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ABSTRACT. The cultivated peanut (Arachis hypogaea L.) is an al-
lotetraploid of recent origin, with an AABB genome and low genetic
diversity. Perhaps because of its limited genetic diversity, this spe-
cies lacks resistance to a number of important pests and diseases. In
contrast, wild species of Arachis are genetically diverse and are rich
sources of disease resistance genes. Consequently, a study of wild
peanut relatives is attractive from two points of view: to help un-
derstand peanut genetics and to characterize wild alleles that could
confer disease resistance. With this in mind, a diploid population from
a cross between two wild peanut relatives was developed, in order
to make a dense genetic map that could serve as a reference for pea-
nut genetics and in order to characterize the regions of the Arachis
genome that code for disease resistance. We tested two methods for
developing and genotyping single nucleotide polymorphisms in can-
didate genes for disease resistance; one is based on single-base primer
extension methods and the other is based on amplification refractory
mutation system-polymerase chain reaction. We found single-base
pair extension to be an efficient method, suitable for high-throughput,
single-nucleotide polymorphism mapping; it allowed us to locate five
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candidate genes for resistance on our genetic map.

Key words: Single nucleotide polymorphisms; Molecular markers;
Arabidopsis disease resistance genes; Arachis; Genetic mapping

INTRODUCTION

Cultivated peanut (Arachis hypogaea) is an important crop for the production of oil and as
anutritional ingredient of human and animal foods. It is one of the main sources of protein in Africa
and Asia (Savage and Keenan, 1994). Peanut is susceptible to a number of diseases, which increase
costs and reduce yields for the farmer. For many of these diseases, good sources of resistance are
lacking in cultivated germplasm, which has a very narrow genetic base (Kochert et al., 1991).
This is probably because cultivated peanut originated from a single allotetraploidization event in a
hybrid between two wild diploid species, most probably A. duranensis and A. ipaénsis (Kochert et
al., 1996; Seijo et al., 2004, 2007). The resulting plant contains two distinct genomic components,
known as AA and BB; it was reproductively isolated from its wild relatives, preventing gene flow
and introgression of wild alleles. This narrow genetic base has also hampered the development
of genetic maps and makes it difficult to use the tools available for genomic characterization and
molecular breeding (Halward et al., 1991; Kochert et al., 1996; Herselman, 2003; Moretzsohn et
al., 2004). On the other hand, the wild diploid species have greater genetic variability, accumulated
over millions of years of evolution (Burow et al., 2001; Moretzsohn et al., 2004; Milla et al., 2005),
and they are a rich source of genes for disease resistance and adaptation to diverse environments
(Stalker and Simpson, 1995; Rao et al., 2003; Dwivedi et al., 2003, 2007).

More information about diploid Arachis genomes would therefore be useful, both to help
simplify the construction of genetic and physical maps and for the characterization of wild alleles
(Guimaraes et al., 2008). With this in mind, we recently developed a microsatellite-based map for
the AA genome of Arachis, based on a cross between A. stenosperma and A. duranensis (Moretz-
sohn et al., 2005). We chose microsatellites because they are polymerase chain reaction (PCR)-
based markers, are codominant and are highly transferable between Arachis species. The informa-
tion content of this map could be improved by the mapping of candidate genes. Candidate genes
are genes that, based on homology, expression or other data, are likely to be located in regions that
control characteristics of interest. Although candidate genes have high value, they often present
low levels of polymorphism as they are relatively conserved. With this in mind, we targeted single
nucleotide polymorphisms (SNPs), the most abundant of all marker types (Douabin-Gicquel et
al., 2001). Although the development of SNP markers is in principle possible using a number of
methods, this option tends to be labor intensive, expensive and difficult to apply efficiently to
identify multiple markers. Perhaps for these reasons, they have been relatively little used to date
in plant genetics. We tested two different methods for developing SNP markers and analyzed their
suitability, efficiency, and large-scale application.

MATERIAL AND METHODS

DNA extraction

DNA samples of Arachis stenosperma (accession #10309), 4. duranensis (acces-
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sion #7988), the F, hybrid and 93 F, individuals were extracted using the method of Doyle
and Doyle (1987), with minor modifications. DNA concentrations were estimated by aga-
rose gel electrophoresis, comparing the fluorescence intensities of the ethidium bromide-
stained samples to DNA mass standards.

Selection of sequences and primer design

Ten Arachis expressed sequence tag (EST) sequences with homologies of interest
were selected for primer development (Table 1). Homologies were detected using Blastx,
E-values <le-10. Eight are homologs of Arabidopsis-NBS-encoding genes, one is a homolog
to a dehydration-responsive element, and another is a homolog of glutathione S-transferase
(Proite et al., 2007; Nobile et al., 2008).

Primers were developed for the sequences above using the software Primer3 (http://
frodo.wi.mit.edu/) (Table 1).

Table 1. Ten Arachis expressed sequence tag sequences with homologies of interest that were used for marker
development.

Sequence Genbank Blastx homology E-value
ASIRMI11BI11 EH044444 protein kinase, putative (RGA) 1E-73
ASIRM11G07 EH044499 MEK map kinase kinase (RGA) SE-49
ASIRN7G02 EH044037 protein kinase-like protein (RGA) 1E-35
ASIRN33D02 EH043336 expressed protein (RGA) SE-73
ASIRN36B01 EH043571 octicosapeptide/Phox/Bem1p (PB1) domain (RGA) 4E-22
ASIRN36E06 EH043608 disease resistance protein (TIR-NBS-LRR) (RGA) 2E-20
ASIRN39A08 EH043651 disease resistance protein-like (RGA) 9E-13
AS1RN25D07 EH042682 lectin-like protein kinase (RGA) 3E-37
ASIRNOx727 EHO044973 dehydration-induced protein ERD15 5E-27
AHBGSI1001D05 EL966988 glutathione S-transferase GST 8 [Glycine max] 4E-29

Homologies were detected using Blastx, E-values <1E-10. Eight are homologs of Arabidopsis-NBS-encoding
resistance gene analogues (RGA), one is a homolog to a dehydration-responsive element and another is a homolog
of glutathione S-transferase.

Detection of polymorphism in progenitors

PCR was performed in an Eppendorf MasterCycle using a “touchdown” program: 12 min
at 95°C, followed by 11 cycles of 15 s at 95°C, 15 s at 62°C (reduced by 1°C per cycle), 30 s at
72°C, followed by 35 cycles of 15 s at 95°C, 15 s at 52°C, 30 s at 72°C, and a final extension of
10 min at 72°C. In a total volume of 12 uL, 5.0 ng DNA, 1X PCR buffer, 1.5 mM MgCl,, 0.2 mM
of each forward and reverse primers, 0.25 mM dNTPs, and 0.4 U platinum 7ag DNA polymerase
were used. PCR products were resolved on 6% nondenaturing polyacrylamide gels and visualized
by silver staining (Creste et al., 2001; Sambrook and Russell, 2001). Amplification products that
did not show length polymorphism between the progenitors were selected for sequencing.

Sequencing and SNP detection

Sequencing was performed directly from the PCR products using the BigDye Ter-
minator sequencing kit (Applied Biosystems, CA, USA) on an ABI377 sequencer (Applied
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Biosystems). Sequences were processed using the Staden Package, and base calling was done
using Phred (Ewing and Green, 1998; Staden et al., 2003). The sequences from the two pa-
rental alleles were included in the same contig, and SNPs were detected using the detect SNP
candidate option and by manual inspection.

SNP genotyping

Two methods were used for genotyping SNPs. The first was tetra-primer amplification
refractory mutation system (ARMS)-PCR (Ye et al., 2001), and the second was single-base
extension (SBE), also known as minisequencing (Syvanen et al., 1990; Murphy et al., 2003).
Both techniques produce codominant markers and are based on PCR.

Testing SNP genotyping with tetra-primer ARMS-PCR

In this method, two pairs of primers were designed using the allele sequences and an
identified SNP (Figure 1). Two internal primers that face “outwards” were designed to bind spe-
cifically to one of the parental alleles, while two external primers facing “inwards” were designed
to bind to both alleles. Both the internal primers were designed to have a miss-paired base at the
penultimate 3’ position. The external primers were placed at unequal distances from the internal
ones. The primer design was done using the program tetra-primer ARMS-PCR, available at
http://cedar.genetics.soton.ac.uk/public_html/primer1.html (Ye et al., 2001). PCR products were
visualized on silver-stained 6% polyacrylamide gel electrophoresis (Creste et al., 2001).

Mis-paired base at the
penultimate 3” position.

..y 100 bP R_vlf_ 200 bp

— s
Inner Outer
primer primer
G G/A A
300 bp| == == == |« Gene fragment
200 bp| == -— <« G allele
100 bp — wm |4 Aallele

Figure 1. Illustrative demonstration of single nucleotide polymorphism identification using the tetra-primer
amplification refractory mutation system-polymerase chain reaction methods. Four primers are designed for each
marker in this method, two internal primers that bind specifically for one of the parental alleles, and two external
primers that bind to both alleles. Both the internal primers are designed to have a miss-paired base at the penultimate
3 position, and the external primers are placed at unequal distances from the internal ones (Ye et al., 2001).

This method was initially tested on the progenitors of the AA genome mapping popu-
lation and the F,. A pre-amplification was done using the original primers used for amplifica-
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tion of the alleles (Table 1). A second PCR was done using 1 pL of “pre-amp” diluted 1:100;
10 pmol inner primers and 1 pmol of outer primers; 1X PCR buffer; 1.5 mM MgCl,, 1.6 mM
BSA, 0.25 mM dNTPs; 0.4 U platinum 7ag DNA polymerase (Invitrogen). The final volume
was completed to 12 pL. with autoclaved Milli-Q purified water. Thermocycling was done in
an Eppendorf MasterCycler as follows: 2 min at 95°C; followed by 35 cycles of 15 s at 95°C,
20 s at the annealing temperature specific to each primer (Table 2), and 30 s at 72°C, followed
by a final extension of 5 min at 72°C. PCR products were visualized on silver-stained 6%
polyacrylamide gel electrophoresis (Creste et al., 2001).

Table 2. Primer design for the five single nucleotide polymorphisms (SNPs) selected to be genotyped using tetra-
primer amplification refractory mutation system-polymerase chain reaction.

Genetic polymorphism Multiplex primer sequences (5’ —3") Annealing Amplicon
temperature size
ASIRMI11P1BI1 Forward inner primer (G allele) 57.3°C G allele: 103 bp
G—A GCTGAAGGTCAGGAACGATTAATTITG
Reverse inner primer (A allele) Aallele: 113 bp
TAGGCTCAAATTCGGCATGTAGTCAGAT
Forward outer primer Two outer primers:
AAGTTGAGATATTGGCAAGGGTTCGA 161 bp
Reverse outer primer
CCAATCAAGAAGGCTTTCAGCTGAGT
ASIRN7P1G02 Forward inner primer (A allele) 62°C A allele: 200 bp
A—C AAAGGTCAAGCCCAACAGCAGCAACA
Reverse inner primer (C allele) C allele: 181 bp
GCACTTGGCTCTGCAAGGAAGAGGATG
Forward outer primer Two outer primers:
GTTCCGGAATCTTGCGATTCAAAATGGA 328 bp
Reverse outer primer
ATGCCTGATAGCCCCTAACAGCCTTGGT
ASIRN36P2B01 Forward inner primer (G allele) 60.5°C G allele: 177 bp
G—A TTGACCGTAGAATTGACTTCACAGCCCTG
Reverse inner primer (A allele) A allele: 160 bp
CAAAGAGGCTGGAGATTTCGGCACCT
Forward outer primer Two outer primers:
GAGATCGACCGAGCAAAGTTCCTCTGC 282 bp
Reverse outer primer
TTGATCGAACATGAGCATCATGTTGTGG
ASIRN36P2E06 Forward inner primer (T allele) 55.3°C T allele: 203 bp
T—C GAGTGACTGCACAAGTTTAATGAGTGTT
Reverse inner primer (C allele) C allele: 247 bp
TGAAGATATACCGAATACAGTGATGIGG
Forward outer primer Two outer primers:
GTTTTTTCTAATTGTGCAACAGTGTCTG 394 bp
Reverse outer primer
ATTGAAGAAATGGAATGGTAACCTAAGC
ASI1RNOx727 Forward inner primer (T allele) 56.2°C T allele: 174 bp
T—-C TTGGAAACTAAAGGATTTTGGTCCCTT
Reverse inner primer (G allele) C allele: 195 bp

TGTGGATCCTTTGAATTCAAAGAAGG
Forward outer primer
AATTGAGAATTTCGTTTTTCCTTTTTGG
Reverse outer primer
TCAGATCTCAGATCAAAATTCAAAACCA

Two outer primers:
316 bp

Each primer set comprises two internal primers, designed to bind specific to the SNP (in bold), and to have a miss-
paired base at the penultimate 3’ position (italic underlined).
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Single-base extension multiplex genotyping using the SNaPShot® kit

With this technique, the primers were designed to bind to the DNA immediately adjacent
to the SNP (Figure 2). A “tail” consisting of (dGACT),, varying in size between 25 and 56 bp,
was added to the 5’-end of the primer. Different sizes of primers that bound to different SNPs
could thus be used in multiplex. During the reaction, the ddNTP terminator corresponding to the
allele present was incorporated and the genotype was read as a peak of fluorescence. Alleles were
differentiated by size and color of fluorescence, as detected in capillary electrophoresis. Primers
were designed using the Program Primo SNP 3.4: available at http://www.changbioscience.com/
primo/primosnp.html (Chang Bioscience).
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Figure 2. Illustrative demonstration of single nucleotide polymorphism (SNP) identification using the single nucleotide
primer extension methods. For this technique, the primers are designed to bind to the DNA immediately adjacent to the
SNP. A “tail” of (AGACT), is added to the 5’-end of the primer, varying in size. ddNTP terminator corresponding to the
allele present is incorporated and the genotype is read as a peak of fluorescence. Alleles are differentiated by size and
color of fluorescence as detected in capillary electrophoresis. PCR = polymerase chain reaction.

Hairpin and primer dimer formation can potentially impair PCR efficiency and mul-
tiplexing. Therefore, all designed primers were checked for primer hairpin and dimer forma-
tion with Autodimer, an algorithm that was developed specifically to maximize multiplexing
success (Vallone and Butler, 2004).

The PCR was performed in singleplex, using the same protocol described in “Detection
of polymorphism in progenitors”. Enzymatic purification of dNTPs and primers was carried out
in 3 uL PCR mix of all singleplex, by adding 0.4 U Exol, 1.0 U shrimp alkaline phosphatase
and incubating at 37°C for 90 min. To achieve enzyme denaturation, reactions were incubated at
80°C for 20 min. The minisequencing was performed using 1.0 uLL. SNaPShot® multiplex minise-
quencing kit reaction mix (Applied Biosystems), 1 uL purified PCR product, 0.4 uL. multiplex
primer mix containing 0.133 uM of each SBE primer, and sterile autoclaved Milli-Q water up to
a final volume of 5 pL. SBE was performed as follows: 2 min at 96°C, followed by 30 cycles of
20 s at 96°C, 20 s at 55°C (reduced by 0.5°C per cycle), 30 s at 60°C, followed by 15 cycles of
15 sat 96°C, 20 s at 40°C, 30 s at 60°C, without a final extension. SBE products were enzymati-
cally purified in order to degrade fluorescent ddNTP not incorporated in the reaction by adding
0.5 U shrimp alkaline phosphatase for each reaction, followed by incubation at 37°C for 60 min
and then 75°C for 15 min. Samples to be electrophoresed were prepared by adding 1 pL purified
SBE products in 8.9 uLL Hi-Di formamide and 0.10 uLL. GS120 Liz internal size standard. Samples
were electrophoresed on an ABI prism 3100 Genetic Analyzer (Applied Biosystems), setting the
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equipment to use the SNP36_POP4 default module.
The electropherograms were analyzed with GeneMapper 3.5 or Genescan Analysis
3.7/Genotyper 3.7 software (Applied Biosystems).

Mapping

The linkage analysis was done using the Mapmaker Maclntosh, version 2.0 (Lander
et al., 1987), essentially as described in Moretzsohn et al. (2005).

RESULTS
Polymorphism detection

Low levels of size polymorphism of PCR products were detected among the 4. steno-
sperma V10309 and 4. duranensis K7988, using the primers designed for the EST sequences.
Only AHBGSI1001D05 11 was polymorphic in size between the mapping progenitors. The
other nine were monomorphic (data not shown).

SNP identification

SNPs were identified in all nine size monomorphic sequences. Five of them were
chosen to design primers using the tetra-primer ARMS-PCR methodology. Eight of them were
selected to design primers using the SBE primer methods.

Tetra-primer ARMS-PCR

The five SNPs selected to be genotyped using ARMS-PCR were ASIRM11P1B11,
ASIRN7P1G02, ASIRN36P2B01, ASIRN36P2E06, and ASIRNO0x727. The tetra-primers
from each SNP are described in Table 2. Each tetra-primer was checked to see if it was free of
hairpins and dimer formation, using Autodimer.

Two of the five tetra-primer amplifications showed bands as expected, two showed
dominant bands and one was monomorphic (Figure 3).

A B C
ASIRM11P1B11 ASIRN36P2BO1L ASIRN7P1G02 ASIRNOx727 ASIRN36P2E06
vV Fl K vV Fl K ¥V Fl K V Fl K V FlL K
113y 1195 247 bp
— - -
ELEL 177vp  200bp - — bp
103ep 160 | 174
20500 | —— 0 181y 174w | 2031y
P < = < 9O O L L= |SIN ]
5% 35 §3 3% 33 E 58 6

Figure 3. Profiles of bands obtained using tetra-primer amplification refractory mutation system-polymerase
chain reaction using progenitor DNAs of the Arachis AA genome mapping population K (4. duranensis -
K7988), V (4. stenosperma - V10309) and F, (V10309 x K7988) on 5% polyacrylamide gel, stained with
silver nitrate. Products from the two external primers, which are present in all reactions, are not shown. A.
Bands as expected were produced for ASIRN36B01 and ASIRM11B11. B. Dominant bands were produced
from ASIRN7G02 and ASIRN0x727. C. A monomorphic band was observed with ASIRN36E06.
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Single-base primer extension - SNaPShot®

Eight primers were designed using SBE methods. All of them were checked to de-
termine if they were free of hairpins and dimer formation with Autodimer. The primers are
described in Table 3.

Table 3. Eight single-base extension primers for SNaPShot® multiplex reaction, DNA strand direction, primer
size, and reference alleles.

Sequence Single-base extension primer (5’—3") Strand Primer Reference
direction size (bp) alleles (K/V)
ASIRM11BI11 2actgacGTTCGGCATGTAGTCATA Reverse 25 T/C
AS1RN33D02 gactgactgacGGCTCTGGCTGCCC Reverse 25 A/G
ASIRM11G07 gactgactgactgactgaATCGCGCACATCAAGCT Reverse 35 G/C
AS1RN39A08 gactgactgactgactgaAACACCGCTGATTACCA Reverse 35 A/T
ASIRN7G02 gactgactgactgactgactgaT TTGGCAGTGATCTTGGT Reverse 40 C/T
ASIRN36B01 gactgactgactgactgactgacTCCACAACATGATGCTC Forward 40 G/A
ASIRN25D07 gactgactgactgactgactgactgaAGTTCCTGTTCCTCATGT Forward 44 T/C
ASIRNOx727 gactgactgactgactgactgactgactgactCGGCATACAGATCGGG Reverse 48 T/G

K = Arachis duranensis - K7988; V = A. stenosperma - V103009.

Only one SNP did not function as expected (ASTRN39A08). It showed a mono-
morphic peak. The other seven were genotyped in a single run. The peak height and frag-
ment size of each allele of the seven genotyped SNPs are shown in Figure 4.
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Figure 4. Electropherogram showing single-base extension primers for SNaPShot® multiplex reaction. Labels
below peaks indicate allele calling. A. Parental Arachis duranensis - K7988 allele. B. Hybrid F (4. duranensis -
K7988 x A. stenosperma - V10309) allele. C. Parental A. stenosperma - V10309 allele.
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Mapping

Among the nine genotyped markers, five were incorporated into the AA genome linkage
map, ASIRN7G02, ASIRN36B01, ASIRN25D07, ASIRNO0x727, and AHBGSI1001DO05 11
(Figure 5). The other markers remained unlinked.
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Figure 5. Peanut genetic linkage map obtained through the analysis of 93 F, plants, generated from a cross between
two diploid wild species with AA genome, Arachis duranensis and A. stenosperma (Moretzsohn et al., 2005). Five
single nucleotide polymorphism markers were incorporated into the AA genome linkage map. In green, are QTL
markers to resistance to late leaf spot in Arachis, caused by the fungus C. personatum.

DISCUSSION

Mapping of candidate genes improves the information content of the Arachis map.
Candidate genes often present low levels of polymorphism, because they are often relatively
conserved and because it is generally difficult to map these regions using markers based on
size polymorphism. SNPs constitute the most abundant of molecular markers (Douabin-Gic-
quel et al., 2001). The high density and mutational stability of SNPs make them particularly
useful DNA markers for population genetics and for mapping candidate genes for disease
resistances and abiotic stress tolerance (Brookes, 1999). The use of SNPs in combination with
a highly polymorphic population, such as the AA genome population in the interspecific cross
used here, should allow a high rate of sequences to be mapped. We were able to identify SNP
for all the sequences of interest, even though they were short fragments of coding regions.

Previously, we have used CAPs and dCAPs (Bertioli DJ, Moretzsohn MC, Madsen L,
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Sandal N, et al., unpublished data) to map SNP in Arachis, but the reliance on restriction en-
zymes makes these methods costly and time-consuming. The main aim of our current study was
to test two restriction enzyme-free methods for genotyping SNPs, one based on SBE primer
methods and the other based on ARMS-PCR.

As expected, size polymorphism of candidate gene regions between Arachis genotypes
of interest was low. Only one candidate gene of nine was size polymorphic. However, SNPs were
identified in all the remaining size-monomorphic sequences. In order to compare the SBE and
ARMS-PCR methods, we selected eight and five size monomorphic sequences, respectively.

Of the five ARMS-PCR markers that we developed, two showed the expected band
sizes, two showed dominant bands and one was monomorphic. We made substantial effort to
optimize the PCR conditions, but without success. Consequently, the yield of functional mark-
ers was low (40%). On the other hand, we found that the SBE method was more efficient and
less time-consuming. Seven SNPs were genotyped in a single run on the automated sequenc-
ing machine, while only one of the eight SNPs showed a monomorphic peak. The peak height
and fragment size of each allele were ideal to identify the alleles, to observe their segregation,
and to validate and genotype the SNPs.

Among the 8 genotyped markers, five were incorporated into the AA genome linkage
map: ASIRN7G02, ASIRN36B01, ASIRN25D07, ASIRNO0x727, and AHBGSI1001D05 I1.
The other markers remained unlinked. Markers ASTIRN7G02, ASIRN36B01, ASIRN25D07
have homology to Arabidopsis disease resistance genes. It is well known that this type of
gene frequently occurs in clusters (Michelmore and Meyers, 1998); as expected, one of them
(AS1RN25D07) mapped close to two other resistance gene analogues at the bottom of LG5
(Moretzsohn et al., 2005). Another candidate gene with homology to glutathione S-transferase,
AHBGSI1001D05_I1, identified in a study of gene expression in response to C. personatum,
mapped close to a QTL for resistance against this disease (Leal-Bertioli et al., 2007). These
observations, although limited in number, do begin to demonstrate the potential value of map-
ping candidate genes.

In conclusion, we found that the mapping of selected candidate genes in Arachis can be
done quickly and efficiently with SBE. This methodology in combination with a highly polymor-
phic reference population makes mapping of the vast majority of sequences of interest feasible.
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