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Expressed Sequence Tags and mRNA Expression Levels of Tagged 
cDNAs from Watermelon Anthers and Developing Seeds 

loonyul Kim, Sung-Hoon lun, linwon Lee, Hong-Gyu Kang, and Gynheung An* 
Division of Molecular and Life Sciences, Pohang University of Science and Technology, Pohang 790-784, Korea 

To understand the molecular events that occur during reproductive organ development and to provide genetic 
resources for molecular breeding, we generated 328 expressed sequence tags (ESTs) from randomly selected clones of 
four watermelon cDNA libraries. These libraries were prepared from young and mature anthers, as well as the seed 
coat and inner seed tissues. EST clones found in the young anthers and inner seed tissues showed similarity with 
genes related to development and signal transduction. We could deduce that, especially in the developing inner seed 
tissues, important morphological processes were associated exclusively with seed and embryo development. In addi- 
tion, seed metabolism was tailored toward the accumulation of economically valuable storage compounds such as 
lipids. In the seed coat, EST clones showed similarity with genes that influence the transport or conversion of nutri- 
ents such as porin, sucrose synthase, L-asparaginase, and arginine decarboxylase. We also selected two cDNA clones 
from each of the four classes of ESTs for studying expression levels and patterns in the various organs. Among those 
eight clones, three (An88, Is124, and 5c68) were expressed preferentially in their particular organ. 
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Large-scale, single-pass sequencing of cDNAs from 
different plants has provided an extensive reservoir 
for the cloning of genes, evaluation of tissue-specific 
gene expression, use of markers for map-based cloning, 
and annotation of genomic sequencing. Expressed 
sequence tags (ESTs) have been reported for several 
species, including Arabidopsis thaliana (Newman et 
al., 1994; Cooke et al., 1996; White et al., 2000), 
rice (Sasaki et al., 1994), maize (Keith et al., 1993), 
Brassica napus (Park et al., 1993), apple (Sung et al., 
1998), and radish (Moon et al., 1998). A large num- 
ber of the clones analyzed by ESTs showed significant 
similarities to proteins identified within the same 
plant, or in other plants, other eukaryotes, or prokary- 
otes (Newman et al., 1994; Cooke et al., 1996). ESTs 
and their accompanying cDNAs can also provide a 
means for constructing inexpensive microarrays on 
glass slides, which can then be used to study gene 
expression on a genome-wide scale (DeRisi et al., 
1997; Ruan et al., 1998). 

A careful bioinformatic analysis to identify tissue- 
specific ESTs is a prerequisite for obtaining a compre- 
hensive and representative set of cDNAs for gene 
expression studies by microarrays (Loftus et al., 1999). 
Even without that subsequent microarray analysis, a 
sufficiently large number of ESTs derived from a spe- 
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cific tissue can provide a clue toward understanding 
expression of specific genes in that tissue (Rafalski et 
al., 1998; Ewing et al., 1999; Mekhedov et al., 2000). 
In most cases, and within statistical limitations (Audic 
and Claverie, 1997), the abundance of a specific 
cDNA in the EST collection also is a measure of gene 
expression. As of January 2000, GenBank contained 
over 220,000 entries for ESTs from plant species. 
However, most of the publicly available plant ESTs 
have been derived from vegetative tissues; relatively 
few are specifically derived from reproductive organs. 

In this study, we selected 328 cDNA clones that 
contained 0.5- to 1.5-kb inserts from cDNA libraries 
constructed from watermelon tissues. These included 
both young and mature anthers, inner seed tissues, 
and seed coats collected at 6 to 10 days after pollina- 
tion (DAP). The average length of the deduced 
sequence for each clone was 150 to 250 bp. We 
used BLASTX to search each sequence against the 
non-redundant protein database of DDBJ; the top 
scorer was then extracted (Altschul et al., 1997). To 
obtain qualitative information about the ESTs, we 
selected the clone whose top score was >50 bits. By 
using this process, we found that 24 ESTs in the young 
anthers, 21 in mature anthers, 34 in the inner seed 
tissues, and 13 in the seed coat showed significant 

Abbreviations: DAP, days after pollination; EST, expressed 
sequence tag. 
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fable 1. Watermelon ESTs showing similarities to known genes. Numbers in the columns designated "ld '~ refer to the 
percentage of amino acid sequence identity in a continuous region of a particular length (Overlap). Ea, young anthers; An, 
mature anthers; Is, inner seed tissues; Sc, seed coat. 

Id Overlap Score Source of comparison EST # Putative identification (%) (length) (bit) 

Eal0 Calreticulin 61 71 
Ea13 Ribosomal protein L29 88 45 
Ea21 COP9 protein 68 60 
Ea22 Chlorophyll a/b protein gene 58 50 
Ea24 Spore germination protein C2 68 35 

Ea26 26S proteasome 92 39 
Ea29 Histone H2A 68 50 
Ea32 Polyubiquitin protein 93 69 
Ea53 Pescadillo-like protein 65 49 
Ea65 Thaumatin-like protein 62 67 
Ea71 Trans-cinnamic acid hydroxylase 78 73 
Ea72 40S subunit ribosomal protein 76 52 
Ea74 60S ribosome protein 79 73 
Ea76 COP9 protein 58 82 
Ea80 Ribosomal protein 76 63 
Ea81 Sgtl protein 76 75 
Ea82 Ribosomal protein 71 82 
Ea85 Ribosomal protein L39 86 38 
Ea89 Endo-l,4-beta-mannosidase 71 56 
Ea93 Calreticulin 83 43 
Ea96 Chlorophyll a/b binding preprotein 98 61 
Ea100 Ubiquitin/ribosomal polyprotein 98 71 
Ea104 SAM-synthetase 88 34 
Eal05 Casein kinase-like protein 73 69 

An1 
An3 
An6 
An16 
An24 
An25 
An32 
An44 
An55 
An57 
An64 
An66 
An70 
An72 
An79 
An80 
An88 
An92 
An 100 
An102 
An 104 

Cucumisin-like serine protease 57 54 
Long-chain-fatty-acid-CoA ligase 71 46 
Vacuolar ATP synthase subunit C 76 86 
Protein kinase C inhibitor 82 76 
Sec61 p protein 58 7(I 
Chlorophyll a/b-binding protein 76 42 
Glycine-rich RNA-binding protein 76 42 

Isocitrate dehydrogenase 85 62 
Calmodulin-binding heat-shock protein 66 54 

Ribosomal protein $28 88 53 
Isoflavone reductase homolog 2 74 63 
RNA-directed RNA polymerase 76 65 
Glucosyl transferase 61 54 
Phosphofructokinase beta subunit 81 55 
Catalase protein 82 47 
Cinnamyl alcohol dehydrogenase 82 34 
UDP-galactose 4-epimerase 80 41 
Catalase protein. 98 85 
Ribosomal protein $4 97 48 
Aspartate aminotransferase 81 64 
Nodulin-26 protein. 74 66 

87 Beta vulgaris (AJ002057) 
91 Panax ginseng (AB042860) 
95 Arabidopsis thalial~a (Z97335) 
61 Lemna gibba dad (M29334) 
55 Synechocystis sp. (D90901) 
76 Arabidopsis thaliana (AB025633) 
68 Arabidopsis thaliana (AF204968) 

138 Saccharum hybrid cultivar (AF093505) 
72 Arabidopsis thaliana (AL163792) 
76 Arabidopsis thaliana (L34693) 

119 Pisum sativum (U29243) 

95 Oryza sativa (D12633) 
111 Arabidopsis thaliana (AB022217) 

97 Spinacia oleracea (U51270) 
94 Gossypium hirsutum (U64678) 

115 Oryza sativa (AP002744) 
115 Gossypium hirsutum (U64678) 

75 Zea mays (X95458) 
92 Arabidopsis thaliana (AB013389) 
91 Ricinus ~ ommunis (U74631) 

134 Glycine max (X12981 ) 
139 Oryza sativa (D12629) 

68 Cicer arietinum (X85252) 
103 Oryza sativa (AP003244) 

69 Arabidopsis thaliana (AB019229) 
77 Arabiclopsis thaliana (AB012247) 

141 Arabidopsis thaliana (AF208261) 
130 Arabidopsis thaliana (ALl 63972) 

72 l?iticum aestivum (AF161718) 
70 Cucumis sativus (M16057) 
71 Glycine max (AF169205) 

101 5olanum tuberosum (X75638) 
85 Nicotiana tabacum ($79243) 
98 Prunus persica (AJ012655) 
91 Glycine max (AF202184) 

119 Petunia x hybrida (AJ011979) 
69 Arabidopsis thaliana (AC073395) 
94 Citrus x paradisi (AF095520) 
73 Cucurbita pepo (D55647) 
59 Medicago sativa (Z19573) 
71 Arabidopsis thaliana (AC066689) 

189 Cucurbita pepo (D55647) 
105 Arabidopsis thaliana (Z17994) 
106 Clycine max (AF034210) 

92 Glycine max (L12257) 
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Table 1. Continued 
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Id Overlap Score 
EST # Putative identification (%) (length) (bit) Source of comparison 

Is5 
Is8 
Is10 
Is12 
Is13 
Is19 
Is24 
Is25 
Is35 
Is36 
Is43 
Is46 
Is48 
Is52 
Is54 
Is68 
Is69 
Is70 
Is74 
Is75 
Is77 
Is80 
Is83 
Is90 
Is91 
Is103 
Is107 
Is120 
Is124 
Is132 
Is135 
Is141 
Is151 
Is156 

Sc7 
Sc9 
Scl 1 
Sc23 
Sc32 
Sc37 
Sc39 
Sc43 
Sc54 
Sc56 
Sc66 
Sc68 
Sc79 

Tonoplast intrinsic protein gamma 80 60 
Ribosomal protein $15 protein. 94 59 
Protein kinase 75 45 
S-adenosyI-L-homocysteine hydrolase 77 53 
Cystatin protein 53 62 
Chlorophyll a/b binding protein 98 68 
Putative lipid transfer protein 51 62 
Cytochrome P450 like TBP protein 93 63 
14-3-3 protein 32kDa endonuclease 91 61 
Multicatalytic endopeptidase 71 82 
Aspartic proteinase 49 51 
Cysteine synthase 97 41 
Jasmonic acid regulatory protein 80 50 
Cysteine proteinase protein. 88 68 
Sex determination protein 44 103 
Vacuolar processing enzyme 70 112 
Galactokinase 67 122 
Acyl carrier protein 57 117 
Omega-6 fatty acid desaturase 80 62 
Lleucine zipper protein 37 104 
Cdc2-1ike protein kinase 84 39 
LEDI-4 protein 59 142 
P protein 82 58 
EIF3e protein. 83 107 
Glycine-rich RNA-binding protein 73 45 
Cytoplasmic aldolase 74 62 
Nodulin-26 protein. 87 40 
Histone H2A 71 46 
GRABl-like protein 79 58 
Vacuolar proton-ATPase subunit 82 52 
Eukaryotic initiation factor 5A3 89 59 
Integral membrane protein p 95 48 
Translation initiation factor 82 64 
Endoxyloglucan transferase 62 80 

Putative zinc finger transcription factor 89 39 
Vacuolar H +-ATPase catalytic subunit 89 39 
34 kDA porin protein 90 63 
S-adenosyl methionine synthetase I00 30 
Gibberellin 20-oxidase protein. I00 46 
Arginine decarboxylase 96 58 
Cytosolic ascorbate peroxidase 85 67 
Putative zinc finger protein 76 42 
Sorbitol dehydrogenase-like protein 73 57 
S-adenosylmethionine synthetase protein 76 56 
O-methyltransferase protein 74 39 
L-asparaginase 67 43 
Sucrose synthase 84 50 

96 Arabidopsis thaliana (X72581) 
117 Arabidopsis thaliana (L27461 ) 

70 Arabidopsis thaliana (L00670) 
83 Catharanthus roseus (Z26881) 
68 Lycopersicon esculentum (AF198389) 

142 Oryza sativa (AF061577) 
69 Zinnia elegans (U19266) 

120 Nicotiana tabacum (D64052) 
110 Cucurbita pepo (X76086) 
106 Cicer arietinum (AB025000) 

63 Vigna unguiculata (U61396) 
83 Citrullus lanatus (D28777) 
91 Arabidopsis thaliana (AB022218) 

136 Carica papaya pot. (X03971) 
94 Cucumis sativus (AF286651 ) 

169 Beta vulgaris (AJ309173) 
160 Arabidopsis thaliana (X99851) 
112 Casuarina glauca (Y10994) 
116 Petroselinum crispum (U86072) 

80 Arabidopsis thaliana (AB025632) 
66 Arabidopsis thaliana (AB005234) 

161 Lithospermum erythrorhizon (AB030704) 
111 Pisum sativum (X59773) 
184 Arabidopsis thaliana (AF255679) 

74 Glycine max (AF169205) 
91 Oryza sativa (D13512) 
75 Glycine max (L12257) 
64 Arabidopsis thaliana (AF204968) 

112 Arabidopsis thaliana (AC010704) 
95 Arabidopsis thaliana (AC006841) 

112 Solanum tuberosum (AB004824) 
92 Phaseolus vulgaris (AF190652) 

114 Arabidopsis thaliana (AB005232) 
105 Arabidopsis thaliana (AC084165) 

77 Oryza sativa (AP002746-9) 
78 Gossypium hirsutum (L03186) 

123 Solanum tuberosum (X80386) 
65 Pinus banksiana (U38186) 

102 Citrullus lanatus (AF074709) 
117 Glycine max (U35367) 
122 Fragaria x ananassa (AF159631 ) 

86 Oryza sativa (AC025783) 
96 Arabidopsis thaliana (AB015478) 
84 Arabidopsis thaliana (M55077) 
60 Thalictrum tuberosum (AF064697) 
54 Arabidopsis thaliana (AB012247) 
88 Gossypium hirsutum (U73588) 
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similarities to previously identified genes (Table 1). A 
total of 92 clones were analyzed at the level of 
BLASTX searches, which was equivalent to 28% of 
the clones on the filter. 

Clones were assigned to specific functional classes 
(Table 2). ESTs involved in metabolism were found in 
all four libraries. Although housekeeping genes, such 
as those coding for ribosomal proteins and ubiquit- 
ins, were found in all tissues except the seed coat, 
they were most abundant in young anthers. Genes 
involved in development and photosynthesis were 
also found in those latter two ESTs. 

Two clones (Ea21, Ea76) in young anther ESTs had 
significant homology with the light signal transduction 
gene encoding COP9. Clones corresponding to genes 
encoding for enzymes that play a role in metabolism, 
e.g., trans-cinnamic acid hydroxylase (Ea71) and 
endo-1,4-beta-mannosidase (Ea89) also were found in 
that EST. In mature anthers, An79 and An 92 showed 
homology to catalase. Likewise, An80 and An88 shared 
homology with cinnamyl alcohol dehydrogenase and 
UDP-galactose 4-epimerase, respectively. 

In the EST of the inner seed tissues, the most abun- 
dant classes were the clones related to development, 
transcription, and metabolism. Is35 (a 14-3-3 protein 
32-kDa endonuclease), Is54 (the sex-determination 
protein), Is77 (a cdc2-1ike protein kinase), and Is124 
(a GRABI-like protein) were likely candidates for 
playing certain roles in growth regulation. In addition, 
Is24 and Is70 shared homology with the lipid transfer 
protein and acyl carrier protein, respectively, both of 

which affect lipid metabolism. In the seed coat, Sc32 
showed high similarity with the hormone biosynthetic 
enzyme, GA 20-oxidase. Sc68 and Sc79 had significant 
homology with L-asparaginase and sucrose synthase. 

For further study, we selected two clones each from 
the four libraries. These clones had shown significant 
homology with previously identified genes. For our 
young anther ESTs, those clones were Ea24 and Ea93, 
which had exhibited similarity with the spore germi- 
nation protein C2 and calreticulin, respectively. We 
also chose An80 (cinnamyl alcohol dehydrogenase) 
and An88 (UDP-galactose 4-epimerase) from mature 
anther ESTs, Is77 (a cdc2-1ike protein kinase) and 
Is124 (a GRAB l-like protein) from the inner seed tissue 
ESTs, and Sc68 (L-asparaginase) and Sc79 (sucrose 
synthase) from the seed coat ESTs. RNA blot analyses 
revealed specific expressions of An88 in mature 
anthers, Is124 in inner seed tissues, and Sc68 in the 
seed coat (Fig. 1). Sink organs in most plant species 
are supplied, through their seed coats, with carbon 
and energy sources from the phloem. In this study, 
both Sc68 and Sc79 appeared to preferentially regu- 
late levels of photoassimilates. 

In conclusion, EST analyses of watermelon tissues 
identified a number of clones that may play impor- 
tant roles during anther and seed development. This 
information will be useful for understanding the 
development of reproductive organs in watermelon 
and other plant species. 

We are grateful to the Dongbu Hannong Seed 
Company for kindly providing the watermelon seeds. 

Table 2. Distribution of cDNAs in classes of putative function. The class assignment presented is based on the description of 
the best match from BLASTX similarity searches to the non-redundant DDBJ protein databases. 

Young Mature Inner seed Seed coat Total 
anther anther tissues 

Development 2 
Metabolism 2 
Ribosome, protein translation 6 
Proteinase, ubiquitin 3 
Signal transduction (kinases, calmodulin, etc.) 3 
Photosynthesis 2 
Transcription factor 0 
Peroxidase 0 
Acting on RNA 0 
Vacuole 0 
Secondary metabolite 1 
Chaperonin 0 
Membrane, transporter, receptor 0 
Defense 1 
Hormone biosynthetic enzyme 0 
Nucleus 1 
Others 3 
Total 24 

0 4 0 6 
6 7 6 21 
2 2 0 10 
1 2 0 6 
1 3 0 7 
2 2 0 6 
0 3 2 5 
2 0 1 3 
2 1 0 3 
0 3 1 4 
2 1 1 5 
1 0 0 1 
0 1 1 2 
0 1 0 2 
0 0 1 1 
0 1 0 2 
2 3 0 8 

21 34 13 92 
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Figure 1. RNA blot analysis of tagged cDNAs that were 
strongly expressed in at least one reproductive organ. Total 
RNA was extracted from SC, seed coat (8 DAP); S, whole 
seed; IS, inner seed tissues (8 DAP); F1, fruits (1 DAP); F2, 
fruits (2-3 DAP); FL4, fleshes (4 DAP); Ft8, fleshes (8 DAP); 
T, tendrils; L, leaves; M, male flowers; O, ovaries before pol- 
lination; an1, anthers within 1 mm of male flowers; an2, 
anthers within 2-3 mm of male flowers; an3, anthers within 
mature male flowers; SD, seedling; C, cotyledon; R, roots; 
ST, stem. Probes used were: Ea24 homologous to the spore 
germination protein C2; Ea93 homologous to calreticulin; 
An80 homologous to cinnamyl alcohol dehydrogenase; 
An88 homologous to UDP-galactose 4-epimerase; Is77 
homologous to the cdc2-1ike protein kinase; Is124 h~,molo- 
gous to the GRAB l-like protein; Sc68 homologous to L- 
asparaginase; and Sc79 homologous to sucrose synthase. 
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