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ABSTRACT

Since most developmental processes in plants are post-embryonic, the
flower is an attractive model system to study plant developmental events.
Sunflower (Helianthus annuus) being an important oil seed crop was chosen
for this study, because genes isolated and characterized from sunflower will
shed more light on plant development, and can also be useful in
biotechnological applications (such as engineering artificial male sterile lines
for hybrid seed production). The study involved the isolation and
characterization of two sunflower floral-specific genes: SF15 (an anther-
specific gene) and SF17 (a pollen-specific gene).

SF15: Northern blot analysis (with a 526 bp putative floral cDNA
probe) revealed that the probe hybridized to 1.0 kb mRNA transcripts present
in the young unopened disc florets, whose development was delineated into
seven stages (1,2,3,4,5,6 and 7). SF15 transcripts begin to accumulate in stage
1 and reach higher levels in stages 2,3 and 4, while no expression was
observed In late developmental stages 5 to 7, and the expression is confined
only to the anthers of male-fertile disc florets. In situ hybridization
experiments revealed that SF15 is expressed in a single layer of epidermal
cells of the anther. Screening of the floral cDNA library resulted in the
isolation of 4 near full-length cDNA clones (SF15-2, SF15-3, SF15-45 and
SF15-49). These cDNA clones have inserts of 785 to 934 bp.
Screening of a genomic library resulted in the isolation of a 10.7 kb
genomic clone (SF15G). Primer extension analysis revealed that there are
two major and, few minor transcription initiation sites. Southern blot analysis
showed that SF15 is present as 2 member of a multigene family in the
sunflower nuclear genome anc as a single copy in the nuclear genomes of
corn and tomato. The DNA sequence information revealed that the genomic
and four cDNA clones represent five distinct cognate genes, with nucleotide
similarities ranging from 89.9% to 99.7% in the coding regions. The
deduced amino acid sequence of the proteins encoded by these transcripts have
81.9% to 99.6% identity. The open reading frame of genomic clone SF15G,
encodes a putative polypeptide of 280 amino acids with a molecular mass of
31.7 kDa. SF15 proteins, contain the N-terminal transit signal peptides
indicating that these proteins enter the secretory
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pathway. Interestingly, only the SF15G protein contains a putative vacuolar
targeting sequence, and not the proteins encoded by four cDNA clones. SF135
multigene family encodes both vacuolar and non-vacuolar forms of
proteins. The role of SF15 gene in the anther dehiscence, needs to be
confirmed.

SF17: In the Northern blot analysis the 329 bp probe, hybridized to the
2.0 kb transcripts present exclusively in the mature polien grains. Screening
of phase III floral cDNA library resulted in the isolation of 1915 bp cDNA
clone. A 15 kb genomic clone (SF17G) was isolated from the genomic
library, with the 1915 bp cDNA insert as 2 probe. A 5.5 kb EcoRI fragment
of the genomic clone was subcloned into pUCI19 vector for sequence analysis.
The DNA sequence information revealed that the cDNA and genomic clones
are identical, except for the presence of two small introns in the genomic
clone. Primer extension analysis showed that there are two major and a few
minor transcription initiation sites. Southern blot analysis showed that SF17 is
represented in one or two copies, in the sunflower nuclear genome. The
c¢DNA encodes a leucine-rich-protein of 540 amino acid residues with a
molecular mass of 61.7 kDa. SF17 protein did not contain a transit signal
sequence, but the SF17 protein consists of five structural features: a
hydrophilic domain, a leucine-rich-region (LRR), an acid domain and two
trans-membrane domains. It is postulated that SF17 protein resides in a
membrane with two membrane-spanning segments and its N-terminal side of
LRR being disposed in the cytoplasm. The LRR region of SF17 protein shows
a striking resemblance to the LRR domains of a variety of proteins from
different organisms. During pollen grain germination there is a rapid
initiation of protein synthesis and a shift in the increase of polyribosomes and
a decrease in single ribosomes. LRR domains of various proteins have been
implicated in mediating tight protein-protein interactions. The LRR domain
of SF17 protein shows a strong homology to the rat ribosome binding
protein p34 located on the rough ER. Whether the SF17 protein (like p34)
mediates the association of ribosomes to the rough ER during pollen
germination needs to be demonstrated.
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INTRODUCTION

1. Plant reproduction and flowering

From zygote to zygote the life cycle of a flowering plant involves
complex morphogenetic events leading to the production of both
vegetative organ systems and reproductive organ systems. The major
feature of the plant life cycle is alternation of  generations. In
angiosperms the life cycle alternates betwecn a diploid sporophyte
(reproducing through spores), and a haploid gamectophyte
(reproducing through gametes).

Higher plants have an indeterminate program of growth and
development (Raven et al., 1986; Goldberg, 1988). In plants,
embryogenesis specifies the shoot and root meristems, and these
meristems are packaged in the dormant seed. But most of the
morphogenetic events in higher plants occur post-embryonically,
from the continuous division and differentiation of the shoot and
root meristematic cells. Meristematic cells are a group of actively
dividing cells which are analogous to stem cell populations of
humans. Upon germination of the seed, the  apical meristems
undergo division and differentiation and give rise to a mature plant
consisting of root, stem, leaf and flower. The various organ systems
of the flower are derived from the cells originally present within the
vegetative shoot meristem (Steeves and Sussex, 1989). Because no
separate germ line is set aside during plant embroyogeneis, sexual
reproduction in angiosperms involves the conversion of vegetative
meristems into floral meristems.

Before the transition to the reproductive phase, vegetative
meristems differentiate and produce leaves, internodes and auxiliary
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buds. Following transition to reproductive growth, floral bracts,
inflorescence branches and flowers are produced (Huala and Sussex,
1983). In angiosperms, reproductive processes take place in  the
flower. A typical hermaphrodite flower consists of four organ
systems arranged in four whorls. Whorl 1 consists of sepals and
whorl 2 contains the petals. Whorls 3 and 4 contain stamens and
pistils respectively. Results of genetic and molecular investigations
on floral development in Arabidopsis and Antirrhinum have shown
that the number and identity of these floral organ systems is
controlled by the combinatorial action of floral homeotic genes
(reviewed by Coen and Carpenter,1993; Weigel and Meyerowitz,
1994).

The initiation of reproductive process involves the perception of
appropriate environmental stimuli by the plant. The environmental
stimuli that potentially control floral initiation are perceived by
different parts of the plant. Thus, the apical meristems should
integrate one or more long-range signals when 'deciding’, whether to
switch over from the vegetative to the reproductive phase of
development. Physiological studies in Sinapis alba, and genetic
studies in Arabidopsis thaliana, show that molecules such as
carbohydrates, auxins, gibberellins, cytokinins, and calcium can
control the transition to the reproductive state (Bernier et al; 1993).

In recent years many events of higher plant reproduction have
‘been studied at the physiological, biochemical, genetic and
morphological levels. These studies reveal new insights into such
processes as the transition to flowering, initiation of floral primordia
and floral organs, the development of flowers, sporogensis,
gametogenesis and gamete development, fertilization and
embryogenesis (Chasan and Walbot, 1993).



2. Anther and pollen development

The major role of a flower is the production of male and female
gametes. In flowering plants, male reproductive processes take place
within the stamen (Esau, 1977). Stamens are differentiated from the
primordia that are specialized within the floral meristem, following
transition from a vegetative to a flowering pathway (Esau, 1977;
Raven et al., 1986). The stamen consists of diploid mciocytes which
undergo meiosis to produce haploid microspores. Haploid
microspores undergo mitotic divisions and produce tricellular male
gametophytes (pollen grains) containing the male gametes (sperm
nuclei). The stamen consists of two morphologically distinct parts,
the filament and an anther. The filament contains vascular lissuc
(serving as a conduit for the transport of water and nutrients) and
anchors the stamen at its base. The anther contains both
reproductive and nonreproductive tissues. The role of the anther is

the production and successful release of pollen grains (Goldberg ct
al., 1993).

The developmental events leading to anther formation and
pollen rclease have been studied in detail in tobacco (Goldberg et al,,
1993). Anther development has been divided into two genecral
phases. During phase 1, the morphology of the anther is established,
cell and tissue differentiation occur, and microsporocytes undergo
meiosis. At the end of phase 1, the anther contains most of its
specialized cells and tissues, and tetrads of microspores are present
within the pollen sacs. During phase 2, pollen grains differentiate,
the anther enlarges and is pushed upward in the flower by filament
extension, anther tissues degenerate, and the pollen grains are
released after dehiscence.

Stamen initiation is controlled by floral homeotic gene
interactions, and its development is influenced by nuclear and
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mitochondrial genome ineteractions (Goldberg et al., 1993). The gene
expression program is temporally and spatially regulated during
anther differentiation and dehiscence. RNA-excess DNA/RNA
hybridization experiments with single copy DNA, indicated that there
are about 25,000 diverse genes expressed in stage 6 tobacco anther
(Kamalay and Goldberg, 1980). The vast majority of these genes
encode rarc mRNA transcripts that constitute less than 0.001% of the
mRNA mass when averaged over the entire anther mRNA population.
Comparison of RNA populations of floral and vegetative organ
systems  showed that about 10,000 diverse anther mRNAs are
undetectable in the nuclear RNA and mRNA populations of other
organs and are anther specific (Kamalay and Goldberg, 1980, 1984).
Several laboratories have identified cDNA  clones representing
cognate mRNAs expressed exclusively, or at elevated levels, in the
anther (Koltunow et 2al., 1990; Smith et al., 1990; Evrard et al., 1991;
McCormick et al., 1991, 1993; Nacken et al., 1991; Scott et al., 1991a,
b: Shen abd Hsu, 1992). Tobacco anther-specific mRNAs have been
shown to encode lipid transfer proteins, protease inhibitors, thiol
endopeptidases, and  glycine and proline-rich polypeptides with
properties of cell wall proteins (Goldberg et al., 1993).

Pollen development offers a unique opportunity te study cell
fate, cell patterning, cell polarity and cell signaling. Various aspects
of pollen development have been reviewed (Bedinger, 1992;
Mascarenhas, 1989, 1990, 1993; and McCormick, 1991,1993). Diploid
sporogenous cells known as microsporocytes, are the progenitors of
pollen grains. Meiosis of microsporocytes, leads to the formation of
tetrads of microspores. The four products of meiosis are surrounded
by a callose layer. The individual microspores of the tetrad are
released into the anther locule by the action of f-1,3-glucanase (a
callase enzyme produced by the tapetum). The uninucleate
microspores undergo asymmetric mitotic  division, resulting in a
pollen grain with two cells: a larger vegetative and 2 smaller
generative cell.



The generative cell is enclosed entirely within the vegetative cell. In
about 70% of plant families (e.g.. Solanaceae and Liliaceae), the pollen
grain is released from the anther when it consists of just thosc two
cells. The subsequent mitotic division of the generative cell occurs
during pollen tube growth through the female stylar tissue., and
gives rise to two sperm cells. In other plant families (e.g.. Cruciferac
and Graminae), this second mitotic division occurs before the pollen
is shed from the anther (McCormick, 1993).

The function of the mature pollen grain is to effect the delivery
of its two sperm cells into the female embrvo sac
(macrogametophyte) in the ovule. In order to accomplish the
delivery, the pollen grain must germinate on the receptive stigma,
quickly sending a pollen tube out through the pore of the pollen wall
and down through the stylar tissue. The germination and rapid
growth requires a considerable amount of cell wall synthesis and
possibly breakdown of stylar components (Pressey and Reger, 1989).
Many of the pollen-specific genes reported to date appear to have
homology to cell wall degradation enzymes such as pectin csterase
(Albani et al., 1991), pectate lyase (Rogers et al., 1992; Wing et al,,
1989), and polygalacturonase (Allen and Lonsdale, 1993; Brown and
Crouch, 1990; Niogret et al., 1991). About 20,000 genes are
expressed during pollen development, of which 10-20% are thought
to be pollen specific (Mascarenhas, 1990). Depending on their
expression pattern these genes are divided into two groups: the early
genes and late genes. The early genes are expressed soon after the
completion of meiosis and include rRNA genes, tRNA genes and a set
of other protein genes (actin, alcohol dehydrogenase and B-
galactosidase). The late genes become active around the time of
microspore mitosis and remain active until anthesis.



3. Inflorescence and florets of Helianthus annuus L.

Sunflower (Helianthus annuus L.) has a special type of racemose
inflorescence, called the head or capitulum (Fig. 2). The capitulum is
subtended by a green involucre of bracts. The capitulum consists of
two types of florets (flowers), ray and disc. These florets are located
on the top of the succulent and flattened receptacle. The ray florets
which occupy the periphery are incomplete, and at maturity contain
bright yellow-orange petals. They are sterile, play no direct role in
reproducticn, but serve as signals for bees and other insect
pollinators (Knowles, 1978).

The florets over the remainder of the capitulum are called disc
florets. [Each disc floret is a hermaphrodite, and can develop into a
seed. Individual disc florets are arranged in arcs (whorls) radiating
from the center of capitulum. Each disc floret contains chaffy bract,
pappus scales (modified sepals), an inferior ovary, and a tubular
corolla of five petals, united except for the tips. Five anthers are
united to form a tube, with separate filaments attached to the base of
the corolla tube. Inside the anther tube is the style, terminating in a
bilobed stigma. When the disc floret is fully developed, the style
clongates and the bilobed stigma curls outward, the two lobes often
making a full circle (Knowles, 1978)

Anthesis (opening) of the disc florets, proceeds sequentially and
in a centripetal or acropetal direction (from the periphery towards
the center). After the ray florets spread out from their folded
position, the outer whorl of disc florets opens first. As a result, flower
heads carry disc florets of all the developmental stages (Knowles,
1978).



4. Flower-specific genes of Helianthus annuus L.

The sunflower is an important oil sced crop. Detailed
understanding of the molecular mechanisms regulating floral gene
expression, will shed more light on  sunflower rcproduction.
Moreover, the knowledge can be wused advantagcously in
biotechnological applications (Everett et al.. 1987) c.g. to engincer
new types of male sterility by introducing cytotoxic genes whose
expression is controlled by anther-specific regulatory clements
(Mariani et al., 1990). Herdenberger et al..(1990). isolated 31
incomplete floral cDNA clones, by differential screening of a ¢DNA
library constructed using poly(A)* RNA from the sunflower
capitulum (inflorescence) at anthesis.

Some of these incomplete cDNA clones werc used as
hybridization probes for the isolation of full-length ¢cDNA clones and
genomic clones. These floral ¢DNAs can be grouped into four
categories based on the organ specificity of the respective clones
(anther-, pollen-, pistil-, and corolla-specific). Seven c¢DNA clones
(SF1, SF2, SF6, SF7, SF9, SFi8 and SF19) are anther specific. Two
cDNA clones SF3 and SF16 are expressed in the mature tricellular
pollen grains. SF21 is pistil-specific and SF28 is a corolla-specific
clone. The details of molecular aspects of these clones have bcen
reviewed recently (Steinmetz et al., 1992 and 1993) and a bricf
summary of these findings is presented below.

Anther-specific c¢DNA clones: The scven anther-specific
¢DNA clones represent the cognate mRNA  transcripts of three
families (based on the homogy of DNA sequence information). The
deduced amino acid sequences of these cDNA clones reveal that they
encode proline-rich proteins with N-terminal signal peptides. The
presence of a signal peptide indicates that they may be



extracellular proteins with a putative structural role (e.g.,toughening
of the cell wall). DNA sequence analysis of SF2 and SF18 indicates
that they originated by exon shuffling (Domon and Steinmetz, 1994).

Pollen-specific ¢DNA clones: SF3 and SF16 are expressed in
the maturc pollen grains. SF3 codes for a 219 amino acid long
polypeptide with putative zinc finger domain and a C-terminal
pentapeptide repeat (Baltz, 1992a). These fingers have been recently
identified as two LIM domains (the term LIM is derived from the
initials of the animal developmental regulatory proteins: LIN-11,
ISL-1, MEC-3 in which this domain was first identified) (Baltz,
1992b). It is hypothesized that PLIM-1 (rechristened designation of
SF3 i.e., Pollen-specific LIM protein 1) might act via its two LIM
domains (DNA binding) as well as via it's C-terminal pentapeptide
repeat (protein binding). SF3 protein could be a pollen-specific
transcription factor, required for the expression of late pollen-
specific genes. Late pollen-specific genes are implicated to encode
proteins or enzymes needed for late pollen functions, such as pollen
grain germination, pollen tube penetration and elongation through
stylar tissue leading to fertilization. The other pollen-specific clone
SF16 encodes a 331 amino acid long basic polypeptide with a pl
value of 11.3 (Dudareva, 1994 a, b). Its basic nature suggests that it
might be a nucleic-acid binding protein.

Pistil-specific c¢DNA clone: Dot blot hybridization
experiments revealed that SF21 is expressed in styles and stigma
but not in the ovary. SF21 encodes a 352 amino acid long
polypeptide. The deduced protein of SF21, with many short
hydrophobic domains, might be a putative membrane protein with
unknown function (Steinmetz et al,, 1992, 1993)

Petal-specific ¢cDNA clone: SF28 is corolla specific and codes
for cytochrome p450. It shows little homology with three described
plant cytochromes of avocado, periwinkle and jerusalem artichoke.



5. Objectives of the project

Molecular cloning and characterization of new anther and pollen-
specific genes will undoubtedly shed more light on the molecular and
cellular mechanism of sunflower reproduction. This investigation was
undertaken with two incomplete floral cDNA clones (SF15 and SFi17)
with the following objectives:

1

Demonstration of spatial and temporal expression of the cDNA
clones.

Dissection of the development of capitulum and disc floret, to
provide a reference point for future investigations, and for
possible comparison of morphological or anatomical changes with
temporal gene expression patterns.

Isolation of full-length cDNA clones and genomic clones.
Characterization of the ¢cDNA and genomic clones and comparison of
the sequence information with previously published clones.
Demonstration of the cell and tissue specificity of gene expression.

Mapping of the transcription initiation sites of the mRNA
transcripts.

Delineation of the copy number of the genes and any homology
with genes of other crop species
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MATERIALS AND METHODS

1. Piant material

Both male-fertile strain (HA401B) and male-sterile strain
(HA401A) of sunflower (Helianthus annuus L.) supplied by
CARGILL, France were used in the project. The plants were grown
cither in the greenhouse or in the field during summer. For
heterologous hybridization experiments, corn (Zea mays), pea (Pisum
sativum), safflower (Carthamus tinctorius), tomato (Lycopersicon
esculentum,), cabbage (Brassica oleracea capitata) were used. The
varieties of the above plants used were, Early Golden Bantam,
Laxton's Progress, Lasting Orange, Ultrasweet and Paragon
respectively.

2. Bacterial host strains

Escherichia coli strains NM522 (for transformation), ED8767
(for growing ACharon40 recombinant clones) and C600 hfl (for
growing Agtl0 recombinant clones) were used as hosts.

3. Ligation of DNA fragments

After digestion of DNA with appropriate enzyme(s), inserts
were purified from low melting agarose gels, using Geneclean II kit
(Bio/Can Scientific). DNA was eluted in 20 pl TE buffer. Ligations
were performed at 16 9C overnight, with the T4 DNA ligation kit
according to the protocol supplied by the vendor (US Biochemical).
The ratio of vector to masert DNA was usually 1:2.
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4. Transformation of bacterial Cells

The ligated DNA was transformed into competent NM 522 host
cells according to the protocol of Hanahan (1983).

5. Isolation of Fiasmid DNA

A single colony of recombinant clone was grown overnight in
500 ml of LB medium with ampicillin. Plasmid DNA was isolated
according to the alkaline lysis method (Birnboim and Doly 1979). The
DNA was gradient purified in OptiSeal polyallomer tubes (Beckman)
by ultra centrifugation  overnight at 55,000 rpm in  VTi 65 rotor.
The DNA band was collected and ethidium bromide was removed
with water saturated butarol. The DNA solution was diluted with onc
volume of distilled water and precipitated with cthanol. DNA was
pelleted, rinsed twice with 70% ethanol, vacuum dried and dissolved
in TE buffer.

6. Construction of cDNA library

As the titer of the previous library (constructed by
Herdenberger et al., 1990) was found to be very low, a new ¢DNA
library was constructed. @ The ¢cDNA library was constructed from the
poly(A)* RNAs into the EcoR I restriction site of the Agtl0 vector
(an insertion vector). Disc florets of phase III capitulum (see below,
the developmental staging of disc florets and capitulum, in the
results section) were used for the isolation of total RNA. c¢DNA
synthesis was performed according to the kit and protocol supplied
by the vendor (Pharmacia). Synthesis of first strand c¢cDNA was
catalyzed by Moloney Murine Leukemia virus (MMLV) reverse
transcriptase. Poly adenylated RNA and oligo (dT) were used as
template and primer respectively. Second-strand c¢cDNA synthesis
was carried out by the procedure of Gubler and Hoffman (1983), in



12
which RNase H nicks the mRNA strand of the RNA: cDNA duplex
formed after the synthesis of first strand ¢cDNA. Following the
second-strand synthesis, Klenow fragment was added to ensure that
the cnds of the cDNA dupiex are blunt. The blunt ended, duplex
¢DNA was purified on a spun column, and ligated to the EcoRI/Notl
adapters. The EcoRI-ended cDNA inserts (with internal Notl site)
were ligated to Agtl0 arms. The products of the ligation reaction
(concatemers) were in vitro packaged, with Packagene in vitro
packaging system (Promega), according to the vendor's protocol. The
size of the preamplified cDNA library was 1.16 million clones. The
original library was amplified (titer 6 X 106), aliquoted, stored at -80
OC and was used for further screenings.

7. Screening of cDNA library

To isolate full length cDNAs, 0.3 to 1.0 x 106 pfu (plaque forming
units) were infected with C600 hfl bacteria (2 ml of overnight
culture) and plated on 24.5 x 24.5 cm Nunc plates. After overnight
growth  at 37 0C, the plaques were transferred to Hybond-N+
membrane (Amersham), as described by Benton and Davis (1977).
The filters were subsequently hybridized in 25 ml hybridization
solution (5x SSC, 5x Denhardt's, 0.5% SDS, with a-32 P-labeled probe
at a concentration of 2 ng/ml) for 15 h at 65 OC. Filters were washed
twice, at 65 9C in 2x SSC for 30 min. Pre-hybridizations,
hybridizations and washings were done in a Turbo Speed
hybridization oven (Bio/Can Scientific). Filters were dried and
autoradiographed by exposing to Fuji RX X-ray film at -80 OC, using
intensifying screens. Plaques showing strong hybridization signals
were removed and purified via two to four further rounds of
screening at low density.



8. Isolation of insert DNA from recombinant X gtl10

50 mi of LB medium (10 g/l bactotryptone, 5 g/l ycast extract,
10 g/1 NaCl, 0.2% maltose and 10 mM MgSO4 ) was inoculated with
200 ul of C600 hfl (restrictive host) and infected with recombinant
phage from a single plaque. After overnight incubation at 37 0C
under vigorous shaking, bacteria and bacterial debris were
eliminated by centrifugation. Bacterial chromosomal DNA of the
supernatant was digested by DNAse I (150 pg) for 1 h at 37 0C.
Phage was precipitated by the addition of 2.5 g PEG (8000) and 3 g
NaCl, at 4 °C for 4 hours or overnight. Fellowing centrifugation,
phage were suspended in 500 pl of TE, and phenol: chloroform
extracted. After centrifugation the supernatant fluid was recovered
and nucleic acids were precipitated with the addition of 0.1 vol. of 4
M NaCl and 2 vol. of ethanol. The precipitated nucleic acids were
then pelleted by centrifugation, rinsed twice with 70% ecthanol and
dissolved in 200 pl of TE. Thirty microliters were used for insert
analysis by restriction digestion .

9, Screening of genomic DNA library

Infection doses of 1- 2 x 106 pfu in ED8767 were plated on
Nunc plates (24.5 x24.5 cm), grown overnight at 37 9C and
transferred to Hybond-N+ membrane (Amersham), as described by
Benton and Davis (1977). The filters were subsequently hybridized
in 25 ml hybridizatdon solution (5x SSC, 5x Denhardt's, 0.5% SDS, with
a-32P-labeled probe at a concentration of 2 ng/ml) for 15 h at 65 °C.
Filters were washed twice at 65 °C in 2x SSC for 30 min. Pre-
hybridizations, hybridizations and washings were done in a Turbo
Speed hybridization oven (Bio/Can Scientific). Filters were dried and
autoradiographed by exposing to Fuji RX X-ray film, at -80 OC, using
intensifying screens. Plaques showing strong hybridization signals
were removed and purified via four to six further rounds of
screening at low density.
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10. Isolation of insert DNA from recombinant
A Charon49

For large scale growth of phage ACharon 40 (Dunn and Blattner
1987) or its recombinant derivatives, 1 ml of overnight culture of
ED8767 was infected with 2.0 x 106 pfu (15 min at 37 0C ) in the
presence of infection salts (10 mM MgClz2, 10mM CaCl2 ) and
subscquently transferred into 1.0 liter of NAZM growth medium in a
2 1 Erlenmeyer flask. After vigorous shaking at 37 0C for 17 h, 60 g
NaCl, 5ml of chloroform and 125 pl DNase (10mg/ml) were added
and shaking was continued (for 135 min) until all salts were
dissolved. Un-lysed cells and cell debris were removed by
centrifugation and supernatant was collected carefully without any
traces of chloroform. Phage was precipitated overnight from the
supernatant by the addition of 70g polyethylene glycol (PEG 8000,
Sigma). The precipitated phage was pelleted by 20 min
centrifugation at 5000 X g, and resuspended in 2 ml of lambda
dilution buffer (10 mM Tris-HClI pH 7.4, 10 mM MgSO4 ) and
chloroform extracted. The phage was further purified by two runs
on CsCl block gradients in Ultra-Clear centrifugation tubes, through
ultra-centrifugation with a SW50.1 rotor (Davis et al., 1980). DNA
was isolated from the  purified recombinant phage using the
formamide lysis method (Davis et al.,, 1980). The pellet was
dissolved in an appropriate volume of TE buffer. Appropriate
restriction fragment(s) of the insert was subcloned into plasmid
vectors.

11. Preparation of DNA inserts for wuse as
hybridization probes

The DNA inserts (used for the preparation of radioactive
probes) were amplified by PCR, using specific synthetic
oligonucleotides as primers. A Perkin-Elmer 480 thermocycler was
used for the PCR reactions. All PCR amplifications were performed
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in 50 or 100 ul of 1x PCR buffer (50 mM KCIl. 10 mM Tris-BCl pH
8, and 1.5 mM MgCl2) and were laycred with 50 pl of mineral oil.
The reaction also contained 0.15 mM of each dNTP, 1-2 units of Tagq
DNA polymerase, 1.0 uM of each primer and 10 ng of recombinant
plasmid DNA (template). Amplification cycles were as follows: 92 0C
for 65 sec, 52 O0C for 65 sec, and 72 OC for 120 sec (with 10 sec for
each additional extension). Twenty seven amplification cycles were
preceded by a primary denaturation step (95 OC for 5 min) and
followed by a final extension step (72 O°C for 5 min), after the last
cycle. After amplification and electrophoresis, inserts were
visualized by ethidium bromide staining in low melting agarose gel.
Recovery of insert DNA was done according to standard protocol
{(Sambrook et al.,1989).

12. Radiolabeling of DNA probes

Insert DNA was radioactively labeled using (a-32P-labeled)-
dCTP (3000 Ci/mmol, Amersham). Radiolabeling was done by
random priming (Feinberg and Vogelstein, 1984). Radiolabeled
probes were prepared, using 50 ng of DNA and Random Primed DNA
labeling kit (US Biochemical). The protocol suggested by the vendor
was used. The specific activity of the probe was greater than I x 109
dpm/ug. Unincorporated nucleotides were removed by precipitating
the labeled reaction product with yeast tRNA. The radioactively
labeled probes were denatured at 95 OC for 10 min, before use for
hybridization.

13. Isolation of nuclear genomic DNA

Nuclear DNA was isolated from hypocotyls, using a modification
of a protocol described by Dellaporta et al. (1983). Seeds were
surface sterilized with 15% sodium hypochlorite and grown in the
dark, between Whatman 3MM papers for 1-2 weeks. Hypocotyls
were collected and frozen in liquid nitrogen and stored at -80 OC.
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Thirty grams of hypocotyls were ground in liquid nitrogen (using
mortar and pestle) to a fine powder. The powder was suspended in
200 ml homogenization buffer ( 100 mM Tris-HCl pH 8, 50 mM EDTA,
500 mM NaCl and 10 mM B- mercaptoethanol). The suspension was
further homogenized by a Kinematica homonizer at setting 7 for 2
min and lysed with SDS (1% final concentration). After 30 min
incubation at 65 0C, 0.3 volume of 3M potassium acetate, pH 4.8,
was added and after gentle shaking the mixture was put on ice for
30 min. The dense, white precipitate was pelleted by centrifugation
(GSA rotor, 10,000 rpm) and the nucleic acids in the supernatant
were precipitated with 2 volumes of ethanol (100 %). Nucleic acids
were recovered by low speed centrifugation, washed twice with 70%
ethanol, and dissolved in 20 ml TE buffer (10 mM Tris-HCl pHS, 1
mM EDTA). Twenty grams of CsCl and 500 ul ethidium bromide (10
mg/ml) were added. The DNA was gradient purified in OptiSeal
polyallomer tubes (Beckman) by ultra centrifugation overnight at
55,000 rpm  in VTi 65 rotor. The DNA band was collected and
ethidium bromide was removed with water saturated butanol. The
DNA solution was diluted with one voiume of distilled water and
precipitated with ethanol. DNA fibers were spooled with a pasteur
pipette, washed twice with 70% ethanol, air dried for 10 min and
dissolved in 1 ml TE buffer.

14. Isolation of total amd poly(A)*T RNA

RNA was isolated using guanidium chloride extraction (Arrand,
1985). Plant material (50 g) was ground to a fine powder, in liquid
nitrogen, using a mortar and pestle, and transferred to 250 ml of GK
solution on ice (6 M guanidium chloride, 100 mM potassium acetate
pH 4.8). The mixture was further homogenized by Kinematica
homonizer at setting 7, for 2 min. Following a first centrifugation (20
min at 14,000 x g) and filtration through Miracloth to eliminate
cellular debris, the filtered supernatant fraction was allowed to
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precipitate for 1 h at - 20 9C, following the addition of 0.5 vol. of
ethanol. After centrifugation the pellet was dissolved in 15 ml of TES
( 10 mM Tris-HC1 pH7.5, 10 mm EDTA, 0.5% SDS) and extracted with
water saturated phencl/chloroform (1:I by vol). After centrifugation,
the aqueous phase was ethanol precipitated by the addition of 0.1

vol. of 4M NaCl and 2 vol. of ethanol. The RNA pellet was collected
after centrifugation and dissolved in 250 ul of distilled water.

Poly(A)*¥ RNA was isolated from the total RNA. using the
polyATract mRNA isolation system and the protocol rccommended

by the vendor (Promega), and stored as an ethanol precipitate at
-80 0C.

15. Northern hybridization

RNA samples were separated in a vertical urea-agarosc gel
(Locker, 1979) for 5 h at 20 watts at 4 0C, blotted onto hybond-Nt
membrane (Amersham). Hybridizations and washings were carricd
out as indicated previously for genomic library screening.

16. Southern hybridization

Plasmid/genomic DNAs were digested with appropriate
restriction enzymes. Digested fragments were size fractionated on
0.8% agarose gels, denatured, neutralized and transferred to
Hybond-N+ membrane. Hybridizations and washings were carried out
as indicated previously for genomic library screening.

17. DNA sequencing and analysis
cDNA fragments and genomic DNA subfragments were cloned

into appropriate restriction sites of either pUCI19 or pBluescript II
SK+ vectors. Both strands of the plasmid DNA were used as
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templates  for DNA sequencing. Double stranded plasmid DNAs
were sequenced according to Sanger et al., (1977), using synthetic
oligonucleotide primers, Sequenase version 2.0 DNA sequencing Kit
(US Biochemical) and 35S-dATP (Amersham). For sequencing of
double stranded DNA, the denaturation and annealing conditions
described by Zhang et al., (1988) were used. Analysis of the DNA
and polypeptide sequence was carried out using  Microvax II
(UWGCG programs) and Macintosh LC II (Mac Vector L M| version 4.1
and BLAST programs) computers.

18. Primer Extension Analysis

Oligo-nucleotide primers complementary to the 5' end of the
template strand were used to determine the transcription initiation
site(s). Primer extension reactions were carried out according to
Sambrook et al. (1989). Briefly the oligomer was radiolabelled by 5'-
phosphorylation using T4 Polynucleotide kinase and (y- 32p) ATP.
Labeled primer was annealed to 35-100 ug of freshly isolated total
RNA (from appropriate organ system), in annealing buffer (20 mM
Tris-HCl, pH 8.0; 200 mM NaCl; 100 mM EDTA and 1mM DTT) for 3h
at 55 9C. The cDNA was made by extending the annealed primer
with AMV reverse transcriptase (Bio/Can Scientific). The same
oligonucleotide was also used as the primer in the DNA sequencing
reaction. The reaction products of primer extension and DNA
sequencing were run in the adjoining lanes on a sequencing gel (6%
polyacrylamide and 8M urea).

19. In situ  hybridization and light microscopy

Florets of stage 4 and 5 were fixed at 109C, in 2%
paraformaldehyde, 0.2% glutaraldehyde, 0.1% Triton X-100 in 0.1 M
sodium phosphate pH 7.0 buffer. And 16 pm transverse sections

were cut with a Reichert-Jung 2800N cryomicrotome. Sections were
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treated as described by  Meyerowitz (1987) and  hybridized with
358- labeled SF15 probe. Overnight hybridizations were performed .
in 5X SSPE and 50% formamide in the presence of 10 ng labeled
probe (4 x 106 cpm/slide) at 37 0C. The sections were washed 10
min in 5X SSPE at room temperature and twice in 0.2X SSPE at
65 0C. The sections were coated with an Ilford K5 nuclear track
emulsion, to allow simultaneous observation of scctions and
autoradiograms. Alternatively sections were autoradiographcd by
Hyperfilm-Bmax (Amersham) which were then processed scparately.
For histological studies, cross sections of disc florets were stained
with 0.1% toludine blue and photographed with a light microscope
(Cox and Goldberg, 1988).
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RESULTS

1. SF15 is specific to young unopecned disc florets

Differential screening of the cDNA library constructed in AgtlQ
with poly(A)* RNA from a sunflower inflorescence, has resulted in
the isolation of several flower-specific cDNA clones (Herdenberger ct
al., 1990). SF15 was one of these clones. The SFI5 ¢cDNA however,
was incomplete and estimated to be about 500 bp in size, based on
agarose gel electrophoresis. This clone was chosen for further
analysis and subcloned into pUCI19 and sequenced completely. It has
a size of 526 bp and an open reading frame (ORF). Northern blot
analysis was performed to determine the organ specificity of SF15
c¢DNA. Total RNA was isolated from vegetative (roots and leaves), and
reproductive organs (ovaries, corolla, styles+ stigmas, pollen
depleted anthers , mature pollen , immature seeds), as well as from
closed disc florets. Individual organs such as ovaries, corolla,
anthers, styles+ stigmas, mature pollen and immature seeds were
harvested from disc florets 2 or 3 days after anthesis. After size
fractionation, the total RNA was blot-hybridized with SF15 cDNA
insert as a probe (Fig. 1). The SFI15 cDNA probe, hybridized with
1000-nucleotide-long RNA transcripts detected exclusively in closed
young disc florets. Results demonstrate that SF15 is specifically
expressed in young closed florets, but the level of expression is very
low (a barley visible band was observed after 5 days of exposurc of
the film). No expression was detected in other reproductive and
vegetative organs, even after prolonged exposure of the
autoradiogram.
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Figure 1. Floral specificity of sunflower SF15 cDNA clone.
RNA gel-blot analysis was performed with 30 pg of total
RNA from different tissues indicated. The RNA samples
were size-fractionated on a vertical urea-agarose gel,
transferred to a Hybond-N* membrane and probed with
32P-labeled SF15 probe. The autoradiogram was
exposed for 18 h (left panel with lanes not marked
by *) and 5 days ( right panel with a lane marked by *)
with intensifying screen, at -80 9C.
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2. Developmental staging of capitulum and disc
florets

Initial studies on the pattern of expression of SF15 indicated that
the gene is expressed in the young unopened disc florets before
anthesis (and its expression in the floral organs harvested after
anthesis, was not detected). In order to investigate the temporal
expression of SF15 in detail, the development of the capitulum
(inflorescence) was divided into three phases (I, II and III), and
the development of the disc floret into seven stages (1, 2, 3, 4, 5, 6
and 7). The staging was based on the diameter of the capitulum,
opening of the disc florets and capitulum, colour of the disc florets
and so on. Figure 2 shows these phases and stages, and the
morphological and anatomical features used to delineate each phase
and stage are given below and summarized in Table 1.

The diameters of the capitulum at phases I, II and III were 6.0
9.0 and 13.5 cm, respectively. We designated these phases as
immature capitulum (phase I), closed capitulum (phase II) and open
capitulum (phase III). Phase I head was harvested from a 7-week-
old plant., Phase II and IIl heads were harvested one and two wecks
later, respectively. In the immature capitulum (phase I) the
involucre of bracts completely masks the green ray florets (Fig.2 A-.
I). Developmentally the next phase (phase II) is one to two days
prior to the opening of the capitulum and the beginning of anthesis.
At this phase, petals of ray florets turn completely orange-yellow
and their tips barely touch each other (Fig.2 A-II}. In the open
capitulum (phase III), one third (1/3) of disc floret whorls have
completed anthesis (Fig. 2 A-III). Seven stages of florets were
obtained from the heads of these three phases: the florets of phase I
capitulum represented stage 1; florets of stage 2 and 3 were picked
from phase II capitulum. Florets of stages 4, 5, 6, 7 were picked
from phase III capitulum (Fig. 2A.1-7, and 2B).
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Figure 2. Floret and inflorescence development in sunflower.
The development of capitulum and disc florets was divided
into three phases (I, II and III) and seven stages (1, 2, 3, 4,
5, 6 and 7) respectively on the basis of size and other
morphological criteria (sec table 1).
(A) The three developmental phases of the sunflower
capitulum with the corresponding developmental stages ‘of
disc florets. In the sequential development of the disc
florets, stage 4 represents the midway between stages 2
and 3.
(B) The line diagrams of a sunflower capitulum indicating
the Iocations of the seven floret stages of the three
capitulum phases.
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Figure 3. Bright-field photographs of cross-sections of disc florets.
Disc floret cross sections of 16 pm were obtained as
described in Materials and Methods. The sections were
stained with toluidine blue and photographed with bright-
field illumination. Panels a, b, ¢, and d are sections of
stagesl, 2, 3 and 5 respectively.

Panels e and f are higher magnifications of sections of
stagel and 2 respectively.

(a) Stage 1 floret: At this stage sporogenesis is complete,
the callose wall of tetrads starts disappearing and tapetal
cells start shrinking. Connective tissue and vascular
bundles have disintegrated.

(b) Stage 2 floret: Disintegration of the tapetum is
complete. Anther harboring the pollen grains, has a simple
structure, consisting of a single epidermal cell layer and is
sustained by the filament.

(¢) Stage 3 floret: Pollen grains continue their
development.

(d) Stage 5 floret: Anther locules contain the mature
pollen grains.

(e) and (f) are higher magnifications of florets of stage 1
and 2 respectively.

(Br- bractiole; C-corolla tube; E-epidermis; M-microspore;
P-pollen grain; S-stigma; T-tapetum)
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In order to characterize the developmental events that occurred
from stage I to 5 and to correlate morphological changes of disc
florets with the presence of specific tissues, cross-sections of the disc
florets of stages 1, 2, 3 and 5 have been analysed. Bright-ficld
photographs of representative sections are shown in Fig. 3. In the
sequential development of disc florets, stage 4 is intermediate
between stage 2 and 3 (not shown in Fig. 3).

Cell specification and tissue differentiation of stamens occurs
before stage 1. At stage 1, sporogenesis is completed, the callose wall
of the microspores starts disappearing and the microspores are
released; tapetal cells start shrinking, connective tissue and vascular
bundles have degenerated (Fig. 3A, and E). At stage 2 disintegration
of the tapetum is completed and the pollen grains continue their
development; the wall of the anther locules is enclosed by the
epidermis (Fig. 3 B and F). At stage 3, the pollen grains have well
developed spines (Fig. 3 C). The stage 4 florets are developmentally
midway between stage 2 and 3. At stage 5 (one day before anthesis)
florets contain viable pollen surrounded by epidermis (Fig. 3 D).
Anthesis occurs at stage 6 and the stigma becomes receptive to
pollen at stage 7 (Table 1 for details).

3. Temporal expression of SF15 gene

To determine the  temporal expression of SF15 transcripts
during disc floret development, total RNA was isolated from disc
florets of stages 1 to 7. The RNA gel-blot was hybridized with SF15
probe. A high level of expression of SF15 was observed in florets of
stage 2, stage 4 and stage 3 (Fig. 4A). Closer inspection of the data
indicated that the level of SF 15 transcripts, increases slightly in
prevalence between stages 2 and 4 and declined in stage 3. A faint
hybridization signal at stage 1, reveals that the accumulation of
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SF15 transcripts begins at this stage. The data also indicate that
SF15 gene is not cxpressed in the later stages (5, 6 and 7) of disc
florect development .

4. SF15 gene is specific to male-fertile disc florets

To dctermine the pattern of expression of SFI5 In male-sterile
disc florets, total RNA was isolated from male-sterile disc florets
corresponding to stages 1 to 7. The RNA gel-blot was hybridized
with SF15 c¢cDNA probe. In the male-sterile line (HA401 A), anther
pigmentation and filament elongation are strongly reduced and
pollen formation is aborted, but other organs of the floret develop
normally. Northern blot analysis did not reveal expression of SF15
transcripts  in male-sterile disc florets (Fig. 4. B). Together, these
data indicate that SF15 cDNA clone represents cognate mRNA
transcripts, expressed exclusively in young unopened male-fertile
disc florets. SF15 gene is regulated temporally and there are timing
differences in the expression patterns during disc floret
development.

5. Organ specificity of SF15

In order to investigate the organ specific expression of SF15, the
male-fertile disc florets were dissected into various organ systems
i.e., ovary, bractiole, styles+stigmas and anthers+corolla (it is
difficult to isolate anthers free of corolla tubes, in the unopened
florets). Total RNA isolated from these organs, was size fractionated
and blotted to Hybond-N‘tmembrane. The RMA gel-blot was assayed
with SF15 probe. The results (Fig. 5) revealed that the probe
hybridized to transcripts expressed in the anthers+corolla tube .
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A Male-fertile floret

Developmental stages

I1234567'

B Male-sterile floret
Developmental stages

l1 2 3 4 5 6 7]

Figure 4. Temporal expression of sunflower SF15 gene.
RNA gel-blot analysis was performed with 30 pg of total

RNA of male-fertile (A), and male-sterile (B) disc florets

of different stages indicated. The RNA samples were

electrophoresed on a vertical urea-agarose gel, transferred

to Hybond-N+ membrane and probed with 32P-labeled
SF15 probe. (M.F- Male-fertile disc floret of stage 3)
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Figure 5. Organ specificity ¢f sunflower SF15 gene.
RNA gel-blot analysis was performed with total
RNA from different organ systems of male-fertile disc
floret as indicated (15 pg of total RNA from the organ
systems and 40 pg from the entire stage 3 floret). RNA
samples were electrophoresed on a vertical urea-agarose
gel, transferred to Hybond-N+ membrane and probed with
32P-labeled SF15 probe.



Figure 6. Localization of SF15 mRNA transcripts in sunflower anther.
Cross sections (16 pm thick) of stage 4 male-fertile disc
floret were hybridized with 35S-labeled SF15 probe. The
slides were exposed to radiographic emulsion for 12 days.
The probe hybridizes to anther epidermal cells. No
hybridization signal was detected on the pollen grains,
stigma (top panel) or to the corolla tube (bottom panel).

(Br- bractiole; C-corolla tube; E-epidermis; P-pollen grains;
S-stigma)
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6. In situ localization of SF15 transcripts

In order to localize the tissue specificity of SF15, disc floret
cross-sections of stages 4 and 5, were hybridized with the 35S -
labelled SF15 probe. Floret sections were taken from the upper part
of the floret, which consists of bractioles, petals, anthers and stigma.
The results showed that the probe hybridized strongly to a single
layer of anther epidermal cells of stage 4 disc florets (Fig. 6). The
corolla, stigma and pollen grains did not show any hybridization
signal. Also there was no hybridization of SF15 probe to any of these
tissues including the anther of stage 5 disc florets (data not shown).
These results were consistent with the results of RNA gel-blot
analysis (Fig. 4A) and confirm the specificity of in situ  hybridization.

7. Isolation and characterization of SF15 cDNA
clones

In order to isolate full length ¢cDNA clone(s), 2 floral cDNA library
(of phase III) was screened with incomplete SF15 cDNA insert as a
probe. Out of 300,000 phage recombinants screened, 90 clones
hybridized strongly to SF15 probe. Four cDNA clones (SF15-2, -3,
-45 and -49) with the longest inserts, were chosen for further
investigation. Restriction analysis with EcoRI shows that the four
¢DNA clones can be grouped into two classes based on the presence
or absence of internal EcoRI restriction sites (Fig. 7 andl0). Class I
¢DNA clones (SF15-2 and SF15-3) have two internal EcoRI restriction
sites. Class II ¢cDNA clones (SF15-45 and SF15-49) do not contain
any internal EcoRI sites. Class I ¢cDNA clones were subcloned into the
Notl site of pBluescript-II SK¥*, and class II cDNA clones were
subcloned into the EcoRI site of pUCI19 (Fig. 7).
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Ali these subclones were sequenced completely. The c¢DNA
inserts were 785 to 934 bp long and comparable with the size of
mRNA  transcripts, as estimated by Northern hybridization (1 kb).
The differences in size can be accounted for by a longer average
poly(A)* tail at the 3' end in the mRNA population. Coding rcgion
analysis indicated that all four cDNAs contained open reading frames
(ORFs), but terminated close to the 'ATG' start codon, compared to
the ORF of the genomic clone (Fig. 11). The ORF of the genomic clone
contains two in-frame 'ATG' initiation codons separated by three
nucleotides.

In  majority of higher-plant genes described so for, the first in-
frame methionine codon of mRNA acts as a translation initiation site.
In the case of SF15-49 ¢DNA, the second methionine codon (ATG)
may act as a translation start site (because in this ¢cDNA there is a
substitition of T for G, of the first ATG initiation codon). Only 8 bp of
the coding region were missing in the case of SF15-2 ¢DNA, where as
20 bp were found to be missing from first start codon of SF15-3 and
SF15-45 cDNAs (Fig. 11). Three cDNAs (SF15-49, -3, and -45) were
terminated by short poly(A)*t tails of 7 to 9 residues at different
positions, whereas SF15-2 c¢cDNA has a long poly(A)* tail of 70
residues. The 3'-untranslated regions including poly(A)* tail were 90,
112 and 147 bp long for SF15-3, SF15-45 and SF15-2, respectively.

Comparison of cDNA sequences indicated that the
polyadenylation site is variable. The putative polyadenylation motif
'AATAAA’ has been found 36 and 40 nucleotides upstream of the
poly(A)* stretch in SF15-2 and SF15-3 clones, respectively. And
these positions are in close agreement with those reported for the
majority of plant genes (27+ 9) (Joshi, 1987b). Two variant
hexanucleotide sequences occured nearer to the polyadenylation site



36

in SF15-45 clone: 'AATTAT' was 29 bp and 'ATTAAA' was 23 bp
upstream  the poly(A)* tail, respectively. It is possible that one of
these sequences might serve as polyadenylation signal. The SF15-49
clone has an atypical structure, the 'TAA' termination codon is
followed sequentially by a poly(A)* tail without a 3' untranslated
trailer.

8. Isolation and characterization of SF15 genomic
clone

Screening of sunflower genomic DNA library constructed in
ACharon 40 vector (with 526 bp SF15 ¢cDNA as a probe) resulted in
the isolation of several putative SF15 genomic clones (out of 1X 106
plaques, 8 positive clones were detected after first screening). One
genomic clone (SF15G) with an insert size of approximately 10.7 kb
was selected for further investigation. Restriction mapping was
performed and four fragments were subcloned (in pUC19 vector)
separately: 2 5' 1.7 kb EcoRI and two overlapping 2.0 kb HindIIl and
1.6 kb EcoRI/Hind III clones and 3' 3.3 kb EcoRI (Fig. 8, 9 and 10).
The coding region was located in the 1.6 kb EcoRI/Hind III and 2.0
kb HindIIl fragments (Fig.10). These subclones were sequenced and
shown to contain the complete coding region of SF15 gene as well as
a 1.8 kb region upstream of the methionine translation start codon
and 0.68 kb down stream from translation stop codon. The 5’
untranslated region is characteristically A/T-rich (67%) when
compared to the translated region (60%). The sunflower SF15G coding
region is 837 nucleotide-long starting at the ATG codon (position 9-
11) and terminating with TAA stopcodon (position 846-348). No
introns were detected after comparison of the c¢cDNA and genomic
clones.
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The transcriptional initiation site(s) were determined by primer
extention analysis with total RNA isolated from disc florets of stage 4.
A 31- mer oligonucleotide primer (3' C CTC AGT TAG AAC GGT TTC
GAG GTT GTG GAG 5') , complementary to nucleotides 63 to 93 of the
ORF of SF15 genomic clone (Fig.11), was extended by AMV reverse
transcriptase. The primer extention products were electrophoresed
next to the products of a DNA sequencing reaction using the same
oligonucleotide as primer and genomic DNA subclone as template.
The two major products differed in size by 1 nucleotide locating the
transcription starts of the SF15 transcripts on the T nucleotides at
position 8 and 6 bp 5' to the ATG start codon (shown as asterisks in
Fig. 12 and Fig. 11).

Also there were small amounts of longer transcripts that started
at A residue (17 bp), T (21 bp) and T (50 bp) upstream from the
translational initiation codon, respectively (Fig. 11). The leader
sequence of the main transcripts of SF15 gene is unusually short. The
study of 79 plant genes showed that the length of thc leader
sequence ranged mostly from 40 to 80 nucleotides (Joshi, 1987a).
In the 5' region three putative TATA boxes were identified (bold
letters in Fig. 11). The first TATA box lies 30 and 32 bp upstream
from the two major transcriptional initiation sites, the second TATA
box is 33 and 29 bp upstream from the two closed minor
transcription start sites. The third TATA box lies 30 bp upstream
from the longest transcript initiation site. The position of these
three putative TATA boxes is in good agreement with other start site
distances from the TATA box observed in plants (32+7) (Joshi,
1987a). Transcription of the SF15 gene might be initiated from
different sites, each with a TATA box 29-33 bp upstream. It is
possible that the set of transcripts varied in length at their S'end
exist, and are unequally expressed. The fact that each transcriptional
initiation site has a TATA box 29-33 bp upstream strongly indicates
that all sites might be active at different levels. It is possible that
only one of these sites is under developmental control.
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Two possible CAAT sequences were identified in the 5' non-
coding region of the SF15 gene: the proximal CAAT box lies 31 bp
upstream of the first putative TATA box and the distal one lies 359
bp upsream of the same TATA box (shown in bold letters in Fig. 11).
Closer observation of data revealed a GATA motif (shown in bold
letters in Fig. 11), 34 bp upstream of the proximal CAAT box . This
motif is a cis-acting element in several plant light-responsible
promoters (Lam and Chua, 1989). 34 bp upstream of the distal CAAT
box is located a GTGG motif (shown in bold letters in Fig. 11), that has
been shown to modulate promoter activity of the late pollen-specific
genes from tomato (Twell et al., 1991).

In addition, numerous direct repeat structures are present in
various parts of the 5-flanking region of SF15 gene (Table 2). 314
and 66 nucleotides upstream of the first TATA box, there is a long 21
bp inverted repeat (underlined by arrows in Fig. 11) which might be
involved in the regulation of gene expression by DNA looping. Two
short (11 to 9 bp) perfect inverted repeats (underlined by arrows in
Fig. 11) are also found in the promoter region of SF15 gene. The
significance of all these repeat sequences is not known but they may
be involved in gene-specific regulation. In the 3'-flanking region of
the gene, three 'AATTAT' sequences were found 36, 46 and 77
nucleotides downstream of the TAA stop codon (shown in bold
letters in Fig. 11), which might serve as polyadenylation signal.

A nucleotide sequence comparision of the four SFi5 cDNAs and
SF15 genomic clone reveal a high level of identity ranging from
89.9% to 99.7% among coding regions of the genes (Table 3 and
Fig.11). These four ¢cDNAs and the genomic clone represent five
unique cognate mRNAs, and belong to a closely related family of
genes.
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Figure 7. Agarose gel electrophoresis of four SF15 cDNA clones.
About 30,000 Agtl0 recombinant clones of sunflower
floral cDNA library were screened with SF15 probe. Four
cDNA clones (SF15-2, -3, -45 and -49) with longest insert
sizes were chosen for sequence analysis and subcloned
(into the EcoRI site of pUC19 or the Notl site of
pBluescript SK+ vector). SF15-2 and -3 subclones were
restricted with Notl and SF15-45 and -49 were restricted
with EcoRI. The restriction products were electrophoresed
on a 0.8% agarose gel. (M-Molecular size marker).
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Et.Br. Stained agarose gel Autoradiogram

Restriction analysis of sunflower genomic clone SF15G.

A 10.7 Kb genomic clone (SF15G) was isolated from the
sunflower genomic library by screening with SF15
probe. The genomic DNA clone was restricted with various
enzymes and the DNA-gel blot was probed with the SF1S
probe. The left panel shows the ethidium bromide stained
agarose gel and the right panel shows the autoradiogram.
(M-Molecular size marker; B-BamHI; E-EcoRI; H-Hindlll,
X-Xhol)
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Figure 9. Gel electrophoresis of subclones of the SF15 genomic clone.
Four restriction fragments of SF15G were subclonred into
pUC19 vector i.e., 3.3 Kb EcoRI; 1.7 Kb EcoRI; 2.0 Kb
HindIIl and 1.6 Kb EcoRI/HindIll. These subclones were
electorphoresed after digestion with appropriate

enzyme(s). (M-Molecular size marker; B-Bam HI; E-EcoRI;
H- HindlII).
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10.7 kb
EcoRl EcoRl EcoRI
22kbL arm L7 kb | 33 kb 9 kb R arm
—— — — ]
13kb |/ 20K\ |
HindI11 HindIll
s 1
s ‘— 1.6kb ~—%
/ HindII/EcoRI

SF15G

SF15-49

SF15-2

SF15-3

SF15-345

SF15 hybridization probe

Figure 10. Restriction maps of genomic clone SF15G and SF15 cDNAs.
Closed box represents the open reading frame of the
genomic clone. Stippled boxes at the ends of genomic clone
represent the A Charon 40 vector arms. The ¢cDNA clones

and the SF15 probe are represented with reference to the
open reading frame of the genomic clone.
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Figure 11. Comparison of nucleotide sequences of sunflower genomic

clone (SF15G), and four SF15 cDNA clones (SF15-49, SFI15-
2, SF15-3 and SF15-45). For the coding regions of the
cDNAs, only the nucleotides that differ from the genomic
clone are shown. Dots indicate identical nucleotides and a
dash indicates a gap in the sequence introduced, in
order to maintain an optimal alignment. Nucleotides in
the 5' and 3' non coding regions are indicated in lower
case letters. The translation start codon (ATG), translation
termination codon (TAA), and the potential
polyadenylation signals (AATTAT, AATTAT, aattat) are
shown in bold letters. Three TATA boxes, two CAAT boxes,
two cis-elements (GATA and GTGG) are also shown in
bold letters. Inverted repcats present in the 5 region are
underlined. Transcription initiation sites are indicated by
asterisks.(The nucleotide sequence data reported here will
appear in the EMBL data bank under the accession
numbers X 82005, X 82006, X 82007, X 82008, and X
82009).



AALICCACQE catggaiica ¢sacgtagad
Atagnaglas tagaacqaat QaAggatacg
anttatggyq Qatgigrags taacattacc
tLLtLTLott Qutataasat gatagtreet
AACHLALCCS satiasacaa tattacaaat
AnATAMARCCA Clatcgtcat caatcctccq
Jggtgacgayg cagugccgcg tataggacgt
aattgttaaa ttgttggtag aaasatqaaa
gqQcattgttt tgcagaactg agQltaaaatgt
AsaCAnaata CCCACLACAt aaaattaaat
qatqaqetgq qraanggatqg gcagggqgic
qQatqQuygQut QJaaclaatc tacccatata
tCLgULecat ctaacQaccqg tgggatqtta
catcaqggtgt attiaccLac tcaaaagaca
rtottiitat tagitatasgs 4ATLCADAGY
tgttgeatga tgtgtacqtq gagacateql
tanaattate cagrtccaan caaatattga
tqttagcotag tggraictgt catagqQuttt
ACOLATEATE TLATEALTOA QAAcCTLTILL
Las . atttattcca aasatgcact
taatanaaaa agtatacatt Qtteogtacayg

ACCtancgat SACACATTAA CACQLTELIS
Tt gicachaatt CLICTGCCAA
aaqnqnag T L] i f,-

CAATGGAGTC ATCTTGCCA AAGCTCCAAC

ACACCATCCA AARAAACCCA GATTCCCCAC
senmanssan uwsesasssss seans=aTGT
mesmsasses seessssmet sssssTassl

vsssnnusse mensmssses sessecall

TACCATACCC AATCCCCACG CAAACCTGAA

eanssssess wsavarclen wencaiesen

TTCTCAGTCT TGTCTTAGGA ACGTGGTICA
sesmssssse assanessss sssslanues
vesnsanses snnsnvefas suneTorans

sssnenness sunneeafas ceeeTonees

sssssresss ssevssascs sasslenesl

TCTACCCATA TTTACAATGT ATCCTCCGTT

CCTTCAGGUG ACCATTTATC TGTCAGTACT
weraTOusel Gunlivannne susscnnace
cnsnsBooal Benononnne AusTavnnns
snsnsGaueh Buvrnnsnns RenTannens
eensTovnee sesvesenh Covushhors

AGCGCCTCLGA GGTCATGCTC TTCCSARMATA

ATCTGCAGTG TACTCCTICAC TTAACAMGE

eermeeERes VEAbAAABLS SLEESLIERA

ACTAGCAAAC CACTCTTIMG TGGACGOGGTT

sssrEEEELs LAALELELES LEEEFEIEIERS

TCCTACTSTS TATCATACTA AMG=T=ATTC
Crcavenche TAARAAMAAAN

ceraeTesll cTeeaelenl ~.G=Cmoum.
O T e - A
eessssnshAe +eshG.CC.C GTCA, G A,

GCAATA==== =TCAAMATCA TCTGCITICT
AMCTGOCAGT Miwvensnsn vevevsnany
AA.TCGCIALT Avcscvanes senne

sasBelmmmm = trnann sasfanenne

QaAtQQattq aatcatqQgas caacgacatg
AMMAMAML  AARARAMAL AAA

agtcaaaact LQCLCTaACt aatcgatgth
CAMRACLGOgt Qatacgagea ttottagegs
gtoctagattt tgattgctta gtaggtctgt
taBCCLLLLA AAQALCLQLQ atttgQectg
QLtQQteQesy toagaagata teottictacq
aQQQtitaca QQaAgatQQt cgatgegtat
tQaaqotgtly SEATAAQUA CatcatgQtt
AQCTAQATLT gaaatgccct aattatgecce
CAAtAQQECT QQQLECQAtt ctcacacqggq
CCTAQTEQAQ ATQQATALQA

gaagtQanaa
antgatatgt
cattattagt
ttaataaatt
acttaasatt
teagactcag
geetggagee
taasaacaaa
ggcatggaaa
tgegeataga
AJCCrattgt
cLtatacatt
tetectgace
agtaatgcta
gQcacaactt
gtgtatgtag
grgtracata
tgtaccgaac
ctaggottas
ttaatcaacs
tagttagaaa
Ttatataatta
ATGCAAATCA
TCrnnane
T.

gratgaatga
ttgascttta
ALCLLLLLta
tataaasgac
aaattcaatt
cgatgcliceic
tataaasaat
ataacatacc
qqtgecgagt
taaatgoaat
Qtaaagaacg
tcacccatge
tgctaccatt
taatgtTcat
tgtagttege
tttactttce
ctitqtgtat
atgcaattta
tattttgeogt
tttadatitg
tgataaaacq
acasttaacq
AATCCATAAT
P

ACCTCTAATT
Y TRY . YO A
=A..AC
. =A..AC
aAeaheG..

AGAANTTGGC
[~ - PP

GuaGeonane

TCCATAAACT

seasssanasm

CATGCTGTTA
i S SR

wTaaTenuan

nesEmmeans

CACCAACTTA

csssasnene

CEGECACCTT
To..aGEL,
Ti...GC..

e e

GATTATTCGA
WThevesahe
WThssnannn
«Thevsenss

aThecienes

ARGTACTGCC
Y T
cesBensnae

senPnaneen

wrePeacane

YR U

CTTAATTTAG

Cenennnes

CAAACACCAT

L Y

snesmsasas

ssasmecana

sseveneloes

ACTATACATT

[P S

AGMTICICT

P P

TAARTGTTITA

euBasccnse sonssanans

asswnesens

ATATCTACCA

asssstvene

CCCTTAMCT

TeeoTAAC.A
TooTAAC.A
ennaTARL N,

CTTAATTATA TTARAIZATT
ARAAA  AAAAAANAAN
AMRAAR

snscscanse

BRI

agattaatqg gagtatggaat

atttocaget ctgtgtaaca
goLttgggtit ¢gatigtatts
aatttatege ggctatcacg
cttggattty ggtttattaa
tatccastet tocttetcac
ttagcgagas gghhatataa
aaagetitgs acgcgattag
aLQQgctitat agoctagtgq
Qttttccata tRTattgget

tgtgtttgaa_torgogaate
ttagtatctic caggaataag
tctttatttt atttaldaQis
Qtagtgaaat TasQCaALCC
gitcatacaa Latigtatca
ctcenigaag LtCgggccac
tttiaaaaga tactcattac
£QCalgQaaa ggCcagacat
atagcQlggg tegtatgect
aaaaataaga taacatacct
gygcaccqQgt ctggataaac
cagtcatctt ccatcccatg
atggatatca astgottcag
CTAGLLLCLt aaccaangta
ctccaaaatt ttigaccgec
ttiglgtatt taaqcttcaa
ttectttiglg tattcgcacs
tcrtattaga gattatattt
aaathctTiq
gtttatettt
taacatatat
attagaacaq
CTTATTTCIT

AR TETRY )

tactataate
Lagaaticca
tatssagtac
NICATTATIC
Teaneelans
Taoeaslonn

sssssssany

Tesenaanas
Teesnavaan

Tesesasnans

ATCCATCTAG
R XL

essTasnens

ACCTGCACAT

eaeTens

R SR

ATTAAGAATA ATTCTAGCTA

sesmenssenr mammursEas

CTTAATCICG

CITTIGTGCE

srasmrsnnm

ceccnsPues

CTARACAACA GSARCSGTCTA

annaTesnns

mebdusvsemaw AbsdssuELS
stessacsss ssemnsssnesw

RN

TCGATGATIG

eTanennses

TICTCAGTSC

GGATAGCTATS

(LR TR Y)

NTARATARGC

sawsasansn
esvsnsnsne Temnsnennse
wssvsssusvs Toanvunasns

R T T TS L L L)

TSAMCATCCT

cavansSane

ATCACCCCCA

L Y

ACCAACCCAR

ssrsnmssns

CTAATGACAT

ssrnssenes
srsrssnrne senasheoen
crsnereses ansnrheans

susuasaEeE BesERELEEY

ACGGTATGLG CATACAAGTT

| R - P
[ TP P
Aveilucnee

AATGTTUGAG
AMMAAMRRAR

wnnehlo.a.

TTastgttca
AARARAANAN

« «AARRRAAN

acgaaatata gattganatq

atcctgttat
aggttatate
atagtttage
acaaagaage
tatactctta
gq9cagggnga
tattggggac
CaAtCLEqegqy
trectoctga

ttegeggtee
ttgaatetgt
ttgattgata
QtanagLety
Quatqetcty
trtttogest
tcaaagatgt
Qtgggataag
attggtatat

At TCANAT
qgcc:a:ana
attatgttga
anacahacta
cataataata
gectaataga
ataacattas
AQ¢asagage
ataagaatit
gcatagacqa
tcgtogtggr
tcatcatgea
cacatcagca
aatQoaagtt
¢tegentita
gtgtgattaa
taccectoers
Ltcqaatatan

TQatTCIATE ttgtaggaca

ageertaats
ccaaactcaa
tgtatatang
AATCACTCAT
PR T
P - A P
sacasheTes

TTCAAAAGCA
[
PR -

R N

CAATCCTTTT

TAARACCACT

emanrmeusew

GCTTCGCATT

ssanusease

sesessanae

srasvsensn

seseasvels

TAMGCTGAA

ssssvevein

sEsarscase

CTTTACCGCCE

+sssnncnes

CCGTACTTIT

Teavalosss

Tacaansnwn
Teuesannse

Teanalases

TATICAACCC

erneasTLAT
eensssTWAT

I I

togtaattat
AAANAMAMAR

A

ccctasttat

gatrcttete
ctatgtQtoa
c¢gaatcctat
atgggaaaca
caaggaattt
tegttogett
Logrodatyt
tegttgggac
aggeattatyg

-1782
-1622
=1542
=1462
=1382
=13o2
-1222
=-1142
-1062
=982
=902
~822
=742
=662
=582
=502
-422
=342
=262
=182

SF15C

5F15G
3F19-49
5F15-2
SF15-1
5F15=-45

SF15C
SF15=-49
5F15-2
5F15-3
5F15-45

SF15C
SF15-49
5F15-2
SF15-3
3P15-45

5F15G
SF15=49
5F15-2
5F15=2
5F15-45

SF15G
SE15-49
SP15-2
5F15-2
S5E15-45

SE\50
SF15-49
5F15=2
SF15-3
SF15-4%

SF15C
SF1%-49
SF15-2
5F15=2
SF15-45

SF13C
SF15-49
SF15-2
SF15-3
SF15=45

SF15C
SFL5-49
S5F15-2
Sr15-3
SF15-45

ST1iG
SF15-49
SF15-2
SF15-3
SF15=45

SF15G
SPL5-49
SF18-2
SF15-3
SF15-45

SFlSC
5F15-2
SF15-3
SF15~45

1009 SF15G
P34 SF15-2

1069 SF15C
116%
1249
1329
1409
1489
156%
1649
1729
1745 SF15G

44



45

T
T
G
T
C
A
C
A
A
A
T
T
Cc
T
T
G
T

»

aRzlrronn

Figure 12. Mapping of transcription initiation sites for SF15.

Primer extension was performed with a 32P-labeled, 31
nucleotide oligomer (3'-C CTC AGT TAG AAC GGT TTC GAG
GTT GTG GAG-5") complimentary to nucleotides +63 to +93
of the coding region of SFI15G genomic clone (Fig. 11). The
end labeled primer was annealed to 100 pg of total RNA
(of stage 3 disc floret) and extended by reverse
transcriptase. The primer extension products (PE) and the
products of sequencing reactions (A,C,G,T) using the same
primer, were size fractionated on a 6% polyacrylamide-
urea (8M) gel, and analyzed by autoradiography. The
nucleotide sequence arcund the transcription start site(s)
are shown. Asterisks indicate the positions of major and
minor initiation sites.
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Table 2. Direct repeat sequences found in the 5' flanking region of
SF15G gene. Position numbers are relative to the

transcription initiation site.

No. Sequence .

Size

Positions

1. 5-TA(T/C)GAATGAT(G/A)TGTTTGAA-3
2. S5-TAC(T/A)TAA(A/C)ATTAAA(T/A)T(C/T/G)-3'

5-ATTGTTC(A/G)TACA(A/G)TA-3'
“TAGA(A/MAAATGAAATAAAAA(CITAA-S
5-ATAACATACCTGCAT(G/A)GA-3'
S-TTTCCTTTGTGTATT-3'
5-TT(A/T)G(A/T)GATT(A/C)TATTTT-3'

N oo AW

19n
17n

I15n
22n
18n
15n
I6n

-1741-1723 and -1676 -1658

-1433 -1417; -1235-1219 and
-1047-1031

-1415 -1401 and -165 -151
-1205-1184 and -1026-1005
-1182-1165 and -1003-986
-537- 523 and -453 -439
-367 - 352 and - 276 -261
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Table 3. Nucleotide sequence and deduced amino acid
sequence identity among the members of the SF15 family.

SF15-2 SF15-3 SF15-45 SF15-49
SF15-G 90.6% 90.9% 92.3% 93.6%
34.0% 84.1% 85.8% 87.6%
SF15-2 99.7% 89.8% 90.5%
99.6% 81.9% 83.2%
SF15-3 89.8% 90.8%
82.4% 83.4%
SF15-45 95.6%
94.0%

top - nucleotide sequence identity
bottom - amino acid sequence identity
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9. Protein structure of SF15  products

The amino acid sequence of the putative polypeptides encoded
by the SFI5 gene family is shown in Fig. 12. The molecular ma~~ of
these proteins range from 29.1 to 31.7 kDa, if the missing sequences
of incomplete cDNAs are taken into consideration . The complete
SF15G open reading frame encodes a putative polypeptide of 230
amino acids (Fig. 13) with a molecular masss of 31.7 kDa. The
predicted iso-electric point (pI) for mature protein is 9.6. The
hydropathy plot according to Kyte and Doolittle indicates that SF15G
protein is relatively hydrophilic (Fig. 14 ). The N-terminal region of
the SF15G protein shows the characteristic features of a signal
peptide (Fig. 13) (von Heijne, 1986, 1990). A possible cleavage site is
located between position 25 and 26 (Fig. 13) conforming to the (-1,
-3) rule (von Heijne, 1986). Three potential N-linked glycosylation
sites are predicted in SF15 protein at amino acids 41, 63 and 64 from
the initial methionine (underlined in Fig. 13). The repeated amino
acid sequence, Val-Asn-Leu-Ala-Lys, is also found at positions 20
and 161 (overline in Fig.13).

The predicted amino acid sequences of the SF15 encoded by each
clone are 81.9% to 99.6% identical (Table 3). Most of differences
among the sequences are located in the N-terminal region (first 35-
42 codons) and in the last 16 to 28 codons at the carboxyl terminus.
Comparison of the nucleotide and deduced amino acid sequences for
SF15 G with sequences in the GenBank databases revealed no
significant homology to known proteins.
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Figure 13. Comparison of the deduced amino acid sequences of SF15
proteins. The deduced amino acid sequence of the genomic
clone is shown on the upper line in single letter code. For
the ¢cDNA clones only amino acids differing from the
corresponding amino acid sequence of SF15G are shown.
Dashes indicate sequence identity and gaps (indicated by
dots) are inserted in the amino acid sequence to get the
maximum alignment. The arrow indicates the cleavage site
of the signal peptide. Putative glycosylation sites are
underlined, identical amino acid regions are overlired. Bold
faced amino acids in the C-terminus represents the putative
vacuolar targeting region.
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of deduced SF15G protein is according to Kyte and
Doolittle (1982).
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Figure 15. Southern blot anmalysis of sunflower nuclear genomic DNA.
Nuclear genomic DNA (20 pg) was restricted with indicated
enzymes, electrophoresed on agarose gel, transferred to
Hybond-N+ membrane and probed with 32P-labeled SF15
probe. Hybridization and washings were performed at 65 0C
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Figure 16. Southern blot analysis of genomic DNAs of different plants.
Nuclear genomic DNAs of safflower, cabbage, pea, tomato
and corn (20 pg) were restricted with indicated
enzymes, electrophoresed on agarose gel, transferred to
Hybond-N+ membrane and probed with 32P-labeled SF135
probe. Hybridization and washings were performed at 60 0C.
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10. SF15 gene is a member of a multigene family

To know the copy number of the SF15 gene., Southern
hybridization analysis was performed on sunflower nuclear genomic
DNA. Nuclear gencmic DNA was digested to completion with threc
restriction enzymes (BamHI, EcoRI and Hindlll). The DNA gel-blot
was hybridized with 526 bp SF15 c¢DNA probe. Results shown in
Figure 15 reveal that the probe hybridized to several restriction
fragments of each enzyme (from three to eight). This confirms that
the SFI5 gene belongs to a multigene family in the sunflower nuclear
genome.

11. Homologous sequences of SF15 in other higher
plants

To identify related sequences in other higher plants, nucicar
genomic DNAs have been isolated from monocot (maize) and dicots
(cabbage, pea, safflower and tomato). The genomic DNAs were
digested to completion with BamHI and EcoRI. DNA gel-blots were
hybridized with SF15 cDNA probe, under reduced stringency. Figure
16 shows that the probe strongly hybridized with only one EcoRI or
BamHI fragment in maize and tomato genomes. Two weak bands
have been found in cabbage genome indicating the presence of less
closely related sequences. These data demonstrate that SF15 is a
single-copy gene in maize and tomato genomes whereas in
sunflower it exists as a family of six to eight members.
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DISCUSSION

1. Spatial and temporal expression of SF15

The initial objective of this study was to isolate and characterize
new flower-specific genes in the sunflower. Differential screening of
the ¢cDNA library constructed in Agt]0, with poly(A)* mRNA from
sunflower (phaselll) inflorescence has resulted in the isolation of a
number of the flower-specific ¢cDNA clones (Herdenberger et al.,
1990). Some of these clones have already been characterized on the
basis of their expression specificity in the floral organs (Baliz et al,
1992 a,b; Domon et al.,1990, 1991,1994; Dudareva et al,1994 a,b;
Evrard et al., 1991).

The SF15 gene family is expressed in young green closed pre-
anthesis disc florets (Fig.1). The temporal expression of the SFI5
gene family was examined by Northern blot analysis of total RNA
extracted from florets of different stages of development. Disc floret
development in sunflower was divided into seven stages (Fig. 2 and
Table 1) and the first five stages were microscopically characterized
(Fig. 3 and Table 1). The earliest stage at which SF15 mRNA could
be detected was in closed stage 1 green florets (microspore release).
Thereafter, the steady state level increased and reached its highest
level in closed green flowers at stage 4 (pollen grain development).
The amount of SF15 mRNA slightly decreased at stage 3 (closed
yellow flowers, which developmentaily follow the stage 4; pollen
maturation stage before anthesis). The expression of SF15 transcripts
was undetectable in the later stages of floret development i.e., stages
5-7 (Fig. 4A). Transcripts corresponding to the SF15 gene were not
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found in male-sterile disc florets (Fig. 4B). In siru  hybridization
experiments demonstrated anther specificity of SF15 transcripts (Fig.
6). These resulis clearly indicate that expression of the SF15 genc
family is spatially limited to the anther epidermal cell layer and
observed only during a short period of floret development in male-
feriile disc florets.

2. Anther-specific SF2, SF18, SF19 and SF15 are
expressed in the epidermis

The characterization of three anther-specific genes (SF2, SFi8
and SF19), expressed exclusively in the single cell layer of the
anther epidermis in sunflower, has been reported previously
(Evrard et al., 1991). These genes are expressed at the late stage of
anther development, before and during pigmentation and elongation,
and also in mature anthers (after anthesis). But the temporal pattern
of expression of SF15 transcripts is different from those of SF2, SFi8
and SF19. Table 4 presents a schematic representation of sunflower
anther-specific gene expression programs, that have becen identified
in this study (and reported previously by Evrard et al., 1991). In this
expression program, SF15 belongs to the earliest sunflower anther-
specific transcripts identified to date. Its expression begins during
microspore release (stagel). These results and also studies from
various groups (Goldberg et al.,1993; Koltunov et al,, 1990;
McCormick, 1991, 1993; Scott 1993), demonstrate that the expression
of anther-specific genes is regulated by many different (temporal
and spatial) control programs and these programs correlate with
differentiation and degeneration of specific tissues and cell types
during anther development.
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3. SF15 multigene family and SF15 proteins

Southern blot analysis shows that SF15 gene family in sunflower
contains six to eight members (Fig.15). The four ¢cDNA clones (SF1S-
2; -3; 45; and -49) and one genomic clone (SF15G) represents
transcripts of at least five different cognate cistrons (Fig. 11). The
simplest interpretation is that the different ¢cDNA cloncs represent
transcripts from different genes. In many cases it has bcen shown
that individual members of multigene families arc seclectively
expressed at different developmental stages in a tissue- or organ-
specific manner or differentially regulated in response to distinct
external stimuli (Coruzzi et al., 1984; Kuhlemeier et al., 1987; van
Tunen et al.,, 1988). All of the genes in the SF15 family, however, are
expressed coordinately in anthers during a short period of time.
Since the nucleotide sequence of the genes are quite similar (89.8% to
99.7% identity, Table 3 and Fig. 11) it was impossible to discriminate
different transcripts in Northern blot or in situ  hybridization
experiments. Nevertheless, the mRNAs produced from various gene
family members might be present at different levels of abundance in
anthers.

The SF15G gene encodes a basic polypeptide of 31.7 kDa. In
common with the majority of anther-specific proteins described to
date (Koltunov et al., 1990; Scott et al., 1991b; Scott 1993; Staiger and
Apel, 1993) the SF15 polypeptide has a recognizable N-terminal
signal peptide. This suggests that newly synthesized SF15 proteins
enter the biosynthetic-secretory pathway, by crossing the ER
membrane (Chrispeels, 1991). From the ER the proteins are
transported to the Golgi apparatus, where they are modified by a
series of glycosyltransferase enzymes. The genomic protein (SF15G)
contains three potential glycosylation sites near its N-terminus,
whereas SF15-49 and SF15-45 proteins have two, and SF15-2 and
SF15-3 proteins have only one glycosylation site, respectively
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(Fig. 13). It is known that the proteins traversing the secretory
pathway are sorted to their respective compartments by selective
retention information (or targeting information) contained in their
molecular structures (Rothman, 1987). Proteins lacking specific
retaining determinants follow a default pathway and are
consequently secreted to the cell surface (Rothman, 1987; Denecke et
al., 1990).

A comparison of the deduced amino acid sequences of a number
of the proteins that have both vacuolar and cell wall forms indicates
the presence of C-terminal extensions on the vacuolar forms. The C-
terminal extensions are usually rich in hydrophcobic amino acids, and
this characteristic may be recognized by the sorting machinery
'(Chrispeels and Raikhel, 1992). To date, no common consensus
sequences or structural elements that function as vacuole localization
signals in the amino- and carboxyl-terminal propeptides have been
identified. This means that there may be multiple independent
mechanisms for vacuolar protein sorting (Chrispeels and Raikhel,
1992).

A comparison of the coding region of the SFI5SG gene and the
homologous cDNA clones indicates that different members of the
SF15 gene family code for basic proteins with similar amino acid
sequences but with different sizes (Table 3 and Fig.13). The longest
putative polypeptide corresponds to (SF15G) genomic protein of 31.7
kDa. The higher molecular weight of the genomic protein (Fig. 13) is
caused by the presence of a short hydrophobic C-terminal domain
(10 hydrophobic amino acids out of 16). It is likely that this terminus
contains the vacuolar sorting information, but it remains to be
confirmed. So. the genomic SF15 protein is an example of a vacuolar
protein that is processed at its C-terminus. All the other SF15
proteins (corresponding to isolated cDNA cloies), lack the putative
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vacuolar sorting determinant, and could be retained in the ER or in
the Golgi or secreted by the default mechanism via sccretory
vesicles. These results indicate that the SF15 proteins have both
extracellular and a vacuvolar location and are the products of
different genes (Fig. 17). In the case of barley lectin (a vucuolar
protein), the vacuolar targeting sequence is removed before or
concomitant with deposition of the mature protein in vacuoles
(Bednarek et al., 1990).

4. Evolutionary conservation

If SF15 gene is important during earlier stages of flower
development it probably will be evolutionarily conserved and
consequuntly present in the genomes of a variety of plant species. To
investigate the presence of the SF15 genes in other plant species, a
Southern blot analysis of nuclear genomic DNAs from safflower,
cabbage, pea, tomato and corn was performed (Fig. 16). The results
indicate that homologous SF15 genes are present in a single copy in
corn and tomato genomes, whereas in sunflower it exists as a family
of six to eight members (Fig. 15). Two weak hybridization bands in
cabbage DNA indicate the presence of less closely related genes in
the cabbage genome.

Several anther-specific genes (expressed in the pollen grains)
have been rcported and these genes have sequence  similarities to
various hydrolvtic enzymes. These sequence similarities include two
tomato anther-specific cDNA clones, LAT56 and LAT39, (Wing et al,,
1989) and two maize Zm58.1 and ZmS58.2 clones to pectate lyases
(Turcich et al., 1993); P2 gene family from Oenothera organensis
(Brown and Crouch, 1990) and tobacco Npgl gene (Tebbutt et al.,
1994) to polygalacturonase and Brassica napus Bpl9 gene (Albani et
al., 1991) and Petunia inflatza PPE1 gene (Mu et al,, 1994) to pectin
esterases. A search of existing data bases, using both the nucleotide
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Figure 17. Vacuolar and secretory pathways of SF15G protein and
SF15 ¢DNA proteins. Proteins translated from SF15G
transcripts contain a vacuolar targeting sequence (*) and
are targeted to the vacuole. Proteins translated from SF15
cDNA transcripts lack a vacuolar targeting sequence and
follow the secretory pathway (Figure is drawn based on
Bednarek et al., 1990).
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and deduced amino acid sequences of the SF15 ¢DNA and genomic
clones, revealed no significant homeology with any known proteins.
The biological function of the SF15-encoded protein is yet to be
determined.

5. Anther dehiscence

Anther is the male reproductive part of the flower, and contains
reproductive as well as nonreproductive tissues. The major function
of the anther is the production and release of pollen grains. Two
major aspects of anther development are histospecification, cell
degeneration and dehiscence (Goldberg et al., 1993). Dehiscence of
anther occurs at the time of anthesis and is essential for the
liberation of pollen grains. The dehiscence program in sunflower
anther starts immediately after stige 1 (microspore release). Disc
floret anthers from stage 2 onwards have a simple structure,
sustained by the filament, consisting of a single layer of epidermis
enclosing pollen grains. In the case of tomato (Bonner et al.,, 1989)
differential growth of epidermal cells has been implicated in the
rupture of anther. The epidermis defines the point of rupture
(stomium) and the enlarged epidermal cells also generate force
needed for the dehiscence. The process of dehiscence has not been
characterized in sunflower. But it is reasonable to speculate the
involvement of complex mechanical processes.

In male-sterile disc florets, the degeneration of the tapetum
and microspore tetrads (the degeneration occurs immediately after
meiosis) leads to the male sterility (Horner,1977). The anthers of
CMS male-sterile florets generally do not project out of corolla, and
are empty of pollen and enclosed by the epidermis. SF15 is the
fourth epidermal gene reported. Unlike the previous three
epidermal genes (SF2, SF18 and SF19) which are transcribed just
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before and during  anthesis, SF 15 begins to accumulate from very
carly stages after microspore release. Interestingly, for the above
four epidermal genes reported so far, the expression patterns are
cither undetectable or very weak in case of male-sterile disc florets
(in Northern blot hybridization experiments). It also needs to be
pointed out that there is no dehiscence in male-sterile florets.

It is tempting to speculate that the role of SF15 proteins or its
down stream products may be vital to the events that prepare the
anther epidermis to dehisce. SF15 proteins are both vacuolar and
secretory in their destination. It is known that the vacuole is a
multifunctional organelle important in the regulation and
maintenance of plant cell growth and development (Boller and
Wiemken, 1986). The presence of homologous genes of SFI5 in corn,
tomato and cabbage also suggests that the encoded proteins might
perform an important function(s) in the anther development of
higher plants, explaining their evolutionary conservation. However,
the role of SF15 in anther dehiscence has to be determined.
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RESULTS

1. Organ specificity of SF17

A floral cDNA library constructed in Agtl0 vector (with poly(A)*
RNA from sunflower inflorescence at anthesis), was differentially
screened. This led to the isclation of about 31 flower-specific cDNA
clones (Herdenberger et al., 1990). SF17 was one such cDNA clone.
Size fractionation on agarose gel indicated that the insert of the
SF17 c¢cDNA clone is about 300 bp. This insert was subcloned into
pUC19 vector and sequenced completely. The size of insert was 329
bp and the sequence analysis revealed the presence of an open
reading frame. In order to determine the organ specificity of SF17
gene, RNA gel-blot analysis was performed. Total RNA was isolated
from various vegetative (roots and leaves) and reproductive organ
systems (ovaries, corolla, pollen depleted anthers, styles+stigmas,
mature pollen, immature seeds) of sunflower. The reproductive
organs i.e. ovaries, corolla, anthers, styles+stigmas, mature pollen and
immature seeds were harvested from male-fertile disc florets of 1-3
days after anthesis. Closed disc florets were harvested before
anthesis. The total RNA was size fractionated on urea-agarose
vertical gel and blotted to Hybond N+ membrane. The gel-blot was
probed with labelled SF17 cDNA insert (329 bp). The probe
hybridized to transcripts of mature pollen grains only (Fig. 1). The
size of mRNA transcripts was about 1.9 Kb. The faint hybridization
signal in the lanes of anthers and stigmas+styles, is due the
contamination of pollen grains with these organ systems. Longer
exposure of the autoradiogram did not reveal any hybridization
signal in the lanes of other organs. The results revealed that SF17
gene is expressed in the mature pollen grains of sunflower. No
hybridization
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Figurel. Organ specificity of SF17 gene .
Total RNA from various organ systems was isolated, and
RNA gel-blot analysis was performed (20 pg of total RNA
from various organ systems and 7.0 pg from pollen grains).
The RNA samples were separated in a vertical urea-
agarose gel and blotted to Hybond-N+ membrane and
probed with 32P-labeled SF17 c¢cDNA probe (329 bp). The
probe hybridized to the transcripts of the pollen grains
only. Faint hybridizaton signals, in other lanes (anthers
and styles + stigmas) are due to the contamination of
pollen grains in those organ systems.
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signal was  detected in Northern hybridization experiments with
total RNA of corn pollen grains and anthers of tomato at reduced
stringency (60 O0C) (data not shown).

2. Isolation of full-length SF17 c¢DNA clone

In order to isolate a full-length SF17 cDNA clone, the sunflower
floral cDNA library was screened with 329 bp insert of SF17 as 2
probe. About 0.5x106 Agtl0 recombinant ¢cDNA clones were screened.
The initial round of screening led to the isolation of 7 clones. Two of
these clones (clones-21 and -23) were plaque purified to
homogeneity. The DNA inserts of these two clones were size
fractionated on 0.7% agarose gel, and the results revealed the
presence of similar sized inserts of about 1.9 kb (Fig. 2A). One of
these clones (clone-23) was selected for further investigation. The
insert (of clone-23) was subcloned into EcoRI site of pUC19 vector
(Fig. 2B) and sequenced completely. Sequence analysis revealed
that the cDNA insert is 1915 bp long . It has a complete cpen reading
frame, starting with the first ATG codon at base 175 and ending with
TGA termination codon at base 1795 (Fig. 5). The size of the cDNA
clone (1915 bp) closely approximates the size of mRNA transcripts of
Northern hybridization experiments (1.9 kb in Fig. 1). The full-
length SFi7 c¢DNA clone has a small poly(A)* tail in the 121-
nucleotide long untranslated region of the 3" end. The putative
polyadenylation signal (AATAAA) is 18 bp upstream of the poly(A)t
tail (Fig. 5).

3. Isolation and characterization of SF17 genomic
clone (SF17G)

In order to isolate a SF17 genomic DNA clone, sunflower
nuclear genomic DNA library was screened with 1915 bp insert (of
full-length SF17 ¢DNA clone) as a probe. About 2.0x106 Acharon 40
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recombinant clones were screened. The initial round of scrcening led
to the isolation of 7 clones. One genomic clone (SF17G) of 15.5 kb
was isolated and purified to homogeneity. SFI7G was restricted with
EcoRI and EcoRI+BamHI and the restriction products were size
fractionated on a 0.7% agarose gel and blotted to a Hybond N+
membrane (Fig. 3A). The blot was assayed with labeled SF17 cDNA
insert as a probe (1915 bp). The probe hybridized to a 5.5 kb EcoRl
fragment (Fig. 3B). The 5.5 kb EcoRI fragment was subcloned into
pUCI19 vector (Fig. 3C). Restriction mapping of 5.5 kb of SF17G was
performed (Fig. 4A). The DNA sequence analysis revealed that the
coding region is located in the 3.8 kb EcoRI and Sall fragment (Fig.
4A). The coding region of of the (SF17G) genomic clone is identical to
the cDNA, but it is split into three exons of 741, 167, 715 bp aad
two introns of 371 and 246 bp (Fig. 4A). The introns arc AT rich
and their boundaries have well conserved GT/AG splice sites (similar
to tvpical eukaryotic introns). Both introns contain a number of
inverted repeats, which may play a role in the stabilization of their
secondary structures. The genomic clone contains about 1.0 kb of 5'-
regulatory sequence (Fig. 5).

The 5' upstream region contains a number of classical sequence
motifs, CAAT box and GATA box (shown in bold letters in Fig. 5), but
lacks the typical TATA box. In addition there are two pairs of
inverted repeats (underlined in Fig. 5), and one pair of direct repeats
of 18 bp in size (boxed in Fig. 5). These inverted repeats can form a
hairpin structure and may be involved in the regulation of SF17 gene
expression.

Fifteen C-boxes (XCCCCX) have been identified in the 5'-upstream
region of SF17G (shown in bold letters in Fig. 5). At present their
significance is unknown, but sir similar C-boxes are located in the

5' upstream region of a pollen-specific maize polygalacturonase gene
(W22476) (Allen and Lonsdale, 1993).
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4. Mapping of transcription start sites of SF17 gene

Transcriptional initiation sites of SF17G were determined by
primer extension analysis. A 25-mer oligonucleotide (3'-G CGG GAC
TAG TTG AGT ATA TAT TTG-5') and total RNA isolated from
sunflower pollen grains, were used. The primer is complimentary to
nucleotides +74 to +98 of the open reading frame of SF17 genomic
clone (Fig. 5). The end labeled primer was annealed to 35 pg of total
RNA (of sunflower pollen grains) and extended by AMV reverse
transcriptase. The primer extension products (PE) and the products
of DNA  sequencing reactions (A,C,G,T) with the same primer, were
size fractionated on a 6% polyacrylamide-urea (8M) gel, and analyzed
by autoradiography. The results show that there are two major and
few minor transcription start sites (indicated by three and one
asterisks respectively in Fig. 6). The two major transcription
initiation sites (G and C, indicated by arrows in Fig. 5) are 38
nucleotides apart. The SF17 ¢DNA clone contained the second major
initiation site (nucleotide C) but lacked the first major initiation site
(nucleotide G) (Fig. 5). These results indicate that SF17 cDNA clone is
incomplete: 16 bp are missing in the 5'-untranslated region (with
reference to first major transcription initiation site).
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Figure 2. Isolation of full-length SF17 ¢cDNA clones and subcloning.
Sunflower floral ¢cDNA library was screened with 32P-
labeled SF17 cDNA probe (329 bp). Two ¢cDNA clones (Cl-21
and CI-23 containing similar sizes of inserts ca. 1.9 Kb)
were isolated and the insert from Cl-23 was subcloned into
the EcoRlI site of pUC19 vector. (A) Restriction analysis of
Agtl0 recombinant clones (Cl-21 and CI-23) with EcoRl.
The insert of Ci-23 was subcloned into pUCI19. (B)
Restriction analysis of the 1.9 Kb subclone (of ClI-23) with
enzyme EcoRI. (M-molecular size marker; A HindIIl-
restriction product of A DNA with HindIll, another
molecular size marker)
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Figure 3. Isolation and restriction analysis of the genomic clone
SF17G. About 2x 106 recombinant genomic DNA clones
were screened, with 32P-labeled SF17 cDNA (1915 bp) as a
probe, and a genomic clone (SF17G) of ca. 15 Kb was
isolated and purified to homogeneity. (A) Restriction
analysis of SF17G with EcoRI (E) and EcoRI/BamHI (E/B).
(B) DNA gel-blot analysis of SF17G restriction products of
(A) with SF17 cDNA probe(1915 bp). The 5.5 Kb EcoRI
fragment  hybridizing with the probe was subcloned
into pUC19 vector. (C)-Restriction analysis of 5.5 Kb
subclone with EcoRI enzyme (E). (M-molecular size marker;
A Hindlil- A DNA digested with Hindlll, another molecular
size marker).
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Figure 4. Strucrure of 5.5 Kb EcoRI subclone of SF17G.
(A) Restriction map of 5.5 Kb EcoRI subclone of SF17G. The
open box indicates the intwons and closed box indicates
the exons and stippled boxes at the ends represent the
. & Charon 40 vector arms. (B). Secondary structure of
introns. Both the introns (intronl and 2) contain a number

of inverted repeats, which may play a role in stabilizing
their secondary structure.
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Figure 5. Comparison of nucleotide sequence of SF17G and SF17 cDNA

clone. Both the clones are colinear (except for the presence
of two introns in the genomic clone). The colinear

sequence of both the clones is represented in upper case
letters. The nucleotide sequence of introns, upstream and
down stream region of genomic clone 1is represented in
lower case letters. The translation start codon (ATGQG),
translation termination codon (TGA), and the potential
polyadenylation signals (AATAAA) are indicated by bold
letters. The transcription initiation sites are indicated by
arrows and asterisks. Two pairs of inverted repeats are
underlined, and one pair of 18 bp direct repeat is boxed.
Fifteen C-boxes (XCCCCX) and classic sequence motifs, i.e.,
CAAT box and GATA box, are shown in bold letters. (The
nucleotide sequence data reported here will appear in the
EMBL data bank under the accession numbers X 81997 and
X 82089).
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Figure 6. Mapping of transcription initiation sites of SF17.

Primer extension was performed with a 32P-labeled 25-
mer oligonucleotide (3'-G CGG GAC TAG TTG AGT ATA TAT
TTG-5"). The primer is complimentary to nucleotides +74
to +98 of the ORF of SF17 genomic clone (Fig. 5). The end
labeled primer was annealed to 35 pg of total RNA (of
pollen grains) and extended by reverse transcriptase. The
primer extension products (PE) and the products of
sequencing reactions (A,C,G,T) with the same primer, were
size fractionated on a 6% polyacrylamide-urea (8M)

gel, and analyzed by autoradiography. The nucleotide
sequence around the transcription start site is shown.

Asterisks  indicate the positions of major and minor
initiation sites



5. Structural features of SF17  protein

Nucleotide sequence of the open reading frame (ORF) of SF17
encodes a 540 amino acids long polypeptide (Fig. 7A). The putative
polypeptide of SF17 is leucine rich (14%) with a molecular mass of
61.7 kDa and an isoelectric point (pl) 6.2. Hydropathy analysis of
deduced SF17 protein (Hopp-Woods) reveals the presence of  five
major structural features (Fig. 7B and Fig.10) i.e.. a hydrophilic
domain, a leucine-rich-region (LRR) domain, an acid domain and
two trans-membrane domains.

Hydrophilic domain: The hydrophilic domain is present in
the N-terminal part of the protein (a.a. 1-226). Analysis revealed no
evidence of signal peptide at the N-terminal. Of the three potential
N-linked glycosylation sites (NXS) (underlined in Fig. 7A), onc is
located close to N-terminus of the polypeptide (a.a residues 4-6).

LRR domain: The second structural region of SF17 protein (a.a
residues 227-438) contains nine leucine-rich imperfect tandem
repeats (LRR) (Fig. 7B; Fig. 8A). The basic repeat unit of LRR,
consists of 24 amino acids and is defined by the conservative
positions of proline (at position 1), isoleucine ( at position 4), leucine
(at position 8,11,14 and 24), serine (at position 17), asparagine {(at
position 19 and some times at 15) and aliphatic amino acids (at
positions 16 and 21) (Fig. 8A). The LRR domains have been reported
in various organisms. In case of humans PRI1, the placental
glycoprotein, mediates the high affinity interaction with RNAsc A
(Lee and Valle, 1990). In humans, the leucire rich rsp-/ (RSU-1) is
capable of suppressing v-RAS transformation (Cutler et al., 1992).
The o and B chains of human platelet glycoprotein GPIb, mediate the
interaction with von Willebrand factor (Lopez et al., 1988). The rat
p34 protein, characteristic of rough microsomes is believed to play a
role in ribosome-membrane association. In the case of Drosophila,
chaoptin
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mediates the adhesive interaction between cells (Reinke et al., 1988),
and theToll protein mediates the dorsal-ventral polarity in the
embryo (Hashimoto et al., 1988). In Trypanosoma  brucei, the VSG
expression site cncodes a leucine -rich- repeat protein ESAGS
(Revelard et al., 1990). The catalytic domains of adenylate cyclases
of both Schizesaccharomyces pombe (Young et al., 1989) and
Saccharomyces cerevisiae (Kataoka et al., 1985) contain tandemly
repeated motifs, rich in leucine. In plants many proteins implicated
in a variety of functions, have also been shown to contain leucine
rich tandem repeats (Chang et al., 1992; Valon et al, 1993;
Mindrinos et al., 1994; Mu et al.,, 1994; Stotz et al.,, 1994 and
Whitham et al.,, 1994). The LRR domain of SF17 protein contains two
potential N-linked glycosylation sites (NXS) (shown in red in Fig. 7A).

Acid domain and two trans-membrane domains: The C-
terminal region of SF17 protein contains two hydrophobic domains
(a.a. residues 483-500 and a.a. residues 508-537). These
hydrophobic segments are preceded by a cluster (a.a. residues 458-
479) of mainly negatively charged residues (acid domain) (Fig. 7B)

6. Sequence similarity of SF17 polypeptide to other
proteins

The deduced amino acid sequence of the  full-length SF17
protein was compared with the data bases using the BLAST program
(Altschul et al., 1990). No striking sequence similarity was found in
the hydrophilic domains of SF17 protein with any other protein
present in the data bases. However a striking resemblance of LRR
domain was found with a series of proteins, including human rsp-I
protein (42% identity; 58% similarity), D. melanogaster flightless-I
gene (31% identity; 49% similarity), rat-ribosome binding proiein
p34 (37% identity; 57% similarity), and yeast adenylate cyclase (33%
identity; 52% similarity) (Fig. 9a).
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Figure 7. Amino acid sequence and hydropathy plot of SF17 protein.
(a) The predicted amino acid sequence of SF17 protein.
The polypeptide is 540 a.a. long. Three putative N-linked
glycosylation sites (NXS) are shown in red. (b) Hydropathy
plot (Hopp-Woods) and linear model of deduced SF17
protein. SF17 protein consists of five major structural
features, a hydrophilic domain, a Leucine-Rich-Repeat

(LRR) domain, an acid domain, and two trans-membrane
domains.
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Figure 8. The SF17 Leucine-Rich-Region (LRR).

(A) The alignment of 9 leucine rich tandem repeats. The
second structural region of SF17 protein (residues 227-
438) contains nine leucine-rich imperfect tandem repeats
(LRR). The basic repeat unit consists of 24 amiro acids and
is defined by the conservative positions of proline (at
position 1), isoleucine ( at position 4), leucine (at position
8,11,14 and 24), serine (at position 17), asparagine (at
position 19 and some times at 15) and aliphatic amino
acids (at  positions 16 and 21). (B) Comparison of I.LRR
motifs of SF17 protein and other members of LRR super
family. The members of the superfamily include: rat
ribosome-binding protein p34 (Ohsumi et al., 1993); yeast
adenylate cyclase (Kataoka et al., 1985); human carboxy
peptidase N (Tan et al., 1990); Arabidopsis receptor like
protein kinase RLK5 (Walker, 1993); Petunia polien
receptor like kinase PRK1 (Mu et al., 1994); Arabidopsis
transmembrane kinase TMKI1(Chang et al.,, 1992);
Arabidopsis transmembrane kinase like protein TMKLI1
(Valon et a 1., 1993); Arabidopsis disease resistance

protein RPS2 (Mindrinos et al.,, 1994); Tobacco resistance
gene N (Whitham et al., 1994); Drosophila dorso-ventral
polarity mediating protein Toll (Hashimoto et al., 1988).
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Figure 9.

() Amino acid sequence comparison of SF17 protein with
human RSU1 (Cutler et al., 1992); Drosophila f{lightless-1
protein Campbell et al., 1993); rat ribosome-binding
protein p34 (Ohsumi et al.,, 1993); yeast adenylate cyclase
CYR1 (Kataoka et al., 1985); and Arabidopsis RLK
(Walker, 1993). Black boxes indicate conserved amino

acids between two or more proteins and grey boxes
indicate  similar amino acids. (b) Comparison of amino
acid sequence of the C-terminal region of SF17 protein
with the transmembrane domains of rat olfactory receptor
protein, OLF17 (Buck and Axel, 1991). Vertical lines
indicate identical amino acids and asterisks indicate

similar amino acids.
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Figure 10. Structural model of SF17 protein.
The amino-terminal region contains the hydrophilic part
of the protein as well as the nine leucine-rich repeats
(LRR). The carboxyl-terminal contains an acid domain and
two hydrophobic domains. The SF17 protein resides in a
membrane with two membrane-spanning domains (shown
in vertical cylinders) and its amino-terminal region is
disposed in the cytoplasm. The conserved amino acids are
shown in black circles and similar amino acids are shown

in red circles (Comparison with the rat olfactory protein
OLF17)
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Figure 11. Southern blot analysis of sunflower nuclear genomic DNA.
Nuclear genomic DNA (20 pg) was restricted with BamHI
and EcoRI, fractionated on agarose gel, transferred to
Hybond-N+ membrane and probed with 32P-labeled SF17
¢DNA probe (1915 bp). Hybridization and washings were
performed at 65 OC .
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Alignment of SF17 LRR domain and receptor-like protein kinasc genc
of A. thaliana revealed three streiches of conserved sequences with
58-42% identity (64-50% similarity) (Fig. 9a).

In addition, the data base searches also revealed significant
sequence homology between C-terminal domain of the SFI17 protein
and the rat olfactory receptor protein OLF17 (46-30% identity; 69-
55% similarity) (Fig. 9b). The homology was found in the trans-
membrane domain of OLF17.

7. Genomic copy number of SF17 gene

In order to determine the copy number of SF17 gene, sunflower
nuclear genomic DNA was isolated and restricted with BamHI and
EcoRI. The products of restriction digestion were size fractionated on
a 0.7% agarose gel, and transferred to a Hybond N* membranc. The
DNA gel-blot was assayed with labeled SF17 cDNA insert (1915 bp).
The probe hybridized strongly to two restriction fragments of EcoRI
and to a single fragment of BamHI (Fig. 11). These results reveal
that SF17 gene exists 'in few copies (one or two) in the sunflower
nuclear genome. Southern blot analysis, performed with nuclear
genomic DNAs of safflower, cabbage, pea, tomato and corn at low
stringency, did not show any hybridization signal (data not shown).
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DISCUSSION

1. SFi7 gene and protein

Northern blot analysis revealed (Fig. 1) that SF17 gene is pollen-
specific. Previously two sunflower pollen-specific cDNA clones (SF3;
SF16) were reported (Baltz et al., 1992a,b; Natalia et al., 1994a,b).
SF17 is the third sunflower pollen-specific gene reported to date.
The expression pattern of SF17 is similar to those of SF3 and SF16.
Southern blot aaalysis demonstrates that, like other pollen specific
genes, SF17 is present in few copies in the nuclear genome.

SF17 gene encodes a protein of 540 amino acids. The SF17
protein consists of five domains: an N-terminal hydrophilic domain, a
Leucine-Rich Repeat (LRR) region, an acid domain and two trans-
membrane domains (Fig. 7). Data base search using the amino acid
sequence of entire SF17 protein revealed no striking similarity to
other proteins. However the LRR region of SF17 protein showed
similarity to LRR domains of a wide spectrum of eukaryotic proteins.
A consensus sequence for this leucine-rich repeat is found in a
number of diverse proteins from mammals (Takahashi et al., 1985
Lopez et al.,, 1988; Schneider and Schweiger,1991), Drosophila
(Hashimoto et al., 1988; Reinke et al., 1988), to yeast (Kataoka et al.,
1985). The LRR region contains 9 imperfect tandem repeats of 24
amino acids (Figure. 8A). These repeats are present in many
different classes of proteins and may be extracellular or cytoplasmic.

Recently several proteins containing LRRs are characterized in
higher plants: Arabidopsis thaliana RPS2 gene that confers disease
resistance to the bacterial pathogen Pseudomonas syringae



36

(Mindrinos et al., 1994), resistance gene N  of tobacco that mediates
resistance to the tobacco mosaic virus (Witham et al., 1992) and
TMK gene of Arabidopsis thaliana encoding a putative receptor-like
transmembrane kinases (Chang et al., 1992; Valon et al., 1993
Walker, 1993). A receptor-like kinase (PRKI1) specific to the male
reproductive tissue with highest level in mature pollen was isolated
and characterized in Petunia inflata (Mu et al.,, 1994). These proteins
found in plants contain similar but not ideatical LRR motifs that lack
one or more of the defining elements present in the SF17 protein.
Figure 8B, shows the alignment of the consensus sequence of the
LRR motif of SF17 with ten other LRR-containing proteins. The
consensus sequence derived for the aligned LRRs of SF17 is identical
to that found in the regulatory region of the yeast adenylate cyclase
(CYR1) and the rat ribosome-binding protein (p34).

2. Functional implications

The LRR domains are thought to be involved in specific protein-
protein interactions (Nose et al.,, 1992). The LRRs of human
glycoprotein GPIba bind to von Willebrand factor (Wicki and
Clemetson, 1985; Handa et al.,, 1986). Binding of the von Willebrand
factor to the LRR region of human glycoprotein Iba heterodimer,
induces adhesion of human platelets to the subendothelium (Titani et
al., 1987) and the LRR of human placental ribonuclease inkibitor
binds pancreatic ribonuclease (Lee and Vallee, 1990). In yeast LRRs
of adenylate cyclase are involved in the interaction with ras
protein and are necessary for adenylate cyclase activation (Suzuki et
al., 1990). In addition to protein-protein interactions, LRRs could
mediate interactions between the protein and cellular membranes
(Thakahasi et al., 1985; Kataoka et al., 1985). The presence of LRRs
in the SF17 protein suggests that it might act through a protein-
protein contact.
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The different LRR-containing proteins have one common feature:
most are membrane-associated proteins. SF17 protein may be no
exception from the rule. The C-terminus of SF17 protein contains two
hydrophobic segments long enough to span the membrane bi-layer.
These trans-membrane domains have significant sequence homology
with transmembrane domain (5 and 7) of the rat olfactory receptor
protein OLF17 (Fig. 9a) (Buck and Axel, 1991). The membrane-
spanning sequences are preceded by a cluster of mainly negatively
charged residues, called acid domain (Fig. 7B), which can provide a
barrier to translocation. The amino acid sequence of rat ribosome
binding-protein p34 (a member of LRR protein super family, Ohsumi
et al., 1993) contains a single hydrophobic region and lacks an N-
terminal signal sequence. The SF17 protein contains two hydrophobic
domains and lacks an N-terminal signal peptide. Protein translocation
across the membrane bilayer also occurs post-translationally, in
addition to the co-tanslational translocation mediated by N-terminal
signal peptides (Sanders and Schekman, 1992). SF17 protein shares
conserved features of two transmembrane domains of rat odorant
receptor OLF17 (Fig. 9B). The OLF17, like other members of the
receptor superfamily, displays no evidence of an N-terminal signal
peptide (Buck and Axel, 1991). On the basis of the topology of rat
p34, rat OLF17, and other newly found topological features (Ohsumi
et al., 1991), the proposed structural model of SF17 protein is
presented in Figure 10. It is postulated that SF17 protein resides in
a membrane with two membrane-spanning segments between
amino acid residues 483-500 and 508-537. Its N-terminal side and
LRR region being disposed in the cytoplasm like rat p34
polypeptide.

The pollen grain (microgametophyte) represeats the extremely
reduced haploid generation, in the diplo-haplontic life cycle of
flowering plants. The major fuction of a pollen grain is the delivery
of two sperm nuclei to the female embryo sac. The process of pollen
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tube penetration through the stylar canal requires the degradation
of the cell wall components. Investigations from various
laboratories, reveal that a large number of cloned pollen-specific
genes code for cell wall degrading enzymes (Waterings,1992: Mu et
al., 1994). Another biochemical aspect of a rapidly germinating
pollen grain, is a large incrase in protein synthesis on the
polyribosomes and a decrease in single ribosomes (Mascarenhass and
Bell, 1969). Similar initiation of protein synthesis has also been
reported in the pollen of several other plants (Linskens et al., 1970;
Doekstra and Bruinsma, 1979).

Based on the timing of gene expression during pollen
development (microsporogenesis/gametogenesis), various pollen-
specific genes have been categorized as 'early pollen genes' or 'late
pollen genes' (Mascarenhas, 1990). In Northern blot analysis (Fig.l)
the expression of SF17 was not detected in closed disc florets
(which consists of pollen containing green and yellow florets
harvested before anthesis). The closed yellow florets contain well
developed tri-cellular pollen grains. Based on this temporal
expression pattern, the SF17 gene (similar to SF3 and SF16) was
placed in the category of post-anthesis "late” pollen genes. Late
pollen genes are implicated to play an important role in pollen
maturation and/or pollen tube growth (Mascarenhas, 1990).

Rat p34 is a membrane protein characteristic of rough ER and is
believed to play a vital role in the ribosome and ER membrane
association (Ohsumi et al., 1993). SF17 protein shows 37% identity
(57% similarity) with the rat ribosome-binding protein p34 (Fig. 9a).
The homology was found in an array of leucine-rich-repeats which
may provide a site of interaction with the ribosome or may associate
with proteins to form translocation sites through which nascent
polypeptides are transferred across the membrane bi-layer of the
rough microsomes (Ohsumi et al., 1993). By analogy, it will be
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tempting to hypothesize, that the LRRs of SF17 might be involved in
the binding of ribosomes to the rough ER, leading to the accumulation
of polysomes, and as a corollary to the rapid initiation of protein
synthesis during pollen germination or pollen tube growth.
Subcellular localization of thie SF17 protein, and identification of
interacting cellular component(s), will shed more light on its function.
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