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Generation of Expressed Sequence Tags (ESTs) for Gene Discovery
and Marker Development in Cultivated Peanut

M. Luo, P. Dang, B. Z. Guo,* G. He, C. C. Holbrook, M. G. Bausher, and R. D. Lee

ABSTRACT tory sequences are unknown (Somerville and Somer-
ville, 1999).Expressed sequence tag (EST) libraries for cultivated peanut (Ar-

Peanut is a member of the tribe Aeschynomere ofachis hypogaea L.) were developed from two cDNA libraries con-
structed by means of mRNA prepared from leaves of peanut line family Fabaceae. Most of the species belonging to genus
C34-24 (resistant to leaf spots and Tomato spotted wilt virus) and Arachis are self pollinated, but outcrossing can occur
immature pods of peanut line A13 (tolerant to drought stress and by bee pollination (Knauft et al., 1992; Stalker, 1997).
preharvest aflatoxin contamination). Randomly selected cDNA clones Most Arachis species are diploid, but cultivated peanut
were partially sequenced to generate a total of 1825 ESTs, 769 from is an allotetraploid (2n � 4x � 40) species native to
the C34-24 cDNA library and 1056 from the A13 cDNA library, in South America (Krapovickas and Gregory, 1994). Al-
which 536 and 769 unique ESTs were identified, respectively. Results

though several Arachis species have been cultivated,of BLASTx search showed that 52.8% of the ESTs from leaf tissue
A. hypogaea is the only one that has been both domesti-and 78.6% of the ESTs from the pod tissue have homology to genes
cated and is widely cultivated around the world in tropi-of known function. Approximately 27.3 and 22.1% of ESTs matching
cal, sub-subtropical, and warm temperate climates.homologous sequences in dbEST of GenBank on the basis of BLASTn

algorithm have unknown functions. The ESTs were queried against Peanut is an important crop internationally for both
MIPS functional catalog criteria and sorted according to putative direct human food and oil production. Peanut yields are
function into 15 categories. A total of 1345 ESTs have been released restricted in most areas of the world by diseases. Most
to GenBank1. Four hundred unigenes have been selected from these peanut breeding programs are attempting to develop
ESTs and arrayed on glass slides for gene expression analysis, and cultivars with improved disease resistance (Holbrook
44 EST-derived simple sequence repeat (SSR) markers have been and Stalker, 2003). Both early and late leaf spot diseases
characterized for cultivated peanut, in which over 20% of the SSRs

(caused by Cercospora arachidicola Hori. and Cercospori-produced polymorphic markers among 24 cultivated peanut geno-
dium personatum Berk. & Curt. Deighton, respectively)types. This is the first report of ESTs in cultivated peanut, and further
are among the worst foliar diseases of cultivated peanut.characterization of resistance and stress genes may explain mecha-
Leaf spot disease control in the USA has dependednisms functioning in these two peanut lines.
mainly on routine applications of chlorothalonil (tetra-
chloroisophthalonitrile), either on a calendar or advi-
sory schedule (Branch and Culbreath, 1995). In peanutExpressed sequence tag libraries and databases
production areas in the southeastern USA, tomato spot-have proven to be powerful tools for gene discov-
ted wilt disease caused by the Tomato spotted wilt virusery, gene mapping, and for the analysis of quantitative
(TSWV) has become more severe (Culbreath et al.,traits. ESTs are generated by large-scale sequencing of
1999) and is a major yield-limiting factor. Control meth-randomly picked clones from cDNA libraries constructed
ods for TSWV are limited.from mRNA isolated at a particular development stage

Industry and consumers have emphasized the foodand/or tissue. Recently, the genomes of Arabidopsis
quality of peanut; however, peanuts are susceptible tothaliana (L.) Heyhn. (Martienssen, 2000) and rice (Oryza
Aspergillus infection, which can result in aflatoxin con-sativa L.) (Yammanoto and Sasaki, 1997; Yu et al., 2002)
tamination (Holbrook et al., 1994). Peanuts also havehave been completely sequenced, and a large number
proteins that result in allergic reactions (Li et al., 2000).of ESTs have become available in sequence databases.
Improvement of insect resistance, drought tolerance, oilWhile the possible functions of many genes can be de-
quality, and flavor are also great challenges for breedingduced by homologies to known genes in the databases,
programs (Holbrook and Stalker, 2003).the functions of most of the emerging genes and regula-

Although an abundance of morphological variation
within A. hypogaea is known, many agronomical traits1 1345 ESTs have been submitted to GenBank database under

accession numbers: CD037499 to CD038843. are difficult to select by conventional selection tech-
niques. This is in large part because most agronomically
important traits in peanut are quantitatively inheritedM. Luo and B. Z. Guo, USDA-ARS, Crop Protection and Manage-
(Wynne and Coffelt, 1982), and significant genotypement Research Unit, Tifton, GA 31793; M. Luo and R. D. Lee, Univ.

of Georgia Coastal Plain Experiment Station, Tifton, GA 31793; P. and environmental interactions exist. Molecular genetic
Dang and M. G. Bausher, USDA-ARS, U.S. Horticultural Research research with peanut has mainly focused on molecular
Lab., Ft. Pierce, FL 34945; G. He, Center for Plant Biotechnology marker-assisted selection (Stalker and Mozingo, 2001)Research, Tuskegee Univ., Tuskegee, AL 36088; C. C. Holbrook,

and genetic transformation (Ozias-Akins and Gill, 2001).USDA-ARS, Crop Genetics and Breeding Research Unit, Tifton,
Molecular markers are useful for crop improvement andGA 31793. Received 25 Sept. 2003. *Corresponding author (bguo@

tifton.usda.gov). studies of crop evolution in many species (Mohan et al.,
1997). Unfortunately, little variation has been observedPublished in Crop Sci. 45:346–353 (2005).
using molecular markers in A. hypogaea (Stalker and© Crop Science Society of America

677 S. Segoe Rd., Madison, WI 53711 USA Mozingo, 2001), resulting in limited application. A reli-
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manufacturer’s recommendations. The final concentration ofable regeneration and transformation system in peanut
mRNA was adjusted to 0.5 �g/�L with DEPC-treated water.has been established, and several genes for insect and
Two cDNA libraries were constructed with mRNA (5 �g)virus resistance have been successfully introduced into
from leaves or immature pods. Synthesis of cDNA and librarypeanut (Ozias-Akins and Gill, 2001). Although the ap-
construction were made following the protocol of the ZAP-plication of transgenic technologies has enormous po- cDNA Gigapack III Gold cloning kit (Stratagene, La Jolla,

tential for enhancing trait improvement, the critical CA). Inserts were directionally cloned into Uni-ZAP XR vec-
component needed for peanut cultivar development is tor by means of XhoI EcoRI site adapters. The � library was
identification of agronomically useful genes. Functional packaged into � phages with Gigapack III Gold. The library
genomics research may aid in the development of poly- solution was diluted and used for transfection of the host

bacteria XL1-blue and titer levels were calculated. The unam-morphic molecular markers (He et al., 2003) and pro-
plified library was used to excise pBluescript phagemids fromvide useable genes for transgenic research.
the Uni-ZAP XR vector according to the in vivo mass excisionWith the development of the human genome project
protocol provided by the manufacturer, and the phagemids(HGP) and the establishment of genomics, new tech-
were used to transform the host bacteria SOLR. The whiteniques to study gene expression in large scale and with
clones grown on LB screening culture medium (Amp/IPTG/high throughput were invented (Terryn et al., 1999). X-gal) were recovered by random colony selection.

The EST approach developed for use in the HGP, and it
has been extensively applied in plant functional genome Plasmid DNA Purification and DNA Sequencing
research (Somerville and Somerville, 1999). Other ma-

Plasmid DNA was isolated from randomly selected coloniesjor crop genome projects were based on an EST strategy,
with 96 TurboFilter Miniprep kits (Qiagen, Valencia, CA)including maize (Zea mays L., Gai et al., 2000), soybean
and a Qiagen BioRobot 9600. Ninety-six individual plasmids[Glycine max (L.) Merr., Shoemaker et al., 2002], and
from random selected clones were used as template for PCRwheat (Triticum aestivum L., Lazo et al., 2001). In the amplification of the cloned cDNA by with T3 and T7 universal

public database GenBank (NCBI), the total number of primers. The resulting amplicons were analyzed by agarose
ESTs released in dbEST (http://www.ncbi.nlm.nih.gov/ gel electrophoresis to identify insert size. The PCR products
dbEST/dbEST_summary.html; verified 7 Sep. 2004) was were concentrated and washed by ethanol precipitation and
15 808,211 (15 Feb. 2003); however, there were few pea- pellets were resuspended in 15 �L of formamide before se-

quencing. Taq polymerase sequencing reactions were per-nut ESTs.
formed with the BigDye Terminator Cycle Sequencing KitIn the present research, two peanut genotypes were
(PerkinElmer, Foster City, CA) from the 5� end of the cDNAused to construct cDNA libraries and generate ESTs.
clone with the T3 primer. Automated sequencing was per-One genotype (C34-24) was selected for its resistance
formed on an ABI Prism 3700 Sequencer (PE Applied Biosys-to leaf spots and TSWV, and the other genotype (A13) tems, Foster City, CA) at the USDA-ARS Genomics Labora-

was selected for its drought tolerance and reduced pre- tory, Fort Pierce, FL.
harvest aflatoxin contamination. By analysis of the ESTs,
we wanted to profile gene expression in leaf and imma- EST Processing and Sequence Analysis
ture-pod tissues, identify novel genes, and develop EST-

Sequences were edited by the software SEQUENCHERderived SSR markers. This information can be used to
V4.1.4 (Gene Codes, Ann Arbor, MI) to remove vector se-identify genes for resistance and other traits, which may quence. Vector trimming was also edited manually when ab-

accelerate future breeding programs. normal sequences were observed. Sequences �150 nucleotides
were removed. The remaining ESTs were submitted for com-
parison against the GenBank non-redundant protein databaseMATERIALS AND METHODS by BLASTX algorithm (Altschul et al., 1990). A match was
considered significant when the score was higher than 100cDNA Library Construction and Transformation
(optimized similarity score) with E-value scores �10�10. Novel

Two advanced peanut breeding lines of A. hypogaea used ESTs were identified by comparison with sequences in nonre-
in this research were C34-24 and A13. C34-24 was selected dundant nucleotide and EST databases of GenBank using
for resistance to TSWV, and early and late leaf spot diseases. BLASTn algorithm. The criteria to define nucleotide identity
A13 was selected for drought tolerance and resistance to pre- referenced to over 95% identity for more than 100 bp were
harvest aflatoxin contamination. The plants used for cDNA included in the same group. In addition, the sequences of each
construction were challenged by natural infestation. A total contig were aligned by the fragment assembly program of
of 24 genotypes of cultivated peanuts were grown in the green- SEQUENCHER, and consensus sequences were generated
house and the genomic DNA was extracted for evaluation of with 90% identity over a minimum of 50 nucleotides.
EST-derived SSR polymorphism. Seeds from the two lines
were field-planted (University of Georgia, Tifton) under stan- EST Functional Analysis and Simple
dard cultural practices. Newly expanded leaves were bulked Sequence Repeat Characterizationfrom over 30 plants of C34-24 at 100 d after planting (DAP). and Polymorphism IdentificationImmature pods at the R6 stage (Boote, 1982) were collected
from over 20 plants of A13 at 100 DAP. All samples were Putative functions of the ESTs were classified according to
immediately placed into liquid nitrogen and subsequently the Munich Information Center for Protein Sequences (MIPS)
stored in a �80�C freezer. functional classification system applied to Arabidopsis (Mewes

Total RNA was isolated from leaves and pods with TRI- et al., 2002; Schoof et al., 2002). A total of 1345 ESTs from the
ZOL reagent (Invitrogen Corp., Carlsbad, CA) and mRNA two cDNA libraries were submitted to the GenBank database
was purified from total RNA with the PolyATtract mRNA under accession numbers: CD037499 to CD038843, and these

sequences were searched for simple SSRs by BLASTn soft-isolation kit (Promega Corp., Madison, WI) following the
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Table 1. Primer sequences of selected gene from the leaf and immature-pod cDNA libraries for RT-PCR analysis.

Gene probe Primer (5�to 3�) PCR product (bp)

1 H3.3 F: A G A T T T C A G A G C C A C G C A G T C 123
R: G T C C T T G G G C A T A A T G G T G A C

2 Allergen Arah3/Arah4 (seed) F: A A G A G C C T G C A C A A C A A G G A C 128
R: G A G A T C A C C C T C A T C G A A A C G

3 10-kDa protein precursor (leaf) F: T G C A A A G T G A G G C A G C A A C 141
R: A C C A A C A G C G G A A A T C G T C

4 Leucine-rich receptor-like protein kinase (leaf) F: C C A T G A G A A G G G T G G T G A A G 126
R: A A G C A A C A C T T C C G T G A T C C

5 Bax inhibitor-1 like (seed) F: T C T C T C C C G T C G T T C A G A A T C 132
R: T G C A T C C A G C T G A C G T A A G A A

6 Cell-autonomous heat shock cognate protein 7 (leaf) F: C A G T G G C T A G A C A G C A A C C A 132
R: A G C T C C A C C A A C A T C A G G A C

7 Nonspecific lipid-transfer protein (leaf) F: A G G A A G C G G A T A C C A C A C A G 131
R: T C G C C T A A G T G G A G G T C C T A

8 Drought inducible 22-kD protein (leaf) F: C A T G C T C A C A G G C A C A A G A T A 146
R: G A G G T G G T G C T T C T T C T T G C

9 Drought-induced protein RPR-10 (seed) F: G C C C T G G A A C T G T C A A G A A G 134
R: C T C T T G G A A C C C T G T T C C T C

10 Defensin protein (seed) F: T A A T G G C A T C G C T C T C T T C C 139
R: A C A C T C C T T T G A A G C G A T G G

ware. The di- and trinucleotide and some tetranucleotide SSR plasmids isolated from 96 individual clones were used
motifs were used in the sequence analysis. SSR motifs, which as templates for PCR amplification using T3 and T7
repeat more than seven times in dinucleotide, five in trinucleo- primers to estimate the insert size. In the leaf cDNA
tide, and four in tetranucleotide were counted. Repeats of library, the insert size distribution ranged from 200 to
dimeric, trimeric, and tetrameric motifs were also searched in 1500 bp, with an average of 550 bp. In the immaturethe EST sequences. Primer pairs were designed for 44 SSRs

pod cDNA library, the insert size distribution rangedon the basis of the number of repeats and the sequences of the
from 400 to 1500 bp, with an average of 650 bp.flanking region by the Primer3 software (Rozen and Skaletsky,

Sequence analysis showed 769 high quality ESTs from2000) (code available at http://www-genome.wi.mit.edu/genome_
the leaf library and 1056 from the immature-pod library.software/other/primer3.html; verified 5 August 2004). Twenty-

four cultivated peanut genotypes were screened for polymor- Three hundred ninety-one of the 769 leaf ESTs and 378
phisms. Four hundred unigenes were arrayed on glass slides of the 1056 immature-pod ESTs were assembled into
for gene expression analysis (Luo et al., 2003b). contigs, resulting in 536 and 800 unique ESTs in the two

libraries, respectively.
RT-PCR Analysis of Genes with High

Redundancy of Expression Indentification of ESTs’ Putative Function
Peanut lines of C34-24 and A13 were planted in the green- To identify the putative function of these ESTs, their

house. Three-month-old plants of C34-24 were inoculated with sequences were compared with the sequences in thefungal spores of late leaf spot disease (2 	 105 spores/mL)
UniGene (Schuler, 1997; Wheeler et al., 2003) database(Zhang et al., 2001). A13 was inoculated with A. flavus under
of GenBank by a BLASTx algorithm. A nucleotide ho-drought stressed conditions (Anderson et al., 1996). Bulk sam-
mology search indicated that 52.8% of the clones fromples of leaves and immature pods were collected for total
the leaf library and 78.6% of the clones from the imma-RNA extraction.

Total RNA was treated with RNase-free DNase (Qiagen) ture pod library matched known function genes. A fur-
to remove the genomic DNA contamination and the first ther search in dbEST database of GenBank based on
strand of cDNA was synthesized from 2 �g total RNA with BLASTn algorithm indicated that 27.3% of 363 clones
SuperScript II RT (Invitrogen) and gene specific primers from the leaf library and 22.1% of 226 clones from the
(Table 1) selected from the two cDNA library EST sequences immature pod library with unknown function matched
with higher redundancy, according to the manufacturer’s in- sequences in dbEST database.structions. PCR products were amplified in 20 �L of reaction

On the basis of the MIPS Functional Catalogue crite-mixture, containing 1.5 �L of the first strand cDNA, 0.5 �M
ria (Mewes et al., 2002; Schoof et al., 2002) and theof each primer (Table 1), 1	 PCR buffer, 0.4 mM dNTP, and
putative functions, the EST sequences in the two cDNA1 U of Taq DNA polymerase (Promega), according to the
libraries were further characterized by functional cate-following protocol: 94�C for 2 min; 35 cycles at a temperature

of 94�C for 15 s, 59�C for 30 s, 72�C for 30 s; final-elongation gory sorting into 15 groups (Fig. 1). Each putative tran-
occurred at 72�C for 7 min. All the PCR reactions were re- script was assigned to a category in the MIPS Functional
peated three times. Catalogue (Mewes et al., 2002). The metabolism-related

genes accounted for 6.6% of the cDNA clones in the leaf
library and 6.8% in the immature-pod library (Fig. 1). InRESULTS AND DISCUSSION
the protein synthesis category, cDNA clones encodingQuality of cDNA Libraries and ESTs various ribosomal proteins and other formations from
simpler components of a protein, rather than of proteinsTwo cDNA libraries were constructed, one from bulked

leaf samples of C34-24 and one from bulked immature in general, were common in both libraries (Fig. 1). The
cDNA clones related to cellular transport and transportpod samples of A13. Two thousand clones were ran-

domly picked from each of the two cDNA libraries. The mechanisms were low in both libraries (0.1%).
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BLASTn algorithm. About 27.3% of 363 leaf ESTs and
22.1% of 226 immature-pod ESTs had homologous se-
quences with known genes. Some ESTs in both cDNA
libraries matched with sequences from stress induced
cDNA libraries, including stress factors of pathogens,
ABA, drought, salt, cold, acid treatment, etiolated, irra-
diated, and phosphate-free culture.

Genes with Higher Redundancy of Expression
Redundancy of expression is a reflection of the impor-

tance of certain genes in different developmental stages
and under different environmental conditions. BecauseFig. 1. Distribution of ESTs from leaf and immature cDNA libraries
of the small number of ESTs generated from these twoamong functional categories. MIPS functional categories: 1-Metab-
libraries, ESTs with a redundancy of four and aboveolism; 2-Energy; 3-Cell growth, division and DNA synthesis; 4-Tran-

scription; 5-Protein synthesis; 6-Protein destination; 7-Transport fa- were selected in this analysis (Table 2). In the leaf li-
cilitation; 8-Cellular transport and transport mechanisms; 9-Cellular brary, genes related with photosynthesis were ubiqui-
biogenesis; 10-Cellular communication/signal transduction mecha- tous among the redundant genes, and 13.9% of totalnism; 11-Cell rescue, defense and virulence; 12-Ionic homeostasis;

ESTs were coded for Rubisco (ribulose bisphosphate13-Cellular organization; 14-Development; 15-Unclassified protein.
carboxylase) (Table 2). Rubisco is very abundant in chlo-
roplasts, comprising more than 16% of the total proteinDifferences were also seen in these two libraries in

gene distribution among functional categories (Fig. 1). in this organelle (Miziorko and Lorimer, 1982).
Several other genes reported to have function in ad-Energy-related genes were very common (27.3%) in

the leaf cDNA library. This reflects the importance of versity tolerance were found in the peanut leaf cDNA
library. These include a nonspecific lipid-transfer protein,photosynthesis in leaf tissue. In the immature-pod li-

brary, the most common types of genes were “Protein a 10-kDa protein precursor, caffeic acid O-methyltrans-
ferase, and a drought inducible 22-kDa protein. A non-Destination.” This finding was consistent with the func-

tion of the seed as a storage organ for both oil and specific lipid-transfer protein has been reported to func-
tion in disease-resistance, and drought and cold-toleranceprotein in peanut. No EST function was categorized as

“Ionic Homeostasis” in the leaf library, but 0.1% of the in plants (Park et al., 2002; Trevino and O’Connell, 1998;
Pearce et al., 1998). The 10-kDa protein precursor hasclones in the immature-pod library were grouped into

this category. antifungal activity (Ye and Ng, 2002). Richard et al.
(1996) reported that caffeic acid O-methyltransferaseESTs related to signal transduction and cell defense

from the two different peanut lines were expected to plays a role in the secondary metabolism-phenylpropa-
noid pathway and conditions disease resistance.be seen. These genes were relatively abundant in both

type and number (Fig. 1). In addition to these functional Several ESTs encoding candidate allergens were found
in the immature-pod cDNA library (Table 2). These in-categories, there were also a proportion of ESTs which

match their putative proteins. Some ESTs with un- clude the storage proteins glycinin and conglutin, each
accounting for over 5% of the total ESTs (Table 2).known function matched homologous sequences in

GenBank, and they were compared with sequences in These two storage proteins, along with the Ara h 1, are
known peanut allergens (Mills et al., 2001; Xiang et al.,dbEST (Boguski et al., 1993) of GenBank based on the

Table 2. Redundant genes in the leaf and immature pod cDNA libraries of peanut.

Leaf Immature-pod
Homologous
group Putative genes No. Putative genes No.

1 ribulose bisphosphate carboxylase 107 glycinin 54
2 chlorophyll a/b-binding protein 13 conglutin 53
3 ferredoxin i 13 mannose/glucose-binding lectin precursor 32
4 fructose-bisphosphate aldolase 1 12 metallothionein 27
5 oxygen-evolving enhancer protein 11 allergen Ara h 1 17
6 nonspecific lipid-transfer protein 11 oleosin 16
7 plastocyanin 7 drought-induced protein RPR-10 9
8 glyceraldehyde 3-phosphate dehydrogenase 7 auxin-repressed protein 9
9 no similarity 6 no similarity 8
10 10-kDa protein precursor 6 catalase 7
11 photosystem I subunit IV 6 60 ribosome protein L10 6
12 caffeic acid O-methyltransferase 5 no similarity 6
13 ribulose-bisphosphate carboxylase activase 5 defensin protein precursor 5
14 no similarity 5 cyclophilin 4
15 function unknown 5 fructose-bisphosphate aldolase 4
16 photosystem II 10-kDa polypeptide 4 ubiquitin-conjugating enzyme 4
17 drought inducible protein 4 proteinase inhibitor 4
18 endopeptidase Clp 4 extensin-like protein 4
19 aldo/keto reductase 4 F-box protein family 4
20 no similarity 4 HSP80 4
21 no similarity 4
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Table 3. Putative adversity resistance genes in the leaf and immature-pod cDNA libraries of peanut.

Class of function Leaf Immature-pod

Secondary metabolism caffeic acid O-methyltransferase, cinnamoyl-CoA 1-aminocyclopropane-1-carboxylate oxidase like protein,
reductase phenylalanine ammonia-lyase 3, cinnamoyl-CoA

reductase
Reactive oxygen scavengers glutathione S-transferase (GST 8, GST 9), superoxide glutathione S-transferase GST 9, Catalase, Catalase

dismutase [Cu-Zn], isozyme 1, superoxide dismutase (Cu-Zn),
phytochelatin synthetase-like protein, ascorbate
peroxidase

Stress proteins salt tolerance-like protein, nitrate-induced protein, drought-induced protein RPR-10, dehydration stress-
drought inducible protein, cytochrome p450, proline- induced protein, cytochrome P450, wound-induced
rich protein, low temperature and salt responsive protein, hydroxyproline-rich glycoprotein (sbHRGP3),
protein LTI6B, CIC protein, ultraviolet-B-repressible NOI protein, cold-regulated LTCOR12, osmotin-like
protein, aluminium induced protein, auxin-induced protein, late embryogenesis like abundant protein,
protein selenium binding protein, fasciclin-like

arabinogalactan-protein, fatty acid hydroxylase,
auxin-regulated

Heat shock proteins heat-shock protein 80 HSP70, HSP80, HSP90, 20.5-kDa HSP
Ion/proton transporters Ca2�/H�-exchanging protein, H�-transporting ATPase, aquaporin-like transmembrane channel protein, dnaK-

ankyrin type molecular chaperone BiP precursor , vacuolar
H�-ATPase catalytic subunit

Membrane fluidity lipid transfer protein, nonspecific lipid-transfer protein, lipid transfer protein, nonspecific lipid-transfer protein
fatty acid desaturase

Signaling components kinase C inhibitor, calcium binding protein, ethylene- rac-type small GTP-binding protein, casein kinase,
responsive small GTP-binding protein, leucine-rich Calmodulin, mannose/glucose-binding lectin
receptor-like protein kinase, Mannose/glucose-binding precursor, galactose-binding lectin precursor, lectin-
lectin precursor like protein, protein receptor-like kinase homolog,

leucine-rich repeat transmembrane protein kinase,
calmodulin-related protein

Control of transcription 14-3-3-like protein A, zinc finger protein myb family transcription factor, Myb-related transcription
factor-l, bZIP transcription factor 6

Defense response 10-kDa protein precursor, peroxidase, leucine-rich repeat trypsin inhibitor pathogenesis-related protein (PR-1,
protein LRP, beta-glucosidase, metallothionein, PR10), defensin protein precursor, proteinase
AIG2-like protein, glycosyl hydrolase family 19, inhibitor se60-like protein, Kunitz-type trypsin
senescence-associated protein, phytoene inhibitor, Bowman-birk type proteinase inhibitor
dehydrogenase, allyl alcohol dehydrogenase A-II, protease inhibitor, Metallothionein, glycosyl

hydrolase family (3,19), peroxidase, alcohol
dehydrogenase, 1-Cys peroxiredoxin, systemin receptor
SR160, blue copper protein, lipoxygenase 1, auxin-
repressed protein

2002). An oleosin is also a putative allergen (Pons et al., sity resistance genes (Table 3). These genes were sorted
into different categories and distributed among many2002). Mannose/glucose-binding lectin precursor, present
defense-related pathways (Table 3). The disease resis-in the immature-pod cDNA library, is widely distributed
tance related genes are abundant, including leucine-richin higher plants and is believed to play a role in recogni-
repeat transmembrane protein kinase in pathogen recog-tion and binding of foreign high-mannose type glycans
nition, glycosyl hydrolase family, pathogenesis-relatedfrom microorganisms or plant predators (Barre et al.,
protein (PR-1, PR10), glutathione S-transferase (GST 8,2001). The defense-related genes were also present with
GST 9), 
-glucosidase, and defensin protein precursor.high frequency, such as metallothionein, catalase, pro-
Abiotic stress-related genes are also present in theseteinase inhibitor se60-like protein, and F-box protein
ESTs (Table 3). Drought induced genes are in high(Table 2). Ubiquitin-conjugating enzyme has been known
proportion, such as dehydration stress-induced protein,to play a role in cell protection metabolism (Hellmann
osmotin-like protein, and hydroxyproline-rich glycopro-and Estelle, 2002) and was also present in this library.
tein (sbHRGP3). Other stress induced genes were alsoDrought-induced genes were observed with redun-
found in these ESTs, such as genes induced by low tem-dancy in both cDNA libraries. This observation may be
perature and salt, auxin-induced, wound-induced, ultra-related to the level of drought stress in the field when
violet-B-repressible, and aluminum-induced proteins. Cy-the tissue samples were collected for cDNA library con-
tochrome P450 and heat-shock proteins have beenstruction. The types of drought-induced genes were dif-
reported as adversity resistance (Chapple, 1998; Sun etferent in leaf and immature-pod cDNA libraries (Ta- al., 2002). Signal transduction as influenced by abioticble 2). In addition, the functions of several redundant and biotic factors has been a focus in searching theESTs from these two cDNA libraries could not be iden- adversity resistance mechanisms in plant (Nurnberger

tified from the public database, and most of these ESTs and Scheel, 2001; Zhu, 2002). Several ESTs found in these
with unknown function do not have homologous se- two peanut cDNA libraries had homology to signal trans-
quences in GenBank. These ESTs may represent unique duction related compounds (Table 3), but their roles in
genes in peanut. the signal transduction and defense-related pathways in

peanut are not clearly understood.
Putative Adversity Tolerance Genes

EST-Derived SSR Markers and GeneTo identify genes that control tolerance to drought
Discovery or Expressionand disease resistance traits, the ESTs from these two

cDNA libraries were characterized according to their During the last decade, microsatellites or SSRs have
proven to be useful markers in plant genetic researchputative functions related to previously reported adver-
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Table 4. SSR (simple sequence repeat) motif and frequency in
peanut ESTs.

Leaf Immature pod

SSR motif Frequency SSR motif Frequency

(AT)7,11 6 (AT)7,8,11,17 6
(CT)8,9,11,17 7 (GA)8,10,19 5
(GAA) 5 1 (AAG)6,9 2
(CAA)5 4 (ACA)6,9 3
(AAT)5 5 (AAT)5,6,7 10
(TAT)6 2 (TAT)5,6,7,10,26 6
(GTT)5 1 (CAC)5,6 4
(TTC) 5 1 (TTC)6 2
(ATC) 5 2 (ATC)5 4

(AGC)5,6 2
(CCT)6 1

and have been used for marker-assisted breeding pur-
poses. Unfortunately, development of SSR markers is Fig. 2. Quantitative expression analysis of genes with putative func-

tion of disease resistance and drought tolerance by reverse tran-expensive, labor intensive, and time consuming if SSRs
scription PCR (RT-PCR). Total RNA was extracted from peanutare being developed from genomic libraries (He et al.,
C34-24 leaf samples of healthy plants (A), drought stressed plants2003). The cost of mining EST libraries is far lower than (B), or plants challenged by fungal leaf spots (C), and from peanut

other traditional methods, and SSR development from A13 immature seeds without stress (D), drought stressed (E), or
ESTs has been successful in EST data mining (Cordeiro challenged by fungus Aspergillus flavus under drought stress (D).

Genes examined: 1-Histone H3.3 (positive internal control), 2-Aller-et al., 2001; Kantety et al., 2002). As determined by
gen Ara h3/4, 3-10-kDa protein, 4-Leucine-rich protein, 5-Bax inhibi-currently available molecular techniques, domesticated
tor, 6-Heat shock cognate protein, 7-Non-specific lipid transferpeanuts have a narrow genetic diversity (Stalker and protein, 8-drought inducible 22-kDa protein, 9-drought inducible

Mozingo, 2001). Hopkins et al. (1999) tested the effec- RPR 10, 10-Defensin protein.
tiveness of SSR markers in detecting molecular varia-
tion in cultivated peanut and they reported that the pattern associated with different traits. Specific primers
development of SSRs should enable the measurement (Table 1) were designed for 10 specific genes from the
of molecular polymorphism in the cultivated peanuts. two cDNA library EST sequences with high expression
After screening the ESTs from the two cDNA libraries frequency. The primers recognize each specific gene,
by BLASTn, di- and tri- nucleotide and several tetranu- and no other products were amplified (Fig. 2). Several
cleotide SSR motifs were found and used in the se- genes had relatively high expression in leaves or imma-quence analysis (Table 4). SSR motifs, which repeat ture pods, such as nonspecific lipid-transfer protein inmore than seven times in dinucleotide, five in trinucleo- leaves, allergen Ara h3/Ara h4 in immature pods. Aratide, and four in tetranucleotide were counted. In the h3/Ara h4 was also expressed in the leaves infected withexpressed sequences there were only three types of di-

fungal pathogen but not in healthy leaf tissues. Severalmeric repeat motifs [(GA)n, (CT)n, and (AT)n] (Table 4).
genes had no significant difference in expression, suchTrimeric repeat motifs are relatively higher than dimeric
as the 10-kDa protein precursor and the drought induc-repeats. Tetrameric and hexameric repeat motifs were
ible 22-kDa protein. The relationship between putativefound in our ESTs. SSR markers have been detected
resistant genes and the traits was not clear. However,in genomic DNA for dinucleotide repeats [(GT)10 and
genes such as allergen Ara h3/Ara h4, leucine-rich re-(CT)10] and the discrimination power of using SSRs as
ceptor-like protein kinase, and cell-autonomous heatmarkers was high in domesticated peanuts (Hopkins et
shock cognate protein were expressed higher in the plantsal., 1999; He et al., 2003). EST-derived SSR motifs were
challenged with leaf spot pathogen, and cell-autonomousidentified in these peanut ESTs, and 44 SSRs from the re-
heat shock cognate protein and defensin protein wereleased 1350 ESTs (GenBank accession number CD037499
expressed higher in pods of plants challenged withto CD038843) were designed by testing for polymorphic
A. flavus under drought stressed conditions.SSR markers among peanut genotypes. Nine of the 44

During crop development and growth in the field,primer pairs resulted in polymorphism among the 24
plants are challenged with different abiotic and bioticgenotypes. The number of alleles at each locus detected
stresses such as drought, high salt concentration, cold,ranged from two to five. These EST-derived SSR mark-
and diseases. To understand the response of plants toers would be useful in gene discovery and genetic map-
these stresses, researchers have studied plant stress re-ping, and serve as anchor points in comparative mapping
sponses for decades (Cushman and Bohnert, 2000). Ge-from different populations. The rate of detecting poly-
netic response to drought stress has been shown to bemorphism among peanut lines is higher on the basis of
controlled by QTLs (quantitative trait loci) in drought-EST-derived SSR markers (over 20%) than SSR de-
tolerant cultivars of rice (Quarrie et al., 1997). The infor-rived from genomic sequences of peanut.
mation in genomic research could help geneticists andTo identify novel genes, 400 unigenes have been se-
breeders identify genes expressed in a particular tissuelected from these two libraries and arrayed on glass
or under a specific condition and could aid in under-slides for gene expression analyses. RT-PCR analysis
standing the complexity of gene expression and regu-was conducted to validate the microarray and EST data

(Bustin, 2002) and to detect the respective expression lation.
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