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Summary. We have isolated and sequenced an anther-spe- 
cific eDNA clone and a corresponding genomic clone from 
tomato. The gene (LAT52) encodes an 800-nucleotide-long 
transcript that is detectable in pollen, anthers and at 20- 
to 50-fold lower levels in petals. LAT52 mRNA is not de- 
tectable in pistils, sepals or non-reproductive tissues. 
Steady-state levels of  LAT52 mRNA are detectable in im- 
mature anthers containing pollen at the tetrad stage and 
increase progressively throughout microsporogenesis until 
anthesis (pollen shed). The LAT52 gene contains 5' and 
3' untranslated regions of 110 and approximately 150 nucle- 
otides, respectively, and a single intron with a highly repeti- 
tive sequence. A TATA box motif is located 28 nucleotides 
upstream of the transcription start site. The gene encodes 
a putative protein of  18 kDa that is cysteine rich and has 
an N-terminal hydrophobic region with characteristics simi- 
lar to eucaryotic secretory signal sequences. LAT52 is a 
single or low copy gene in tomato and shares homology 
with sequences in tobacco. 
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Introduction 

The development and function of the male gametophyte 
(pollen) is of central importance in the reproductive success 
of most plant species. Along with cytological differentia- 
tion, pollen formation is accompanied by biochemical chan- 
ges such as the synthesis of complex polysaccharides, pig- 
ments and storage products (Mascarenhas 1975). Underly- 
ing these processes is a complex and unique pattern of gene 
expression involving genes expressed from both the sporo- 
phytic and gametophytic generations. 

Several independent studies have demonstrated exten- 
sive overlap (60%-90%) between genes expressed in pollen 
and those expressed in vegetative tissues. Estimates ob- 
tained from reassociation kinetics of labelled cDNAs from 
pollen mRNA hybridized to poly(A) + RNA from different 
organs indicate that about 20000 different mRNAs are ex- 
pressed in pollen, whereas more than 30000 are expressed 
in vegetative shoots (Willing and Mascarenhas 1984; Will- 
ing et al. 1988). Furthermore, there is biochemical and ge- 
netic evidence demonstrating the presence of pollen-specific 
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isozymes in many plant species (Tanksley et al. 1981 ; Sari 
Gorla et al. 1986; Pedersen et al. 1987). Examples of genes 
that are expressed exclusively in floral tissues but not neces- 
sarily pollen-specific include an al-tubulin gene in Arabi- 
dopsis that is preferentially expressed in flowers at anthesis 
(Ludwig et al. 1988), and a chalcone isomerase gene in pe- 
tunia that is only expressed in anthers (van Tunen et al. 
1988). 

We are interested in the molecular processes underlying 
the development and function of the male gametophyte. 
These processes inevitably involve the specific expression 
of genes both in the anther and in pollen. The isolation 
and characterization of such genes will not only provide 
molecular markers for the analysis of  pollen development, 
but also allow the basis of  their tissue-specific regulation 
to be investigated. Our analyses have focused on tomato 
for several reasons: flower development and microsporo- 
genesis are physiologically and genetically well character- 
ized; numerous single gene mutants exist that affect flower 
development and function, including many male sterile mu- 
tants (Rick and Butler 1956); and routine methods for 
Agrobacterium-mediated gene transfer exist (McCormick 
et al. 1986). Furthermore, since accumulating evidence sug- 
gests that microsporogenesis may be a generic developmen- 
tal pathway, information from tomato should shed light 
on this process in other plants. 

Pollen-specific cDNA clones have been isolated from 
maize and Tradeseantia (Stinson et al. 1987), but to date 
there have been no reports on the structure of such genes. 
Here we describe the isolation of a floral-specific cDNA 
from tomato that encodes an abundant m R N A  expressed 
in pollen, and the nucleotide sequence of the corresponding 
genomic clone. 

Materials and methods 

Plant material. Lycopersicon esculentum cv VF36 plants 
were grown under normal greenhouse or field conditions. 
Harvested plant tissues were frozen in liquid nitrogen and 
stored at - 8 0  ~ C prior to RNA and DNA isolation. Flow- 
ers at three different stages of  development were collected, 
using bud length from the top of the pedicel to the tip 
of the sepals as an approximate measure of developmental 
stage. In general, 6-10 mm buds were in meiotic through 
tetrad stages of microsporogenesis (immature anthers), 
> 14 mm stage buds were at late microspore development 
with green petals visible through the sepals (green petal 



anthers), and mature flowers at anthesis contained mature 
pollen, with yellow anthers, reflexed petals and sepals (ma- 
ture anthers). Petals were from mature flowers, and imma- 
ture seeds (1 3 mm in length with some attached pericarp) 
were dissected from immature (2-4 cm) green fruit. Leaves 
were fully expanded and harvested from 3-month-old 
plants. Three-week-old seedlings were used as the source 
of R N A  for the differential screens because they possess 
roots, a stem, true leaves and cotyledons, but no floral 
meristems. 

RNA isolation and analysis. Total and poly(A) + RNA was 
isolated as in Rochester et al. (1986). Poly(A) § RNA was 
electrophoresed on 1.3% formaldehyde gels and blotted to 
Nytran membranes using standard techniques (Maniatis 
et al. 1982). Hybridization was performed with random- 
primer labelled probes (Feinberg and Vogelstein 1984) in 
5 x SSPE (0.9 M NaC1, 50 mM sodium phosphate, pH 8.3, 
5 mM EDTA), 2 x Denhardts (0.04% Ficoll, 0.04% poly- 
vinylpyrrolidone, 0.04% bovine serum albumin), 0.1% 
SDS, 100 ~tg/ml denatured salmon sperm DNA and 100 ~tg/ 
ml poly(A) at 68 ~ C. Filters were washed in 0.3 • SSPE, 
0.1% SDS at 68 ~ C. 

cDNA library construction and screening. A cDNA library 
from mature anther poly(A) + RNA was constructed in 
lambda gtl0 essentially according to Huynh et al. (1985). 
Clones were screened differentially, on duplicate plaque 
filters and subsequently on Southern filters, with 32p-la- 
belled single-stranded probe prepared from either mature 
anther or seedling poly(A) + RNA. 

Genomic clone isolation. A tomato (L. esculentum Mill cv 
VF36) genomic library constructed in bacteriophage vector 
EMBL3 (Frischauf etal. 1983; gift of C. Gasser) was 
screened according to Benton and Davis (1977) with the 
random-primer 32p-labelled insert of pLAT52. Hybridizing 
restriction fragments of the corresponding genomic clone, 
gLAT52, were subcloned into plasmid vectors 
pGEM7Zf(+)  (Promega) and pBluescript (Stratagene) ac- 
cording to standard methods (Maniatis et al. 1982). 

DNA sequence analysis. D N A  sequencing was performed 
by the dideoxy chain termination method (Sanger et al. 
1977) using modified T7 DNA polymerase supplied by U.S. 
Biochemicals. Both strands of the cDNA and genomic clone 
corresponding to LAT52 were sequenced using single- 
stranded M13, and double-stranded plasmid DNA tem- 
plates, with synthetic oligonucleotides as primers. Com- 
puter analysis of the DNA sequence and predicted protein 
sequence was performed using the PCGene (Intelligenetics) 
and University of Wisconsin sequence analysis software 
(Devereaux et al. 1984). 

Plant DNA isolation and analysis. DNA was isolated from 
tomato leaves as in Bernatzky and Tanksley (1986a). DNA 
was digested with restriction endonucleases, electropho- 
resed through 0.8% agarose gels and blotted to Nytran 
membranes. Hybridization and washing conditions were as 
described for Northern blot analysis. 

Primer extension and RNase protection analysis. The 5' ter- 
minus of the LAT52 gene transcript was determined by 
the primer extension method according to Gidoni et al. 

241 

(1988). In each reaction, 0.2pmol 32p-5' end-labelled 
primer was annealed with 1 ~tg poly(A) + RNA for 5 h at 
45 ~ C. Following extension with AMV reverse transcriptase 
for 45 min at 37 ~ C, RNA was base hydrolysed, the prod- 
ucts analysed on an 8% sequencing gel and visualized by 
autoradiography. The 3' terminus of the LAT52 gene tran- 
script was determined by RNase protection mapping as de- 
scribed by Melton et al. (1984). In each reaction, in vitro 
32p-labelled antisense transcript was annealed with 1 p.g po- 
ly(A) § RNA for 16 h at 42 ~ C. Following RNase A (30 p.g/ 
ml) and RNase T1 (840 units/ml) digestion for 60 min at 
35 ~ C, the final protection products were analysed on a 
4% sequencing gel and visualized by autoradiography. 

Fig. 1. Northern blot analysis of LAT52 mRNA in tomato. Filters 
with 2 lag poly(A) § RNA isolated from: leaves (L), petals (P), 
immature seeds (Is), pollen (Po), and anthers at the immature (Ia), 
green petal (Ga) and mature (Ma) stages of development. The 
RNA was hybridized with 32p-labelled cDNA clone pLAT52. The 
size of the LAT52 mRNA is shown in nucleotides (nt) 

Fig. 2. Southern blot analysis of genomic sequences corresponding 
to cDNA clone pLAT52. Filters with 10 lag genomic DNA from 
Lycopersicon esculentum (LE), L. pennellii (LP) and five Fz progeny 
plants digested with EcoRV were hybridized with 32p-labelled 
pLAT52. The sizes of hybridizing fragments are shown in kb. 
Among 48 F2 plants only 2 were homozygous for the L. esculentum 
restriction fragment length polymorphism (none are shown above). 
A similar over-representation of L. pennellii alleles in F2 progeny 
was found for other cDNA markers (Bernatzky and Tanksley 
1986b). 
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Fig. 3A and B. Physical map and DNA 
sequence of genomic clone gLAT52. 
A Restriction map of a region of 
gLAT52 showing LAT52 gene structure. 
Solid bars represent transcribed regions, 
with exons as thick bars, and 
untranslated DNA (including the single 
intron) as thin bars. Restriction sites are 
indicated as single letter abbreviations: 
E, EcoRI; N, NsiI; S, Sail; X, XbaI. 
B Nucleotide sequence of the LAT52 
gene including 5' and 3' flanking DNA. 
Numbering is from the major 
transcription start site (+ 1). 
Transcribed, but untranslated regions are 
in lower case. The most 5' nucleotide of 
cDNA clone pLAT52 is shown in bold 
type (+ 58). Single letter amino acid 
codes are shown below the predicted 
coding DNA and a putative N-linked 
glycosylation site (NXS/T) is underlined. 
Features mentioned in the text are 
indicated as follows: the major (+ 1) and 
minor (+ 26) transcriptional start sites 
and the putative poly(A) addition sites 
are arrowed; core TATA box and 
polyadenylation signal homologies are 
boxed; repeated sequences in the 5' 
flanking DNA are underlined; solid lines 
indicate repeats that share TCAATT, 
broken lines indicate repeats containing 
SV40 core enhancer sequence 

Results 

Isolation o f  cDNA clones 

The general strategy to isolate anther-specific genes has 
been described (McCormick et al. 1987). Five anther-ex- 
pressed clones were selected for further analysis on the basis 
of  their lack of  cross-hybridization to each other. Here we 
report the results with pLAT52;  results with the other 
clones will be reported elsewhere. 

Analysis o f  L A T 5 2  m R N A  expression 

Northern  blot analysis of  poly(A) § R N A  isolated from ve- 
getative (leaf, stem and root) and reproductive (anther, 
pistil, fruit and immature seed) tomato organs showed that 
LAT52 m R N A  is only found in flowers (Fig. 1 and McCor-  
mick et al. 1987). The pLAT52 c D N A  insert hybridized 
to an 800-nucleotide-long R N A  species found exclusively 
in mature anthers and petals. By comparison of  hybridiza- 
tion signals using densitometry (data not shown) it was 

estimated that steady-state levels of  LAT52 m R N A  in ma- 
ture anthers were 20- to 50-fold higher than in petals and 
at least 200-fold higher than in vegetative or other floral 
organs, where no signal was detected (Fig. 1). 

The developmental profile o f  LAT52 m R N A  showed 
that it is expressed throughout  anther development with 
maximum accumulation in mature anthers (Fig. 1, lanes 
5-7). A significant fraction o f  pLAT52 m R N A  in mature 
anthers can be attributed to expression in the pollen (Fig. 1, 
lane 4). This is also suggested by analysis of  several male 
sterile mutants of  tomato  which lack mature pollen and 
show markedly reduced levels of  LAT52 m R N A  in anthers 
(Ursin et al., in preparation). These data demonstrate that 
the LAT52 gene is expressed both in haploid (pollen) and 
diploid (petal) flower tissues. 

Southern blot analysis 

Genomic D N A  was isolated from L. esculentum and L. pen- 
nellii (parental species) and several F2 progeny plants de- 
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Fig. 4A and B. Primer extension and RNase protection analysis 
of LAT52 mRNA. A Primer extension was carried out using 1 Ixg 
poly(A) § RNA from mature anthers (lane 6) or tRNA (lane 5) 
as templates, and a 20mer oligonucleotide primer, as shown below 
the resulting autoradiograph. The sequence shown to the left 
(lanes 1-4) was obtained from gLAT52 DNA using the same 
primer. Bases corresponding to the major extension products are 
indicated as dots. B RNase protection was carried out using 1 lag 
poly(A) § RNA from mature anthers (lanes 3 and 4) or tRNA 
(lane 2), hybridized with in vitro 32p-labelled antisense RNA made 
from a 1.7 kb EcoRI fragment of gLAT52, as shown below the 
resulting autoradiograph. Hybridization was at 37 ~ C (lanes 2 and 
3) or 45 ~ C (lane 4). The approximate sizes (in bp) of the major 
protected RNAs are shown to the right. Size markers (in bp) were 
5' end-labelled HaellI fragments of phage ~0X174 (lane 1) 

rived from a single F1 hybrid between the parental species. 
DNA was digested to completion with restriction endonu- 
clease Eco RV and subjected to Southern blot analysis using 
pLAT52 as a probe. In L. esculentum and L. pennellii single 
differently sized hybridizing bands were detected (Fig. 2, 
lanes 1 and 2). This restriction fragment length polymor- 
phism (RFLP) showed segregation among the F2 individ- 
uals (Fig. 2, lanes 3-6). Taken together these data strongly 
suggest that LAT52 corresponds to a single copy gene. 

Isolation of genomic clone gLA T52 

An amplified tomato cv VF36 genomic library constructed 
in bacteriophage EMBL3 was screened by plaque hybrid- 
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ization using pLAT52 as a probe. Two hybridizing clones 
were obtained from 2• 10 6 plaques and one of these, 
gLAT52, was characterized further by restriction mapping 
and hybridization to cDNA sequences. All sequences hy- 
bridizing to cDNA pLAT52 were within a 1.5 kb Sall- 
Eco RI restriction fragment (Fig. 3 a). Hybridization to the 
adjacent 1.7 kb EcoRI fragment was not detected because 
pLAT52 did not contain 3' untranslated sequences. 

Structure of  the LA T52 gene 

The complete cDNA insert (536bp) and 1810bp of the 
genomic clone gLAT52 (including 666 bp of 5' and 200 bp 
of 3' flanking DNA) were sequenced (Fig. 3 b). Comparison 
of the cDNA and genomic sequences showed the presence 
of a single intron of 458 nucleotides. The intron is character- 
istically AT-rich (75%) compared with the coding DNA 
(55% AT), and the exon-intron junction obeys the GT-AG 
rule (Breathnach and Chambon 1981). The cDNA and ge- 
nomic sequences contain an identical open reading frame 
of 483 nucleotides. The only difference between the two 
sequences is the presence of two additional A residues (posi- 
tion + 62) within the 5' untranslated region of the cDNA, 
which we suggest may be a cloning artefact. In addition, 
cDNA clone pLAT52 does not include sequences immedi- 
ately 3' of the TAA translational stop codon, and so does 
not contain 3' flanking DNA or a poly(A) tail. 

Primer extension of mature anther RNA was used to 
determine the transcriptional start site of LAT52 (Fig. 4A). 
The major extension products map 110 nucleotides up- 
stream of the putative translational initiation codon. The 
sequences around this AUG codon agree well with the con- 
sensus derived for other plant genes (Lutcke et al. 1987). 
A TATA box sequence (Messing et al. 1983) is present 29 
nucleotides upstream of the major transcriptional start site. 
There is also a minor cluster of extension products which 
map to position + 26, 35 nucleotides downstream of a sec- 
ond TATA box sequence. The significance of this feature 
is unknown although multiple start sites have been observed 
for several other genes expressed in plants (Langridge and 
Feix 1983; Tischer et al. 1986; Bruce et al. 1987). The 5' 
untranslated DNA contains two poly(dA) regions, which 
contribute to a leader sequence with an unusually high 
(61%) adenylate content (Fig. 3 b). 

The length of the 3' untranslated region of the LAT52 
mRNA was determined by RNase protection. Two major 
protected RNA species were obtained (Fig. 4 B), indicating 
that two alternative poly(A) addition sites are used, approx- 
imately 147 and 172 nucleotides 3' of the TAA stop codon. 
The predicted length(s) of the 3' untranslated region agree 
well with those determined for other plant genes (Messing 
etal. 1983). The putative poly(A) addition sites of the 
LAT52 mRNA are not preceded by the consensus polya- 
denylation signal AATAAA in the expected location. How- 
ever two examples of this sequence occur 35 and 70 nucleo- 
tides 3' of the translational stop codon. 

An unusual intron structure 

Analysis of the single intron within the LAT52 gene showed 
that it is composed almost entirely of a directly repeated 
sequence of 46 nucleotides (Fig. 5). The repeat occurs nine 
times as a tandem array and is flanked by 8 and 37 nucleo- 
tides of unique D N A  at the 5' and 3' ends of the intron, 
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:::::::::::::::::::::::::::::::::::::::::::::: 9 
ACTCCGTATTGATTATGTTTTGTTTTGTTGCAAATA__GG 3' 

Fig. 5. LAT52 intron structure. The complete intron sequence is 
represented, with exon-intron borders underlined. Only nucleotides 
differing from those of the derived consensus repeat sequence are 
shown. A single gap (-) was inserted into repeat 1 to maximize 
alignment 

respectively. Throughout the intron the repeats are highly 
conserved with the positions of sequence divergence appear- 
ing somewhat clustered at three positions. Repeated se- 
quences within other plant gene introns have been noted 
(Dennis et al. 1984; Mignery et al. 1988), but in these cases 
the repeats extend into exon DNA and/or do not account 
for most of  the intron length. 

Coding region of  pLA T52 

The cDNA clone pLAT52 contains an open reading frame 
that codes for a putative protein of 17.8 kDa. This is in 
accord with the estimated size (18 kDa) of the in vitro trans- 
lation product synthesized from RNA hybrid-selected from 
mature anther poly(A) + RNA with pLAT52 (data not 
shown). The predicted protein sequence shows a strongly 
hydrophobic domain at the N-terminus with two potential 
signal cleavage sites at 17 and 22 amino acid residues down- 
stream of the initiator methionine, both of which obey the 
" ( - 3 ,  - 1 )  rule" (von Heijne 1983). The predicted protein 
is hydrophilic and acidic (pI=4.6),  with a potential N- 
linked glycosylation site at amino acid position 61, and 
a relatively high cysteine (5.6%) content. No significant 
similarities to the predicted protein sequence of LAT52 
were detected in computer searches of the NBRF-PIR,  Gen- 
bank and EMBL databases. 

Discussion 

Northern blot hybridization experiments demonstrate that 
the expression of LAT52 is strictly floral-specific. LAT52 
mRNA was detectable only in anthers and, at 20- to 50-fold 
lower levels in petals. This demonstrates that control of 
LAT52 gene expression is exerted not only in the floral 
lineage, but also during the differentiation of individual 
organs within the flower. We have not determined whether 
transcriptional and/or post-transcriptional control mecha- 
nisms are responsible for the observed organ specificity. 

The increase in abundance of LAT52 m R N A  during 
anther development resembles that observed for pollen-spe- 
cific mRNAs cloned from maize and Tradescantia (Stinson 
et al. 1987). These mRNAs accumulate progressively after 
microspore mitosis, while other mRNAs expressed in pollen 
(e. g. actin mRNA) decrease in abundance following late 
pollen interphase. The abundant expression of LAT52 
m R N A  in mature pollen may largely account for the ob- 
served accumulation during anther development, although 

in situ hybridization studies show that LAT52 mRNA is 
also expressed in the anther wall (Ursin et al., in prepara- 
tion). 

Southern blot analysis showed that pLAT52 hybridized 
to a single restriction fragment in L. eseulentum and to a 
single different sized fragment in L. pennellii (Fig. 2). This 
RFLP segregated in F2 plants derived from L. eseulentum x 
L. pennellii F1 hybrids (Fig. 2). These data strongly suggest 
that LAT52 represents a single copy gene, with no other 
closely related sequences in the tomato genome. LAT52 
and several of  the other anther-expressed genes also share 
sequence homology with genomic DNA of tobacco (data 
not shown). This evolutionary conservation may indicate 
that similar programs of gene expression will be conserved 
in microsporogenesis, and should allow us to analyse this 
process in other species. 

Since pollen contains a store of  presynthesized mRNAs 
(Mascarenhas etal .  1984), structural features of  these 
mRNAs may contribute to their stability. In this regard 
the LAT52 transcript has a relatively long 5' untranslated 
leader (Joshi 1987) with an unusually high (61%) content 
of adenylate residues. The significance of the latter feature 
is unknown, although it would prevent the occurrence of 
any extensive secondary structure in the leader. 

The abundance of LAT52 m R N A  in mature pollen sug- 
gests that the translation product may play a role during 
germination or early tube growth. A striking feature of 
the LAT52 protein is the presence of nine cysteine residues, 
which provide the potential for intra- and intermolecular 
crosslinking through disulfide bridges. The putative signal 
sequence of the LAT52 protein may indicate that it is sec- 
reted. This is in accord with the occurrence of many pro- 
teins in the pollen wall that are thought to be secreted 
(Knox and Heslop-Harrison 1970). Although we cannot 
predict the role of  LAT52 m R N A  found in petals and the 
anther wall, antibodies to the LAT52 protein will allow 
us to determine whether the m R N A  is translated in these 
organs and in pollen prior to germination. This will also 
allow the cellular and subcellular localization of the protein 
during microsporogenesis and pollen tube growth. 

Finally, analysis of the 5' flanking DNA of the LAT52 
gene identified several directly repeated sequences that may 
be involved in transcriptional regulation (Fig. 3b). Most 
notable are three pairs of 8-10 bp repeats all of which share 
the hexanucleotide TCAATT and an 8 bp repeat that in- 
cludes the SV40 core enhancer sequence (Khoury and Gruss 
1983). We are currently conducting a functional analysis 
of these sequences and characterizing promoters of other 
anther expressed genes in order to identify eis-acting se- 
quence elements important in anther-specific expression. 
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Note added in proof 

The predicted protein sequence of LAT52 shows 32% amino acid 
identity to the predicted protein sequence of a pollen specific gene 
(Zm13) from corn (Hanson, DD etal. (1989) The Plant Cell 
1 : 173-179). 


