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Summary. We have isolated and sequenced an anther- 
specific gene from sunflower which encodes an 800-nu- 
cleotide transcript detectable in the peripheral anther 
cells. It contains an intron of 2615 bp, which separates 
the first exon (77 bp) coding for a putative signal peptide 
of 21 amino acids, from the second exon (563 bp) coding 
for a 100 amino acid polypeptide. The 5' and 3' untrans- 
lated regions comprise respectively 13 and 264 bp. The 
SF2 gene is present in the sunflower genome in several 
copies, all or most of which contain a closely related 
intron. 
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Introduction 

Anthers are floral structures specialized for pollen pro- 
duction in higher plants. Their development, including 
that of the pollen grains, brings into play a considerable 
number of different genes, estimated to number about 
25000 in tobacco, of which approximately 10000 are 
anther-specific (Kamalay and Goldberg 1980, 1984). In 
Tradescantia and maize, at most 5000 of the 20000 to 
24000 different mRNAs found in pollen are believed 
to be exclusively expressed in pollen (Mascarenhas 
1990). As stamens develop from their primordia follow- 
ing floral induction, specific subsets of cells enter differ- 
ent pathways and differentiate into a limited number 
of different cell types: microspore mother cells (which 
will produce the pollen grains), tapetum, connective tis- 
sue, vascular tissue, stomium, endothecium and epider- 
mis. The structural and functional features of these var- 
ious cell types are genetically determined; their develop- 
ment is regulated by several independent gene expression 
programs (Koltunow et al. 1990). 
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In a first approach to the elucidation of these various 
regulatory processes, several laboratories have isolated 
and sequenced anther-specific cDNAs and/or genes from 
tomato (McCormick et al. 1989; Ursin et al. 1989; Twell 
et al. 1989), tobacco (Smith et al. 1990; Seurinck et al. 
1990), maize (Hanson et al. 1989), Oenothera (Brown 
and Crouch 1990) and Tradescantia (Stinson et al. 1987). 
Although upstream DNA fragments which are able to 
promote anther-specific expression of a reporter gene 
have been isolated from tomato and petunia genes 
(McCormick et al. 1989; van Tunen et al. 1990), there 
is no clear evidence as to what sequence elements are 
really involved. A 122 bp region, which is both necessary 
and sufficient to program tapetal-specific expression, has 
recently been identified in tobacco (Koltunow et al. 
1990). A putative "anther-box" has been described in 
chalcone flavanone isomerase (CHI) genes from petunia 
(van Tunen et al. 1989), but this assertion requires for 
verification a detailed experimental analysis of the pro- 
moter region. 

We have recently isolated several flower-specific 
cDNA clones from sunflower (Herdenberger et al. 1990). 
The nucleotide sequences of two of these cDNAs (SF2 
and SF18) have been determined and were found to code 
for structurally related anther-specific proteins, with no 
homology to any protein sequence published to date 
(Domon et al. 1990). In situ hybridization experiments 
have shown that the SF2 and SFI8 mRNAs are found 
exclusively in anther wall cells (Evrard et al. 1991). In 
the present paper we describe the structure and nucleo- 
tide sequence of the anther-specific gene SF2 which was 
isolated from a genomic sunflower DNA library using 
the SF2 cDNA clone as a probe. 

Materials and methods 

Plant material. Sunflower (Helianthus annuus L.) seeds 
from the inbred male-fertile line HA401B were obtained 
from Cargill (France). For isolation of nuclear DNA, 



seeds were surface-sterilized in a 10 % sodium hypochlor- 
ire solution for 15min. They were then thoroughly 
rinsed with tap water, soaked for 2 h in water and subse- 
quently spread on several layers of filter paper. They 
were grown for 3 to 4 days at 24 ° C in the dark. 

Isolation of nuclear DNA. Nuclear DNA was isolated 
from 3- to 4-day-old hypocotyls using a modification 
of a protocol described by Dellaporta et al. (1983). 
Thirty grams of hypocotyls were ground in liquid nitro- 
gen (using mortar and pestle) to a fine powder which 
was subsequently suspended in 200 ml homogenization 
buffer 000raM TRIS-HC1 pH8.0, 50raM EDTA, 
500 mM NaC1 and 10 mM /%mercaptoethanol) and 
lysed upon addition of 20% SDS (1% final concentra- 
tion). After 30 rain incubation at 65 ° C, 0.3 volume of 
3 M 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 centrifuga- 
tion and the nucleic acids in the supernatant were preci- 
pited with 2 volumes of ethanol. Nucleic acids were re- 
covered by a low speed centrifugation (2000 x g), washed 
with 70% ethanol, and subsequently dissolved in 15 ml 
TE buffer (10 mM TRIS-HC1, 1 mM EDTA pH 8). Fif- 
teen grams of CsC1 and 400 gl ethidium bromide (EtBr; 
10 mg/ml) were added and the DNA was gradient-puri- 
fied by centrifugation for 6 h at 65 000 rpm in a VTi65 
rotor. After collection of the DNA band and removal 
of EtBr with isoamyl alcohol, the DNA solution was 
diluted with 1 volume of distilled water and ethanol- 
precipitated, DNA fibers were collected with a pasteur 
pipette, washed in 70% ethanol, air dried for 5 rain and 
dissolved in 1 ml TE. 

Isolation of phage and plasmid DNA. For large-scale 
growth of phage Charon 40 (Dunn and Blattner 1987) 
or its recombinant derivatives, 1 ml of overnight culture 
of Escherichia coli ED8767 were infected with 2.5 x 10 7 

phage (15 min at 37 ° C) in the presence of infection salts 
containing 10 mM MgCI2 and 10 mM CaC12 and subse- 
quently transferred into 1 1 of NZCM growth medium 
in a 2 1 Erlenmeyer flask. After vigorous shaking at 37 ° C 
for 17 h, 60 g NaC1, 5 ml of chloroform and 125 gl 
DNase I (10 mg/ml) were added and shaking was contin- 
ued until all salts were dissolved. Unlysed cells and cell 
debris were removed by centrifugation and phage was 
precipitated from the supernatant by addition of 70 g 
polyethylene glycol (PEG 8000). After 4 h at 4 ° C, phage 
was pelleted by 15 min centrifugation at 5000 x g, resus- 
pended in 2 ml of lambda dilution buffer (10 mM TRIS- 
HC1 pH 7.4, 10 mM MgSO4) and chloroform-extracted. 
Following centrifugation the aqueous phase was recov- 
ered and phage was purified by two runs on CsC1 block 
gradients as described by Davis et al. (1980). DNA was 
isolated from purified phage using the formamide lysis 
method (Davis et al. 1980). Plasmid DNA was isolated 
from 100 ml bacterial cultures (NM522) grown over- 
night in the presence of the appropriate antibiotic (ampi- 
cillin) according to the alkaline lysis method (Birnboim 
and Doly 1979). 
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Construction of the genomic library. Partial digestion of 
genomic DNA with Sau3A was carried out in three 
1.5 ml Eppendorf tubes, each containing 100 gg DNA, 
I x low-salt restriction buffer and 4 units of Sau3A re- 
striction enzyme (New England Biolabs) in a reaction 
volume of 1 ml. Digestion was allowed for 35 min at 
37 ° C, following which the enzyme was inactivated by 
addition of EDTA to a final concentration of 50 mM 
and by heating at 75 ° C for 10 min. DNA was ethanol- 
precipitated, pelleted by centrifugation and dissolved in 
300 gl of TE buffer. Fragments were then size-fractionat- 
ed on NaC1 gradients as described by Kaiser and Murray 
(1985), except that discontinuous gradients (25%, 20%, 
15%, 10% and 5%) were used. Fractions of 150 gl were 
collected and aliquots (10 lal) were checked on a 0.3% 
agarose gel in the presence of size markers (2gtl0 cut 
with BglII which produces fragments of 24, 11 and 9 kb). 
Fractions containing fragments in the size range 11- 
24 kb were diluted with 1 volume of water, ethanol-pre- 
cipitated, dissolved in 10 gl TE buffer and stored at 
- 2 0  ° C. Ten micrograms of Charon 40 arms were then 
ligated to 5 gl of size-fractionated DNA in a 50 gl reac- 
tion volume overnight at 12 ° C. Recombinant phage 
DNA was subsequently packaged (2.5 lal of the ligation 
per set of packaging extracts), and the phage particles 
were used to transfect ED8767 bacteria. 

Screening of genomic library. Infection doses of 2 x 
10 6 pfu in ED8767 bacteria were plated on 8 Nunc plates 
(24.5 x 24.5 ram), grown overnight at 37°C and trans- 
ferred to nitrocellulose membranes as described by Ben- 
ton and Davis (1977). The filters were subsequently hy- 
bridized (in 5 x SSC, 5 x Denhardt's, 0.5% SDS) for 12 h 
at 65 ° C with 32p-labelled SF2 cDNA at a concentration 
of 2 ng/ml of hybridization solution. Filters were washed 
at 65°C in 5xSSC, (1 xSSC is 0.15M NaC1, 15raM 
sodium citrate), in 1 x SSC, 0.1% SDS and finally in 
0.1 x SSC, 0.1% SDS. They were then dried and autora- 
diographed at - 80 ° C using intensifying screens. 

Radiolabelling of DNA probes. Labelling was by random 
priming (Feinberg and Vogelstein 1984) of the 550 bp 
cDNA fragment isolated from clone SF2. 

Southern hybridizations. Plasmid and genomic DNAs 
were digested with various restriction enzymes; frag- 
ments were separated on 0.7% agarose gels, denatured, 
and transferred to nitrocellulose or HyBond membranes. 
Hybridization was carried out as indicated above for 
genomic library screening. 

DNA sequencing. Subfragments of the genomic clone 
HA200 were cloned into either pUC19 or M13mpl 9 vec- 
tors. Double-, and single-stranded DNAs respectively 
were sequenced according to Sanger et al. (1977), using 
synthetic oligonucleotides as primers. For sequencing of 
double-stranded DNA, the denaturation and annealing 
conditions described by Zhang et al. (1988) were used. 

Primer extension. Primer extension was carried out as 
described (Gualberto et al. 1988). The oligonucleotide 
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used was a 24-mer (GATATTGCAAGAACGAAGAC- 
GAGC) complementary to the 3' region of the first exon 
sequence. 

Northern hybridizations. Total floral RNA (Herden- 
berger et al. 1990) was separated on (1%) agarose-(6%) 
formaldehyde gels, transferred to Hybond membranes 
and hybridized as described above for genomic library 
screening. 

Results 

Isolation and mapping of the anther-specific gene SF2 

Out of 2 x 10 6 plaques of the genomic library screened 
by plaque hybridization using the radiolabelled SF2 
cDNA as a probe, approximately 80 positive clones 
were detected. The clone selected for the studies de- 
scribed here contained a 12.5 kb genomic DNA frag- 
ment and was designated HA200. For physical mapping 
of the insert, single and multiple digestions were per- 
formed on the recombinant phage HA200 using the re- 
striction enzymes EcoRI, HindIII, KpnI, XbaI and XhoI. 
By Southern hybridizations using the radioactively la- 
belled SF2 cDNA as probe the coding region was located 
in the middle of the 12.5 kb insert (Fig. 1). 

Structure of the SF2 gene 

Figure 2 shows the nucleotide sequence of a 3739 bp 
segment containing the coding region delimited by a PstI 
and the second XbaI site (see Fig. 1). We identified the 
3' end of the gene in the 0.5 kb J(baI fragment by com- 
parison with the cDNA sequence. This small XbaI frag- 
ment, however, contained only part of the gene, more 
precisely the last 178 nucleotides of the untranslated 3' 
end. On the adjacent large XbaI fragment the cDNA 
sequence matched the genomic sequence over an addi- 
tional 386 bp, but the 5' end of the coding sequence 
(77 bp) could only be identified 2615 bp further up- 
stream. These data show that the SF2 gene consists of 
two exonic sequences separated by a 2.6 kb intron. Cur- 
iously the first exon stops precisely after the sequence 
coding for a putative signal peptide. The second exon 
is 563 bp long and continues the reading frame for an 
additional 100 amino acids. 

Determination of the transcription start site by 
primer extension (Fig. 3) shows a major transcript ini- 
tiated at an A residue one nucleotide before the 5' end 
of the SF2 cDNA. Three weaker bands, also visible on 
the autoradiograph, could correspond to minor tran- 
scription start sites. The cDNA sequence of the SF2 
clone can therefore be considered close to full-length 
(only the first nucleotide is missing). The length from 
the transcription start site to the polyadenylation site 
is 639 nucleotides (the SF2 cDNA has a 1 bp deletion 
in the 3' untranslated region with respect to the genomic 
sequence). The difference in length observed between 
the cDNA and the mRNA (estimated at 800 nucleotides) 
can be accounted for by a polyA tail of 150-200 nucleo- 
tides in the mRNA. The 5' untranslated leader sequence 
is surprisingly short (13 bp for the major transcript). 

Features of the intron 

The intron is 2615 bp long, with splice junctions obeying 
the GT... AG rule of eukaryotic mRNA introns (Breath- 
nach and Chambon 1981). With this large size it is con- 
siderably longer than most plant introns so far described, 
the mean length of which is estimated to be about 250 bp 
(Hawkins 1988). It is AT-rich (67%) as expected for 
a plant intron (Goodall and Filipowicz 1989), and con- 
tains occasional GC-rich segments (the most important 
one being a 44 bp stretch with 77% G + C  content; see 
Fig. 2) as well as repeated palindromic sequences (the 
undecanucleotide TACGCA/TGCGTA is repeated sev- 
en times within 620 bp; underlined in Fig. 2). 

A computer study (Zuker and Stiegler 1981) suggests 
that this intron is very highly structured. Such a struc- 
ture could be required to guide the binding of splicing 
factors to the correct splice sites by occluding all other 
potential 3' splice sites (more than 60 can be detected 
in the intron) in a highly organized secondary and terti- 
ary structure. The presence of potential 3' splice sites 
in the intron raises the possiblity that additional reading 
frames in the intron could serve as second exons to pro- 
duce, by alternative splicing, other polypeptides carrying 
the same signal peptide and showing the same expression 
pattern as SF2. Although the intron contains three sig- 
nificant open reading frames (close to 100 amino acids 
in length) we were unable to detect their sequences in 
floral mRNAs by Northern hybridization using reading 
frame-specific DNA probes (data not shown). 
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Fig. 1. Restriction map and location of the SF2 gene on the 12.5 kb 
insert. Exons are shown as heavy bars. Transcription is from left 
to right. The nucleotide sequence spanning the region between the 

PstI site and the second XbaI site (indicated by the longer bar) 
is shown in Fig. 2. Bars marked a and b correspond to D N A  probes 
used in the Southern hybridizations; see Fig. 4) 
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CTGCAGTTCAGAACT~AAAGGGTCTG~AGTGACCCCAATAGGAACCGTATAAG~TACGATTTCTATAGGGTTAATGGGAAGTGCATAGCCATCTAACATTCCACACGTATGTTC -53 

~i M A N N $ V S Y L V L L L L V F V L A 
TTGA~CTC~TTTCTTCAcTTATAAAT~TCATTGCC~GCTCTCTTCTTCAcTC~CTCGAAAATGGCG~C~TTCAGTTTCTTACTTAGTATTGCTTTTGCTCGTCTTCGTTCTTG 68 

gTC~CTCGAAAATGGCG~C~TTCAGTTTCTTACTTAGTATTGCTTTTGCTCGTCTTCGTTCTTG 67 

M A N N S V S Y L V L L L L V F V L A  

I S G  

CAATATCAGGTGCAT~TC~TCTTATTTATTTCACTGTTATTTTTTGTTTTAGTACATATTGTAGTCTT~TTGATCAAA~TTATC~TGCTTTTGGTT~GAT~TGGAGAACCTATGA 188 
CAATATCAG 76 

I S R  

AAAGCTTAGCcATCAGTGGATTAG~ATCGCTCTAAATCTAGTCCATTAG~TGGACC~GTGGATGGCTTTT~TGTATAATTTCTTTTCTTTTGTTGTTTTGTTTT~CATGGATTTA 308 

CCTAATTGGAcAAACCATAGAGATGAAAATGACAGTAACTCAAAT~TATTGTAC~CGACCTTTTTTTACCTCTCATT~ACATAC~TTAAATGAGCGTT~cTTTTCGGAGCG~ 428 

GTAGCACGATTCATG~TG~CAGGGACAAAAGTTGTACAAATTTGAAAATTTAGCCTGGATTGCCAT~TTATAC~ACCACATATACGAAAATGGTAGTT~CTT~CATAAGTTGGTA 548 

CCATACAAAATTTTGATAATTT~TTTG~GTTCTTTTTGTG~GGTTTAT~CTCCCAAACATATTTTCTTTT~TTTCTTcCTTCTCTTAT~TTATTCCCAATATTCTC~CATTTG 668 

CTTTACGCAAGTTC~TTTGTCTACATTCAAAAAGGTAAAAACTTT~CTGTTTTCTTTGGATTTTTTTTC~ATCATATCTATCGCAGGTGCTCAGACAAAATTTATATTTCGCCGTTTA 788 

AAGTTTAATGATTATTGTACTTC~TTTGGCCCGACTATTCACACACTCCTAGTGGCTATTTTAGGGTTTATATA~GCTGCGTACACAGCTATATGCAGCGTATAGGTTGCATG~TTTT 908 

AGCGTGTCTGACCAAGCAAT~TTAGACATAGAT~CTAGGGTTTGTATACGCTACGTATAGCTTTATACGCAGCGTATAG~CC~TCAG~TTTTGTTTTGTTAGTTTGGTGTATTTGT 1028 

GTTATAAATTc~CACCCGGTTC;u~ACATTA~TTGCTTAAAATATAT~CCGTT~TGTTATGAcCGTT~TTTTTTTfTG~ACTCAGATACGGTTCG~TATATTATATTGTTATc 1148 

GTTTAAATTA~TTATTATACC~GTCTAGTA~GGTTCAAATATTATATACTTTT~ATATTATACCGTT~TATTTTT~ATA~TCGTGTAGGGTTCG~TATGTTATACCGTTTGAAT 1268 

ACTCTACGGTTT~ATTAAAAT~TAT~C~GTGTCAAATcTGACTGACATACGCTGCGTATAGCTCTCTACGCAGCGTATAAATACcTCGTATACTAGCTTTGTATGGCACTATAcGT 1388 

GGCGTATATCTGCATGATTTGACAGTGTACGAGGTTGACTGACTGGTCGTGTAcCTACCCCATA~CTACGCCTcGTAT~GGGCTATACGCAGCGTATGCTGCGTATAGCTcTATACGAGG 1508 

CATAGGTAGAGCCGTAGAGATAGGGTTTAGTTTGC~ATAGGC~CTTGGTGTGTCAATATGTACACT~ATTGATTTTFATGTTATT~GAGCATTCGGGTTGTCTCTTA~TGTCGG 1628 

TAAACCAATACCGAATTTAGTTG~GTGCAC~TTGGAAAAGC~CTTCAcTGTAAACCTAATTA~CTCGAGGTTGGC~ATATGTTTTCGTTG~TTCGTGGTTATTAAATGCTATTT 1748 

CACCTAAAGTCGATGTTCAGTCGAAATAAATATGAGTTCTAcG~GTCACACTTTCA~GCCTAGTGG~GACCCAGGATTTTTTTCATGGGGGTGCGAAATATTTTTA~GATTTTAGGC 1868 

CTTTAGGTATATGAAAAAAAAATTCGGGTAATATCGGGTCATATCGGGTCGGTTTGGATCCGATCGGGC~ATGTAAAAT~GAATTTCGGTAC~TT~T~TACAAC~AATGTTGT 1988 

AAATTATACTATTATAGTATTATATAATTTATAT~TAT~TATATAATTTCTT~TA~TATT~ATATATTAGTTCAGATGTTTTT~TT~TATTAAATATTACTTTATTACTCTTC 2108 

CCAATGCACCATG~TACTCTTTCCCAATTGTCTATAGTTCAGATGTTTTTTAGTTCCAGAGTTCACCGGAT~TGGCCGGAAAATGTTCGGATGCCGTTTTCACTTTTT~TTTT~TT 2228 

TTTTTTCACTTTAGTGCTTCGCCTGGTCAGTTTAAAAGCTC~GGGGTGCGGTTGCAAAATTTTATGGGGTGCGCTCAAAATTTTAT~GCGTGTAT~TACACTG~TTTTTTTTTTTTTT 2348 

TCT~TGGGTGCGTCCGCCCACCCACCTCGGGCTGTAGGTCCGCCCCTGCTTTC~GTGCGATAAACT~GTTA~Aq AGATATATTAGA~TCC~TGGTTTTCCA~GTAAACTAC 2468 

TTTTCCAAAACATAcCCTATATATA~ACACATTGAGT~TATCGACTTGTTTTTTCCATGTTAAT~TGTTTAATATAC~ATGTTTGCT~GG~TAAAC~T~ATGTAAA~CCTTAT 2588 

S A P V Q  
TTAATCAAAGGTGTAGTTTCATGTTCCCTGGTTCTCGTCTTCTTAATATC~AATCA~TAA~TTTCCAT~CT~G~F~C~TTTTTCGCATGACGTG~AGgAAGcGCACCGGTACA 2708 

aAAGCGCACCGGTACA 92 
S A P V Q  

Y C D R V T N L Y H E K C D E K Q C T E H C K T N E K A E S G Y C L V V E K Q Q  
ATATTGCGACAGGGT~CC~CCTTTATcATG~GTGTGACGAG~GCAGTGTACTG~CACTG~GACA~TGAG~GGCAG~T~AGGATACTGCCTCGTAGTTGAA~GCAACA 2828 
ATATTG~GACAGGGT~CC~CCTTTATCATG~GTGTGACGAG~GCAGTGTACTGAACACTGC~GACA~TGAG~GG~AGAATCAGGATACTGCCTCGTAGTTGAAAAG~AACA 212 
Y C D R V T N L Y H E K C D E K Q C T E H C K T N E K A E S G Y C L V V E K Q Q  

L S I C S F D C B K Y K P S T P A P P P P P P K L F Y S G S W L Q A K V E N V M  
ACTTAGCATATGCAGCTTCGATTGTgCC~GTATAAACcGAGTACTCCGGCTCcACCTCCACcTCCACCAAAGCTcTTCTATTCTGGTTCATGGTTGCAGGCCA~GTCGAGAATGTGAT 2948 
ACTTAGCATATGCAGCTTCGATTGTtCC~GTATAAACCGAGTACTCCGGCTCCACCTCCAcCTCCACCAAAGCTCTTCTATTCTGGTTCATCCTTGCAGGCCA~GTCGAG~TGTGAT 332 
L S I C Z F D C A K Y K P S T P A P P P P P P K L F Y S G S W L Q A K V E N V M  

L P G Q K N M N C T Q C P K s t o p  

GCTTCCTGGGC~AAG~TATG~TTGCACAC~TGTCCCAAATAATCAACAGTCTGCATGTTTGTATGTTTTGAGT~TTTGCATG~GTGTCTT~ATTAAGGTTATACTTGTCATTTT 3068 
GCTTCCTGGGCAAAAG~TATG~TTGCACAC~TGTCCCA~TAATCAACAGTCTGCATGTTTGTATGTTTTGAGTCTTTGCATG~GTGTCTT~ATTAAGGTTATACTTGTCATTTT 452 
L P G Q K N M N C T Q C P K s t o p  

GAcTCATATTCTAGAAAAGAGTcGTTGGGAAT~CTGGATA~GTGGGTAGTCCATGTTGTC~GTAGTGGGTAGA~TTCTCTtGTTTGCATGTTTGTTTAcGTGGtCATCGTGTaTTT 3188 
GAgTCATATTCTAGAAAAGAGT~GTTGGGTAT~CTGGATA~GTGGGTAGT~CATGTTGTC~GTAGTGGGTAGAT9TTCTCT.GTTTGcATGTTTGTTTAtGTGGcCATCGTGTgTTT 572 

ACAGTGTTTGTGTTTCcCTTGTGTATTT~GcTCTTGTGTTGATGAAT~AATTATCCAGTTcC~C~TTGTGAGTTCACTTACATATCTGATATTACCAAC~AGACTTCGATGTGGT 3308 
ACAGTGTTTGTGTTTCCCTTGTGTATTT~GCTCTTGTGTTGATGAAT~TTATCCAGTTCC~CA 639 

AGTTCACCTTG~T~GCAGCAAGAAAGATAAACGTGTATGATGTTT~cACcTGTATTGATACAA~TTCTTATCA~{TGTG~ATCATTTTAAATTTTTAGAGGTTCTTTATTTT~G 3428 

TCCA~A~TGAAATCATTTTTTTAGAT~GGGTCTACTCTGG~TGTGATTGC~ATAACATG~GTCTTAT~GTCTGG~ATATGATATTCTTAAA~TCCTACATGTG~GT~TG~TA 3548 

AAAAGATATTCACTCTAGA 3567 

Fig. 2. Nucleotide sequence of  the SF2 gene. The e D N A  sequence the e D N A  sequence (bwer). Amino acids differing in the genomic 
of  SF2 is aligned with the genomic sequence. Also shown are the and e D N A  sequences are indicated in boldtype letters. See the text 
peptide sequences derived ~ o m  the genomie sequence (upper) and ~ r  comments on underlined sequences 
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Fig. 3. Determination of the transcription 

5 v 

C 
T 
T 
C 
T 
T 
C~-- 
A",q- 
C 
T 
C 
A-,- 
A ~  
C 
T 
C 
G 
A 
A 
A 

start site by primer ex- 
tension. The nucleotide sequence around the transcription start 
site is shown. The initiation codon ATG is also indicated. PE, 
products of primer extension. The arrows indicate the positions 
of the major and minor start sites 

A B 
probe a probe b 

(intron specific) (intron + exon) 

Features of the flanking regions 

Figure 2 shows the DNA sequence of the gene including 
167 bp of the upstream region (up to the PstI site) and 
311 bp downstream of the polyadenylation site. A 
TATA box (TATAAA) is found around position - 3 0  
and a "CAT-like" box (CCAT) around position -75 .  
This region also contains a short inverted repeat 
(GGGTC..8 bp.. GACCC). No experiment has yet been 
performed to see whether these or other motifs act as 
binding sites for transcription factors. 

As mRNAs are processed immediately following their 
transcription in the nucleus, by removal of sequences 
downstream of the polyadenylation site, their transcrip- 
tion termination sites are difficult to determine; hence 
transcription termination signals are difficult to identify. 
However, signals involved in 3' processing have been 
identified in various organisms; they include sequences 
in the untranslated trailer (such as the polyadenylation 
signal AATAAA), as well as sequences downstream of 
the polyadenylation signal which are removed during 
the processing step (Birnstiel et al. 1985). In sea urchin 
histone genes (whose mRNAs are not polyadenylated) 
a conserved downstream sequence (CAAGAAAGA) is 
an essential element for the formation of 3' termini of 
the H3 histone mRNA by RNA processing (Georgiev 
and Birnstiel 1985). The same nonanucleotide sequence 
is found 74 nucleotides downstream of the polyadenyla- 
tion site of the SF2 gene and could be involved in pro- 
cessing of the SF2 mRNA. Another striking feature is 
the presence of many short GT-rich sequences in the 
untranslated 3' region; some of these sequences could 
serve as polyadenylation signals (Proudfoot 1991), or 
they could be involved in the stability of the SF2 mRNA. 

Fig. 4A and B. Southern hybridizations on genomic blots carrying 
EeoRI, EcoRV, HindIII and XbaI restricted D N A  fragments. 
A DNA probe a (see Fig. 1), containing an intron-specific sequence 
(nucleotides 415 to 1334 in Fig. 2). B DNA probe b (see Fig. 1), 
containing intron as well as exon 2 sequences (nucleotides 2130 
to 3132 in Fig. 2). The two probes were obtained by PCR amplifica- 
tion 

Gene copy number 

The comparison of the genomic DNA sequence with 
that of the SF2 cDNA suggests that several copies of 
the SF2 gene must be present in the sunflower nuclear 
genome. In fact the two sequences differ by 9 nucleo- 
tides, of which two lead to an amino acid change in 
the polypeptide (indicated by boldtype in Fig. 2). The 
nucleotide sequence of another anther-specific cDNA 
clone (SF1) differs by only a few nucleotides from that 
of the SF2 cDNA as well as that of the genomic DNA 
(data not shown; see comparison of peptide sequences 
in Evrard et al. 1991); most noticeable in the SFI protein 
is the presence of two additional prolines in the cluster 
of six proline residues. This brings to at least 3 the 
number of genomic copies of this anther-specific gene. 

The multicopy nature of the SF2 gene has been con- 
firmed by Southern hybridization on genomic blots car- 
rying EeoRI, EcoRV, HindIII and XbaI digested DNA 
(Fig. 4). Several bands were detected with a DNA probe 
containing the second exon and part of the intron (probe 
b; see Fig. 2), as well as with an intron-specific probe 
(probe a: see Fig. 2), suggesting that most, if not all, 
of the copies of this gene are split and contain a highly 
related intron. 
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Discussion 

The SF2 gene is characterized by three unusual features: 
(i) it is an anther-specific gene whose expression is re- 
stricted to peripheral anther ceils (Evrard et al. 1991); 
(ii) the gene is interrupted by an intron of  an unusual 
length; and (iii) the two exons code for very specific 
protein domains, one being a signal peptide, the other 
one corresponding to the mature protein. There is, to 
date, little information relating to the mechanism by 
which the expression of  anther-specific genes is regulat- 
ed. Although several of  these genes have been sequenced, 
no common nucleotide pattern has been found in their 
upstream region. This is probably due in part  to the 
different nature of  the cell types in which the anther- 
specific mRNAs have been detected. 

The SF2 m R N A  is an abundant mRNA,  as estimated 
from Northern blot experiments. This observation is re- 
flected by the abundance of  SF2-related sequences in 
the cDNA library: the SF2 cDNA cross-hybridizes with 
three other cDNA clones (SF1, SF6 and SF7) isolated 
from a total of  30 flower-specific clones. Sequence com- 
parisons have shown that the two cDNAs (SF2 and SF1) 
and the genomic clone are not identical, but that the 
sequence divergence is very low (less than 5%), in the 
translated as well as untranslated regions. This indicates 
that the various copies of this new gene family arose 
by recent duplications of  a single copy gene which, ac- 
cording to the data obtained by Southern hybridization, 
was already split. 

In a survey comparing intron and exon lengths in 
higher plant, fungal, insect and vertebrate genes (Haw- 
kins 1988), noticeable differences were observed between 
these groups of organisms. Fungi were found to have 
the smallest introns, with a mean length of  86 bp (for 
over 120 introns considered) whereas the mean length 
of plant and insect introns was 249 and 622 bp respec- 
tively (for about 200 introns considered in each of  the 
two groups). Vertebrates seem to have the largest introns 
with a mean length of  1127 nucleotides (for 1941 introns 
considered). The figures given here for insects and verte- 
brates apply to internal introns; 5' external introns are 
usually much larger, especially in the case of insects 
where a mean size of  more than 5 kb was found. In 
more recent years, with additional genes having been 
studied, this intron length pattern has been Confirmed: 
in plants, most of  the introns described are smaller than 
300 bp. Occasionally, introns of  up to 600 bp are found, 
as for example in the soybean glycinin genes (Nielsen 
et al. 1989). Plant intr0ns of  several kb are rare excep- 
tions; as in insects, they appear to be confined to the 
5' external introns. This is the case for the rice phyto- 
chrome gene where a 2585 bp intron was observed ap- 
proximately 100 bp upstream of  the initiation codon 
(Kay et al. 1989). This gene also contains a 747 bp 3' 
external intron, suggesting that long introns are rather 
restricted to untranslated regions of  the genes. 

Hence, the 2615 bp intron found in the SF2 gene is 
unique in its length and position: as one of  the longest 
plant introns described so far it separates the sequences 
coding for two very distinct protein domains. The first 

domain, a putative signal peptide, characterized by a 
short sequence of  hydrophobic amino acids (see Fig. 2 B 
in Domon  et al. 1990), would direct the growing poly- 
peptide chain to the rough endoplasmic reticulum and 
target the protein to the extracellular space. Many signal 
peptide sequences have been described to date in various 
organisms but, apart  from their hydrophobic nature, no 
consensus sequence could be established (von Heijne 
1983). Interestingly, we found evidence for the presence 
of a very similar signal peptide sequence at the amino- 
terminus of  another anther-specific protein (SF18) dur- 
ing the study of  its cDNA (Domon et al. 1990). Three 
different mechanisms could account for the presence of  
the same signal peptide-coding sequence in the SF2 and 
SF18 mRNAs:  (i) trans-splicing of  two independent 
transcripts; (ii) alternative splicing from a common pre- 
cursor mRNA;  (iii) exon transfer at the gene level (exon 
shuffling). In the light of  what is known about the struc- 
ture of  the SF2 gene, the latter situation seems the most 
likely; to confirm this hypothesis an SF18 genomic clone 
is presently being studied. 
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