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Abstract 

A gene (G9) expressed during late microsporogenesis in cotton (Gossypium hirsutum L.) was isolated. 
Sequence analysis of the cDNA (1.3 kb) as well as the gene (2.6 kb) revealed an open reading frame 
of 1233 bases encoding a protein of 43.9 kDa. The coding region of the gene is interrupted by three 
introns. Northern analysis of the RNA from developing anthers showed that the transcripts appear 12 
days before anthesis and that the maximal concentration of RNA occurs in pollen on the day of anthesis. 
This pattern of gene expression suggests functions in post-anthesis events. Sequence comparisons with 
other known plant genes indicated that G9 is homologous to polygalacturonases. The G9 promoter 
conferred tissue and temporal specificity of/%glucuronidase (GUS) expression in transgenic tobacco 
plants. Thus, the G9 promoter can be used to drive gene expression in homologous as well as heter- 
ologous plants in a tissue-specific manner. 

Cell types that constitute plant tissues exhibit 
quantitatively and qualitatively different gene ex- 
pression. The majority of genes that are active in 
a cell support functions that are common to all 
cell types. Thus, of the 20000 to 25 000 active 
genes in a tobacco anther, only 10 000 are anther- 
specific [12, 13]. Characterizations of tissue- 
specific genes, therefore, are important for the 
study of tissue or organ development. Gene ex- 
pression in pollen grains, the male gametophytes 

of the flowering plants, has been studied in a 
number of plant species including Zea mays [ 1, 9], 
tomato [4, 8, 17], Oenothera organensis [5] and 
Tradescantia paludosa [ 15]. We are examining the 
gene expression in cotton (Gossypium) pollen to 
identify genes that are critical to microsporogen- 
esis. The development of cotton pollen is similar 
to other dicotyledons; however, none of the genes 
involved in cotton pollen development or func- 
tion have been reported. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number U09717. 



Here we describe the characterization of a gene 
that is active in the late stages of pollen develop- 
ment. Structural characterization of this gene in- 
dicates that it codes for a polygalacturonase-like 
protein. We have also identified the promoter of 
this gene which can impart tissue and temporal 
specificity of expression in heterologous plants. 

Five thousand clones from an anther/pollen 
cDNA library of G. hirsutum L. cv. C312 were 
screened using cDNA probes of petal, ovule, and 
antherlpollen mRNAs. One cDNA clone, 
CPA-G9 (insert of 925 bp), was selected for fur- 
ther study. Northern analysis of mRNAs from 
leaves, roots, ovules, petals, fiber and pollen re- 
vealed that G9 expression is confined to pollen in 
cotton plants and the transcript size is ca. 1.45 kb 
(Fig. 1A). In order to investigate the expression of 
the G9 gene during pollen development, RNA 
was isolated from anthers starting at 15 days pre- 
anthesis (DPA) and continuing up to the day of 
anthesis (day of pollen shedding), and hybridized 
to the CPA-G9 insert (Fig. 1B). The maximum 
steady-state level of RNA was found in the pol- 
len grains on the day of anthesis. Low levels of 
transcripts detected in the RNA of 12 DPA an- 
thers increased during pollen development 
(Fig. 1B). 

Both strands of the CPA-G9 insert (925 bp) 
were sequenced. Since CPA-G9 is a partial 
cDNA clone as judged by transcript size, the re- 
maining 5' end of the G9 mRNA was cloned 
using primer extension and polymerase chain re- 
action (PCR). An oligonucleotide primer from the 
5' end of CPA-G9 was used to prime synthesis 
of cDNAs, and the double stranded cDNAs were 
cloned into lambda g t l l  (pCPAG9-5). The 3' 
end of pCPAG9-5 overlapped with the 5' end of 
pCPA-G9. Combined sequences of these two 
clones gave us a near full-length cDNA sequence 
(1297 bp) which contained a 1233 base open 
reading frame. Assuming that initiation occurs at 
the first ATG at position 13, the translation of the 
mRNA would result in a 407 amino acid protein 
with an estimated molecular mass of 43.9 kDa 
and an isoelectric point of 6.5. A search of the 
sequences in the GenBank (September 1993) re- 
vealed that the cotton G9 protein has significant 

Fig. 1. A. Tissue-specific expression of G9 mRNA. Cotton 
(Gossypium hirsutum L. cv. C312 and G. bavbadense cv. Sea 
Island) were greenhouse-grown and anthers and/or pollen 
were collected starting from 15 days preanthesis (DPA) and 
stored frozen at -80 "C. Poly(A)+ RNA (0.25 pg) from leaf, 
fiber, ovule pollen, petal, and root were isolated and size frac- 
tionated on formaldehyde/agarose gels and blotted on nitro- 
cellulose. The blot was hybridized to a nick translated insert 
of pCPA G-9 (1 x 10' cpm/pg; 5 x lo5 cpm/ml) and washed 
under stringent conditions ([ l l ] ,  0.1 x SSC, 53 " C). Autora- 
diography was done at -70 "C for 12 h. MW standard in kb 
is marked. B. G9 expression during pollen development. Total 
RNA (25 pg) from developing anthers was analyzed by north- 
ern blot technique. Day of flower opening for each develop- 
ing bud was determined based on its position on flowering 
branches. All hybridizations and washing conditions were 
similar to those described for A. DPA, days preanthesis, are 
given. 

sequence similarities with a number of known 
polygalacturonases (PGs). Tobacco P G  mRNA, 
Npgl ([16], accession number X71017 Gen- 
Bank), and Oenothera organensis pollen cDNA, 
P26 [5], showed 70 % and 7 1 % similarity respec- 
tively at the protein level (Fig. 2). Maize, PG1 
([I], 63.4%), avocado 5BA 24 ([7], 58%), and 
tomato PG-2A ([8], 54.6%) also showed signif- 
icant homology to the cotton G9 protein. In ad- 
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Fig. 2. Sequence similarity between the cotton G9 protein and 
tobacco (Npgl)  polygalacturonases. Nucleotide derived amino 
acid sequences of cotton G9 (top line) and tobacco Npgl 
(bottom line: accession number X71017 GenBank) were 
aligned to show optimal similarity by the Genetics Computer 
Group (GCG, University Park, Madison) computer program. 
Gaps were inserted to maximize the number of matches. Ver- 
tical lines indicate identical residues. A 70 ~o similarity is found 
between these two proteins. Amino acid residues are num- 
bered on the leR and right sides. Comparison of nucleotide 
derived amino acid sequence of Oenothera organens~ cDNA, 
P26 [5] to that of the G9 protein also showed a 71 ~o similarity 
(not shown). 

dition, comparison of two fungal PGs, C. car- 
bonum [14] and F. moniliforme [6], also showed 
51~o and 44.5~o similarity, respectively, at the 
protein level (not shown). These sequence com- 
parisons suggest that cotton G9 belongs to the 
PG family of proteins. PGs are cell wall degrad- 
ing enzymes that hydrolyze polyuronides or pec- 
tins and are found in plants as well as plant 
pathogens [3, 5, 14]. PGs contain a hydrophobic 
N-terminus signal peptide. The nucleotide derived 
amino acid sequence of the G9 protein also 
showed a hydrophobic N-terminus (not shown). 
Based on the homology of the nucleotide and 
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derived amino acid sequence of G9 with other 
known PG proteins, and its pattern of gene ex- 
pression, we conclude that G9 is a pollen-specific 
PG-like protein in cotton. In a number of plants 
PGs are encoded by closely related multiple 
genes. For example, there are multiple P G  mem- 
bers in the P2 family in O. organensis and maize 
[ 1, 5] whereas tomato contains only one P G  gene 
[4]. Southern blot analysis of cotton genomic 
DNA hybridized to the G9 cDNA insert revealed 
a simple pattern of hybridization similar to to- 
mato. The cDNA insert hybridized to only a single 
band indicating the presence of a single PG gene 
in cotton (not shown). 

The promoter of the G9 gene would be useful 
in directing the expression of heterologous pro- 
teins in a tissue-specific and developmentally- 
regulated manner in cotton. In order to identify 
the promoter of the PG gene, a genomic library 
of Gossypium barbadense cv. Sea Island (1 x 106 
phages) was screened and a hybridizing phage, 
2-EMBLSIG-9 was isolated. The insert of 
2-EMBLSIG-9 (17 kb) was subcloned into a 
Bluescript SK+ vector. Subsequent restriction 
and Southern blot analyses of this clone resulted 
in the identification and cloning of a 5.6 kb Bgl II/ 
Sal I fragment containing the G9 gene (SKSIG- 
9s). The nucleotide sequence of the G9 gene 
(2.6 kb region) was determined (accession num- 
ber U09805). Sequence comparison between the 
G. hirsutum cv. C312 cDNA and the G. bar- 
badense cv. Sea Island gene showed a 98.9~o 
similarity (not shown). Similarly, at the amino 
acid level there were only four differences between 
these two proteins. The Sea Island gene contained 
three small introns of 92, 124, and 76 bp. There 
were also two nucleotide substitutions in the 5'- 
untranslated and one at the 3'-untranslated re- 
gions (not shown). 

A 1.9 kb Sal I/Nsi I fragment at the 5' end of 
the G9 gene was tested for promoter activity by 
constructing a transcription fusion gene with 
/~-glucuronidase (GUS)  and introducing it into 
tobacco plants. The unique Nsi I site is 695 bases 
3' to the ATG of G9 gene. The 1.9 kb G9 frag- 
ment contained the first two introns (92 and 
124 bp) of the gene. The GUS gene consisted of 
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a coding region (1.8 kb), a 38 bp alfalfa mosaic 
viral (AMV) 5'-untranslated leader, and a 3' Nos 
poly(A) addition region (280 bp) of Agrobacterium 
nopaline synthase gene. The mature transcript 
produced from the Gg-GUS fusion gene would 
be ca. 2600 bases long. However, starting from 
the G9 context, AACATGG, there are no con- 
tiguous open reading frames that are in the frame 
with the GUS coding region. Therefore, the G9- 
GUS RNA would be translated from the GUS 
context, ACCATGG. 

The Gg-GUS transcription fusion construct 
was cloned into an Agrobacterium transformation 
vector [2] to generate pTV4G9A-2117. Similarly 
a second plasmid containing the GUS gene and 
a cauliflower mosaic viral 35 S promoter was made 
(pTV4-35S2117). These two genes were intro- 
duced into Nicotiana tabacum cv. H425 by 
Agrobacteriurn-mediated leaf disk transformation 
[2]. The transformed tissue was selected and 
grown on kanamycin [2]. Nine transgenic plants 
containing the G9 promoter-GUS fusion and one 
plant containing 35S-GUS fusion were tested for 
GUS enzyme activity by histochemical staining, 
in addition to untransformed plants. Seven plants 
containing the G9-GUS expressed GUS in pol- 
len while stem, leaf, and root showed no GUS 
activity. Since active GUS enzyme is produced 
from the G9-GUS fusion gene, we assume that 
the translation initiation occurred from the GUS 
initiation codon. Based on our construct, the 
GUS transcript will have a minimum of 529 bases 
of untranslated 5' leader. 

Quantitative estimation of GUS expression in 
the tissues of one transgenic plant containing 
35S-GUS, C4473, and two plants containing the 
G9-GUS, G4573 and G4544, were carried out by 
fluorometric assays using 4-methylumbelliferyl 
glucuronide (Fig. 3). Stem, seed, and root tissues 
of plant C4473 expressed high levels of GUS, 
while moderate enzyme level was found in the 
leaves. GUS activity was poor in the pollens 
(Fig. 3). Transgenic plants containing the G9- 
GUS gene showed minimal GUS activity in the 
stem, seed, root, and leaves similar to control 
plants, whereas pollen grains of both G4573 and 
G4544 showed strong GUS activity. Enzymatic 
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Fig. 3. The G9 promoter confers tissue specific expression of 
the GUS gene in transgenic tobacco. Transgenic tobacco 
plants (Nicotiana tabacum cv. Havana 425) were generated by 
Agrobacterium infection [2]. The expression of the GUS gene 
either from a 35S promoter or a G9 promoter were then mea- 
sured in different tissues of transgenic plants by M U G  assays 
[10]. H425 is a control non-transgenic plant, while C4473 is 
a transgenic tobacco plant containing the 35S-GUS gene. 
G4573 and G4544 are transgenic plants carrying the Gg-GUS 
gene. The presence of GUS genes was determined by PCR 
amplification (not shown). These are the average of three or 
more independent measurements. 

activity in pollen grains of G4573 and G4544 was 
four-fold higher than that of C4473 (Fig. 3). GUS 
expression was followed in the developing floral 
buds of G9-GUS and 35S-GUS plants. Weak 
staining was observed in the circular cell cluster, 
stomium, and tapetum of stage 1 buds (8 mm) of 
G4544 and G4573. The staining was barely dis- 
cernible in these nonreproductive cells. On the 
other hand, intense staining was observed in the 
vascular bundle, connective tissue, microspores, 
circular cell cluster, tapetum, stomium, epidermis, 
and endothecium of the stage 1 bud of the 35S- 



GUS plant C4473. The GUS staining in the non- 
reproductive cells of G9-GUS plants did not in- 
crease in later stages. Shrinking and degeneration 
of the tapetum and cells adjacent to stomium 
begins in stage 3 and 4 [13]. GUS staining in the 
microspores was first observed in stage 3 (15 mm) 
of the G9 plants. The relative GUS expression 
level in pollen of G9-GUS plants increased with 
bud development as judged by increased intensity 
of staining in later stages of the flower. The most  
intense staining was observed in the pollen on the 
day of anthesis (not shown). This is consistent 
with the pattern seen for the increased G9 m R N A  
accumulated during cotton pollen development 
(Fig. 1). 

PG is one of the many cell wall degrading en- 
zymes produced by bacteria, fungi, and plants. In 
plants, fruit specific PGs play a role in ripening 
[3]. Similarly, pollen specific PGs are thought to 
take part in the depolymerization of the pectin in 
its walls during pollen tube elongation, or in that 
of the pistil during pollination [5]. Cotton G9 
may have similar functions in the pollination pro- 
cess. The GUS expression pattern in transgenic 
tobacco indicates that the G9 promoter is useful 
in expressing heterologous genes in a tissue- 
specific manner in dicots. 
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