The function of PDS enzymes is relatively well 

cor\served; all higher plant and cyanobacterial enzymes studied to date use 

the substrate phytoene and convert it to ̂ -carotene through two sequential 

desaturation steps (Linden et al., 1991). Thus, it is likely that the functional 

domain of the protein has changed minimally as new species evolved. 

The COOH-terminal region was not conserved between any of the 

species examined and may contain important regulatory domains. The 

regulation of carotenoid and ABA biosynthesis appears to differ considerably 

among species (for review, Sandmann, 1994). For example, during tomato 

fruit ripening the intermediates lycopene and p-carotene accumulate along 

with a ten-fold increase in PDS steady-state transcript levels (Pecker et al., 

1992, Giuliano et al., 1993). Pepper fruit ripening also results in increased 

carotenoid pigment levels; however, the PDS er\zjnne activity increases rather 

than transcript levels (Hugueney et al., 1992). To achieve these differences, 

regulatory regions of the protein may be less coriserved among species. 

In chloroplast containing species, the protein included an additional 96 

amino acids at the NH2-terminus while cyanobacteria, bacteria and fungi 



lacked this domain. In plants, PDS is a nuclear-encoded protein which is 

localized to the chloroplast (Schmidt et al., 1989 and Scolnik, 1987). The 

soybean PDS is synthesized as a precursor with an NH2-terminal transit 

peptide that is cleaved upon import into the chloroplast (Bartley, 1991). This 

less-conserved NH2-terminal domain of maize PDS likely contains a plastid 

transit peptide. 

A single 2.5 Kb PDS transcript was detected in tassels, leaves, immature 

ears, seeds, shoots and roots (Fig 2-5). A general correlation between 

carotenoid content and PDS transcript levels was observed, suggesting that 

regulation of PDS may be important for controlling carotenoid and 

potentially, ABA biosjmthesis in maize. 



CHAPTER m 

PDS TRANSCRIPT AND PROTEIN LEVELS DURING SEED 

DEVELOPMENT 



Introduction 

The maize seed is composed of two genetically distinct tissues 

enclosed in the maternally-derived seed coat (pericarp). The embryo is the 

precursor of the seedling and contains all the information necessary to 

form the mature plant. The endosperm surrounds the embryo and 

nourishes the seedling during germination until it is capable of 

photosynthesis (for detailed reviews see Randolf, 1936, Keisselbach, 1949, 

Abbe et al., 1954, Sheridan et al., 1987, de Jong et al., 1993, West and Harada, 

1993 and Goldberg et al., 1994). The unique roles of these two seed tissues is 

achieved in large part through differences in their development. An 

important difference between these two tissues is the timing and levels of 

ABA accumulation. While ABA levels fluctuate as the embryo ages, in the 

endosperm levels are highest during maturation and decline throughout 

the rest of development (Fig 1-4). At all developmental stages, ABA levels 

are much lower in the endosperm than in the embryo (Moore, 1995). 

Clearly, ABA must be regulated differently in these two tissues. 

To begin to understand whether the regulation of ABA biosynthesis 

is an important factor determining ABA levels in the seed, the approach 

taken was to examine the expression of an ABA biosynthetic enzyme, 

phytoene desaturase (PDS), in the embryo and endosperm. PDS, which 

catalyzes the conversions of phytoene to phytofluene to (^-carotene (Fig 1-2) 

(Linden et al., 1991), was chosen because it has been shown to catalyze a 

regulated step in some higher plant, cyanobacterial and fungal species 

(Bramley, 1985, Sandmaim et al., 1989, Pecker et al., 1992 and Giuliano et 

al., 1993). In these organisms, the levels of the PDS transcript (Giuliano et 



al., 1993) or enzyme activity (Hugueney et al., 1992) are regulated during, 

and correlate with, the accvimulation of carotenoids. For the cell to 

regulate another product of the carotenoid pathway (ABA), the simplest 

approach would be to use existing mecharusms and, if necessary, to 

elaborate upon them. Thus, Pds gene expression may also be regulated in 

order to control ABA levels. If regulation of PDS levels is important in the 

control of ABA accumulation, then a correlation between PDS and ABA 

levels in the two tissues might be expected. To test this hypothesis, the 

steady-state levels of the PDS transcript were determined in the embryo 

and endosperm. Due to the problems in measuring PDS activity directly, 

the PDS protein was analyzed in these tissues by immunoblot analysis, 

which may reveal changes in steady-state levels of the protein or 

posttranslational modifications to the protein. 

The developing seed receives ABA from two sources. From late 

embryogenesis until early maturation (8-14 days after pollination (DAP)) 

ABA produced in maternal tissues is imported into the embryo through 

the pedicel. The function of maternal ABA is unknown. Unlike maternal 

ABA, seed-derived (zygotic) ABA is specifically required for maturation 

and dormancy (Manglesdorf, 1930 and Robertson, 1952). Synthesis of 

zygotic ABA begins during maturation and levels in the embryo are 

maximal at the onset of seed dormancy (Zeevaart et al., 1988). Thus, to 

determine how ABA synthesis is regulated in the seed, experiments in this 

study focused on the maturation and dormancy phases of development 

(14-30 DAP). 



The site(s) of ABA synthesis within the seed are unknown. Since 

ABA is required for events in both tissues, it may be produced in both the 

embryo and endosperm. In this case, Pds would be expected to be expressed 

in both tissues. Alternatively, ABA may be produced in one tissue and 

imported into the other, and Pds should be expressed in only one tissue. 

Thus, from the examination of Pds gene expression in the embryo and 

endosperm, the general site of ABA biosynthesis may be determined. 



Results 

Plants from maize line FimkF (G4343) were self-pollinated for four 

generations to produce the inbred line used in these studies. To obtain 

staged embryo and endosperm tissue, seeds from field plants grown in 1991 

and 1993 were harvested 14 to 30 DAP, embryos and endosperm were 

dissected and frozen separately. It was not possible to isolate specific tissues 

earlier than 14 DAP due to the small size of the embryo. Seeds were 

harvested at 10 AM to avoid possible differences due to daily variation in 

metabolism. It was assumed that for one season, seeds harvested at a 

particular time point were all of the same stage. 

PDS transcript levels 

Total RNA was isolated from each tissue at each time point, 

quantitated spectrophotometrically and quality was determined by 

assessing intact ribosomal RNA. Equal amounts of total RNA for each 

time point were separated and transferred to membrane. To determine 

relative PDS transcript levels for each time point, membranes were 

incubated with the full-length PDS cDNA clone labeled with [^^pj-dCTP 

(Feinberg and Vogelstein, 1983), washed, quantitated using a beta-scope 

(Betagen) and then exposed to film. A portion of the 18S rRNA from 

maize was amplified using primers from a coriserved domain of the RNA 

(gift of M. Hammer, University of Arizona). Unequal sample loading was 

accounted for by removing the labeled PDS cDNA, reincubating the 

membrane with a labeled fragment of the 18S rRNA, quantitating rRNA 

levels and exposing the membrane to film. PDS transcript levels for each 
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time point were then normalized relative to the differences in 18S rRNA 

signal. 

In the endosperm, PDS transcript levels were highest at 14 and 16 

DAP and then for the most part declined over time (Figs 3-lA, 3-2) for both 

the 1991 and 1993 field series. The temporal pattern of PDS transcript 

levels correlated with ABA levels and appeared to correlate inversely with 

p-carotene levels. The p-carotene pigment is yellow (Goodwin, 1980 and 

Simcox et al., 1987) and increased in the endosperm throughout 

development (unpublished observation). 

In the embryo, PDS transcript levels were low and constant except at 

25 DAP, where levels appeared to decrease in the 1991 field (Fig 3-lB). This 

decrease was not significant when transcript levels were normalized to 18S 

rRNA levels (Fig 3-3). A comparison of normalized transcript levels in 

1991 and 1993 showed that the temporal patterns differed. In 1991, PDS 

levels remained constant xmtil day 30 when they were approximately 100% 

higher. In 1993, there was a sharp increase in levels between day 14 and 16 

followed by a decline until day 25; PDS levels at day 30 were approximately 

50% higher. The magnitude of these differences may be exaggerated by the 

method of data representation. Since transcript levels are relatively low in 

this tissue, small differences become inflated when the data is expressed as 

a percent of the value at one time point. Additionally, the sharp increase 

between days 14 and 16 was not seen in the embryos grown in 1991. 

To directly compare PDS transcript levels in the embryo and 

endosperm, PDS values were normalized and expressed as a percent of 



Figure 3-1. PDS transcript levels in maize endosperm and embryos grown 

in 1991. The upper panels show PDS steady-state trariscript levels from 14 

to 30 DAP. The lower panels show 18S rRNA levels, a marker for the 

amount of total RNA present in each sample. A, transcript levels in the 

endosperm. B, transcript levels in the embryo. 
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Figure 3-2. Normalized PDS transcript levels in maize endosperm grown 

in 1991 and 1993. Normalized PDS transcript levels were determined 

(described in Chapter VU) for endosperm grown in 1991 and 1993 from 14 

to 30 DAP. The first (14 DAP) time point was set at 100 percent and the 

percent values for the remaining time points were determined relative to 

this time point. 
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Figure 3-3. Normalized PDS transcript levels in maize embryos. 

Normalized PDS transcript levels were determined (described in Chapter 

VII) for embryos grown in 1991 and 1993 from 14 to 30 DAP. The first (14 

DAP) time point was set at ICQ percent and the percent value for the 

remaining time points were determined relative to the first time point. 
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levels in the endosperm at 14 DAP (Fig 3-4). Embryonic levels were 

constant over time and were as much as 7-fold lower than levels in the 

endosperm in contrast to higher ABA levels in the embryo. The spatial 

difference in transcript levels does correlate with p-carotene levels which 

are higher in the endosperm than in the embryo (unpublished 

observation). PDS levels in the embryo did not correlate with ABA levels, 

which fluctuate over time and are much higher than in the endosperm. 

The apparent constitutive expression of PDS in the embryo was seen in 

both the 1991 and 1993 field series. 

PDS protein levels 

To determine whether PDS is regulated posttranscriptionally during 

seed development, a polyclonal antibody to a portion of maize PDS fused 

to the £. coli pel b leader sequence (amino terminal) and a carboxyl 

terminal histidine repeat (six) was generated in chickeris and in rabbits 

(described in Chapter VII). PDS is localized to the chloroplast thylakoid 

membrane in spinach and tobacco (Linden et al., 1993). Because plant PDS 

proteins appear to be well conserved over a large span (-80%) of the 

protein, maize PDS also is likely to be localized to plastid membranes. To 

enrich for PDS in maize, plastid membrane-enriched fractions were 

isolated from leaf and seed tissues and protein concentrations were 

determined (see Chapter VII). Leaf tissue was used to determine antibody 

specificity first because it is expected to contain the highest levels of PDS 

protein since PDS transcript levels are highest in this tissue (Chapter 11, Fig 

2-5). 



Figure 3-4. Normalized PDS transcript levels in maize embryos and 

endospenn. Normalized PDS transcript levels were determined (described 

in Chapter VII) for embryos and endosperm grown in 1991 and 1993 from 

14 to 30 DAP. To compare relative levels of the PDS transcript in the 

embryo and endosperm, embryonic levels were expressed relative to 

endosperm levels. The first endosperm (14 DAP) time point was set at 100 

percent and the percent values for the remaining endosperm time points 

and all embryo time points were determined relative to this time point. 
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Equal amounts of leaf or seed total or plastid membrane proteins 

were separated by SDS-PAGE and transferred to membranes. Membranes 

were incubated with either total antibody or antibody purified against the 

fusion protein. To visualize immunoreactivity, membranes were 

incubated with an anti-IgY antibody (antibody specific for IgG-like chicken 

antibodies) conjugated to horseradish peroxidase and developed using 

chemiluminescent reagents (ECL, Amersham). Antibody specificity to the 

PDS protein was determined by preincubating the antibody with fusion 

protein (0-10 |ag) and testing whether this pretreatment could reduce 

reactivity to a specific protein from leaf and seed extracts. The antibody 

made in chickens did not detect a PDS-specific protein from either total cell 

or plastid membrane extracts of leaf or seed tissues. In these experiments, 

the chicken antibody recognized the fusion protein while the preimmune 

did not. A single 80 kDa pol5^eptide was detected in plant leaf, embryo and 

endosperm extracts; however, this protein could not be shown to 

correspond to PDS. In addition to being much larger than the expected 

protein (65 kDa precursor, 55 kDa mature protein, PeptideSort, Genetic 

Computer Group Network Service), reactivity to the 80 kDa protein could 

not be prevented by pretreating the antibody with excess fusion protein. 

The antibody made in rabbits was affinity purified against the PDS 

fusion protein. The purified antibody reacted to a 55 kDa protein in leaf 

plastid membranes and the reactivity could be prevented by increasing 

amounts of fusion protein (Fig 3-5). This antibody detected a 55 kDa and a 

68 kDa PDS-specific protein, and two additional proteins not specific for 

PDS from seed tissues (Fig 3-6). As mentioned previously, the expected 



Figure 3-5. Immimoblot analysis of PDS from maize leaves. Three 

samples of maize leaf membranes (75 (ag) (isolation described in Chapter 

Vn) and purified maize fusion protein (25 ng) were separated by 

polyacrylamide gel electrophoresis and transferred to membranes. 

Membranes were treated with a polyclonal antibody that was affinity 

purified against the fusion protein (affinity purified antibody) and that had 

been preincubated with or without the PDS fusion protein. A, Membrane 

incubated with the affinity purified antibody alone. B, Membrane 

incubated with the affinity purified antibody that was pretreated with 1 |ag 

fusion protein. C, Membrane incubated with the affinity purified antibody 

that was pretreated with 3 |ag fusion protein. 
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Figure 3-6. Immunoblot analysis of PDS from maize leaf, embryo and 

endosperm plastid-enriched membranes. Three samples of maize leaf, 

embryo and endosperm membranes (75 jig) (isolation described in Chapter 

Vn) and purified maize fusion protein (25 ng) were separated by 

polyacrylamide gel electrophoresis and transferred to membranes. 

Membranes were treated with a polyclonal antibody that was affinity 

purified against the fusion protein (affinity purified antibody) and that had 

been preincubated with or without the PDS fusion protein. A, Membrane 

incubated with the affinity purified antibody alone. B, Membrane 

incubated with the affiiuty purified antibody that was pretreated with 3 ng 

fusion protein. 
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size of the precursor PDS protein, containing the transit peptide is 65 kDa 

while the mature protein is predicted to be 55 kDa. Analysis of the PDS 

protein in a mutant containing a defect at the Pds locus (described in 

Chapter IV) indicates that only the 55 kDa protein corresponds to PDS; the 

larger 68 kDa protein may cross-react due to similar epitopes. Since signal 

to the additional two proteins is not prevented by pretreating the 

antibodies with the fusion protein and both proteins are present in the vp5 

mutant, they likely correspond to non-PDS proteins. 

To determine PDS protein levels in maize embryos and endosperm, 

plastid membrane-enriched fractions were isolated from each tissue at each 

time point and quantitated. Equal amounts of protein were separated, 

transferred to membrane and incubated with the affinity purified antibody. 

Relative PDS protein levels were determined for each time point as 

described previously, using the rabbit-generated antibody. To ensure that 

the chemiluminescent detection was linear, antibody reactivity to a 

standard curve of known concentrations of fusion protein was determined 

as described above. Detection was in the linear range from 5 to 200 ng (data 

not shown). 

In the endosperm, PDS protein levels were constant from 14 to 30 

DAP and were between 25 and 50 ng per 75 |ag of membrane protein for the 

1991 field series (Fig 3-7A). For the 1993 field series, levels increased 

slightly after 14 DAP and remained high through 30 DAP, also between 25 

and 50 ng per 75 ^g of membrane protein. The temporal pattern of PDS 

protein levels did not correlate with ABA or transcript levels. 



In the embryo, PDS protein levels were lower (between 5 and 25 ng 

per 75 |ig membrane protein) than in the endosperm at all time points (Fig 

3-7B). Like the spatial difference in transcript levels in these two tissues, 

the difference in protein levels correlated with p-carotene accumulation. 

Protein levels generally declined from 14 to 30 DAP. 



Fig 3-7. PDS protein levels in maize endosperm and embryos grown in 

1991. PDS steady-state protein levels from equal amounts of plastid 

membrane-enriched protein from 14 to 30 DAP in the endosperm, A and 

the embryo, B. 
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Discussion 

ABA has unique roles in the development of the embryo and 

endosperm and its accumulation is regulated differently in these tissues. 

An important question is whether the development of these two tissues is 

autonomous. If ABA is produced in the endosperm and imported into the 

embryo, for example, it would suggest that the development of the embryo 

is dependent upon the developmental accxxmulation of ABA in the 

endosperm. Experiments in which the early embryo is excised from the 

endosperm and cultured with or without ABA (Robichaud, 1980) indicate 

that the embryo requires an exogenous source of ABA for dormancy. Since 

ABA is a diffusible molecule, in these experiments it is not clear whether 

ABA is not produced in the embryo or it is produced, but is leached away, 

and thus is required in the culturing medium. 

The Pds gene is expressed in both the embryo and endosperm at the 

transcript and protein levels throughout seed development. This data is 

the first molecular indication that the carotenoid and ABA pathway is 

functioning in both tissues and that ABA may be produced in both tissues 

independently. However, it is still possible that ABA is mobilized between 

tissues. To directly test this possibility, ideally Pds expression could be 

repressed in each tissue independently and the development of the seed 

and tissue-specific ABA levels monitored. If the embryo and endosperm 

develop autonomously, orUy the development of tissue in which Pds gene 

expression is repressed would be expected to be affected, with decreased 

levels of ABA. These experiments could be done using antisense 



constructs with embryo or endosperm-specific promoters, when maize 

transformation becomes routine. 

PDS transcript and protein levels were consistently higher in the 

endosperm than in the embryo, an inverse correlation with relative ABA 

levels in these tissues. If PDS does regulate the spatial differences in ABA 

accumulation, it must be through modulation of PDS activity that is not 

detected through immunoblot analysis. If an activity assay in maize could 

be formulated, this would be an interesting avenue to explore given that 

the activity is regulated in other systems. PDS activity may correlate with 

ABA accxmiulation due to modifications to the protein, for example 

through phosphorylation, or by interactioris with other proteins or 

metabolites that stimulate or repress activity (further discussed in Chapter 

V). 

A more likely possibility is that PDS does not directly regulate ABA 

levels; instead, it may regulate synthesis of a pool of carotenoid 

intermediates which is converted to ABA through the control of 

subsequent enzymes in the pathway. There are several intermediates 

between phytoene (the substrate for PDS) and ABA (Fig 1-2). Studies of 

carotenoid biosynthesis in the maize seed indicate that p-carotene is a 

major pigment accumulated (Goodwin, 1980); PDS might be responsible for 

regulating the accumulation of this intermediate. The temporal 

accumulation of carotenoid intermediates has not been determined during 

seed development; however, in the seed PDS and P-carotene levels 

correlate in a spatial manner. Embryonic transcript and protein levels 

were lower than in the endosperm from 16 to 30 DAP, which includes 



most of maturation and all of dormancy, and P-carotene levels 

(determined visually by the acciimulation of yellow pigment) are also 

lower in the embryo (vmpublished observations). In contrast, ABA levels 

are much greater in the embryo than in endosperm. 

The elevated levels of PDS transcript and protein may reflect a need 

for higher levels of p-carotene in the endosperm. The physiological 

function of carotenoid pigments in non-chloroplast-containing tissues is 

unknown and has been hypothesized to be involved in the attraction of 

birds and insects for seed dispersal or pollination, p-carotene itself 

provides the yellow pigment of the seed (Goodwin, 1980) and higher levels 

in the endosperm, which is visible in the intact seed, may be important for 

attracting aiumals. Alternatively, higher levels of ABA may actually be 

produced in the endosperm but never accumulate due to immediate 

mobilization to the embryo. Thus, the endosperm may require more 

precursors for the synthesis of ABA. 

In the endosperm and the embryo, the temporal patterns of PDS 

transcript and protein levels did not correlate with ABA accumulation. 

While transcript levels in the endosperm declined from 20 to 30 DAP, 

reminiscent of the pattern of ABA accumulation in this tissue, protein 

levels remained high. In the embryo, transcript levels were low and 

constant and protein levels declined while ABA levels fluctuated from 14 

to 30 DAP. If PDS regulates the accumulation of ABA in the seed, it must 

be at the level of its activity. Since the temporal accumulation of 

carotenoid intermediates has not been determined during seed 

development, it is unknown whether there is a temporal correlation 



between PDS levels and those of |3-carotene or other intermediates in the 

pathway. 

PDS steady-state transcript and protein levels are regulated 

differently in both the embryo and endosperm. In the endosperm, the 

decline in transcript levels does not result in decreased protein levels, 

suggesting that the protein may be relatively stable in this tissue. In 

contrast, in the embryo the transcript levels are constant while protein 

levels decrease, indicating that the protein may become relatively unstable 

during dormancy. These tissue-specific differences in the regulation of 

PDS may also reflect different roles of carotenoids or ABA in the two 

tissues. 

The control of ABA accumulation likely results from the sum of 

many regulated steps in the pathway. A logical next step toward 

xmderstanding this regulation is the analysis of pathway intermediate 

levels over time in the embryo and endosperm by quantitative HPLC. If 

PDS levels control the synthesis of an intermediate like P-carotene, then 

the levels of PDS and that specific intermediate should be correlated. This 

kind of analysis of the dynamics of pathway intermediates would reveal 

additional accumulated intermediates that have not been detected by 

looking at individual time points (Neill et al., 1986), and potential 

regulated steps might be identified. In addition, this information could be 

used to develop enzyme assays for PDS and other enzymes in the pathway 

in maize. 

To more directly test whether regulation of PDS is important for 

ABA or carotenoid accumulation, one experiment would be to manipulate 



PDS levels in vivo and determine the effect on ABA and carotenoid levels. 

Specifically, if PDS could be overexpressed and underexpressed through 

antisense in the maize seed, carotenoid and/or ABA levels would be 

expected to be higher and lower, respectively, than normal. 

Transformation of maize is not yet routine, but it may be possible to test 

this prediction by transient expression assays using particle bombardment 

of embryo and endosperm protoplasts. If PDS can be shown to be 

important in the regulation of ABA, similar experiments altering PDS 

levels in a tissue-specific and temporal maimer would enable us to 

determine when zygotic ABA is important and what its specific roles are in 

the embryo versus the endosperm. 



CHAPTER IV 

THE VPS LOCUS ENCODES PDS 



Introduction 

When this study began, there were several compelling reasons for 

thinking that the regulation of PDS might be important for controlling ABA 

accumulation in seeds. As described previously, PDS was known to be 

involved in regulated carotenoid accumulation in other organisms and in 

other tissues. More importantly for these studies, three maize mutants 

showed phenotypes consistant with a defect in one or both steps catalyzed by 

PDS. Based on their phenotypes, the wild type proteins encoded by these 

mutant genes might be the PDS enzyme itself. If it could be demonstrated that 

one of these loci encodes PDS, then the mutant phenotype would indicate that 

a single Pds locus is involved in ABA accumulation in maize. Alternatively, if 

more than one locus encodes PDS, then those enzymes must be regulated 

differently (temporally or spatially) since each mutant has a phenotype. This 

potential regulation would also support the hypothesis that regulation of PDS 

is important for ABA accumulation. 

The viviparoiis-5 (vp5), viviparous-2 (vpl) and white-3 {w3) mutants 

accumulate the substrate phytoene, and zu3 additionally accumulates low 

levels of phytofluene (Robertson, 1975). These mutants are disrupted in the 

steps catalyzed by PDS, and as a result, have defects in specific physiological 

processes. Normally, in leaf tissue the p-carotene pigment prevents oxidation 

of the photosystems by excess light (Siefermann-Harms, 1987); it is the major 

photoprotective pigment in plants (Goodwin, 1980). Homozygous vp5, vp2 

and w3 mutants have lower levels of this pigment because they are blocked at 

earlier steps in the pathway and consequently, seed tissues are white or pale 

yellow. Each of these mutants is also deficient in the accumulation of ABA 



necessary for dormanq^ (Robertson, 1975). As a result, ijpS, vp2 and w3 are 

viviparous, germinating prematiirely on the ear. Although the homozygous 

vp5, vp2 and iu3 mutant seeds germinate, seedlings survive no more than two 

weeks due to photooxidative damage that cannot be prevented without 

sufficient levels of p-carotene. 

The phenotypes of these mutants are similar, but can be distinguished. 

Mutant vp5 leaf and seed tissues accumulate negligible amounts of carotenes 

other than phytoene and are very white, suggesting that the desaturation 

reaction is nearly completely inhibited. In contrast, vp2 and w3 seeds are 

visibly pale yellow due to the accximulation of low levels of p-carotene, 

indicating that the defect does not block phytoene desaturation as completely 

as in vp5. In addition, not every mutant seed exhibits vivipary. In the vp2 

mutant, the PDS enzyme may be partially functional or reduced levels may 

accumulate giving rise to some seeds that exhibit dormancy. The vp5 vivipary 

phenotype is more penetrant than that of vp2 and w3: a higher percentage of 

vp5 seeds exhibit vivipary, perhaps resulting from lower endogenous ABA 

levels than in vp2 and w3. These subtle differences in the phenotypes of vp5, 

vp2 and iu3 suggest that each affects the PDS-catalyzed reaction differently, 

resulting in differences in ABA accumulation. 

The initial goal of this section was to identify the gene or genes that 

may encode PDS by genetic mapping. PDS would be expected to map to the 

same genomic location(s) as the locus or loci that encode it. If these PDS-

linked loci encode PDS, they would also be expected to have an altered Pds 

allele, an altered transcript and an altered protein. These differences might be 
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detected by DNA and RNA hybridization analysis and by immunoblot 

analysis, respectively. 



Results 

Genetic mapping 

To determine whether PDS is encoded by the wild type vp5, vp2 or w3 

genes, the full-length PDS cDNA was genetically mapped to the maize 

genome using recombinant inbred lines by Dr. Tim Helentjaris (Tucson, 

Arizona). Inbred lines were generated previously (Burr et al., 1988) by cross-

pollinating two inbred parental lines and self-pollinating the resulting F1 

plants for six generatioris. PDS was mapped by determining a polymorphism 

between the parental lines and subsequently determining which parental 

allele is present in each recombinant inbred. To do this, genomic DNA was 

isolated from parental and recombinant inbred lines and cut with restriction 

erizymes. These DNA fragments were separated by agarose gel 

electrophoresis, transferred to a membrane and incubated with a radioactively 

labeled fragment of the PDS cDNA. Membranes were then exposed to film 

and the PDS-specific fragments were identified. Fragment length differences 

(polymorphisms) identified between the parental lines were determined for 

each recombinant inbred line and this pattern of polymorphisms was 

compared to a database of previously mapped genes and markers. PDS 

mapped to a single locus within three map units of vp5. Since vp5, vipl and zy3 

are on different chromosomes, PDS was unlinked to VTpl. and w3. These results 

suggest that PDS may be encoded by the wild type gene and the up2 and 

wS genes may encode regulators of PDS. 



Pds alleles in the vp5 mutant 

From the mapping data, vp5 may encode PDS or the vp5 and Pds loci 

may be tightly linked. To distingmsh between these possibilities, the Pds 

alleles in wild type and vp5 mutant tissues were compared by DNA 

hybridization analysis using fragments of the PDS cDNA as probes. If the vp5 

gene encodes PDS, then the vp5 phenot5^e should result from a defect in the 

Pds gene. Tissue for these experiments was generated by self-pollinating 

inbred Funk F plants for homozygous wild type tissue and self-pollinating vp5 

heterozygous plants for heterozygous vp5 and homozygovis vp5 mutant tissue. 

Genomic DNA was isolated from endosperm of the following genotypes: 

homozygous wild tjq^e (Funk F +/+/+), heterozygous vp5 (mixed pool of 

+/+/+, +/-vIvTpS and +/VTp^t vp5 which are phenotypically indistinguishable) 

and homozygous vp5 {vp5/vp5/vp5). DNA of each genotype was digested 

with restriction er\zymes (BamHI, HindUI, Hindlll and EcoRI, Hindlll and 

Aval, or HindHI and Rsal), separated electrophoretically in an agarose gel, 

transferred to membrane, and incubated with radioactively labeled fragments 

of the full-length cDNA (Fig 4-1). 

If the vp5 phenotype results from a mutation in Pds, then there may be 

restriction fragment length differences between wild tj^e and vp5 

homozygous mutant PDS DNA, arising from insertioiis, deletions or point 

mutations that disrupt restriction sites. To identify differences between the 

Pds alleles of the three genotj^es, membranes with BamHI-digested DNA 

were incubated with the full-length cDNA (Fig 4-2). BamHI does not cut 

within the PDS cDNA, so additional bands may reflect introns containing 

BamHI sites. A single polymorphism between wild type and mutant DNA 



Fig 4-1. Restriction map of maize PDS cDNA and fragments used for DNA 

hybridization. A, Restriction map of the 1999 bp cDNA with relevant 

restriction sites indicated. B, DNA fragments were derived from the full-

length cDNA by amplification with primers described in Figure 2-2, digesting 

with Hindin and Aval, or digesting with Hindin and EcoRI, respectively. 
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Fig 4-2. DNA hybridization of wild type (wt), heterozygous vp5 (ht) and 

mutant vp5 (m) genomic DNA digested with BamHI. Digesttd genomic 

DNA from endosperm was separated by agarose gel electrophoresis, 

transferred to membrane and incubated with the radioactively labeled full-

length PDS cDNA (Fig 4-1 A). Vft indicates the +/+/+ genotj^e, ht indicates 

+Ivp5lvp5 and +/+/vp5 genotypes and m indicates the vp5lvp5l vp5 

genotype. 
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was detected. A 9.6 kb fragment was present in homozygous wild type DNA 

and absent in homozygous mutant DNA and a 7.0 kb fragment was absent in 

homozygous wild tj^e and present in homozygous mutant DNA. Both 

fragments were present in heterozygous DNA. It is unclear whether this 

polymorphism is due to a 2.6 kb deletion or an insertion of unknown size 

containing a BamHI site. If such an insertion is present in intron sequence, the 

full-length cDNA fragment would be unable to detect the resulting intron 

fragment (Fig 4-3). 

To more precisely define the site of the polymorphism, membranes 

containing Hindlll-digested DNA were incubated with a 530 bp partial cDNA 

(Figs 4-1,4-4). Hindin does not cut within the PDS partial cDNA, additional 

bands may reflect introns containing HindlH sites or partial digestion due to 

methylation sensitivity. A single polymorphism between wild t5^e and 

mutant DNA was detected, indicating that the site of the mutation lies 

between the HindHI sites at positions 150 and 1160 bp on the cDNA map (Fig 

4-1). A 2.6 kb fragment was present in homozygous wild t)^e and absent in 

homozygous mutant DNA and a 2.4 kb fragment was absent in homozygous 

wild t3^e and present in homozygous mutant DNA. Both fragments were 

present in heterozygous DNA. It is unclear whether this polymorphism could 

be due to a deletion (200 bp) or an insertion. Since the predicted deletion sizes 

differ between the BamHI and HindHI digested DNA, either two events have 

occurred (for example, a deletion and an insertion, two deletions or two 

insertions) or a single insertion event has occurred (Fig 4-5). 

If a single insertion event has occurred in the vp5 mutant, then it would 

be expected that the site of this mutation should map to a single site in the 



Fig 4-3. Intron insertion model. A, Hypothetical genomic DNA BamHI 

restriction map. B, cDNA fragments (probes) which only detect exon 

sequences. If intronic sequence contains an insertion with a BamHI restriction 

site and the intron itself has a BamHI restriction site, then hybridization with 

cDNA fragments (probes) would not detect an insertion. The resulting 

restriction fragment pattern would resemble a deletion. 
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Fig 4-4. DNA hybridization of wild type (wt), heterozygous vp5 (ht) and 

mutant vp5 (m) genomic DNA digested with Hindlll. Digested genomic 

DNA from endosperm was separated by agarose gel electrophoresis, 

transferred to membrane and incubated with the radioactively labeled 530 bp 

PCR fragment of the full-length PDS cDNA (Fig 4-1 B). Wt indicates the 

+/+/ + genotype, ht indicates +Ivp5/vp5 and +/+fvp5 genot3^es and m 

indicates the vp5/ vp5/ vp5 genotype. 
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Fig 4-5. Models for two events (insertion and deletion) or a single insertion. 

A, Hj^othetical genomic DNA BamHI and Hindin restriction map if an 

insertion and a deletion have ocaired. B, cDNA fragments (probes) which 

only detect exon sequences. If intronic sequence contains an insertion with a 

BamHI restriction site and the intron itself has a BamHI restriction site, then 

hybridization of BamHI-digested DNA with cDNA fragments (probes) would 

appear to detect a deletion (see Fig 4-3). If intronic sequence also contains a 

deletion and the intron has Hindlll sites that flank the insertion then 

hybridization of Hindlll-digested DNA with cDNA fragments (probes) would 

detect an insertion. C, Hypothetical genomic DNA BamHI and Hindin 

restriction map if a single irisertion has occured. B, cDNA fragments (probes) 

which orUy detect exon sequences. If intronic sequence contaiiis an insertion 

with BamHI and HindlH restriction sites and the intron itself has BamHI and 

Hindin restriction sites, then hybridization of BamHI- or Hindlll-digested 

DNA with cDNA fragments (probes) would appear to detect different-sized 

deletions. 
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cDNA. Alternatively, if two or more non-overlapping cDNA fragments 

identify polymorphisms between homozygous wild type and mutant DNA, a 

single insertion could not have taken place. Membranes with DNA digested 

with Hindin and Aval were incubated independentiy with a 550 bp Hindin+ 

Aval fragment of the cDNA and a 326 bp Aval fragment (Fig 4-1 and data not 

shown). Each cDNA fragment detected a polymorphism, suggesting that at 

least two events have occurred in the vp5 mutant. To rule out the possibility 

of an insertion directly into the Aval site at cDNA position 700, membranes 

with DNA digested with HindlH and EcoRI were incubated independently 

with a 460 bp Hindm+EcoRI fragment of the cDNA and a 420 bp EcoRI 

fragment (Fig 4-1 and data not shown). Again each cDNA fragment detected 

a polymorphism, indicating that multiple insertion and/or deletion events at 

the Pds locus result in the vp5 phenotype. 

PDS transcript in the vp5 mutant 

A prediction of the DNA hybridization analysis of the vp5 mutant is 

that the PDS transcript might also be altered in this mutant. If the mutant 

allele contaii\s multiple insertions or deletioris, the transcript size may differ 

from wild type, or steady-state levels may be low or non-existent due to 

message instability or a complete lack of gene expression. To determine 

whether the wild tj^e and mutant PDS transcripts differ, total RNA was 

isolated from 16 DAP endosperm of Funk F (wild type), heterozygous vp5 and 

homozygous vp5 genotypes. PDS tianscript levels were determined as 

described in Chapters EI and VII. A transcript of 2.5 kb was detected in 

homozygous wild type tissue but not in homozygoiis mutant tissue (Fig 4-6). 



Fig 4-6. RNA hybridization of wild type (wt), heterozygous vp5 (ht) and 

mutant vp5 (m) endosperm total RNA. RNA was separated by agarose gel 

electrophoresis, transferred to membrane and incubated with the radioactively 

labeled full-length PDS cDNA. indicates the +1+1+ genotype, ht indicates 

+/vp5lvp5 and +/+/vp5 genotypes andm indicates the vp5/vp5/-op5 

genotype. 



112 

3.0 Kb 
2.5 Kb 



113 

In homozygous mutant tissue but not in homozygous wild type tissue, a 

transcript of 3.0 kb was detected. Both transcripts were present in the 

heterozygote. The PDS trariscript length is increased in the vp5 mutant, 

suggesting that the vp5 phenotype is due to a mutation in the Pds gene. 

PDS protein in the vp5 mutant 

A prediction of the DNA and RNA hybridization analyses of the vp5 

mutant is that the PDS protein should also be altered in the vp5 mutant. Since 

the mutant allele appears to contain multiple insertions or deletioris, the 

protein may be larger or smaller or may contain a shift in reading frame. A 

frameshift could result in synthesis of a different polypeptide or a tnmcated 

protein due to a premature nonsense codon. Alternatively, the PDS protein 

may not be translated or may not accumulate (protein iristability) due to these 

mutations. To determine whether the wild tj^e and mutant PDS 

polypeptides differ, plastid-ermched membranes were isolated from 16 DAP 

endosperm of FurUc F, heterozygous vp5 and homozygous vp5 genotypes. 

Protein concentrations were determined (Lowry et al., 1951) and two samples 

of membrane protein (75 jig) from each genotype and the maize PDS fusion 

protein were separated by polyacrylamide gel electrophoresis. Separated 

proteins were transferred to membranes generating two identical protein 

blots. Blots were incubated with an anti-PDS antibody that was affinity 

purified against the PDS fusion protein (affinity purified antibody) with or 

without pretreatment with 3 i^g of fusion protein. A polypeptide of 55 kDa 

(predicted size of the mature maize PDS protein) was detected in homozygous 

wild type and heterozygous tissue, but not in homozygous mutant tissue (Fig 



4-7). The level of the 55 kDa protein was also reduced in the heterozygote 

relative to the wild type. Additional, larger pol5^eptides were present in all 

genotypes but orUy signals to the 55,68 and 100 kDa proteins were 

successfully competed away by preincubating the antibody with fusion 

protein. The immunoblot data indicates that the vp5 phenotype is due to the 

absence of the PDS protein. In addition, the observation that the 68 and 100 

kDa proteins are still present in the mutant suggest that they do not 

correspond to PDS. Because its signal is competed away with fusion protein, 

they may be related proteins, having epitopes that are shared with PDS. 



Fig 4-7. Protein immunoblot and antibody competition of wild tjrpe (wt), 

heterozygous vp5 (ht) and mutant vp5 (m) maize endosperm membrane 

fractions. Plastid membrane proteins and fusion protein were separated by 

polyacrylamide gel electrophoresis and transferred to membrane. A, 

membrane incubated with the affinity purified PDS antibody alone. B, 

membrane incubated with affinity purified PDS antibody that was pretreated 

with 3 |ig fusion protein. 
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Discussion 

PDS is encoded by a single gene at the vp5 locus. The vp5 mutant 

phenotj^e is precisely that which would be predicted for a mutant that has a 

defect in the PDS protein. The substrate phytoene is specifically accumulated 

in this mutant, and levels of the intermediate p-carotene and end product ABA 

are decreased. If maize PDS is essential for carotenoid and ABA biosynthesis 

as it is in other systems, then a PDS-deficient mutant would be expected to 

have white seed and leaf tissues and to germinate prematurely due to 

insufficient ABA acciunulation. Analysis of the Pds alleles in wild type and 

the vp5 mutant revealed multiple polymorphisms, indicative of changes at the 

Pds locxis which might have arisen from insertions or deletions. Because the 

vp5 mutation arose spontaneously, the kinds of mutations expected are small 

deletions or insertions, or insertions of transposable elements within coding 

sequences. Polymorphisms detected between genotj^es are not always 

indicative of mutations, especially in highly polymorphic organisms like 

maize. To ciroimvent this potential problem in the analysis of the vp5 mutant, 

vp5 has been inbred for several generations, selecting only for maintenance of 

the vp5 mutation which should reduce polymorphisms at all other loci. 

Nucleic acids were then isolated from seeds of self-pollinated vp5 

heterozygotes; phenotypically wild type and mutant seeds should differ 

mainly at the vp5 locus. 

The RNA phenotype of the vp5 mutant also suggests that Pds and vp5 

are one locus. In the mutant, the PDS transcript size is increased by 0.5 Kb. It 

is unclear whether this change is due to transcription of inserted sequence or 

altered processing of the message. Because the mutant allele appears to 
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contain mtiltiple mutations (insertions and/or deletions), the extra sequence 

in the transcript most likely results in a shift in reading frame either 

generating missense sequence (non-functional protein) or nonsense sequence 

(tnmcated protein). If the extra sequence does not disrupt the reading frame 

or contain a nortsense codon, it may interfere with the normal protein 

conformation. The absence of the protein in the vp5 mutant suggests that a 

frame shift has occurred resulting in either a different protein not recognized 

by the antibody (and not functional as PDS), an unstable protein or no protein. 



CHAPTER V 

THE ROLES OF SOME VIVIPAROUS MUTANTS IN ABA 

BIOSYNTHESIS 
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Infaroduction 

To understand how ABA levels are normally regulated during maize 

seed development, the expression of the ABA biosynthetic enzyme, PDS, has 

been examined in the embryo and endosperm (Chapter HI). These studies 

were carried out to test the hypothesis that if PDS is important in regulation of 

ABA acoomulation, then PDS levels should correlate with ABA accumulation 

in the seed. A second important prediction of this hypothesis is that improper 

regulation of PDS should result in changes in ABA acciunulation. This 

prediction may be tested and confirmed through the identification of mutants 

that are disrupted in the regulation of both PDS and ABA acciunulation. The 

existence of mutants with this phenotype would suggest that changes in levels 

or regulation of PDS results in altered ABA acciunulation. 

Several mutants deficient in ABA biosynthesis have been identified in 

maize, providing the means to determine whether altered regulation of PDS 

affects ABA accumulation and to identify the proteins and metabolites that 

could normally be involved in this regulation. Three viviparous mutants 

could be affected in the regulation of PDS (Fig 2-1) (Robertson, 1975), 

including vp2 and wS, which do not encode PDS (Chapter IV) but accumulate 

the precursor phytoene, and viviparous-7 {vp7), which accumulates the 

intermediate lycopene. Functions of the wild type proteins encoded by these 

genes are unknown. Each of these mutants could be disrupted in the proper 

regulation of PDS, through defects in factors that regulate PDS. 

The acaomulation of phytoene and phytofluene suggests that vp2 and 

zv3 could normally encode proteins involved in stimulating PDS levels or 

activity. Alternatively, one or both of these mutants could be defective in the 
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synthesis of the cofactor for the PDS enzyme, plastoqviinone (Norris et al., 

1995). These mutants provide the tools to determine if regulation of PDS is 

important in the accumulation of ABA. An ABA deficient mutant with a 

defect in regulation of PDS, wovdd demonstrate that regulation of PDS is 

essential for ABA biosynthesis and viability, supporting the hj^othesis that 

ABA accumulation is controlled through regulation of PDS. 

The third mutant, vp7, is defective in the cyclization of lycopene to P-

carotene and acciimulates high levels of lycopene (Fig 2-1) (Robertson, 1975). 

Seeds homozygous for ihevp? mutation also have decreased levels of ABA 

and germinate prematurely. Studies in a fungal system, Phycomyces 

blakesleeaniis, and the cyanobacterium, Anacystis, suggest that lycopene 

regulates PDS because PDS activity is repressed in vitro by lycopene 

(Bramley, 1985 and Sandmann, 1989). Lycopene could also regulate PDS 

during seed development, which would provide additional evidence that 

regulation of PDS is important for the normal accumulation of ABA during 

this time. Thus, the vp7 mutant serves as a tool for manipulating lycopene 

levels in vivo and testing whether these changes affect PDS levels. 

The goals of this section were to determine by RNA hybridization and 

immunoblot analysis whether vp2 or lycopene regulate PDS transcript or 

protein levels or posttranslational modificatior\s. The mutant zo3 was not 

available for this study. 
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Results 

Role of Vp2 

The preoirsor phytoene accumtilates in vp2 mutants indicating a block 

in desaturation and this defect results in decreased ABA levels and premature 

germination. This phenotype suggests that the wild tj^e protein encoded by 

this locus could positively regulate PDS. This protein may regulate PDS 

transcript levels by inducing transcription or stabilizing the transcript. 

Alternatively, the wild type VP2 protein could stimulate translation of PDS, 

stabilize the protein, ensure proper localization of the protein or stimulate 

er\zyme activity through posttranslational modifications. To begin to 

determine whether VP2 regulates PDS and at what level, PDS steady-state 

transcript levels, protein levels and protein sizes were determined in vp2 

mutant seeds. 

If the wild type VP2 protein induces Pds transcription or stabilizes the 

transcript, then steady-state transcript levels in the vp2 mutant should be 

lower than in wild type. To test this hypothesis, total RNA was isolated from 

14,16,18,25 and 30 DAP embryo and endosperm tissue of Funk F and 

homozygous mutant vp2 genotypes. PDS transcript levels were determined 

and normalized as described in Chapters HI and VII. A single transcript of 2.5 

Kb was detected at all time points and in both tissues (Fig 5-1). For each tissue 

and time point transcript levels did not vary significantly between wild type 

and mutant. 

If the wild type VP2 protein stimulates translation or stabilizes the PDS 

enzyme, then steady-state protein levels in the vp2 mutant should be lower 

than in wild type. Alternatively, if VP2 activates PDS through 



Fig 5-1. PDS transcript levels in wildtjrpe (wt) and mutant vp2 (m) maize 

embryos and endosperm. Total RNA was separated by agarose gel 

electrophoresis, trarisferred to membrane and incubated with the radioactively 

labeled full-length PDS cDNA. For embryo samples, ivt indicates +/+ and 

+/ x;p2 genotypes and m indicates the vp2/vp2 genotype. For endosperm 

samples, indicates +/+/+, -i-lvplf vp2 and +/+/vp2 genotypes and m 

indicates the vp2/vp2/vp2 genotj^e. 
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posttranslational modification, for example phosphorylation, then PDS 

protein sizes might be different in the vp2 mutant relative to wild type. To 

determine whether the PDS protein is regulated by the wild type vp2 gene 

product, PDS protein levels and sizes were determined as described in 

Chapters m and Vn and compared in wild type and vp2 mutant seeds. The 55 

kDa protein was detected in both tissues at all timepoints and levels did not 

vary significantly between wild type and mutant (Fig 5-2). All other proteins 

detected did not correspond to PDS on the basis of two criteria. Proteins 

either corresponded to those polypeptides that reacted non-specificaUy with 

the antibody in competition assays (see Fig 3-6) or corresponded to those that 

were present in the vp5 homozygous mutant, which has a defect at the PDS 

locus (Fig 4-7). 

Role of Lycopene 

Lycopene may negatively regulate PDS levels during maize seed 

development as it does in vitro in some fimgi and cyanobacteria (Bramley, 

1985 and Sandmarm, 1989). During maize seed development, lycopene may 

regulate PDS trariscript levels by repressing transcription or destabilizing the 

transcript. Alternatively, it may repress translation of PDS, destabilize the 

protein, prevent proper localization of the protein or inhibit enz5nne activity 

through posttranslational modifications. The maize vp7 mutant acaunulates 

increased levels of lycopene relative to wild tjq^e. To begin to determine 

whether lycopene regulates PDS and at what level, PDS steady-state transcript 

levels, protein levels and protein sizes were determined in vp7 mutant seeds. 



Fig 5-2. EDS protein levels in wildtype (wt) and mutant vp2 (m) maize 

embryos and endosperm. Plastid membrane-enriched proteins were 

separated by polyacrylamide gel electrophoresis, transferred to membrane 

and incubated with the affinity purified antibody. For embryo samples, wt 

indicates +/+ and +/vp2 genot5^es and m indicates the vpHvpl genotype. 

For endosperm samples, indicates +/+/+, +/vp2/vp2 and +/+ivp2 

genotypes and m indicates the vp2/up2/vp2 genotype. 
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If lycopene affects PDS transcription or message stability, steady-state 

transcript levels would be expected to be reduced in vp7 mutants compared to 

wild type. To test this hypothesis, PDS transcript levels were determined in 16 

and 25 DAP embryo and endosperm tissue of Fimk F and homozygous 

mutant x;p7 genotypes as described in Chapters IH and Vn. A single transcript 

of 2.5 Kb was detected at both time points and in both tissues (Fig 5-3). For 

each tissue and time point trariscript levels did not vary significantly between 

wild type and mutant. 

If lycopene inhibits translation or destabilizes the PDS protein, then 

steady-state protein levels in the vp7 mutant should be lower than in wild 

type. Alternatively, if lycopene inhibits erizyme activity through 

posttranslational modification, protein sizes might be different in the x;p7 

mutant relative to wild type. To determine whether the PDS protein is 

regulated by the lycopene, PDS protein levels and sizes were determined as 

described in Chapters DI and Vn and compared in wild type and vp7 mutant 

seeds. The 55 kDa protein was detected in the endosperm at all timepoints 

and levels did not vary sigruficantly between wild type and mutant at 14 and 

30 DAP (Fig 5-4). At days 16,20 and 25, PDS levels appeared slightly lower in 

the mutant, suggesting that lycopene may negatively regulate PDS steady-

state protein levels during the end of maturation and beginning of dormancy. 

All other proteins detected did not correspond to PDS on the basis of the 

criteria described previously (this chapter. Role of Vp2). 



Fig 5-3. PDS transcript levels in wildtype (wt) and mutant vp7 (m) maize 

embryos and endosperm. Total RNA was separated by agarose gel 

electrophoresis, trai\sferred to membrane and incubated with the radioactively 

labeled full-length PDS cDNA. For embryo samples, wt indicates +/+ and 

+/vp7 genotypes and m indicates the vp7/vp7 genotype. For endosperm 

samples, wt indicates +/+/+, +/vp7/vp7 and +/+/vp7 genotypes and m 

indicates the xnp7/vTp7/ vp7 genotype. 
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Fig 5-4. PDS protein levels in wildtype (wt) and mutant vp7 (m) maize 

endosperm. Plastid membrane-enriched proteins were separated by 

polyacrylamide gel electrophoresis, transferred to membrane and incubated 

with the affiiuty purified antibody, wt indicates +/+/+, +/vp7/vp7 and 

+/+/vp7 genotypes and m indicates the vp71vp71vp7 genotype. 



Days after pollination 

14 16 20 25 30 
wt m wt m wt m wt m wt m 



133 

Discussion 

The vp2 mutant phenotype indicates that like op5, its wild type gene 

product plays some role in the desaturation of phytoene to ̂ -carotene. Vp2 

does not encode PDS, since it is unlinked to the Pds locus. The observation 

that PDS transcript and protein levels are unchanged in vp2 mutant seed 

tissues also indicates that the wild type VP2 protein is not involved in the 

regulation of PDS steady-state transcript or protein levels. Instead, VP2 may 

regulate PDS activity through mechanisms that are not detected by 

immunoblot analysis. Regulation of PDS activity may be a more likely 

scenario since transcript and protein levels in wild type embryos (Chapter HI) 

did not correlate with ABA levels during development. 

It is also possible that VP2 is involved the sjmthesis of the PDS cofactor, 

plastoquinone. If this is the case, vpl mutants would also be expected to have 

defects in photosynthetic redox reactions (light reactions) where 

plastoquinone mediates electron transfer from Photosystem H to Cytochrome 

b6-f by cycling between oxidized and reduced states. This kind of defect 

might be detected as an inability of chloroplasts to reduce NADP+ to NADPH 

or to generate a proton motive force sufficient to drive ATP synthesis using 

light as an energy source. However, this study is not possible since carotenoid 

deficient mutants are extremely light sensitive and unable to protect their 

photos5nithetic membranes from photooxidative damage. 

The pathway intermediate, lycopene, has been shown to inhibit PDS 

activity in vitro. During maize seed development, PDS transcript levels were 

unchanged in the embryo and endosperm of the lycopene-accumulating vp7 

mutant. If this feedback inhibition exists in the maize seed, it does not occur 
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at the level of the steady-state transcript. Based on the results of in vitro 

studies of the cyanobacterial enzyme, it is more likely that PDS activity would 

be affected by lycopene. In these experiments lycopene inhibition was 

determined in membrane extracts, suggesting that cytosolic factors are not 

required for lycopene's negative affects. If lycopene functions by repressing 

Pds transcription, then it is likely that soluble factors would be required to 

mediate this interaction, and this iiihibition would not have been detected in 

the in vitro assay. 

Analysis of the PDS protein in the vp7 mutant showed a slight decrease 

in protein levels in the mutant at three of five timepoints. It is unclear from 

these studies that the differences seen are significant, since they are small and 

would need to be repeated in a second field planting. However, if lycopene 

does negatively regulate steady-state protein levels, the greatest difference in 

the vp7 mutant would be expected between 16 and 30 DAP, when lycopene 

accvunulation is highest (seeds are most intensely pink). Fitting this model, 

the greatest difference in this experiment was seen at 20 DAP with smaller 

differences at days 16 and 25. If cytosolic factors are not required for 

lycopene-dependent iiJ:ubition of PDS activity in maize, as is true for other 

organisms, then in this model, lycopene would interact directly with PDS, and 

this interaction might result in decreased activity through destablilizing the 

protein. To test this model, first PDS activity would have to be determined in 

wild type and vp7 mutant seeds. If activity is lower in the mutant, this effect 

could be verified in two ways. The difference in activity should correlate with 

the levels of accumulated lycopene in different alleles of vp7 which 

accumulate different levels of lycopene. This decrease in activity should also 



be observed in vitro, through addition of lycopene to the activity assay. 

Second, the levels of the PDS protein would have to be compared in each of 

these experiments to determine whether decreased activity correlates with 

decreased protein levels. 



CHAPTER VI 

GENERAL DISCUSSION 
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Goals and Rationale 

The goal of this study was to begin to determine how the accumulation 

of developmentally important metabolites is normally regulated in a temporal 

and tissue-specific manner. An important metabolite for seed development, 

the growth regulator ABA, is produced at specific times in development and 

accumulates differently in the embryo and endosperm tissues of the seed 

(Moore, 1995). This dissertation research focused on the question of how the 

accumulation of ABA is normally regulated in the maize seed, testing the 

hypothesis that regulation of its biosynthesis is an important component. The 

er\zyme PDS was chosen for study based on our knowledge that it is involved 

in the regulation of carotenoid biosynthesis (ABA precursors) in other 

organisms (Bramley, 1985, Sandmann et al., 1989, Hugueney et al., 1992 and 

Giuliano et al., 1993). If the mechanisms regulating carotenoid biosynthesis 

are conserved, the same mechanisms might also control ABA biosynthesis in 

the maize seed; thus, PDS might be involved in the regulation of ABA 

accumulation. The predicted protein of maize PDS was found to be highly 

coriserved with other plant PDS proteins, especially that of pepper, giving rise 

to the possibility that PDS regulation may also be conserved. 

Models for regulation of ABA accumulation 

An initial characterization of PDS transcript levels in various maize 

tissues showed a marked correlation between carotenoid content Neill et al., 

1986 and Parry et al., 1992) and transcript levels (Chapter 11, Cloning and 

Characterization of Maize PDS). Subsequent analysis of PDS transcript and 

protein levels in the embryo and endosperm showed a spatial correlation 
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between PDS and p-carotene content, but not ABA content. Endosperm 

transcript and protein levels were several-fold higher than in the embryo, and 

relative p-carotene levels showed the same spatial difference (Qiapter HI, PDS 

Transcript and Protein Levels During Seed Development). Several models for 

the regulation of ABA can be proposed from this data. The simplest is that 

PDS activity could be regulated differently in the embryo and endosperm to 

control the levels of ABA (Fig 6-1, Model A). Interestingly, PDS in pepper, the 

most closely related homolog, is regulated at the level of activity while protein 

levels are constitutive (Hugueney et al., 1992). Although the data indicates 

that ABA could theoretically be produced in both tissues, it seems imlikely 

that the embryo could synthesize more ABA then the endosperm even though 

levels are higher in the embryo. Not orUy are embryonic PDS trar\script and 

protein levels lower than in the endosperm, but so are the levels of p-carotene, 

a required precursor of ABA, suggesting that PDS activity in the endosperm 

may actually be higher to produce these elevated levels of p-carotene. A 

prediction of this model (Model A) is that the activity of PDS should be higher 

in the embryo and should correlate with ABA levels in the embryo and 

endosperm during development. To more directly test this possibility, Pds 

expression could be manipulated through overexpression and antisense 

constructs with the expectation that ABA levels would continue to correlate. 

These experiments could be done in maize, when transformations are routine; 

alternatively, these tests could be carried out in the seeds of other more easily 

transformed plants, such as rice. Specific inhibitors of PDS, such as 
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Fig 6-1. Models for the regtilation of ABA accumulation. Each model 

compares enzyme activity and metabolite levels in plastids of endosperm and 

embryo. Increases in relative levels of metabolites are denoted by larger 

lettering, increases in relative enzyme activity (or expression) are denoted by 

larger arrows. Model A: PDS activity is higher in the embryo resulting in 

higher levels of ABA. Model B: PDS activity is higher in the endosperm and 

the activity of er\zymes converting p-carotene to ABA is lower, resulting in 

higher p-carotene in the endosperm and higher ABA content in the embryo. 

Model C: PDS activity is high in both tissues but activity of enzymes convert 

p-carotene to ABA is lower in the endosperm, resulting in higher P-carotene 

content in the endosperm and higher ABA content in the embryo. Model D: 

PDS activity and ABA synthesis are higher in the endosperm, but ABA is 

transported to the embryo. 
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fluoridone, have been shown to reduce ABA levels (Gambel, 1986); however, 

it is not clear that increases in PDS activity would also increase ABA content. 

A second model is that while PDS regvilates the levels of P-carotene, 

subsequent enzymes may control ABA accumulation (Fig 6-1, Model B). In 

this model, PDS activity would be expected to be higher in the endosperm, to 

produce the higher p-carotene content in this tissue. Given that the levels of 

the p-carotene are lower in the embryo than in the endosperm, again the 

difficulty is that the lower levels of the ABA precursor in the embryo would 

limit the amoimt of ABA that could be produced in that tissue. Alternatively, 

PDS activity may be equal in both tissues and differences in the levels of P-

carotene might reflect a greater rate of conversion of p-carotene to ABA in the 

embryo, through higher activity of the appropriate enzymes (Fig 6-1, Model 

C). Thus, the higher p-carotene content in the endosperm would result from 

decreased activity (or gene expression) of the enzymes that convert p-carotene 

to ABA. To more fully understand the dynamics of this pathway and identify 

additional potentially regulated steps, the analysis of temporal changes in 

pathway intermediate levels should be compared in the embryo and 

endosperm. In addition, as more carotenoid and ABA biosynthetic enzymes 

are cloned, the coordinate regulation of these er\zymes may also reveal 

information about the control of carotenoid and ABA biosynthesis. 

The relative levels of ABA accumulation could also be the product of 

both synthesis and transport between the embryo and endosperm (Fig 6-1, 

Model D). In this model, the levels of PDS could regulate p-carotene and ABA 

biosjmthesis; more ABA is synthesized in the endosperm than in the embryo. 

However, ABA may be rapidly exported from the endosperm to the embryo 
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such that it never accumulates to high level in the endosperm. As mentioned 

previously, experiments in which the early embryo is excised from the 

endosperm and cultured without ABA result in premature germination, 

indicating that the embryo may require an exogenous source of ABA for 

dormancy (Robichaud, 1980). These results fit the model that insufficient ABA 

is produced in the embryo and might be imported from the endosperm. 

However, the caveat still remains that the effect of culturing in those 

experiments was to leach the ABA that was produced in the embryo. To more 

directly test this model, Pds levels could be manipulated in the embryo and 

endosperm separately and the effects on (3-carotene and ABA determined. 

These experiments could be carried out by traiisforming maize with 

overexpression and antisense PDS constructs in which expression is driven by 

tissue-specific promoters. If ABA is mobilized from the endosperm to the 

embryo, then inhibiting PDS activity in the endosperm alone should result in 

decreased ABA levels in both tissues. In contrast, inhibiting PDS activity in 

the embryo might decrease ABA content, but not eliminate it and would not 

affect levels in the endosperm. Given that ABa is a diffusible molecule, if 

transport from the endosperm is a component of the regulation of ABA in the 

seed tissues, then the embryo must also have some mechanism for retaining it 

to such high levels. For example, ABA may be sequestered in the embryo 

plastid or conjugated enabling the embryo to be a sink for ABA while the 

endosperm is a source. 
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vp5 encodes PDS 

In this study, PDS mapped to a single locus in the maize genome, the 

vp5 locus (Chapter IV, The vp5 Locus Encodes PDS). Results from the analyses 

of the Pds allele, PDS transcript and protein in the vp5 mutant are the first 

conclusive evidence that vp5 encodes PDS. Three maize mutants (vp2, xnpS and 

u;3) have phenotypes suggestive of a PDS mutation: they accumulate the 

precursor, phytoene, they have decreased levels of carotenoid intermediates 

including p-carotene, and they have decreased levels of ABA, resulting in 

premature seed germination. These mutants have been believed to encode 

different isoforms of PDS, each regulated differently. Alternatively, they have 

been hypothesized to encode proteii\s that regulate PDS or are involved in the 

synthesis of the cofactor, plastoquinone. The identification of a single locus 

encoding PDS has ruled out the multiple isoform theory and it is now clear 

that the up5 locus encodes PDS rather than a regulator or protein involved in 

cofactor synthesis. 

Roles of VP2 and lycopene 

Analysis of the PDS transcript and protein in the VTpl and mpl mutants 

indicated that neither the wild t5q3e VP2 protein nor lycopene regulate steady-

state PDS trar\script or protein levels (Chapter V, The Roles of Some Viviparous 

Mutants in ABA Biosjmthesis). Instead, these molecules may regulate PDS 

activity, through posttranslational modifications or direct interaction with 

PDS. This model could be tested by comparing activity in wild type and vp2 

or vp7 mutant seeds, with the expectation that activity should be reduced in 

the mutants. It is also possible that VP2 functions in plastoquinone cofactor 
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synthesis. Two mutants defective in the synthesis of plastoquinones have 

been identified in A. thaliana-, each is also blocked in phytoene desaturation, 

having a similar phenotype to vp2 (Norris et al., 1995). In this pathway, a 

precursor 4-hydroxyphenylpyruvate (OHPP) is converted to homogentisic 

acid (HA) to plastoquinone in a number of steps. Mutants with defects in the 

early steps of this pathway (synthesis of the precursor or of HA) can be 

rescued with incorporation of OHPP or HA into the growth medium. If VP2 

has a defect in these early steps, normal seed development should be restored 

in a similar experiment. Alternatively, using the genes cloned from A. 

thaliana, analysis of the corresponding maize alleles and transcripts in the vp2 

mutant might enable us to determine if VP2 is a homolog of one of these 

genes. 

Summary 

This dissertation describes the first study of phytoene desaturase 

expression during maize seed development. These resiilts have provided an 

initial vmderstanding of the role of PDS in regulating spatial differences in p-

carotene accumulation as well as how Pds is expressed in the seed. This study 

has ruled out several models for the regulation of ABA accumulation in the 

seed, and several testable possibilities have emerged from this work. 

Important questions remaining are whether PDS activity is regulated in the 

seed, whether regulation of additional biosynthetic er\zymes controls ABA 

levels, and whether significant amonts of ABA are transported between 

tissues. 



CHAPTER VII 

MATERIALS AND METHODS 
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Plant material 

To generate a wild t)^e inbred line for these studies, plants from Zea 

mays (maize) hybrid line Funk F (G4343) were cross-pollinated. Seeds from 

a single ear from this cross were then planted and the resulting mature 

plants were cross-pollinated. This procedure was repeated four times, 

resulting in an inbred line. Heterozygous maize seeds of the genotypes 

vp5/+, vp2/+ and vp7/+ were obtained from the Maize Stock Center 

(University of Illinois, Urbana). These mutants have recessive phenotypes 

and are lethal at the seedling stage; they were therefore maintained as 

heterozygotes. Seeds were germinated in fields and plants were crossed to 

the inbred Funk F line two times to eliminate differences in genetic 

background. 

To obtain wild type staged embryo and endosperm tissue, seeds from 

inbred Fiink F field plants grown in 1991 and 1993 were harvested from 12 

to 30 days after pollination, embryos and endosperm were dissected away 

from the pericarp and frozen separately at -80°C. To obtain staged embryo 

and endosperm of the mutant phenotypes, heterozygous plants were self-

pollinated or crossed to each other resulting in a 3:1 segregation of wild 

type to mutant phenot)^es. Each mutant used in these studies has a defect 

in carotenoid biosynthesis resulting in the accumulation of a specific 

carotene intermediate and reduced p-carotene accumulation, the yellow 

pigment in seed tissues. Therefore, homozygous mutant seeds were easily 

distinguished by their white or pale yellow color {vp5, vpl) or pink color 

{vpTj due to the accumulation of lycopene. Heterozygotes were 

phenotjqDically indistinguishable from wild type homozygotes, so 
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homozygous wild type and heterozygous seeds were harvested separately 

from homozygous mutant seeds, embryo and endosperm were dissected 

and frozen separately at -80°C. For each time point four tissues 

representing two phenotjrpes and seven genotypes were isolated: 

phenotypically wild type embryo (+/+ or +/-), wild type endosperm 

(+/+/+, +/+/-, +/-/-), mutant embryo (-/-) and mutant endosperm (-/-/-). 

It was not possible to isolate specific tissues earlier than 12 DAP due to the 

small size of the embryo. All seeds were harvested at 10 AM to avoid 

possible differences due to daily variation in metabolism, or circadian 

rhythm. It was assumed that for one season seeds that were harvested at a 

particular time point were all of the same stage. 

To obtain seedling leaf tissue, dry Funk F seeds from 1991 or 1993 

were surface sterilized in 10% sodium hypochlorite (v/v) for 20 min, 

thoroughly rinsed with distilled water, and planted in well-watered flats of 

soil (1/2 Stmshine topsoil. Sun Gro Horticulture Canada, LTD, Bellevue, 

WA, 1/6 Pearlite, 1/6 sand, 1/6 peat, Therm-O-Rock Industries, Inc, 

Kenware, AZ). Seedlings were grown for approximately two weeks in a 

growth room under continuous fluorescent illumination (40 watt agrogro 

bulbs, Sylvania Lighting Services Corp, Phoenix, AZ), harvested and 

immediately frozen at -80°C. 

Nucleic acid preparation 

RNA isolation (modified from Scoliuk et al., 1988 and Dr. B. Larkins, 

University of Arizona, personal communication) 
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All solutions were either treated with 0.1% diethylpyrocarbonate 

(DEPC) for 12-16 hours and then autoclaved or were made in DEPC-treated 

water. In a mortar, maize embryo tissue or soybean cotyledons (0.5 to 1.5 g), 

maize endosperm (1-2 g) or maize leaf tissue (2-3 g) were covered with 

liquid nitrogen and ground to a powder. Homogenization Buffer I (5M 

Guanidine HCl, 1% sarkosyl (w/v), O.IM NaOAc, pH 5.2,10% p-

mercaptoethanol (v/v) premixed with an equal volume of water-

eqmlibrated phenol) (4 mls/g tissue) was added to embryo, soybean or leaf 

tissue or Homogenization Buffer n (0.3M Tris-HCl, pH 7.5, 5M guanidine 

HCl, lOmM EDTA, pH 8.0,10% p-mercaptoethanol (v/v)) (2 mls/g tissue) 

was added to endosperm. Frozen tissue was ground until thawed and 

homogenates were centrifuged at 4000 X g for 10 min to pellet the cellular 

debris. 

To isolate RNA from embryo, soybean or leaf, total nucleic acids 

were precipitated from the resulting supernatant with an equal volume of 

isopropanol for 3 h on ice. Precipitates were collected by centrifugation at 

4000 X g for 10 min and the resulting pellets were resuspended in 10-20 mis 

of dH20. Polysaccharides were precipitated with 1/20 volume of ethanol 

for 15 min on ice and separated from RNA by centrifugation at 4000 X g for 

5 min. RNA was precipitated from the resulting supernatant with 1/3 

volume of 8M LiCl for 12-16 h at 4°C. RNA was collected by centrifugation 

at 4000 X g for 20 min and the resulting pellets were dried, rirised with 70% 

ethanol and resuspended in 50-100 |il dH20. 

To isolate RNA from endosperm, RNA was precipitated from the 

resulting supernatant with 1/3 volume of 8M LiCl for 12-16 h at 4°C. 
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RNA was collected by centrifugation at 4000 X g for 10 min, the resulting 

pellets were resuspended in 750 nl of Resuspension Buffer (lOmM Tris-

HCl, pH 8.0, ImM EDTA, pH 8.0, 0.1% SDS (w/v)) and proteins were 

extracted twice (phenol/chloroform/isoamyl alcohol, 25:24:1). RNA was 

precipitated from the aqueous phase with 1/3 volume of lOM ammonium 

acetate and 2.5 volumes of 100% ethanol for 12-16 h at -20°C. RNA was 

collected by centrifugation at 4000 X g for 20 min and the resulting pellets 

were rinsed with 70% ethanol, dried and resuspended in 50-100 |al dH20. 

RNA concentrations were determined spectrophotometrically and 

the quality of RNA was assessed by separating 0.5-1.0 pig in loading buffer 

(For a 6X solution: 0.25% bromophenol blue (w/v), 0.25% xylene cyanol, 

30% glycerol) in a 1.0% agarose gel stained with 0.5 |ig/ml ethidium 

bromide and visualizing intact ribosomal bands with UV light. 

Genomic DNA isolation (modified from Murray and Thompson, 1980) 

In a mortar, leaf or endosperm tissue (2 to 5 g) was covered with 

liquid nitrogen and ground to a fine powder. Homogenization Buffer 

(O.IM Tris-HCl, pH 8.0, 0.7M NaCl, 40mM EDTA, pH 8.0, 0.5% sarkosyl 

(w/v), 2% Hexadecyltrimethylammonium bromide (w/v) and 2% (3-

mercaptoethanol (v/v)) (5 mls/g tissue) was added and tissue was ground 

until thawed. Homogenates were incubated at 55°C for 2 h with occasional 

swirling. Proteiris were then extracted (chloroform/isoamyl alcohol, 24:1) 

twice from homogenates and nucleic acids were precipitated from the 

aqueous phase with 1/10 volume of 3M NaOAc and an equal volume of 

ethanol with gentle mixing. DNA was spooled out of the solution on a 
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glass rod or collected by centrifugation at 4000 X g for 10 min, resuspended 

in 0.5 to 1.0 ml TE (lOmM Tris, pH 7.5 and 0.5mM EDTA) and gently mixed 

for 12-16 h. The quality of DNA was assessed by separating 0.5-1.0 jig in 

loading buffer in a 1.0 % agarose gel stained with 0.5 |J.g/ml ethidium 

bromide and visualizing an intact high molecular weight band. DNA 

concentrations were determined by comparing the intensity of ethidium 

bromide staining with that of Lambda Hindlll molecular weight markers. 

Plasmid DNA isolation 

Plasmids (PDS-530 and PDS13) were maintained in Inva-F 

(Invitrogen, San Diego, CA) bacterial cells and DNA was prepared by 

alkaline lysis (Sambrook et al., 1989). DNA was quantified as described for 

genomic DNA. 

Amplification, cloning and sequencing of maize and soybean EDS 

First-strand cDNA was made from 1 jig of maize seed or soybean 

cotyledon total RNA according to the GeneAmp RNA PGR Kit (Perkin 

Elmer Getus, Norwalk, CT). Degenerate primers designed from a 

conserved region of the soybean and tomato PDS amino acid sequence 

were 5'-GTGGAAAGG-TTGGTGG(GATG)TGGAA(G)G and 5'-

GGGTGGATTGGGATCCAA(AG)A-A(GATG)GGGAT (Fig 2-2). A single 

530 bp product was amplified from soybean and maize cDNA using the 

polymerase chain reaction according to the following conditions. Samples 

were heated to 95°G for 2 min and taken through 40 cycles of denaturing, 

armealing and extension temperatures (95°G for 1 min, 59 °C for 1 min. 



152 
increased to 7TC at a rate of 1°C /7 sec and held at 7TC for 1 min). 

Amplification was concluded with a final cycle of 60°C for 7 min to ensure 

that all products were full-length. The soybean cDNA fragment was 

directly sequenced using the Cycle Sequencing Kit (GIBCO BRL, Life 

Technologies, Inc., Gaithersburg, MD), and the 530 bp maize cDNA 

fragment was cloned into the TA-cloning vector (Invitrogen, San Diego, 

CA) and sequenced according to the Sanger dideoxy method (Sanger et al., 

1977). Clones containing the PDS fragment were identified by amino acid 

similarity to the soybean and tomato sequences. 

cDNA library screening and sequence analysis 

A Lambda Zap cDNA library from 2-week-old maize seedlings (gift 

of Dr. Alice Barkan, Lfniversity of Oregon) was screened as described (Chen 

et al., 1987) using the isolated maize PDS fragment labeled with [a-

32p]dCTP by random priming (Feinberg et al., 1983). Positive clones were 

verified by rescreeriing at lower phage density and phagemids were excised 

from single plaques as described (Stratagene, La Jolla, CA). Insert sizes were 

determined by restriction analysis of 250-500 ng of plasmid DNA or by 

amplification of the insert using the M13(-20) and Reverse primers 

(Stratagene). The largest clone was sequenced according to the Sanger 

dideoxy method. 

Deduced amino acid sequences were compared to the available 

databases (Swiss prot, pir, spupdate, genpept, gpupdate, kabatpro, tfd, and 

palu databases. Genetic Computer Group Network Service) using the 

computer program BlastX (Genetic Computer Group Network Service) 
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which translates nucleotide sequence into each protein reading frame. 

Nucleotide and deduced amino acid sequences of an open reading frame 

from nucleotide position 46 to 1759 were compared either with tomato or 

soybean cDNA and amino acid sequences (GAP, Genetic Computer Group 

Network Service) and amino acid sequence alignments were completed 

(PILEUP, Genetic Computer Group Network Service). 

RNA hybridization analysis 

Total RNA (20 jag) was denatiored and fractionated in 1.2% agarose 

gels as described (Sambrook et al, 1989). RNA was transferred to Hybond N 

membranes (Amersham, UK) for 12-16 h in lOX SSC (For a 20X solution: 

0.3M sodium citrate and 3M NaCl) and fixed to membranes by UV cross-

linking or baking at 80°C for 2 h under vacuum. 

For hybridizations, membranes were sealed in plastic bags (Kapak 

Corporation, Minneapolis, MN) with 5-10 mis of Hybridization Solution 

(50% formamide, 6X SSC, 4X Derihardt's (for a SOX solution: 0.2% Ficoll, 

0.2% polyvinylpyrrolidine and 0.2% BSA), 1% SDS, filtered through a 0.45 

[am filter, followed by addition of 100 (ig/ml polyA RNA) and incubated at 

room temperature or 42°C for 6-12 hours with gentle agitation. 

Membranes were then incubated with fresh Hybridization Solution and a 

radioactively labeled ([a-32p]dCTP) fragment of the 530 bp cDNA clone or 

of the full-length clone at 42''C for 12-24 h with gentle agitation. 

Membranes were washed twice (0.5X SSC and 0.5% SDS) at 65°C for 10 min 

each and p emissions were immediately quantitated with a betascope 

(Betagen, Waltham, MA) for 1 to 12 h. Subsequently, membranes were 



154 
exposed to X-Ray film (Eastman Kodak Company, Rochester, NY) for 1 to 3 

days with a single intensifying screen. 

To correct for vmequal loading of RNA samples, PDS levels were 

normalized to the levels of maize 18S rRNA. To normalize mRNA levels, 

a fragment of the gene encoding maize 18S rRNA was amplified with 

primers to a conserved region of eiikaryotic 18S rRNAs (gift of Dr. Mike 

Hammer, University of Arizona), purified from a 1.0% agarose gel 

(Geneclean n Kit, BiolOl, Vista, CA), and labeled with [a-32p]dCTP. PDS-

labeled fragments were removed from membranes by washing twice in 

O.IX SSC and 0.5% SDS at 100°C for 15 min each. Membranes were then 

treated as described previously, except the labeled PDS fragment was 

replaced with the labeled IBS rRNA fragment. Normalized values were 

determined in counts per minute (CPM) as follows. For each 

hybridization, IBS rRNA CPM values for each sample were divided by the 

lowest value in the data set. The resulting ratio of IBS rRNA values was 

used to normalize PDS levels. Each PDS CPM value was divided by its 

corresponding IBS rRNA ratio. For example, if the IBS rRNA level for a 

given time point was 1.5 times the lowest value, then the corresponding 

PDS level was assumed to be inflated 1.5 times and was therefore divided 

by 1.5. 

Genomic DNA hybridization analysis 

Maize genomic DNA (5-B |ig) was digested with restriction enz)nnes 

according to product specifications for each enzyme (Boehringer 

Mannheim, Indianapolis, IN). DNA was precipitated with 1/10 volume of 



3M NaOAc and 2.5 volumes of 100% ethanol at -20°C for two hours. DNA 

was collected by centrifugation at 12,000 X g for 15 min, resuspended in 24 

nl TE plus 6 |il 6X loading dye. Samples were heated at 55°C for 10 min 

and loaded in a 0.8 or 1.0% agarose gel made in IX TAE nmning buffer (20X 

TAE: 0.8M Tris, 0.2M NaOAc, 40mM EDTA, pH 7.8). DNA fragments were 

separated by electrophoresis while recirculating the nmning buffer. DNA 

was visualized by staining with 0.5 (xg/ml ethidium bromide and gels were 

photographed. DNA was depurinated in 0.25N HCl for 10 min, denatured 

two times in (1.5M NaCl, 0.5N NaOH) for 20 min each, and neutralized 

two times in (3M NaCl, IM Tris base, pH 6.8) for 20 min each. DNA was 

then transferred to Hybond N+ membrane (Amersham, UK) for 12-16 h in 

lOX SSC and was fixed to membranes by UV cross-linking or baking at 80°C 

for 2 h under vacuum. 

For hybridizations, membranes were sealed in plastic bags with 10-20 

mis of Hybridization Solution (50% formamide, 6X SSC, 4X Der\hardt's, 1% 

SDS, filtered through a 0.45 )im filter, followed by addition of 100 fig/ml 

polyA RNA) and incubated at room temperature or 42°C for 6-12 hours 

with gentle agitation. Membranes were then incubated with fresh 

Hybridization Solution and a radioactively labeled ([a-32p]dCTP) fragment 

of the 530 bp cDNA clone or of the full-length clone at 42°C for 12-24 h 

with gentle agitation. Membranes were washed (0.5X SSC and 0.1% SDS) at 

65°C with repeated solution changes for 30 min to 1 h and then exposed to 

X-Ray film for 2-4 days with a single intensifying screen. 
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PDS fusion protein generation and purification 

Regions of the predicted amino add sequence of PDS that are more 

likely to elicit antibody response (antigenic regions) were determined based 

on hydrophilicity (PeptidePlot, Genetics Computer Group Network 

Service); hydrophilic domains are considered more antigenic than 

hydrophobic domains because they are more likely to reside on the surface 

of the native protein than hydrophobic domains. The entire protein 

appeared equally antigenic, having hydrophobic and hydrophilic domains 

interspersed, and the sequence encoding the putative mature protein (less 

the COOH-terminal transit peptide) was cloned into the pET-22b expression 

vector (Novagen, Madison, WI) as follows. A forward PGR primer 

containing a complement of the PDS cDNA beginning at nucleotide 

position 331 (Fig 2-1) was sjmthesized (Midland Oligos, Midland Texas) 

with a BamHI restriction site added to the 5' end and extra bases added 5' to 

the restriction site (5'-GGCTGGGATGGGGCGTTGCAGGTCGTGGTTGC). A 

reverse primer containing a complement of the PDS cDNA beginning at 

nucleotide position 1759 was synthesized with a Xhol restriction site added 

to the 5' end and extra bases added 5' to the restriction site (5-

GCACAGTGGAGAGATGGGACGGGAAGTGTCG). These primers were 

used to amplify a 1.4 kb fragment of the full-length maize PDS cDNA 

which was purified from a 1% TBE gel with the Geneclean II Kit (Bio 101, 

Vista, CA). Fragment and vector were independently digested with BamPil 

and Xhol which enabled the fragment to be ligated in frame into the pET-

22b vector. The resulting construct encoded a 55 kDa protein (456 aa of PDS 

and 36 aa of the vector). 
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The fusion construct was transformed into the E.coli strain BL21 (a 

Lambda DE3 lysogen) as described (Sambrook et al., 1989) and fusion 

protein expression was induced as described in the Novagen pET System 

Manual (Novagen, Madison, WI). Soluble and insoluble fractions were 

isolated by digesting the cell wall (100 (J-g/ml lysozyme, 50mM Tris, pH 8.0, 

2mM EDTA), shearing the DNA by sonication, and the insoluble fraction 

was collected by centrifugation at 12,000 x g for 15 min at 4°C. The 

resulting supernatant contained the soluble fraction. The periplasmic 

fraction was isolated by incubating cells in 1/10 volume of chloroform for 

15 min at room temperature, adding an equal volume of lOmM Tris, pH 

8.0, and collecting the debris by centrifugation at 12,000 x g. The resulting 

supernatant contained the periplasmic fraction. Total protein and protein 

from soluble, insoluble and periplasmic fractions of uninduced and 

induced samples were compared on 12.5% Coomassie-stained 

polyacrylamide gels as described (Sambrook et al., 1989). A unique 55 kDa 

protein was highly expressed in total protein and the insoluble fraction of 

induced cells. 

For purification of the fusion protein, induced cells of a 50 ml 

culture were lysed, and the insoluble fraction was isolated and solubilized 

according to the "Purification Under Denaturing Conditions" protocol in 

the Novagen pET System Manual. The solubilized extract was passed over 

a 2.5 ml ruckel column prepared as described in the Novagen pET System 

Manual; a series of six histidine repeats expressed on the COOH-terminus 

of the fusion protein bind specifically to ruckel. The column was washed 

and the fusion protein was eluted. To remove the denaturant and restore 
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the native conformation of the fusion protein, the eluant fraction was 

dialyzed stepwise against 4 M urea, 2 M urea, and dH20 for 4-12 h each 

step. The resulting dialyzed eluant was lyophilized for 36 h, resuspended 

in 100-250 |al dH20 and frozen at -80°C. Protein concentration was 

determined as described by Lowry (Lowry et al., 1951). 

Chicken polyclonal antibodies to PDS 

Lyophilized fusion protein (750 |ag) was used to inoculate two 

chickens (Cocalico Biologicals, Reamstown, PA). Preimmune serum was 

removed and chickens were inoculated with 100 |ig of fusion protein (Day 

0), given boosts of 50 fig of fusion protein (Day 14), and egg yolks were 

harvested (Days 35 and 56). Antibodies were isolated from chickens as 

described in Poison et al., 1985 with some modifications. To isolate chicken 

antibodies from the yolks, yolks were mixed with an equal volume of PBS 

(for a 10 X solution: 1.4M NaCl, 27nnM KCl, 52mM Na2HP04, 18mM 

KH2PO4, pH 7.2). To precipitate yolk proteins, an equal yolk volume of 

10.5% PEG (8000) was added and the solution was mixed for 30 min at 

room temperature. Yolk proteins were collected by centrifugation at 12 K x 

g for 20 min. The resulting supernatant was filtered through 4 layers of 

cheesecloth and an equal yolk volmne of 42% PEG (8000) was added. The 

solution was mixed for 30 min at room temperature. Antibodies were 

collected by centrifugation at 12 K x g for 20 min and the resulting pellet 

was resuspended in an equal yolk volume of PBS. To further purify the 

antibodies, an equal yolk volume of 4M (NH4)2 SO4 was added. 

Antibodies were precipitated on ice for 30 min and collected by 
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centrifugation at 12 K x g for 20 mm. A floating white pellet was collected 

and resuspended in 1/2 yolk volume of buffer P (For a lOX solution: 

27mM KCl, 52mM Na2HP04,18mM KH2PO4, pH 7.2). Antibodies were 

dialyzed against buffer P overnight at 4°C for 12-16 h. 

One of two chicken polyclonal antibodies recognized the fusion 

protein while the preimmune sera did not. This antibody was unable to 

detect a PDS-specific polj^eptide in antibody competition assays and there 

were no detectable differences in protein levels and sizes in the vj}5 

mutant. To test whether the antibody was recognizing non-PDS portions 

of the fusion (the leader sequence and the histidine tag), reactivity to 

unrelated proteins containing either the leader sequence (maize HMGR 

fusion protein, kindly provided by Dr. K. Moore, University of Arizona) or 

the histidine tag (maize 20 kOa protein, kindly provided by Dr. G. 

Thompson, University of Arizona) was determined. The PDS antibody did 

not detect either of these proteins. The inability to detect maize PDS may 

reflect low titer of anti-PDS specific antibodies. 

Rabbit polyclonal antibodies to PDS 

Further purification of the fusion protein was required for antigen 

preparation to eliminate low levels of contaminating bacterial proteins. 

Fusion protein (1 mg) was separated on 4 small 12.5% polyacrylamide gels, 

stained, destained, and the fusion protein was cut out of the gels and sent 

to Cocalico Biologicals. Two rabbits were injected according to the 

following protocol. Preimmime senmi was removed and rabbits were 

inoculated with 100 |j.g of fusion protein (Day 0), given boosts of 50 |ag of 
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fusion protein (Days 14, 21, and 49), and postiinmune senun was removed 

(Days 35 and 56). 

Total and plastid membrane-enriched protein isolation 

For analysis of total protein, leaf, embryo or endosperm tissue was 

ground in a minimum volume (1.0-1.5 ml) of modified Laemmli buffer 

(60mM Tris, pH 8.0, 60mM DTT, 2% SDS (w/v), 15% sucrose (w/v), 5mM 

amino-N-caproic acid and ImM ber\zamidine). Homogenates were 

centrifuged at 13,000 X g for 5 min and the resulting supernatant was boiled 

for 5 min and frozen at -80°C. 

For analysis of plastid membrane-eririched and soluble fractions, 

frozen leaf, embryo or endosperm tissue was groimd in 3 mls/g tissue of 

Grinding Buffer (50mM Hepes/KOH, pH 8.0, 0.33M sorbitol, ImM MgCl2, 

ImM MnCl2, 2naM Na2EDTA, 0.2% BSA (w/v), 5mM amino-N-caproic 

acid and ImM benzamidine). Homogenates were centrifuged at 13,000 X g 

for 15 min and the resulting supernatant was centrifuged at 60,000 X g for 

30 min. Supematants (soluble protein) were decanted and frozen at -80°C 

and pellets (membrane protein) were resuspended in 50-100 ^1 Laemmli 

buffer, boiled 5 min, and frozen at -80°C. Protein concentrations were 

determined as previously described. 

Immunoblot analysis 

Proteins were fractionated in 12.5% polyacrylamide gels with 5% 

stacking gels and transferred electrophoretically to Nitropure membrane 

(MSI, Westboro, MA) for 3 h at 40 volts. Immimoreactions were carried 
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out according to ECL Western blotting protocols (Amersham, UK) except 

that blocking times were extended to 3 hours and primary antibody-

incubation times were extended to 12 to 16 hours. The optimal primary 

antibody dilution (rabbit) used was 1:1200 (antibodyrbuffer). Antibody 

signals were detected by chemiluminescence as described in ECL Western 

blotting protocols. 

Affinity purification of antibodies to the PDS fusion protein 

Fusion protein (200 |ag) was separated on a 12.5% polyacrylamide gel 

and transferred to Nitropure membrane. The membrane was stained with 

Ponceau S (0.2% Ponceau S (w/v) and 5% acetic acid (v/v)) until proteins 

were visible and the fusion protein strip was cut out and destained in 

water. In a 15 ml falcon tube the fusion protein strip was incubated in 10 

ml blocking buffer (5% nonfat dry milk (w/v), lOmM Tris, pH 8.0, ImM 

EDTA, 150mM NaCl and 0.1% Triton X 100 (v/v)) for 1 h. Primary 

antibody (100 jil) was incubated in 2 ml fresh blocking buffer with the 

fusion protein strip for 12 to 16 h. Non-specific antibodies were removed 

in a series of washes (10 ml blocking buffer without milk) for 1 min, 5 min, 

10 min and 15 min each. The remaining antibodies were eluted twice in 1 

ml cold glycine (0.2M glycine, ImM EGTA, pH 2.7) for 20 min each. 

Eluants were combined, neutralized with 3M NaOH (70-80 |il) and frozen 

at -80°C. Affinity purified antibody (200-250 |al) was then used for 

immunodetection. 
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