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Abstract Cultivated peanut (Arachis hypogaea) is an
important crop, widely grown in tropical and subtropi-
cal regions of the world. It is highly susceptible to several
biotic and abiotic stresses to which wild species are
resistant. As a first step towards the introgression of
these resistance genes into cultivated peanut, a linkage
map based on microsatellite markers was constructed,
using an F, population obtained from a cross between
two diploid wild species with AA genome (4. duranensis
and A. stenosperma). A total of 271 new microsatellite
markers were developed in the present study from SSR-
enriched genomic libraries, expressed sequence tags
(ESTs), and by “data-mining” sequences available in
GenBank. Of these, 66 were polymorphic for cultivated
peanut. The 271 new markers plus another 162 pub-
lished for peanut were screened against both progenitors
and 204 of these (47.1%) were polymorphic, with 170
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codominant and 34 dominant markers. The 80 codom-
inant markers segregating 1:2:1 (P <0.05) were initially
used to establish the linkage groups. Distorted and
dominant markers were subsequently included in the
map. The resulting linkage map consists of 11 linkage
groups covering 1,230.89 cM of total map distance, with
an average distance of 7.24 ¢cM between markers. This is
the first microsatellite-based map published for Arachis,
and the first map based on sequences that are all cur-
rently publicly available. Because most markers used
were derived from ESTs and genomic libraries made
using methylation-sensitive restriction enzymes, about
one-third of the mapped markers are genic. Linkage
group ordering is being validated in other mapping
populations, with the aim of constructing a transferable
reference map for Arachis.

Introduction

The genus Arachis, family Fabaceae, is native to South
America, and contains 69 described species assembled
into nine sections, according to their morphology, geo-
graphic distribution, and crossability (Krapovickas and
Gregory 1994). The cultivated species, peanut (Arachis
hypogaea), is a key crop for small farmers throughout
the tropics, but especially in Africa and Asia, it is a
valuable source of dietary protein and oil, and of fodder
for livestock. In addition, the peanut’s ability to fix
nitrogen is important in the maintenance of soil fertility
especially where farmers are too poor to afford chemical
fertilizers. Peanut world production is increasing and
has reached 35.6 million tons (in the shell) and 5.8 mil-
lion tons of oil per year (FAO 2003). Currently peanut is
the fifth most important oilseed in the world in terms of
volume of oil production.

Cultivated peanut is an allotetraploid (genome
AABB). It is a member of the section Arachis that also
includes about 25 diploid and one other tetraploid wild
species (A. monticola) (Krapovickas and Gregory 1994).



Its origin was via hybridization of two diploid wild
species followed by a rare spontaneous duplication of
chromosomes (Halward et al. 1991; Young et al. 1996).
The resulting tetraploid plant would have had hybrid
vigor, but have been reproductively isolated from its
wild relatives. Therefore, all land races of peanuts are
probably derived from one, or a few plants. This led to a
very limited genetic diversity, which has constrained
advances in genetics that are necessary for efficient
modern breeding, and led to low diversity for some traits
of agricultural interest. In contrast, wild diploid Arachis
species are genetically very diverse and have been se-
lected during evolution by a range of environments and
biotic stresses, providing a rich source of variation in
agronomically important traits.

In Arachis, few linkage maps have been published.
Halward et al. (1993) developed an RFLP-based map
using an F, population derived from a cross between
two diploid wild species with AA genome (A4. steno-
sperma and A. cardenasii). A total of 117 loci were
mapped in 11 linkage groups. Another RFLP-based
map was published for a tetraploid population (Burow
et al. 2001). A synthetic amphidiploid 4. batizocoi x (A.
cardenasii x A. diogoi)**, used as a donor parent, was
crossed with A. hypogaea to generate a BC; population
of 78 progeny. Three hundred and seventy RFLP loci
were mapped onto 23 linkage groups. A BC4F; popu-
lation obtained through this crossing schedule was used
for the identification of RAPD markers linked to root-
knot nematode resistance genes (Burow et al. 1996).
RFLP and RAPD markers have also been used to fol-
low the introgression of A. cardenasii (AA genome)
chromosome segments into 4. hypogaea genome (Garcia
et al. 1995). This analysis has shown that chromosome
recombination, and not chromosome substitution, was
the mechanism of introgression, which is an important
result for the use of wild Arachis species in peanut-
breeding programs. RAPD, SCAR, and RFLP markers
have proved to be useful for the identification of
markers tightly linked to nematode resistance genes
introgressed from A. cardenasii into A. hypogaea (Garcia
et al. 1996). Recently, AFLP markers were used to map
genes conferring resistance to the aphid vector of
groundnut rosette disease, which is the most destructive
viral disease of peanut in Africa (Herselman et al. 2004).

RFLP analysis is time consuming and labor intensive,
while RAPD and AFLP are dominant markers of low
information content. Consequently, these are not theideal
tools for high throughput analysis and for the imple-
mentation of marker assisted selection (MAS) in peanut-
breeding programs. In contrast, microsatellites are mul-
tiallelic, highly polymorphic, typically codominant ge-
netic markers, and require small amounts of DNA, since
they are based on PCR and gel electrophoresis. Their
main disadvantage is the high initial cost for the devel-
opment of markers using genomic DNA libraries enriched
for simple sequence repeat (SSR) sequences. With the
availability of expressed sequence tags (ESTs) and other
DNA sequence data, development of SSR markers
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through data mining has become a fast, efficient, and low-
cost option for many plant species. Furthermore, the use
of markers developed from different sources should en-
able a better coverage of the whole genome.

Although the number of microsatellite markers pub-
lished for peanut has increased considerably in the last
5 years (Hopkins et al. 1999; He et al. 2003; Ferguson et
al. 2004; Moretzsohn et al. 2004), it is still not sufficient
for the construction of saturated linkage maps. Thus, the
objectives of the current study were to (1) develop a large
set of microsatellite markers from SSR-enriched genomic
DNA libraries, from ESTs, and by data mining published
Arachis spp. sequences; (2) characterize the newly
developed markers in a set of 4. hypogaea accessions,
and (3) construct a microsatellite-based, gene-rich map
using a diploid AA genome F, population.

Materials and methods
Plant material

A single A. hypogaea cv. Tatu plant was used for the
construction of the two genomic DNA libraries. EST
libraries were made from leaf and root tissues from A.
stenosperma (accession V10309). Sixteen 4. hypogaea
samples (Table 1) were used for the characterization of
the newly developed SSR markers. For map construc-
tion, an F, population was produced by selfing a unique
F, plant derived from a cross between A. duranensis
(accession K7988), used as the female parent and 4.
stenosperma (accession V10309), used as the male. In
order to obtain enough seeds for the generation of the F,
population, the F; plant was cloned by cuttings. These
species were chosen because they are easily crossed and
their progeny are fertile, they are contrasting at the
DNA level (Moretzsohn et al. 2004), related to the cul-
tivated peanut, and they segregate for several traits of
interest. All plants were obtained from the Brazilian
Arachis germplasm collection, maintained at Embrapa
Genetic Resources and Biotechnology — CENARGEN
(Brasilia-DF, Brazil).

DNA extraction

Total genomic DNA was extracted from young leaves
using the protocol of Grattapaglia and Sederoff (1994)
modified by the inclusion of an additional precipitation
step with 1.2 M NaCl. DNA concentration was esti-
mated by agarose gel electrophoresis comparing the
fluorescence intensities of the ethidium bromide stained
samples to those of A DNA standards.

Genomic libraries construction

Total genomic DNA libraries enriched for dinucleotide
repeats were constructed following a standard protocol
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Table 1 Arachis hypogaea accessions analyzed in this study

Number Accession Species/subspecies/variety (Type) Collection site

1 cv. BR-1 A. hypogaea ssp. fastigiata var. fastigiata (Valencia) Paraiba, Brazil

2 cv. Runner886 A. hypogaea ssp. hypogaea var. hypogaea (Virginia) Sdo Paulo, Brazil

3 cv. Tatu A. hypogaea ssp. fastigiata var. fastigiata (Valencia) Sao Paulo, Brazil

4 Mf 1538 A. hypogaea ssp. hypogaea var. hirsuta Pichincha, Ecuador
5 Mf 1560 A. hypogaea ssp. fastigiata var. peruviana Pastaza, Ecuador

6 Mf 1678 A. hypogaea ssp. fastigiata var. aequatoriana Sucurubios, Ecuador
7 Mf 2389 A. hypogaea ssp. fastigiata var. aequatoriana Unknown

8 Mf 3207 A. hypogaea ssp. fastigiata var. vulgaris (Spanish) Unknown

9 Mf 3618 A. hypogaea ssp. hypogaea var. hirsuta Unknown

10 Of 109 A. hypogaea ssp. hypogaea var. hypogaea (Xingu type) Mato Grosso, Brazil
11 Of 128 A. hypogaea ssp. hypogaea var. hypogaea (Xingu type) Mato Grosso, Brazil
12 Sv 429 A. hypogaea ssp. fastigiata var. peruviana Yurimaguas, Peru

13 V 10067 A. hypogaea ssp. hypogaea var. hypogaea (Virginia) Santa Catarina, Brazil
14 V 13009 A. hypogaea ssp. hypogaea var. hypogaea (Virginia) Tocantins, Brazil

15 V 13115 A. hypogaea ssp. fastigiata var. vulgaris (Spanish) Minas Gerais, Brazil
16 V 6265 A. hypogaea ssp. fastigiata var. fastigiata (Valencia) Bahia, Brazil

(Rafalski et al. 1996) with minor modifications. Peanut
total genomic DNA, was isolated from a single 4. hypo
gaea plant (cv. Tatu) and aliquots were digested sepa-
rately with three different enzymes (Msel, Sau3Al, and
Tsp5091) to identify which one produced the most ade-
quate fragment profile for library development. Frag-
ments ranging in size from 200 to 800 bp were
transferred to NA 45 DEAE cellulose membranes
(Schleicher & Schuell BioScience, NH, USA), after
electrophoresis in 1.5% low-melting agarose gel. DNA
was resuspended in TE buffer and ligated to Sau3Al
adaptors (Short adaptor: 5-CAGCCTAGAGCCGA-
ATTCACC-3" and Long adaptor: 5-pGATCGGT-
GAATTCGGCTCTAGGCTG-3’). Two  genomic
libraries enriched for dinucleotide repeats were con-
structed. Fragments were selected by hybridization with
biotinylated dinucleotide repeats ((TC);3 and (AC);3)
and recovered by magnetic beads linked to streptavidin
(Dynabeads Streptavidin, Dynal Biotech., Norway).
Enriched fractions were amplified by PCR, using the
Short Sau adaptor as a primer. Amplification products
were purified using QIAquick PCR purification system
(Qiagen, CA, USA), cloned into plasmid pGEM-T
(Promega, WI, USA), and then transformed into E. coli
strain XL1-Blue (Promega) by electroporation. Trans-
formed cells were grown on LB-Amp plates (50 pug/ml
ampicillin) containing X-Gal and IPTG at 37°C. Plas-
mid DNA of the white colonies was extracted by alcaline
lysis (Mini-preps) and prepared for sequencing. Mini-
prep followed the protocol described by Sambrook et al.
(1989), with some minor adaptations for extraction in
96-well plates.

EST libraries construction

Two cDNA libraries were made, each with either young
leaves or roots of A. stenosperma. Total RNA was ex-
tracted using Trizol (Invitrogen, CA, USA) and mRNA
purified using the Poly A™ RNA-Oligotex (Qiagen, CA,

USA) according to the manufacturer’s protocol. Full-
length cDNA libraries were constructed using the
SMART cDNA synthesis kit in ATriplEx2 (Clontech,
CA, USA). The resulting cDNA was packed into A
phages using the Gigapack III Gold packaging kit
(Stratagene, CA, USA). From the initial plating, the li-
braries were estimated to contain 107 (roots) and 10
(leaves) recombinant clones. The pTriplEx2 phagemid
clones in E. coli were obtained using the mass in-vivo
excision protocol according to the manufacturer’s
instructions (Clontech).

DNA sequencing and primer design

Sequencing reactions were performed with T7 and SP6
primers and the Big-Dye Terminator Cycle Sequencing
Kit, version 3.1 (Applied Biosystems, CA, USA) or
the DYEnamic ET Terminator Cycle Sequencing Kit
(Amersham Pharmacia Biotech) using the Applied
Biosystems automated DNA 3100 and 377 sequencers.
For the ESTs, the cDNA inserts were sequenced from
the 5’end using specific PCR primers for the ATri-
plEx2. To facilitate the selection of SSR-containing
sequences from all libraries and the efficient assembly
of redundant sequences and forward and reverse
sequencing runs, a dedicated module (available from
WSM — wsmartins@wsmartins.net — on request) has
been developed which integrates the Staden package
interface for sequence assembly (Staden et al. 2003)
and Troll for finding SSRs (Castelo et al. 2002). In
addition to the ESTs and the enriched genomic li-
braries, the module was used to ‘“data-mine” SSR
markers from data available in GenBank. The new
sequences identified in this study were submitted to
the National Center for Biotechnology Information
database (NCBI, USA; GenBank accession #s
DQ099037-DQ099242). Primers complementary to
unique DNA sequences flanking the SSRs were de-
signed using the computer program Primer 3 (White-
head Institute of Biomedical Research — http://www-



genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).
To reduce problems with spurious banding patterns,
some stringent criteria in primer sequence design were
applied: (1) primer 7, ranging from 57 to 65°C; (2)
1°C difference in T,, between primer pairs; (3) GC
content ranging from 40 to 60%; (4) absence of
complementarity between primers. Default values were
used for the other parameters, except the “product
size ranges” that was between 100 and 400 bp.

PCR amplification of SSR marker loci

PCR reactions were performed in 13 pl volumes, con-
taining 1X PCR buffer (10 mM Tris-HCI pH 8.3,
50 mM KCI), 2.0 mM MgCl,, 0.2 mM of each dNTP,
1 U of Tag DNA polymerase, 1 pg/pl of purified BSA
(New England Biolabs, MA, USA), 5 pmol of each
primer and 10 ng of genomic DNA. Amplifications were
performed using either a 9700 System (Applied Biosys-
tems, CA, USA) or a PTC-100 (MJ Research, MA,
USA) thermal cycler, with the following conditions:
94°C for 5 min (1 cycle), 94°C for 1 min, 48-64°C for
1 min, 72°C for 1 min (30 cycles); and 72°C for 7 min
(1 cycle). The annealing temperature was optimized for
each primer pair to produce clear DNA band amplifi-
cation, without spurious fragments. For genotype
determination, the amplified products were separated on
5% denaturing polyacrylamide gels stained with silver
nitrate (Creste et al. 2001). Some SSR markers highly
contrasting between the progenitors of the mapping
population were run on 3.5% agarose gels stained with
ethidium bromide. Fragment sizes were estimated by
comparing with a 10-bp DNA ladder standard (Gibco/
BRL, MD, USA).

Characterization of the newly developed SSR markers

The 271 newly developed SSR markers were first tested on
a set of six A. hypogaea accessions, one from each of the
six described peanut varieties (Table 1 — accessions 1, 4,
5, 6, 8, and 14). The expected size and the quality of the
amplified fragments were observed on 3.5% agarose gels.
When necessary, the annealing temperatures were ad-
justed to obtain better specificity of PCR amplification.
Primers developed from genomic libraries are named by
AhITC or Ah2TC (for 4. hypogaea library enriched for
TC repeats) or Ah2AC (for AC repeats) followed by the
plate number (TC1-TC11 or AC1-AC3) and the clone
identification (AOI-H12). Primers developed from
cDNA libraries are named by AS1 (for 4. stenosperma
libraries), followed by two letters (ML, for mature leaf,
RN or RI for root) and the plate number (from 1 to 22)
and the clone identification (AO1-H12). Primers obtained
by data-mining GenBank were denominated by the name
of the submitted sequence. These marker names start with
GI, pPGP or pPGS. A subjective score was given to each
marker from 1 to 3 denoting the fragment amplification
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quality, 3 being the best. The number of alleles per locus,
the product size ranges, and gene diversity (GD) were
estimated for the polymorphic markers using a set of 16
peanut accessions (Table 1). Gene diversity was calcu-
lated according to the formula: GD = 1 — (> p?), where
piis the frequency of the ith allele in the 16 samples (Nei
1973). For the characterization of the sequences used for
marker development, BLAST databases were formatted
from all putative proteins encoded by the Arabidopsis
genome and all Fabaceae proteins in GenBank. Similarity
searches were done using BlastX (Altschul et al. 1990),
and hits were considered significant if they had an E-value
of less than 1 x 1075,

Map construction

The 271 newly developed SSR markers plus another 162
already published SSR markers (Hopkins et al. 1999;
Palmieri et al. 2002; He et al. 2003; Moretzsohn et al.
2004; Palmieri et al. 2005; Bravo et al. 2005; Gimenes et al.
2005) were screened against the two progenitors. Poly-
morphic markers were analyzed on the mapping popu-
lation consisting of 93 F, individuals. A y* test was
performed to test the null hypothesis of 1:2:1 or 3:1 seg-
regations on all scored markers. Only marker loci that did
not show segregation distortion (P> 0.05) from the ex-
pected 1:2:1 were used for the initial map construction, in
order to eliminate spurious linkages. The linkage analysis
was done using Mapmaker Macintosh version 2.0
(Lander et al. 1987). A minimum LOD score of 12.0 and
maximum recombination fraction (0) of 0.3 were set as
thresholds for linkage groups (LG) determination with
the “group” command. The most likely marker order
within each LG was estimated by the matrix correlation
method using the “first order”” command or by the three-
point analysis (“‘three point” command) for groups con-
taining more than seven markers. Marker orders were
confirmed by comparing the log-likelihood of the possible
orders using multipoint analysis (“‘compare” command)
and by permuting all adjacent triple orders (“ripple”
command). Loci that could be ordered with a likelihood
ratio support 21,000:1 were used to establish a framework
map. Codominant marker loci that did not show segre-
gation distortion at P> 0.01 were used in this analysis. In
a second step, the LOD score was set to 6.0 in order to
include new markers in the groups. The ““try” command
was then used to determine the exact position of the new
markers within each group. In a following step, distorted
markers and markers segregating 3:1 (present in one
parent and absent in the other) were included using the
“group” command. The new marker orders were again
confirmed with the “first order”, “compare”, and/or
“ripple”” commands. Recombination fractions were con-
verted into map distances in centimorgans (cM) using the
Kosambi’s mapping function. Genome map sizes were
estimated according to Hulbert et al. (1988) taking into
consideration only pairwise comparisons between mark-
ers placed on the framework map.
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Results and discussion
Development of microsatellite markers

Digestion of the A. hypogaea genomic DNA with three
different enzymes (Msel, Sau3Al, and Tsp5091) revealed
that Sau3Al produced the most adequate profile for li-
brary development, with fragments ranging from 200 to
800 bp in size. Sau3Al is sensitive to cytosine methylation
and therefore is expected to preferentially cut in hy-
pomethylated gene-rich DNA, producing libraries en-
riched for low copy sequences that are usually gene-rich.
Two libraries were constructed based on dinucleotide re-
peat motifs (TC and AC). These repeats were chosen be-
cause they are among the most abundant SSR repeats in
plant species (Wang et al. 1994; Gupta and Varshney
2000). Out of the 1,152 positive clones (white colonies)
sequenced, 224 (19.4%) had SSRs, 210 being non-
redundant. When necessary, these clones were sequenced
on the reverse strand to enable the construction of high-
quality contigs. Of the 210 unique SSR positive clones,
121 (Electronic supplementary material — ESM 1) were
suitable for primer design (10.5% of the clones se-
quenced). The design of primers for the other 89 unique
SSRs identified was not possible due to the low GC con-
tent of the regions flanking the SSR, or the close proximity
of the SSR to the end of the cloned insert DNA. The
percentage of primers designed, in relation to the number
of clones sequenced (10.5%), is significantly lower than
the proportion found (41.4%) for peanut in a previous
study that included an additional selection of positive
clones by anchored-PCR (Moretzsohn et al. 2004). This
shows that this step is effective in significantly improving
the yield of useful clones sequenced and reducing costs.
However, it is time consuming and its omission did
accelerate the process of SSR marker development.

A total of 2,740 EST sequences were screened for
SSRs. Ninety-eight showed di-, tri-, tetra- or pentanu-
cleotide repeats (3.6%) and 81 (3.0%) were suitable for
primer design (ESM 1). These numbers are similar to the
percentages reported for other plant species, ranging
from 1.7 in wheat to 7.5 in barley (Varshney et al. 2002;
Thiel et al. 2003; Eujayl et al. 2004; Gao et al. 2004;
Khlestkina et al. 2004).

Finally, sequences available in GenBank, for which
SSR primers had not been designed, were screened for
the presence of repeats (>5 core units). A total of 69
new microsatellite primer pairs were designed (ESM 1),
38 from genomic sequences, 25 from ESTs, 1 from a
patented sequence, and 5 from A. hypogaea genes, such
as cold stress responsive protein, desaturase, and seed
galactose-binding lectin.

Screening for SSR sequences was done using the
Staden-TROLL module, and was quick and convenient
with complete integration into the Staden Package. All
SSR containing sequences, including those for which
primers had been previously published, were used to
construct a peanut SSR database in the Staden Gap4

interface. Hundreds of contigs were established thus
eliminating redundant sequences. By doing this, we
could be sure that all the 271 newly developed SSR
markers were unique. Additionally a BlastN search of
these sequences against a database of all published
Arachis SSR containing sequences further ensured that
all markers were new.

Characteristics of Arachis SSR repeats

Of the 271 sequences for which primers were designed,
159 (58.7%) had perfect repeats, 82 (30.2%) had com-
pound repeats, and 30 (11.1%) had imperfect repeats.
Repeats in the TC/AG- and AC/TG-enriched genomic
libraries were, as expected, almost entirely TC/AG and
AC/TG respectively. For the ESTs, in the 106 markers
developed, a total of 153 repeats were found, since some
sequences had more than one repeat motif. The trinu-
cleotide motifs were the most abundant type of SSRs
detected, with 112 (73.2%) SSRs, followed by di-
(22.2%), tetra- (3.3%) and pentanucleotide repeats
(1.3%). These proportions are variable in the few pub-
lished studies of EST derived microsatellites in plants.
For trinucleotides, percentages have ranged from 30.2%
in maize to 90.3% in sugarcane; dinucleotide motifs
from 9.7% in sugarcane to 39.0% in soybean; tetranu-
cleotide motifs from 2.2% in soybean and Arabidopsis to
10.3% in Medicago; and pentanucleotide repeats from
0.6% in barley to 9.0% in Medicago (Cordeiro et al.
2001; Varshney et al. 2002; Gao et al. 2003; Thiel et al.
2003; Eujayl et al. 2004; Tian et al. 2004). However, all
these studies have shown that the trimeric SSRs are
more abundant in plant EST sequences than the other
SSR unit-size classes. These findings are not unexpected
and have also been reported for other higher eukaryotes
including Drosophila, Caenorhabditis elegans, mammals,
humans, and yeast (reviewed by Li et al. 2004). This has
been attributed to negative selection against frameshift
mutations in coding regions (Metzgar et al. 2000) and
possibly by positive selection for specific single amino-
acid stretches (Morgante et al. 2002).

AAG/TTC (27 out of 153), AAT/TTA (21/153), and
AAC/TTG (14/153) motifs were the most abundant
trinucleotides. Considerable differences in the frequen-
cies of trinucleotide repeat types have also been re-
ported, but these three classes were usually between the
most common tri-motifs in other dicot species (Cardle
et al. 2000; Gao et al. 2003; Eujayl et al. 2004; Tian et al.
2004). In several monocot species, CCG/GGC repeats
have been shown to be the most common motif
(Cordeiro et al. 2001; Morgante et al. 2002; Varshney et
al. 2002; Gao et al. 2003), but were detected in only two
sequences in the present study. The AAT/TTA motifs
are the least common ( <1%) in animals and in monocot
species (Li et al. 2004). In contrast, these motifs were the
second most frequent motif found in Arachis ESTs and
had also high frequencies in soybean and Medicago
(Gao et al. 2003; Eujayl et al. 2004; Tian et al. 2004).



1065

Fig. 1 Number of markers
detected per repeat size class

(a) and relationships between

repeat numbers of the SSRs and

the polymorphism observed

when markers were screened

against A. duranensis and A.

stenosperma, and in six

Number of markers
-
N
(6]

accessions of 4. hypogaea (b). A

total of 225 markers that

amplified products with good

“EE B B o

resolution were considered in
the analysis of A. duranensis
and A. stenosperma, and 236

11-15 16 - 20 21-25 26 - 30 >30
Number of repeats

Total

100 -
75 4
50 4
25 1
0 4
markers in the analysis of A.

hypogaea 2

(v1)
-
=)
1S3

- == = A.duranensis x A.stenosperma

—@— A.hypogaea

. e,

% polymorphic markers
&)
o

AG/TC and AT/TA (16 out of 153 each) had the
highest frequencies among the dinucleotide repeats,
followed by AC/TG (6/153). CG/GC repeats were not
found in any of the sequences. Similar results have been
described for several plant species, with AG/TC repeats
showing the highest frequencies and CG/GC the lowest
(Kantety et al. 2002; Eujayl et al. 2004; Tian et al. 2004).
Although frequencies of AT/TA repeats have been
usually lower than those found in the present study, high
frequencies have also been described for other legume
species, such as Medicago and soybean (Morgante et al.
2002; Gao et al. 2003; Eujayl et al. 2004). The putative
functions of SSRs in ESTs are still not clear as are the
reasons why repeat motif types are so variable in the
different plant species. However, these findings showed
that the predominance of a particular repeat motif in
one species is not always an indication of representation
in another plant species.

Polymorphism and transferability of the new SSR
markers

The 271 new SSR markers (ESM 1) were screened for
polymorphism against six 4. hypogaea samples, being
one from each of the six described varieties and against
the progenitors of the diploid mapping population. As
expected, polymorphism between the two accessions of
different species was greater than for the six accessions
within the cultivated species (Fig. 1, Table 2).

For the wild species progenitors, 27 (10.0%) primer
pairs did not amplify any interpretable fragment, 11
(4.1%) amplified fragments only in A. stenosperma and 4

16 - 20 21-25 26 - 30

Number of repeats

(1.5%) in A. duranensis. Thus, 229 (84.5%) primer pairs
were fully transferable between the two wild species. For
these 229 markers, 113 (49.3%) were polymorphic.

For A. hypogaea, 37 primer pairs (13.7%) did not
amplify any clearly interpretable fragment. Of the
remaining 234 primer pairs, 66 (28.2%) were polymor-
phic for at least one of the six samples. Sixty-two poly-
morphic markers were used for the analysis of allelic
diversity using a sample of 16 A. hypogaea accessions
(Table 3). The other four polymorphic markers
(AC2C2, RNO0-602, Seql4G3, and TCI1E6) were not
included in this analysis, because they resulted in very
poor amplification products. The number of alleles de-
tected ranged from 2 to 12 at each of the 62 polymorphic
loci analyzed, with an average of 5.87 alleles per locus.
GD values ranged from 0.121 (for loci TC11B11 and GI-
385) to 0.910 (for locus TC2D6), with an average value
of 0.690. GD is an estimate of the probability that two
randomly chosen genes from a population are different.
The values obtained in the present study are probably
overestimated, since some of the markers amplified al-
leles at duplicated loci. Thus, they cannot be compared
to those obtained for diploid species, but the average
value (0.690) is similar to values found for several
polyploid species, including peanut (Provan et al. 1996;
Chavarriaga-Aguirre et al. 1998; Prasad et al. 2000; He
et al. 2003; Ferguson et al. 2004, Moretzsohn et al.
2004). In contrast, average GD values estimated by
RFLP markers were considerably lower for five Arachis
species, including A. hypogaea (Paik-Ro et al. 1992).
These results demonstrate the usefulness of microsatel-
lite markers for genetic diversity analysis of cultivated
peanut.
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Table 2 Number of polymorphic markers detected by a screening against accessions K7988 (A4.duranensis) and V10309 (4. stenosperma),
used as progenitors of the F, mapping population, and against six A. hypogaea accessions belonging to the six described varieties

Repeat type Genomic library

cDNA library

TC/AG AC/TG Various Total Various
K7988 x V10309
Polymorphic markers
Codominant 48 (48.5%) 5(22.7%) 13 (34.2%) 66 (41.5%) 44 (41.5%)
Dominant 13 (13.1%) 13 (8.2%) 2 (1.9%)

Monomorphic markers 32 (32.3%) 15 (68.2%)
No amplification 6 (6.1%) 2 (9.1%)
Total 99 22

A. hypogaea
Polymorphic markers
Monomorphic markers 42 (42.4%)
No amplification 9 (9.1%)
Total 929

48 (48.5%) 5 (22.7%)
13 (59.1%)

4 (18.2%)
22

17 (44.7%)
8 (21.1%)
38

64 (40.3%)
16 (10.0%)

49 (46.2%)
11 (10.4%)

159 106
4(10.5%) 57 (35.8%) 8 (7.5%)
27 (71.1%) 82 (51.6%) 82 (77.4%)
7 (18.4%) 20 (12.6%) 16 (15.1%)
38 159 106

The number of repeat units found in the 271 se-
quences ranged from 5 to 54 (ESM 1). Several studies
have suggested that loci with longer repeats are much
more likely to be variable (Weber 1990; Thomas and
Scott 1993; Udupa et al. 1999; Burstin et al. 2001). For
the six accessions of A. hypogaea there was a trend, with
maximum polymorphism of SSRs with 21-25 repeat
units (Fig. 1). Polymorphism for SSRs with 5-10 repeats
was low at only 7.2%. For the progenitors of the map-
ping population, polymorphism varied less with repeat
size, and even small SSRs with 5-10 repeats showed
more than 40% polymorphism. In contrast, the poly-
morphism of apparently genic markers derived from li-
braries that had longer repeats, was similar between the
two wild and six cultivated accessions.

For both wild and cultivated germplasm, AG/TC
repeats are more polymorphic than AC/TG repeats
(Table 2), similar effects of repeat type on polymor-
phism were also observed by Ferguson et al. (2004).

Primer pairs were developed in the present study by
using clones from SSR-enriched genomic libraries and
ESTs (159 and 106, respectively). Thus, it was possible
to compare polymorphism levels detected by SSR
markers from these two sources (Table 2). Generally
the number of repetitions was much smaller in ESTs
than in genomic sequences and correspondingly the
polymorphism of ESTs was much lower in A. hypo-
gaea than between the two wild species (7.5 and
35.8% respectively, see Table 2). It has been reported
that EST-derived SSRs are less polymorphic than
those derived from genomic libraries for other plant
species, such as rice (Cho et al. 2000), sugarcane
(Cordeiro et al. 2001), bread wheat (Eujayl et al. 2002;
Gupta et al. 2003), barley (Thiel et al. 2003), and
soybean (Song et al. 2004). This has been attributed to
possible selection against alterations in these conserved
sequences (Scott et al. 2000). However, for 4. duran-
ensis and A. stenosperma accessions, the percentages
were identical: 41.5% for ESTs and for genomic li-
braries, considering only the codominant markers. The
reasons for these differences are not clear, and need
further investigation to be elucidated.

Characterization of genic content of libraries used
for marker development

A. hypogaea has a large and poorly characterized gen-
ome. Comparative genetic mapping with other legumes
will allow peanut research to begin benefitting from the
knowledge of other genomes, especially those of the
model legumes Lotus japonicus and Medicago truncatula.
For such comparisons the placement of genic markers
on the Arachis map is essential. This map includes EST
and genome-derived markers from a number of sources.
EST markers are derived from transcribed sequences
that are almost entirely genic. Nevertheless, not all the
homologies of these markers are easily identified, and
from 106 only 67 (63.2%) gave significant BlastX hits.

The gene content of genomic libraries depends upon
the way that they are made. Using BlastX we estimated
the genic content of different libraries that was used to
develop SSR markers for peanut (Table 4). The pro-
portion of sequences giving BlastX hits varied from
more than 20% to 0%. There was a clear trend, libraries
made using restriction enzymes susceptible to methyla-
tion at CG or CNG sites are more gene-rich. The single
exception being the relatively high gene content of the
sequences from Moretzsohn et al. (2004). There the
anomaly can be explained by the library being enriched
exclusively for tri-repeat SSRs. All eight BlastX hits
encode poly-amino acid tracts in their open reading
frames. The top BlastX hits for Arabidopsis and legume
proteins of all markers is in ESM 1.

Map construction

Out of the 433 SSR markers screened against A. du-
ranensis, accession K7988 and A. stenosperma, accession
V10309, 204 (46.8%) were polymorphic, with 170 seg-
regating in a codominant fashion and 34 in a dominant
3:1 ratio (Fig. 2). Of the 170 codominant markers, 80
did not show distortions from the expected 1:2:1 segre-
gation ratio (P <0.05) and were initially used to estab-
lish the LG. Distorted and dominant markers were
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n
14
15
15
16
13
16
16
14
15
11
16
16
15
15
12
16
16
15
14
15
16
16
12
14
16
15
11
15
12
13
14
13
15
12
14
15
16
15
16
15
14
15
15
15
15
14
15
16
16
14
16
16
15
14
15
16
11
11
12
10

Size range
146-220
204-212
190-200
182-210
196-224
102-122
248-270

270-310
118-130

280-300

246-270
166-220

164-200
132-146
210228
308-320
110-142
340-360
122-142
286-320
172-204

144146
110-136

296-308
200212
202-222
240-276
242-278
154-248
194-212
190-215
358-370
250-256
280-284
202-240
220-240
300-344
220-232
130-166
205-220
184-192
174-184
154-186
148-176
142-148
290-300
98-108

256-300
284-292
182-188
190214
330-340
200-210
360-384
390-400
310-350
312-372
252-255
260-278
274-286
180-188
242-258

Table 3 Primer pairs, a quality score for the amplification prod-
ucts, fragment size range, number of individuals analyzed (n), total
Score

number of alleles amplified (A4), and gene diversity (GD) for 62
new polymorphic SSR markers identified for 4. hypogaea in this

study

Loci
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- B -

Fig. 2 Amplification patterns obtained with primer RN8C09 in 5%
polyacrylamide gel electrophoresis (a) and with primer RN10F09 in
3.5% agarose gel (b). In panel A, the first and the last lanes are
10 bp DNA ladder. In both gels, from left to right: A. duranensis
(accession K7988) used as the female progenitor, A. stenosperma
(accession V10309) used as male, the F; hybrid, and 45 and 21 F,
individuals in panels A and B, respectively. Arrow indicates a
ladder fragment of 250 bp

further included in the map. Using a minimum LOD
score of 12.0 and a maximum recombination fraction (0)
of 0.30, 170 markers mapped into 11 LG covering
1,230.89 cM of total map distance (Fig. 3). This total
length is comparable to the 1,063 ¢cM found in a map
previously reported from a cross between two AA gen-
ome diploid species, A. duranensis and A. cardenasii
(Halward et al. 1993) and to half of the 2,210 ¢cM found
for a published tetraploid map (Burow et al. 2001). A
few markers were grouped with LOD scores <12.0
(from 6.0 to 12.0) and these are indicated in the map.
Groups ranged from 20.07 ¢cM (4 markers) to 280.10 cM
(32 markers), with an average distance of 7.24 ¢cM be-
tween adjacent markers. Linkage groups were numbered
sequentially from the longest to the shortest. Eight SSR
primer pairs amplified consistently two loci (AC2C2,
TC1B2, TC1D1, TC4H2, TC7TH9, Ah573, Ah745, and
Seq15D6) and the 16 loci were included in the map.
These markers were identified by the numbers —1 and
—2 after the marker names (Fig. 3). The framework
map, consisting of markers positioned with very high
confidence, was composed of 74 markers covering
1,006.20 cM with an average distance of 13.59 ¢cM be-
tween markers. The number of markers per linkage
group in the framework map ranged from 3 (group 11)
to 15 (group 2). Marker names that constitute the
framework map were underlined in the map (Fig. 3).
Arachis duranensis and A. stenosperma are diploid spe-
cies with 2n=20 chromosomes and, thus, 10 LG were
expected instead of the 11 obtained in the present study.
By reducing the stringency of the LOD score to 10.0,
groups 1 and 2 merged in a single group, but linked with
a very high recombination fraction (>40.0 cM). Thus,
they were kept as separate groups. In addition, the upper
portion of group 3 was joined with markers that con-
stitute the framework map by decreasing the LOD score
to 8.0. Thirty-four segregating markers remained un-

linked, suggesting that at least parts of the genome have
not been covered by this map. The inclusion of new
markers would saturate this map, and probably result in
the expected 10 LG.

A total of 104 (51.0%) out of the 204 markers devi-
ated from the expected F, ratio of 1:2:1 (90 markers) or
3:1 (14 markers) at P>0.05 level. Of the 90 markers that
showed distortion from the expected 1:2:1 segregation
ratio, 41 markers were skewed toward the A. duranensis
allele, 44 markers toward the A. stenosperma allele, and
5 markers toward the heterozygote. For the 14 dominant
distorted markers, 5 showed an excess of A. duranensis
alleles and 9 of A. stenosperma alleles. The proportion of
distorted markers found in this study is higher than the
25% found for the two RFLP-based maps published for
Arachis (Halward et al. 1993; Burow et al. 2001). Dis-
torted markers were scattered on LG 1, 3, 4, 5, and 6
(Fig. 3). Groups 1, 3, and 6 had markers with an excess
of both A. duranensis and A. stenosperma alleles, while
all the distorted markers of group 4 and group 5 were
skewed toward the A. duranensis and A. stenosperma
alleles, respectively (Fig. 3). Segregation distortion has
been described for most of the published molecular
marker-based linkage maps in plants, and has been
attributed to different causes, such as: deleterious
recessive alleles (Berry et al. 1995), self-incompatibility
alleles (Barzen et al. 1995), structural rearrangements
(Quillet et al. 1995) or differences in DNA content
(Jenczewski et al. 1997). Whatever the cause is, segre-
gation distortion in some chromosomes, or in parts of
chromosomes, must have important implications for
using this map information in a MAS program. New
genetic maps and cytogenetic experiments that are in
progress will enable a better understanding and use of
these findings.

Thirty-six of the 170 loci placed on the map are ESTs
or characterized genes. Of the other 134 that were
developed from genomic sequences, 25 gave BlastX hits.
Therefore, about 61 of the mapped microsatellites most
likely represent genes. As expected, homologies are di-
verse, but they include ones of possible interest for: seed
quality (seed allergen and seed maturation protein);
disease resistance (lectin, protease inhibitor, cinnamoyl-
CoA reductase, and wound-induced protein); and
drought resistance (dehydration responsive element
binding protein, and aquaporin) (ESM 1).



Total genome size was estimated using the method of
Hulbert et al. (1988). Only framework markers were
used in this procedure to avoid an overestimate of gen-
ome coverage. A total map distance of 1,424.70 cM was
estimated, of which 1,006.20 cM (70.6%) and
1,230.89 cM (86.4%) were covered by the framework
map and by the total map constructed in this study,
respectively. The haploid genome size of A. hypogaea
was estimated as being 2,813 Mbp (Bennet and Leitch
2005). If wild species have similar genome sizes and gi-
ven the estimated total map distance, the average
physical equivalent of 1cM would correspond to
1.97 Mbp in the Arachis genome.

Conclusions

This is the first microsatellite based and gene-rich link-
age map published for Arachis. Since A. hypogaea has a
relatively narrow genetic base, wild species of Arachis
constitute an important source of genes for traits of
interest to peanut breeding programs. The availability of
moderate coverage, only microsatellite map will cer-
tainly represent a considerable improvement in our
ability to map useful genes and to implement MAS. The
validation of the LG obtained in the present study, both
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in terms of locus ordering and recombination fraction
estimates, is now in progress using two other mapping
populations: a diploid F, generated by crossing two BB
genome species (A. ipaénsis X A. magna) and a tetraploid
F, obtained by crossing an A. hypogaea accession (cv.
TIAC Runner 886) and an amphidiploid plant resulting
from a cross between two wild diploid species (4. du-
ranensis — AA genome X A. ipaénsis — BB genome)
treated with colchicine. The development of genetic

Fig. 3 Peanut genetic linkage map, based on SSR markers,
obtained through the analysis of 93 F, plants, generated from a
cross between two diploid wild species with AA genome, A.
duranensis x A. stenosperma. Using a minimum LOD score of 12.0
and a maximum recombination fraction (0) of 0.30, 170 markers
mapped into 11 LG. Marker names that grouped with LOD scores
<12.0 have a symbol # after the marker name. Linkage groups
were numbered sequentially from the longest to the shortest.
Probable genic markers are shown in italics. Framework map was
composed by 74 markers that could be ordered with a likelihood
support >1,000:1. Marker names that constitute the framework
map were underlined in the map. Numbers on the left of each group
are Kosambi map distances. Markers that showed significant
distortions from the 1:2:1 segregation ratio are indicated by an
asterisk. Dominant markers were identified by 4d or As after the
marker name if they amplified alleles from A4. duranensis or A.
stenosperma, respectively. Markers that amplified two loci have
numbers 1 and 2 after the marker name
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maps for Arachis diploid wild species with AA and BB
genomes will facilitate detailed inheritance studies of co-
segregating microsatellites and traits of interest in the
tetraploid population. Transferability of SSR loci to
different species will allow the construction of a refer-
ence map for Arachis and the mapping of QTLs in dif-
ferent genetic backgrounds. Additionally, the present
SSR-based map is the only published map for Arachis
constructed with markers derived from sequences that
are all currently available in GenBank. Thus, researchers
from different laboratories can use these markers for
map development using other mapping populations and
contributing to the construction of a consensus map for
Arachis. Markers linked to resistance genes are being
identified to potentially implement MAS strategies in
peanut-breeding programs, therefore accelerating the
introgression of wild genes into cultivated peanut.
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