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Abstract Construction and improvement of a genetic

map for peanut (Arachis hypogaea L.) continues to be an

important task in order to facilitate quantitative trait locus

(QTL) analysis and the development of tools for marker-

assisted breeding. The objective of this study was to

develop a comparative integrated map from two culti-

vated 9 cultivated recombinant inbred line (RIL) mapping

populations and to apply in mapping Tomato spotted wilt

virus (TSWV) resistance trait in peanut. A total of 4,576

simple sequence repeat (SSR) markers from three sources:

published SSR markers, newly developed SSR markers

from expressed sequence tags (EST) and from bacterial

artificial chromosome end-sequences were used for

screening polymorphisms. Two cleaved amplified poly-

morphic sequence markers were also included to differ-

entiate ahFAD2A alleles and ahFAD2B alleles. A total of

324 markers were anchored on this integrated map cover-

ing 1,352.1 cM with 21 linkage groups (LGs). Combining

information from duplicated loci between LGs and com-

paring with published diploid maps, seven homoeologous

groups were defined and 17 LGs (A1–A10, B1–B4, B7,

B8, and B9) were aligned to corresponding A-subgenome

or B-subgenome of diploid progenitors. One reciprocal
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translocation was confirmed in the tetraploid-cultivated

peanut genome. Several chromosomal rearrangements

were observed by comparing with published cultivated

peanut maps. High consistence with cultivated peanut maps

derived from different populations may support this inte-

grated map as a reliable reference map for peanut whole

genome sequencing assembling. Further two major QTLs

for TSWV resistance were identified for each RILs, which

illustrated the application of this map.

Introduction

Peanut (Arachis hypogaea L.), or groundnut, is one of the

major economically important legumes that is cultivated

worldwide for its adaptability to grow in semi-arid envi-

ronments with relatively low inputs of chemical fertilizers.

On a global basis, peanut is also a major source of protein

and vegetable oil for human nutrition, containing about

25% protein and 50% oil. Cultivated peanut is an allote-

traploid (2n = 4x = 40) originated via hybridization

of two ancient diploid species, probably A. duranensis

(A-genome) and A. ipaensis (B-genome) followed by a rare

spontaneous duplication of chromosomes (Milla et al.

2005; Favero et al. 2006; Seijo et al. 2004, 2007). Due to

origin complexity of cultivated peanut, several genetic

linkage maps have been constructed either for tetraploid or

for diploid species in Arachis family, and the limited DNA

polymorphisms have impeded the application of marker-

assisted breeding in peanut. A high-density genetic linkage

map for all chromosomes is necessary for quantitative trait

loci (QTLs) analysis and efficient marker-assisted breed-

ing. Nevertheless, marker-assisted breeding has been

applied on a limited scale (Burow et al. 1996; Jung et al.

2000; Chu et al. 2007a, b, 2009; Nagy et al. 2010).

A genetic linkage map constructed from a population

segregating for a trait of interest is required for QTL

identification. The first genetic map for Arachis species

was constructed with RFLP markers from a F2 population

developed from the interspecific hybridization of two

related diploid A-genome species (A. stenosperma 9 A.

cardenasii) resulting in 11 LGs (Halward et al. 1993).

Another RFLP-based linkage map was derived from a

synthetic interspecific tetraploid BC1 population {[A. bat-

izocoi 9 (A. cardenasii 9 A. diogoi)]4x 9 A. hypogaea

(‘Florunner’)} with 23 LGs (Burow et al. 2001). Because

of the complex pedigree, this map is complicated and

difficult to use for extraction of useful genetic information

relevant to the cultivated tetraploid. The first simple

sequence repeat (SSR)-based linkage map for Arachis was

constructed from an A-genome interspecific F2 population

(A. duranensis and A. stenosperma) with 170 SSRs and 11

LGs (Moretzsohn et al. 2005). An advanced version of this

map has been published recently with 369 markers,

including 188 SSRs, 80 legume anchor markers, 46 AFLPs,

32 NBS homologs, 17 SNPs, 4 RGA-RFLPs and 2 SCAR

markers, mapped into 10 LGs by Leal-Bertioli et al.

(2009). A diploid B-genome map was also established from

an F2 population of A. ipaensis 9 A. magna (Moretzsohn

et al. 2009). Comparative mapping of the A and B genomes

using 51 common markers revealed a high level of synteny.

Foncéka et al. (2009) published an SSR-based interspecific

tetraploid map using 88 individuals of the BC1F1 popula-

tion of [‘Fleur 11’ 9 (A. ipaënsis 9 A. duranensis)4x], and

298 loci were mapped in 21 LGs.

In addition to genetic linkage maps of diploid Arachis

species, there are two intraspecific maps for cultivated

peanuts published recently (Varshney et al. 2009; Hong

et al. 2010). Varshney et al. (2009) used two distinct peanut

cultivars, ‘ICGV 86031’ and ‘TAG 24’ that are drought

tolerant and sensitive, respectively, for developing the

mapping population. They screened 1,145 SSRs that yiel-

ded a total of 144 polymorphic markers. A linkage map

was constructed with 135 of these markers which are

sparsely populated in 22 LGs. Hong et al. (2010) reported

an SSR-based composite genetic linkage map of cultivated

peanut based on three RIL populations constructed from

three crosses with one common female parent. The com-

posite linkage map consisted of 22 composite LGs with

175 SSR markers, representing the 20 chromosomes of

A. hypogaea (Hong et al. 2010).

Nevertheless, the application of biotechnology for

improving the allotetraploid cultivated peanut has been

hampered by an inability to visualize sufficient genetic

variation among paired genotypes and by lack of a high-

resolution linkage map (Guo et al. 2011). Improved map

resolution and coverage for Arachis species would enhance

map utilization and facilitate QTL analysis for marker-

assisted selection in peanut breeding programs. Therefore,

the objective of this study was to develop a comparative

integrated genetic linkage map for cultivated peanut from

two RIL populations with diverse genetic backgrounds (Li

et al. 2011a, b), in which two runner type cultivars, one

Spanish-type cultivar and one breeding line derived from a

cross of Virginia type and hirsuta type were used as par-

ents. Further, the utilization of this map was applied in

QTL mapping of peanut resistance to Tomato spotted wilt

virus (TSWV).

Materials and methods

Mapping populations

Two recombinant inbred line (RIL) populations derived

from the cross ‘Tifrunner’ 9 ‘GT-C20’ (referred to as T
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population) and the cross ‘SunOleic 97R’ 9 ‘NC94022’

(referred to as S population) were used in this study.

‘Tifrunner’ is a runner market-type peanut (A. hypogaea L.

subsp. hypogaea var. hypogaea) cultivar with a high level

of resistance to TSWV, and moderate resistance to early

(Cercospora arachidicola) and late leaf spot (Cercospori-

dium personatum), but it is a late maturity cultivar

(Holbrook and Culbreath 2007). ‘GT-C20’ is a Spanish-

type breeding line (A. hypogaea L. subsp. fastigiata var.

fastigiata) and highly susceptible to TSWV and leaf spots

but resistant to aflatoxin contamination (Liang et al. 2005).

‘SunOleic 97R’ is from a BC4F5 selection of a cross of

‘SunOleic 95R’ and ‘Sunrunner’ with high oleic fatty acid

but susceptible to TSWV (Gorbet and Knauft 2000). The

breeding line ‘F NC94022-1-2-1-1-b3-B’ (henceforth

referred as ‘NC94022’) has been reported to have a high

level of field resistance to TSWV (Culbreath et al. 2005), a

selection from a cross between N91026E (an early maturity

Virginia type) and a tan-seeded component selected from

PI 576638, a hirsuta type line. The populations were

advanced to the F5 by single seed descent. Individual plants

were harvested and progeny rows were grown to produce

the F5:6 RIL populations. The mapping populations con-

sisted of 248 F5:6 RILs for T population and 352 F5:6 lines

for S population. Subsets of 158 and 190 RILs of T and S

populations were used to construct genetic linkage maps.

SSR markers and nomenclature

DNA markers used for linkage map construction consisted

of three sources: (1) 988 primer pairs obtained from pub-

lished sources (Hopkins et al. 1999; Palmieri et al. 2002,

2005; He et al. 2003; Moretzsohn et al. 2004, 2005, 2009;

Ferguson et al. 2004; Proite et al. 2007) including

expressed sequence tags (EST)-SSR, genomic SSR and

STS markers; (2) 2,138 EST-SSR primer pairs derived

from A. hypogaea EST sequences (Guo et al. 2008, 2009;

Liang et al. 2009); (3) 1,450 primer pairs developed from

bacterial artificial chromosome (BAC) end-sequences

(Cook and He, personal communication) (Supplementary

6). These SSRs were screened against the parental lines of

these RIL populations (Knapp and Guo, unpublished data;

Cook and He, unpublished data). The polymorphic markers

identified were employed to genotype individuals of T and

S populations. For the first primer source, we retained

original names as published except ‘pPGPseq99’ and

‘pPGSseq99’ were as abbreviated to ‘Seq99’ in this

study, the EST-SSR primers were named as ‘GM99’, and

BAC-SSR primers were named as ‘ARS99’. Therefore,

marker nomenclature consisted of the letters as described

that specified the origin of the marker, followed by the

primer number and the amplified polymorphic fragment

sizes. In addition, two cleaved amplified polymorphic

sequence (CAPS) markers were included to differentiate

ahFAD2A alleles and ahFAD2B alleles (Chu et al. 2007b,

2009).

DNA extraction and PCR performance

Total genomic DNA was extracted from young leaflets of

the four parents, the F1, 158 RILs for T population and 190

RILs for S population as described by Qin et al. (2008)

with minor modification. The quality and quantity of the

DNA were evaluated using a Nano-Drop 1000 spectro-

photometer (Nano Drop Technologies, USA). PCR reac-

tions for all markers were carried out in a 15 ll reaction

volume in a PTC-225 DNA Engine Tetrad Peltier Thermal

Cycler (MJ Research, Waltham, MA, USA) and a DNA

Engine Tetrad 2 Peltier Thermal Cycler (BioRad Labora-

tories, Hercules, CA, USA). The reaction mixture con-

tained 0.5 lM of each primer, 25 ng genomic DNA, 109

PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs and 0.5 U

Taq polymerase. The PCR temperature profile was 95�C

for 4 min, 35 cycles of 45 s at 94�C, 45 s at 55�C and

1 min at 72�C, and a final extension step of 7 min at 72�C.

The PCR products were separated on 9 or 6% non-dena-

turing polyacrylamide gel (PAGE). For the 6% polyacryl-

amide gels, electrophoresis was performed at 160 V for 1 h

20 min, while electrophoresis of the 9% gels was per-

formed at 180 V for 1 h 40 min in 0.59 TBE using DYCZ-

30B gel rigs (Beijing, China) (Fountain et al. 2011).

Amplicons were visualized by silver staining.

Map construction and integration

Segregation patterns were assigned to each marker by

following JoinMap data entry notation (haa 9 bbi). A v2

test for goodness of fit was used to assess each marker for

expected 1:1 segregation ratio. Linkage analysis was per-

formed with JoinMap 3.0 (Van Oojen and Voorips 2001)

using a minimum log-of-odds (LOD) threshold of 4.0 and

recombination frequency of 0.35, which analyzes cross-

pollinated populations derived from homozygous parents to

create an individual linkage map. The recombination fre-

quency was converted to genetic map distance (Morgan,

M) using the Kosambi mapping function (Kosambi 1944).

Based on common markers between individual maps, a test

for a global difference in recombination rates between the

two populations was conducted. t Test was applied on the

mean values of the differences in recombination frequency

between adjacent common markers. Unilateral and bilat-

eral tests were performed at the 1% level. An integrated

map was created to merge common markers on individual

maps when two LGs shared two or more common markers

between T and S populations. Linkage maps were drawn

using MapChart for Windows (Voorrips 2002).
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LGs in the newly integrated map were assigned to

chromosomes (A-subgenome or B-subgenome) based on

common markers between this integrated map and pub-

lished A- or B-genome linkage maps (Moretzsohn et al.

2005, 2009; Leal-Bertioli et al. 2009; Foncéka et al. 2009).

The two CAPS markers (Chu et al. 2007b, 2009) designed

for the two genes ahFAD2A and ahFAD2B, which are

homoeologous and belong to the A- and B-subgenomes of

A. hypogaea, respectively (Jung et al. 2000), were also

used in the LG naming. When no subgenome suggestion

was available, the linkage group was designated to LGJXX,

where LGJ indicates joint or integrated linkage group and

XX refers to its serial number.

TSWV disease evaluation and QTL analysis

A subset of 158 and 190 RILs of T and S populations were

used for phenotyping TSWV disease severity in 2009 and

2010 in Costal Plain Experimental Station, Tifton, GA. The

field trials were conducted using randomized complete block

designs with three replications. Experiment plots were 6.0 m

long, separated by 2.4-m alleys. Peanut seed was planted to

91-cm-spaced twin-row plots. Tomato spotted wilt disease

rating was assessed using a scale of 1–10, where 1 indicates

no disease and 10 indicates all plants severely diseased

(Tillman et al. 2006) based on visual determination of

presence of symptoms and estimation of the degree of

stunting (reduction in plant height, width, or both) for

symptomatic plants at 90 days after planting (DAP) and

120 DAP. QTL analysis was carried out using the program

MapQTL according to the method of Qin et al. (2008). The

implemented QTL mapping procedure is a maximum like-

lihood approach to the segregation of a mixture of proba-

bility distributions. QTL mapping was conducted with the

disease severity of TSWV. The significance thresholds for

LOD scores were calculated by permutation tests in Map-

QTL, with a genome-wide significance level of a\ 0.05,

n = 1,000 as significant QTL and a linkage group-wide

significance level of a\ 0.05, n = 1,000 as suggestive

QTL. QTL position indicated location of the peak. Confi-

dence intervals (95%) associated with QTL location is set as

the map intervals corresponding to 1 LOD decline either side

of the peak. Furthermore, LOD score values between 2.0 and

3.0 were used to detect suggestive QTL, as suggested by

Lander and Kruglyak (1995).

Results

Marker polymorphism

Out of 4,576 primer pairs, 260 and 181 primer pairs

amplified polymorphic fragments between the parents of T

and S populations, respectively (Table 1) with allele sizes

and PIC values (Supplementary 7). The polymorphism

ratios of newly designed EST-SSRs and BAC-SSRs in this

study were low (2.1–4.1%). However, the publicly avail-

able SSRs produced three times higher polymorphism (9.0

and 12.8%).

Construction and comparison of two individual maps

The T linkage map consisted of 26 linkage groups (LGT1

to LGT21, including 5 linkage groups with only two

markers each) with 239 loci derived from 216 primer pairs,

including a CAPS marker for ahFAD2A, and covered

1,213.4 cM (Supplementary 1). The average distance

between markers was 5.7 cM and the coverage of LGs

ranged from 3.1 to 136.5 cM. Out of 77 loci showing

distorted segregation, 70 were assigned on 14 linkage

groups but the majority (47/70) were placed on LGT4,

LGT5, LGT6, LGT9, and LGT17. The distorted loci were

not evenly distributed among LGs (or chromosomes).

The S linkage map consisted of 172 loci in 22 linkage

groups (LGS1–LGS22, with five LGs having two markers

each), including two CAPS markers for ahFAD2A and

ahFAD2B, and covering 920.7 cM (Supplementary 2). The

LGs ranged from 11.2 to 127.2 cM, with an average dis-

tance of 5.7 cM between adjacent markers. Forty-six dis-

torted loci were placed on 14 LGs excluding LGS6, LGS8,

LGS9, LGS15, LGS17 and LG20. The majority (30/46)

were distributed on LGS2, LGS5, LGS7, LGS11, LGS13,

LGS14 and LGS19.

Genotyping data of all 181 and 260 loci were evaluated

for distorted segregation with the v2 test. It was found that

29.6% (77/260) of loci were distorted in the T population

and 28.8% (52/181) of loci were distorted in the S

population.

Integration of two individual maps

Out of 87 common markers between these two populations,

68 were mapped on both T and S linkage maps. These com-

mon markers enabled integration of the two maps and iden-

tification of 15 homologous LGs when they shared at least

Table 1 Percentage of polymorphic markers from different resources

present in the two mapping populations

Resources Number Polymorphic

markers in T

population

Polymorphic

markers in S

population

Public SSRs 988 127 (12.8%) 89 (9.0%)

EST-SSRs 2,138 87 (4.1%) 61 (2.9%)

BAC-SSRs 1,450 46 (3.2%) 31 (2.1%)

Total 4,576 260 (5.7%) 181 (4.0%)
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two common markers. Interestingly, there were 12 reversed

order events occurring in 9 homologous linkage groups. We

also found that there were large gaps between three adjacent

marker pairs of as much as 10 cM (LGT4/LGS4, LGT10/

LGS10 and LGT18/LGS18; Supplementary 3). When the

three large gaps were excluded, the mean recombination

frequency between pairs of common markers was not sig-

nificantly different between the T (R \ 0.111) population and

the S (R \ 0.087) population. By comparing distorted com-

mon loci between these two maps, five (Seq2A6 of LG18,

Seq15C12 of LG4, ARS748 of LG 2, Seq4B11, and GM2779

of LG19) were found on both maps, and two were in the same

region on LG19) (Supplementary 3).

Out of 15 homologous LGs from the T and S populations

two homologous pairs (LGT6/LGS6 and LGT22/LGS22)

had only one marker (TC7C06 and Seq7G2) in common,

and another homologous pair (LG4) had two markers

(IPAHM105 and Seq15C12) in common. Homologous

linkage groups LGT6 and LGS6 and LGT22/LGS22 could

not be integrated since they had only one common marker

which did not allow for the determination of orientation.

Therefore, 13 integrated linkage groups were generated

from the homologous linkage groups between the two maps.

The rest of the integrated linkage groups were directly

converted from non-homologous linkage groups from either

T or S population that have more markers but the linkage

groups with only two markers were excluded from the

integrated map except the one B9 (LGJ19) with ahFAD2B

(Fig. 1). This new integrated map covered 1,352.1 cM with

324 loci and comprised 21 linkage groups that ranged from

14.0 to 140.0 cM. Average distance between adjacent

markers was 4.5 cM (Fig. 1).

Comparison of this newly integrated map with published

A- or B-genome maps using the common markers allowed

assignment of 17 linkage groups in this newly integrated map

to the A- or B-subgenome chromosomes (A1–A10, B1–B4,

and B7–B9) (Fig. 1). No subgenome assignment could be

made for LGJ15, LGJ16, LGJ20, and LGJ21 (Fig. 1).

Homoeologous relationships and nomenclature

of linkage groups (LGs) on the integrated map

Comparison of the integrated map with the published

diploid linkage maps of A and B genomes provided evi-

dence for assignment of homoeologous relationships

among the LGs of the integrated map, facilitating align-

ment of the tetraploid genome with its diploid progenitor

genomes. When two LGs shared at least two common

markers in order to determine the orientation, these two

LGs were considered to be homoeologous, in which one rep-

resents the A-subgenome and the other represents the B-sub-

genome (Fig. 1). This approach allowed six pairs

of homoeologous LGs (A1/B1, A2/B2, A3/B3, A4/B4, A7/B7,

and A8/B8) to be designated using 58 shared common

markers between the integrated map and the A and the B

maps (Fig. 1). The CAPS markers for homoeologous

genes, ahFAD2A/ahFAD2B, determined another pair of

homoeologous LGs, A9/B9. There were 41 shared markers

that are collinear with the published A- and B-genome

maps; six markers (Seq8E12 on a01, PM45 on B2, RI1F06

on b02, RN13D04 on A7, PM188 on A8, and IPAHM468

on B9) located on corresponding homoeologous LGs

(Moretzsohn et al. 2009; Foncéka et al. 2009), respectively;

and two markers (TC9F04 and IPAHM171a-400) assigned

on LGs inconsistent with diploid maps (Fig. 1). Among 41

collinear markers, 19 were mapped on five LG pairs (A1,

A3, A5, A6, and A8) with more than two common markers

harbored in each pair of homoeologous linkage groups with

same order. Because of the collinearity with diploid maps,

these common markers could be employed as anchored

chromosome-specific markers (Table 2) for aligning the

integrated map to diploid maps. Therefore, 17 LGs in this

newly integrated map (LGJ1–LGJ10, LGJ11–LGJ14, and

LGJ17–LGJ19) were named A1–A10, B1–B4, and B7–B9,

respectively (Fig. 1). Three linkage groups, LGJ15, LGJ16,

and LGJ21, harbored only one anchored marker each

(corresponding to A5/B5, B2, and B7, respectively)

(Moretzsohn et al. 2009), but were not assigned to any

specific chromosome due to insufficient information. No

information of common markers was available for LGJ20

to assign to specific chromosome.

Duplicated loci provide direct evidence for determining

homoeologous LGs of allotetraploid species. A total of 25

primer pairs amplified markers mapped to 49 duplicated

loci. Ten different homoeologous pairs were aligned based

on duplicated loci generated from 20 of those 25 markers

(Table 2). Most of the homoeologous relationship deter-

mined by duplicated loci was consistent with the results

derived from anchored markers. LGJ1 and LGJ1-1 corre-

sponded to LGJ11 through three duplicated loci, indicating

that LGJ1 and LGJ1-1 might belong to the same chromo-

some. As observed in the study of Foncéka et al. (2009), we

also found a quadruplet that was formed by homoeologous

chromosome pairs A7/B7 and A8/B8 through shared

markers in A7/B8 and A8/B7, respectively (Fig. 1). It was

interesting to note that there were six markers with both

alleles assigned to the same LGs, TC3H02 of A1,

SC1003E10 and TC2A02 of B3, TC3A12 and GM1702 of

A5, and TC3H07 of A6.

Comparison with published tetraploid linkage maps

So far, there are four tetraploid linkage maps published.

Two of these are interspecific maps (Burow et al. 2001;

Foncéka et al. 2009) and two are intraspecific maps

(Varshney et al. 2009; Hong et al. 2010). The first map was
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a RFLP map derived from a synthetic tetraploid population

(Burow et al. 2001); the second map was SSR-based and

constructed from a cross of an AABB amphidiploids with a

cultivated parent (Foncéka et al. 2009). Two intraspecific

linkage maps were generated with SSR markers using RIL

populations of cultivated peanuts (Varshney et al. 2009;

Hong et al. 2010). Comparative analysis of our integrated

map and each of those four tetraploid maps revealed

distinct similarities. Due to differences of marker types, no

synteny could be determined between our integrated map

and the RFLP map (Burow et al. 2001), although an

association between LG3/LG13 and LG5/LG15 was

described in the RFLP map, similar to the association

observed in our map described as a quadruplet including

two pairs of homoeologous chromosomes (A7/B7 and A8/

B8) (Fig. 1). Marker density was similar in the two studies.

TC4G02-1700.0

GM2528-34022.9
GM2027-30037.8
Seq4F7-55044.9
ARS758-25046.5
Seq19G7-15050.1
RM15H7-50051.9
ARS747-26052.9
Seq18A5-30056.6
GM2215-100056.9
Ah4-04-10058.5
ARS761-30060.3
ARS744-20061.9
PM15-40063.2
ARS749-40064.5
TC0A02-30066.6
TC0A01-30069.1
ARS736-17073.0
GM2402-30074.0
PM238-15087.8
TC4E10-300088.2
TC1E06-370106.2

A3(LGJ3)

GM2009-1000.0

IPAHM103-16014.3

Seq16F1-40022.1

GM1954-13533.1

TC4G02-19041.8
ARS788-29544.0
PM238-15550.7

GM2388-21557.5

GM1996-13067.5
GM1618-220071.8

GM1733-24085.1
GM1762-50090.1
SC1003E10-16591.9
SC1003E10-20093.9

TC2A02-1300112.4
TC2A02-180115.5

TC3E02-350129.5

GM1854-100140.0

B3(LGJ13)

RI1F06-4100.0
Ah-041**-7802.8
PM179-1304.3
Seq1B9-9007.9
ARS783-28510.2
GM1899-12011.6
ARS796-50012.0
PM45-12512.3
Seq4E08-32013.0
Ah26-19514.6
PM200-14016.0
Seq2G4-30017.5
ARS748-24520.8
ARS737-40022.5
PM32-17029.4
Seq2D12B-40030.0
IPAHM524-40041.4
GM2196-90053.6
TC9F04-20059.9

A2(LGJ2)

IPAHM569-2000.0
GM625-2003.4

PM32-14023.0

IPAHM167-13030.6

IPAHM524-25039.9

B2(LGJ12)

GM1919-1100.0
GM2637-1801.6
GM2638-2053.2
Seq15C12-3206.2
GM2480-7007.9
ARS811-2859.9
IPAHM108-38010.5
IPAHM105-29012.5
GM1720-95013.2
GM2246-18014.8
Seq18C5-80017.6
GM890-100019.6
ARS726-30029.7
TC7G10-20033.6
ARS772-30040.0
Seq2C10-50048.0

A4(LGJ4)

TC11H06-3000.0
Seq15C12-2855.2
IPAHM105-42016.0
GM1445-27018.0
IPAHM108-90023.6
TC4E09-16027.8
PM35-17029.8
GM2033-15032.0
GM2589-36033.9
Seq17F6-15035.5
GM1959-18537.4
Seq14D11-18039.9
IPAHM451-30042.8
IPAHM219-20045.5
Seq13A10-28055.6

B4(LG14)

GM613-6000.0
Seq12F7-2804.5
ARS721-2005.8
ARS729-10006.9
ARS731-3408.3
TC2D06-2009.3
GM1992-16010.0
GM1694-29011.1
Ah21-11011.6
Ah21-15013.5
Ah126-28014.2
GM1661-16014.9
GM2724-11522.0
GM1971-10023.6
GM2723-41034.0
Seq8E12-2000.0

TC3H02-40011.7
TC3H02-41015.0

Seq14A7-30026.0

A1(LGJ1)

GM2724-1100.0
GM1971-954.4
Ah3-20012.3
TC1A08-70014.2
Seq8E12-19015.5
ARS727-27016.5
ARS756-34019.0
GM1331-19020.7
Ah11-18523.1
GM2606-10026.7
TC2E05-9027.5

GM2607-9045.7

B1(LGJ11)

Fig. 1 Integrated genetic linkage map from two RILs population

maps. Linkage groups of A-subgenome are named from A1–A10, and

those of B-subgenome are named from B1–B4, and B7–B9. Four

linkage groups are not assigned to chromosomes are named as LGJ15,

LGJ16, LGJ20, and LGJ21. Map distances are given in Kosambi

centimorgans. Lighter-colored markers are common markers with

duplicated loci between two homoeologous linkage groups and

connected with dashed lines. Anchor markers used to arrange linkage

group to chromosome are underlined
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RN34A10-4000.0
ARS734-22013.2
Seq3B8-40015.7
Seq5D5-29517.9
GM1880-200022.3
TC4G10-30025.0
GM1494-25027.8
GM1986-18028.3
Ah32-18530.3
GM1076-46033.9
ARS753-20535.3
PM204-34037.4
GM1922-10539.1
Seq3A1-26040.5
GM1937-20042.1
GM1990-14543.8
ARS724-30065.6

A7(LGJ7)

RN13D04-1000.0
GM1953-2308.2
Seq2E6-27014.4
GM2156-19019.8
GM2073-100030.2
GM2067-40033.0
Seq5D5-30038.1
GM2744-60039.5
GM2745-50040.7
GM1899-7041.1
GM1254-16044.3
Seq15C10-20559.4
ARS795-21065.4
TC4G10-20069.1
GM624-63071.4
Seq14D11-120071.8
GM2605-20074.7
Seq19B12-43078.1
TC9H09-34081.0
TC7A02-33085.6

GM1798-4000.0
AC3C07-1508.8
ARS786-120012.3
GM1760-30014.2
PM188-11016.7
IPAHM171a-40017.3
ARS789-22518.8
IPAHM407a-30019.0
IPAHM540-18020.8
IPAHM219-15523.7
IPAHM229-17024.3
Seq2A6-50025.6
IPAHM123-15027.4
GM1961-19028.3
Ah1-20028.7
GM2689-82030.4
GM2690-50031.0
ARS738-20031.5
Ah51-15034.6
GM1986-14535.2
IPAHM373-21538.2

B7(LGJ17)

TC9B08-1400.0

GM2788-10009.2

TC3B05-30018.3

GM2289-19030.5

ARS795-24038.2
TC7A02-30043.6
Seq3A8-20050.2
GM1901-18053.9
ARS800-30060.1

GM1760-23066.8

TC6H03-29575.5

GM1628-270100.3

Seq2A5-2800.0

TC1E05-25017.0
TC1E07-30022.7

A8(LGJ8)

GM1702-1500.0
GM1702-1007.5
GM1878-15025.2
GM637-24029.5
Seq2F10-11034.1
TC6E01-16535.5
ARS702-13036.0
ARS760-60037.8
PM179-10538.1
PM45-10038.8
ARS777-27040.5
Seq10D4-20043.0
GM2078-50044.1
IPAHM356-12044.8
ARS801-27046.8
PM65-40047.7
GM630-40048.2
ARS754-70049.9
GM633-20051.3
GM1890-10051.8
ARS806-20052.0
TC3A12-18054.0
TC3A12-20055.9
GM654-56059.5
ARS720-20064.2
ARS715-30067.5
GM1049-82068.9

A5(LGJ5)

PM210-2000.0

GM1916-10012.9
Seq19F4-39018.5
GM2767-100023.1
GM2444-110027.5

ARS758-40035.8

ARS762-30057.0

TC11A04-22069.7
TC1A02-30071.9
ARS793-50075.5
ARS774-150077.6
ARS816-25079.0
GM623-41080.7
TC7C06-17084.2
GM2337-39089.7
TC1A01-25090.2
GM1490-40097.2
Seq15D3-50098.1
GM1489-450104.3
TC3H07-1500112.4
TC3H07-500120.7

TC3H07-280136.5

A6(LGJ6)

RN35H04-15000.0

ahFAD2A11.8

AC3C07-7018.9
TC5D06-21022.7
GM2450-80025.6
GM849-230028.4
GM1047-34032.0
ARS730-25033.7
ARS786-21034.4
GM1911-13035.4
ARS766-20036.7
GM2792-30038.2
ARS742-10039.5
ARS759-120040.8
ARS752-30042.1
GM2359-30043.3
GM1291-15043.4
ARS757-35044.4
Seq16G8-28045.6
ARS751-26546.0
GM2553-47047.1
TC1D02-28047.3
ARS768-26049.6
GM2584-100054.5
IPAHM372-80063.8
IPAHM468-80067.5

A9(LGJ9)

ahFAD2B0.0

Seq7G2--34017.2

B9(LGJ19)

GM1539-15000.0
GM2769-2706.4
GM2137-30010.9
IPAHM73-20515.3

IPAHM287-100024.1

PM36-25033.3
IPAHM282-19036.2
IPAHM455-18038.0

LGJ15

IPAHM23-1300.0
ARS771-8005.2
GM690-2009.7
AC2B03-31013.8

GM678-30022.0

GM1742-130030.3
GM2165-40033.2
IPAHM475-170037.8
GM2032-15043.4

GM1483-12062.8

LGJ16
GM695-5400.0
ARS797-2003.4
GM618-2605.5
Seq11G7-2957.9
ARS741-35010.6
ARS808-20014.0

LGJ20

GM1788-14000.0

GM2411-45028.4
IPAHM75-23034.6
ARS812-23036.6
IPAHM352-25038.0
ARS773-20040.3
ARS798-75042.0
ARS710-20043.5
ARS785-80044.3
Seq4H11-29048.3
Seq11D4-19549.0
Seq3E10-100050.0
ARS775-29051.1
GM633-29052.1
GM692-30054.7
GM2531-50057.7
RM11H1-30060.7

A10(LGJ10)

GM2259-1900.0
GM2284-2708.6
GM1940-1809.0
GM1521-45010.6
Seq4B11-21013.5
GM2779-40015.1
GM1495-40019.4

LGJ21

Fig. 1 continued
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In comparison with the map developed by Foncéka et al.

(2009), our integrated map was shorter with more loci (321

loci/1,335 cM vs. 298 loci/1843.7 cM). However, the ratio

of loci distributed on the A-genome versus B-genome was

similar in both maps (181/117 in Foncéka’s map and

199/122 in our integrated map). Forty-two markers shared

between the two maps aligned 15 LGs except B3, B5, B6,

B9 and B10. Among them seven LGs shared more than

three common markers and six LGs had the same marker

order except one inversion that occurred between A7 and

a07 (TC4G10 and Seq3A1). Once again, one quadruplet

involving the LGs A7, B7, A8, and B8 with reciprocal

translocation was also found on both maps.

There are 41 markers shared by the present integrated

map and the first SSR-based map of cultivated peanut

(Varshney et al. 2009). Among them, 30 common markers

involving eight linkage groups were collinear (Supple-

mentary 4). Six common markers were singly located on

six different linkage groups, and five common markers

(GM618, TC6H03, Seq13A10, PM129, and TC3E02) were

mapped on different linkage groups relative to the first SSR

map. One obvious inversion (less than 10.0 cM) was

revealed between B7 (LGJ7) and LG_AhXVIII (GM624

and TC9H09), and another inverted segment was found

between A3 (LGJ3) and LG_AhIII (Seq18A5 and

Seq19G07) (Supplementary 4). Two flanking marker pairs,

Ah26/Seq2G4 on LG_AhII and IPAHM569/GM625 on

LG_AhXXII in the Varshney’s map, covered a signifi-

cantly greater distance (41.1 and 26.3 cM, respectively)

than on the integrated map. The common marker, TC7C06,

was placed in a collinear LG, A6/LG_AhVI, but was at a

very distinct position (Supplementary 4).

There were 64 markers commonly shared by the present

integrated map and the SSR-based composite map devel-

oped by Hong et al. (2010), where 46 common markers

were distributed into 12 collinearly LGs (Supplementary

5). The remaining 18 common markers were scattered on

different LGs without collinearity. Four small inverted

segments were observed in four LGs (A6, A8, B4, and B7)

(Supplementary 5). Five LGs had a completely consistent

syntenic marker order. Three common markers (PM238,

Seq15C12, and Seq3E10) were mapped on collinear LGs

B3/LG4, B4/LG1, and A10/LG10 but in obviously differ-

ent positions. One trio of linkage groups involving LGJ1,

LGJ1-1 from the integrated map and LG8 from the Hong

map was formed based on three common markers (GA1,

TC2D06, and Seq14A), indicating LGJ1-1 and LGJ1

should be linked together as part of A1 (LGJ1) (Fig. 1;

Supplementary 5). Similarly, another trio of linkage groups

involving LGJ8, LGJ8-1 from the integrated map and LG2

from the Hong map was aligned, where LGJ8 shared five

common markers with the upper part of LG2, and LGJ8-1

had two common markers with the lower part of LG2.

Therefore, it is reasonable to assume that LGJ8-1 and LGJ8

should be in the same LG named as A8 (LGJ8) (Fig. 1;

Supplementary 5). There were no anchored markers on

LGJ20 in this integrated map, but it could be assigned to

B10 because its homologous linkage group LG11 from the

Hong map had two anchored markers (Seq14F4 and

TC1E01) placed on the B10 of B genome map (Moretzsohn

et al. 2009).

Identification of QTLs for TSWV resistance

These two RILs and the parental lines were phenotyped for

TSWV disease severity in the field. The distribution of

TSWV disease scores (1–10 scales) was normal for both

RILs, ranged from 1 to 9 for T population and 1 to 7.5 for S

population, but slightly skewed toward susceptible end in T

population and toward resistant end for S population. Tif-

runner scored 3.1 and GT-C20 scored 7.5; SunOleic 97R

scored 7 and NC94022 scored 1.9. Some RILs in both

populations showed transgression segregation for TSWV

resistance.

Table 2 The number of anchored or common markers and duplicated loci on potential homoeologous linkage group pairs

Anchored

marker

B1

(LGJ11)

B2

(LGJ12)

B3

(LGJ13)

B4

(LGJ14)

B7

(LGJ17)

B8

(LGJ18)

B9

(LGJ19)

A5

(LGJ5)

Anchored marker 5 1 5 2 6 5 1 6

A1 (LGJ1) 7 3

A2 (LGJ2) 3 2 2

A3 (LGJ3) 5 2

A4 (LGJ4) 2 3

A5 (LGJ5) 6

A6 (LGJ6) 7

A7 (LGJ7) 3 2 1

A8 (LGJ8) 6 2 1

A9 (LGJ9) 6 2 1

A10 (LGJ10) 2
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Two major different QTLs were detected in combined

analysis with high LOD scores (Table 3). One QTL was

detected in T population named qtswv1 with average 12.9%

phenotypic variation explained and one QTL named as

qtswv2 was detected in S population with 35.8% pheno-

typic variation explained. These two QTLs were located in

different linkage groups, LGJ15 (T9) for qtswv1 and A1

(LGJ1) for qtswv2 (Fig. 2).

Discussion

The low level of SSR polymorphism within cultivated

peanut detected in this study was consistent with previously

published results. It has become a solid fact that cultivated

peanut encompasses a low level of genetic diversity com-

pared with its diploid peanut species and other legumes. The

lack of polymorphic DNA markers poses a big challenge for

construction of a high-density genetic map for cultivated

peanut. It is clear that new types of DNA markers (such as

SNP markers) need to be developed in cultivated peanut

(Guo et al. 2011). However, regardless of DNA marker

type, researchers will face the same problem for distin-

guishing and designating homoeologous linkage groups.

Identifying homoeologous linkage groups, discriminating

different subgenomes, and defining linkage groups corre-

sponding to the chromosomes are crucial for construction of

informative allotetraploid linkage maps. Therefore, the 21

LGs derived from this study have been discriminated as ten

LGs for the A-subgenome (A1–A10) and seven LGs for the

Table 3 Summary of the locations and the effects of the QTLs

Linkage group QTL Positiona Nearest marker aab bbb Explc (%) Additived

LGJ15 qTSWV1 24.12 IPAHM287 4.17 5.35 12.9 -0.58

A1 qTSWV2 4.56 Seq12F7 3.02 4.87 35.8 -0.97

a Position is given in centimorgan
b The mean value of genotype
c Percentage phenotypic variation explained
d The additive effect

GM613-6000.0

Seq12F7-2804.5
ARS721-2005.8
ARS72910006.9
ARS731-3408.3
TC2D06-2009.3
GM1992-16010.0
GM1694-29011.1
Ah21-11011.6
Ah21-15013.5

Ah126-28014.2
GM1661-16014.9

GM2724-11522.0

GM1971-10023.6

GM2723-41034.0

0 5 10 15 

A1 (LGJ1) LOD

GM1539-15000.0

GM2769-2706.4

GM2137-30010.9

IPAHM73-20515.3

IPAHM287-100024.1

PM36-25033.3

IPAHM282-19036.2

IPAHM455-18038.0

LGJ15 (T9)

0 2 4 6 

LOD

Fig. 2 Maping QTLs on chromosomes LGJ15 for T population and

A1 for S population with MAPMAKER/QTL in cultivated peanut.

Locations for QTLs (detected in combined analysis) are associated

with disease resistance to TSWV in the populations derived from

Tiftrunner/GT-C20 (T population) and SunOleic 97R/NC94022 (S

population) and the distribution of SSR markers along the chromo-

somes and their LOD values are listed. Positions of loci are given in

centimorgan
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B-subgenome (B1 to B4, B7 to B9). LGJ21 was named as

B9 because of the homoeologous relationship of two CAPS

markers for ahFAD2A and ahFAD2B (Jung et al. 2000).

Although PM32 of LGJ12 in this map was present on both

a02 and b02 of Foncéka map (Foncéka et al. 2009) but on

B10 in Moretzsohn et al. (2009), LGJ12 was still named as

B2 in our integrated map because it shared two duplicated

loci with A2 (Fig. 1).

The analysis of synteny between our map and published

maps with common SSR markers has provided evidence to

arrange LGs. For example, a common marker, IPAHM171a,

located on A6 in the A-genome map, was also found on

LG_AhVI in the Varshney’s map, suggesting that LGJ6

should be assigned to A6. Another common marker,

TC2C07, mapped on A3 of the A-genome map, and was also

placed on LG_AhIII indicating that LGJ3 was associated

with A3. We also found two markers, TC1E05 and TC4E10,

consistently presented in a similar position crossing over the

diploid map (Moretzsohn et al. 2005), the SSR-based com-

posite map (Hong et al. 2010), and our integrated map. These

markers are valuable for constructing a consensus reference

map of cultivated peanut. In comparison of the map of Hong

et al. (2010) with the A diploid map of Moretzsohn et al.

(2009), some markers mapped on the Hong composite map

were also mapped on the Moretzsohn A-genome diploid

map, such as TC4G05 placed on the A1 of the diploid map,

RN09615 on the A2, Seq2H8 and TC4E10 on the A3, and

five markers (Ah-408, Ah-569, RN9C02, gi-832 and

Seq18C5) on the A4, and TC1E05 and gi-716 on the A8

(Moretzsohn et al. 2009), supporting this integrated map

assignment of each LG to specific chromosome through

homologous relationships. Although consistent results with

published maps provided confidence for aligning the 17 LGs

(A1–A10, B1–B4, and B7–B9) to the diploid maps

(Moretzsohn et al. 2009; Foncéka et al. 2009), there were

still six common markers (Seq8E12 on a01, PM45 on B2,

RI1F06 on b02, RN13D04 on A7, PM188 on A8, and

IPAHM468 on B9) that were mapped on other homoeolo-

gous LGs compared with the other published maps, and two

common markers (TC9F04 on A8 and IPAHM171a-400)

that were mapped on contradictory LGs. If the possible

duplicated loci were considered, six common markers

(Seq8E12 on a01, PM45 on B2, RI1F06 on b02, RN13D04

on A7, PM188 on A8, and IPAHM468 on B9) located on

corresponding homoeologous LGs did not show obvious

confliction with results from collinear common markers.

Two other common markers (TC9F04 and IPAHM171a-

400) where positions conflicted with diploid maps might be

due to experimental error or ancient genome duplication

(Burow et al. 2001; Rong et al. 2004; Desai et al. 2006).

Six markers, TC3H02, SC1003E10, TC2A02, TC3A12,

GM1702, and TC3H07, amplified consistently more than

one locus in the same genome. However, the duplicated

loci amplified by each marker were mapped on the same

LG, which may be attributed to an ancient duplication

predating the divergence of the A- and B-subgenomes. But

in some cases, the markers producing the duplicated loci

may not be assigned to homoeologous LGs (Table 2). For

example, the duplicated loci of PM179 and PM45 were

mapped to non-homoeologous LGs A2 (LGJ2) and A5

(LGJ5), and one locus of GM633 was mapped on A5 while

another locus of GM633 was mapped on A10 (Fig. 1).

Similarly, AC3C07 and ARS786 were mapped to different

LGs B8 (LGJ18) and A9 (LGJ9), and the duplicated loci of

other four markers, GM1899, IPAHM219, ARS758 and

Seq14D11, were also mapped on non-homoeologous LGs,

which suggest possible segmental duplications occurred

among chromosomes. Similar scenarios have been reported

by previous studies (Burow et al. 2001; Desai et al. 2006;

Foncéka et al. 2009).

Interestingly, conservation of synteny between the

A-genome LGs, A7 and A8, and the B-genome LGs, B7

and B8, was found in our map and Foncéka map (Fig. 1).

Two markers, Seq5D5 and TC4G10, aligned homoeolo-

gous LGs A7 and B7; and another marker GM1760 linked

homoeologous LGs A8 and B8. Furthermore, the associa-

tion between A8 and B7 was established by sharing the

markers ARS795 and TC7A02; and another association

between A7 and B8 was built by marker GM1986. As a

result, a quadruplet involving two LGs (A7 and A8) on

A-genome and two LGs (B7 and B8) on B-genome was

formed (Fig. 1). Similar feature of syntenic conservation

between two linkage groups of the A-genome and two

linkage groups of the B-genome have been described both

in Foncéka map (Foncéka et al. 2009) and the A- and

B-genome maps (Moretzsohn et al. 2005, 2009). The

quadruplet found in this study further suggested that one

translocation between A7 and A8 or B7 and B8 had taken

place after divergence of the A- and the B-genome of

peanut, but the question is that which two chromosomes

were involved in this translocation occurred.

Similar to Foncéka map (Foncéka et al. 2009), in which

181 loci were mapped on the A-genome with a total size of

1,005.2 cM and 171 loci were placed on the B-genome

with a total size of 762 cM, we have placed 200 markers in

LGs of the A-genome with a coverage of 796.0 cM and

124 markers in LGs of the B-genome with a total of

556.1 cM coverage. When we compared common markers

present in the LGs of the A- and the B-genome among

different published linkage maps (Foncéka et al. 2009;

Varshney et al. 2009; Hong et al. 2010) including this

integrated map, we noticed that the number of common

markers located on the A-genome was far more than the

number located on the B-genome. The difference was

nearly two folds, which indicates more conservation of the

B-genome than the A-genome, or B-genome may have
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arose from progenitor lines with more close relationship

than did the A-genome.

The construction of a highly saturated linkage map with

possible full genome coverage will enhance molecular

breeding, gene discovery, understanding of the species

evolution of allotetraploid peanut, and whole genome

sequencing assembly. However, for peanut, it is difficult to

achieve a satisfactory linkage map with a sole segregating

mapping population and the existed markers due to well-

known low genetic diversity and lack of DNA polymorphic

markers. The low genetic diversity resulted in the failure of

alignment of B5, B6, B9 and B10 to small linkage groups

with only a few markers (Fig. 1).

Interestingly, the distribution pattern of polymorphic

markers across the whole genome varied between these two

populations. For example, the LGS4 from the S population

contained only four markers, whereas the counterpart LGT4

from the T population had 14 markers (Supplementary 3).

The similarity also goes to LGS6 and LGT6. The opposite

pattern was observed for LGS7 having more markers (13)

than LGT7 (8). Such complementary polymorphism dis-

tribution model can dramatically increase the genome

coverage of this integrated linkage map. As a result, our

integrated linkage map has extended coverage from 1,213.4

and 920.7 cM of S and T maps to 1,352.1 cM; and the

average marker density from 5.7 to 4.5 cM. This clearly

illustrated that multiple mapping populations plus newly

developed DNA markers can be used to improve peanut

linkage map construction.

The distribution of the phenotypic scores for TSWV

disease severities in the RILs along the parents was

expected and the disease scores of the parental lines are in

agreement with the report of Li et al. (2011b). Two dif-

ferent QTLs identified for these two populations were not a

surprise, because Tifrunner is selected from a Brazilian

germplasm with moderate resistance to TSWV (Holbrook

and Culbreath 2007) and NC94022 is selected from a

Mexican highland peanut germplasm with high resistance

to TSWV (Culbreath et al. 2005). It further demonstrates

that Tifrunner and NC94022 have two different resistance

pathways to TSWV, which needs further study. This QTL

study demonstrated the utility and application of these

populations and the integrated map. The full sets of 248

F8:9 and 352 F8:9 RILs will be re-genotyped and pheno-

typed for further verification and map-based cloning.
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Fávero AP, Bertioli DJ, Glaszmann JC, Courtois B, Rami JF

(2009) Genetic mapping of wild introgressions into cultivated

peanut: a way toward enlarging the genetic basis of a recent

allotetraploid. BMC Plant Biol 9:103

Fountain J, Qin HD, Chen C, Dang P, Wang ML, Guo BZ (2011) A

note on development of a low-cost and high-throughput SSR-

based genotyping method in peanut (Arachis hypogaea L.).
Peanut Sci (in press)

Gorbet DW, Knauft DA (2000) Registration of ‘SunOleic 97R’

peanut. Crop Sci 40:1190–1191

Guo BZ, Chen X, Dang P, Scully BT, Liang X, Holbrook CC, Yu J,

Culbreath AK (2008) Peanut gene expression profiling in

developing seeds at different reproduction stages during Asper-
gillus parasiticus infection. BMC Dev Biol 8:1–16

Guo BZ, Chen XP, Hong YB, Liang XQ, Dang P, Brenneman T,

Holbrook CC, Culbreath A (2009) Analysis of gene expression

profiles in leaf tissues of cultivated peanuts and development of

EST-SSR markers and gene discovery. Intl J Plant Genomics

2009:1–14

Guo BZ, Chen CY, Chu Y, Holbrook CC, Ozias-Akins P, Stalker HT

(2011) Advances in genetics and genomics for sustainable

Theor Appl Genet (2012) 124:653–664 663

123



peanut production. In: Benkeblia N (ed) Sustainable agriculture

and new biotechnologies. CRC Press, Boca Raton, pp 341–368

Halward TM, Stalker HT, Kochert G (1993) Development of an

RFLP linkage map in diploid peanut species. Theor Appl Genet

87:379–384

He G, Meng R, Newman M, Gao G, Pittman RN, Prakash CS (2003)

Microsatellites as DNA markers in cultivated peanut (A.
hypogaea L.). BMC Plant Biol 3:1–3

Holbrook CC, Culbreath AK (2007) Registration of ‘Tifrunner’

peanut. J Plant Regist 1:124

Hong YB, Chen XP, Liang XQ, Liu HY, Zhou GY, Li SX, Wen SJ,

Holbrook CC, Guo BZ (2010) A SSR-based composite genetic

linkage map for the cultivated peanut (Arachis hypogaea L.)

genome. BMC Plant Biol 10:17

Hopkins MS, Casa AM, Wang T, Mitchell SE, Dean RE, Kochert GD,

Kresovich S (1999) Discovery and characterization of polymor-

phic simple sequence repeats (SSRs) in peanut. Crop Sci

39:1243–1247

Jung S, Swift D, Sengoku E, Patel M, Teule F, Powell G, Moore K,

Abbott A (2000) The high oleate trait in the cultivated peanut

(Arachis hypogaea L.). I. Isolation and characterization of two

genes encoding microsomal oleoyl-PC desaturases. Mol Gen

Genet 263:796–805

Kosambi DD (1944) The estimation of map distance from recombi-

nation values. Ann Eugen 12:172–175

Lander ES, Kruglyak L (1995) Genetic dissection of complex traits

guidelines for interpreting and reporting linkage results. Nat

Genet 11:241–247

Leal-Bertioli SC, Jose AC, Alves-Freitas DM et al (2009) Identifi-

cation of candidate genome regions controlling disease resis-

tance in Arachis. BMC Plant Biol 9:112

Li Y, Chen CY, Knapp SJ, Culbreath AK, Holbrook C, Guo BZ

(2011a) Characterization of simple sequence repeats (SSRs)

markers and genetic relationships within cultivated peanuts

(Arachis hypogaea L.). Peanut Sci 38(1):1–10

Li Y, Culbreath AK, Chen CY, Knapp SJ, Holbrook CC, Guo BZ

(2011b) Variability in field response of peanut genotypes from

the U.S. and China to tomato spotted wilt virus and leaf spots.

Peanuit Sci (accepted)

Liang X, Holbrook CC, Lynch RE, Guo BZ (2005) Beta-1,3-

glucanase activity in peanut seed (Arachis hypogaea) is induced

by inoculation with Aspergillus flavus and copurifies with a

conglutin-like protein. Phytopathology 95:506–511

Liang X, Chen X, Hong Y, Liu H, Zhou G, Li S, Guo BZ (2009)

Utility of EST-derived SSR in cultivated peanut (Arachis
hypogaea L.) and Arachis wild species. BMC Plant Biol 9:35

Milla SR, Isleib TG, Stalker HT (2005) Taxonomic relationships

among Arachis sect. Arachis species as revealed by AFLP

markers. Genome 48:1–11

Moretzsohn MC, Hopkins MS, Mitchell SE, Kresovich S, Valls JF,

Ferreira ME (2004) Genetic diversity of peanut (Arachis
hypogaea L.) and its wild relatives based on the analysis of

hypervariable regions of the genome. BMC Plant Biol 4:11

Moretzsohn MC, Leoi L, Proite K, Guimaras PM, Leal-Bertioli SCM,

Gimenes MA, Martins WS, Valls JFM, Grattapaglia D, Bertioli

DJ (2005) A microsatellite-based, gene-rich linkage map for the

AA genome of Arachis (Fabaceae). Theor Appl Genet 111:

1060–1071

Moretzsohn MC, Barbosa AV, Alves-Freitas DM, Teixeira C, Leal-

Bertioli SC, Guimaraes PM, Pereira RW, Lopes CR, Cavallari

MM, Valls JF, Bertioli DJ, Gimenes MA (2009) A linkage map

for the B-genome of Arachis (Fabaceae) and its synteny to the

A-genome. BMC Plant Biol 9:40

Nagy ED, Chu Y, Guo YF, Khanal S, Tang SX, Li Y, Dong WB, Timper

P, Taylor C, Ozias-Akins P, Holbrook CC, Beilinson V, Nielsen

NC, Stalker HT, Knapp SJ (2010) Recombination is suppressed in

an alien introgression in peanut harboring Rma, a dominant root-

knot nematode resistance gene. Mol Breed 26:357–370

Palmieri DA, Hoshino AA, Bravo JP, Lopes CR, Gimenes MA (2002)

Isolation and characterization of microsatellite loci from the

forage species Arachis Pintoi (Genus Arachis). Mol Ecol Notes

2:551–553

Palmieri DA, Bechara MD, Curi RA, Gimenes MA, Lopes CR (2005)

Novel polymorphic microsatellite markers in section Caulorrh-

izae (Arachis, Fabaceae). Mol Ecol Notes 5:77–79

Proite K, Leal-Bertioli SCM, Bertioli DJ, Moretzsohn MC, Silva FR,
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