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Abstract. An RFLP linkage map of peanut has been 
developed for use in genetic studies and breeding pro- 
grams aimed at improving the cultivated species 
(Arachis hypogaea L.). An F 2 population derived from 
the interspecific hybridization of two related diploid 
species in the section Arachis (A. stenosperma x A. 
cardenasii) was used to construct the map. Both ran- 
dom genomic and cDNA clones were used to develop 
the framework of the map. In addition, three cDNA 
clones representing genes coding for enzymes involved 
in the lipid biosynthesis pathway have been mapped in 
peanut. Of the 100 genomic and 300 cDNA clones 
evaluated, 15 and 190, respectively, revealed polymor- 
phisms among the parents of our mapping population. 
Unfortunately, a large number of these produced com- 
plex banding patterns that could not be mapped. Of the 
132 markers analyzed for gegregation, 117 are distri- 
buted among 11 linkage groups, while 15 have not yet 
been associated with any other marker. A total map 
distance of approximately 1063 cM has been covered 
to-date. 

Key words: Arachis hypogaea-Arachis s p . -  Restric- 
tion fragment length polymorphism - Linkage map 

Introduction 

The genus Arachis, a member of the family 
Leguminosae, is native to South America, with central 
Brazil believed to be the center of origin (Krapovickas 
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1969). Although a complete taxonomic treatise has not 
been published to-date, Gregory et al. (1973) divided 
the genus into seven sections based on morphology, 
geographic distribution, and cross compatibilities. 
Cultivated peanut (Arachis hypogaea L.), an allotetra- 
ploid (2n = 4x = 40), has been assigned to the section 
Arachis which also contains the proposed allotetra- 
ploid progenitor A. monticola, Krap. et Rig. In addi- 
tion, 20-25 diploid species (2n = 2x--20) have been 
described in the section Arachis. Abundant germplasm 
resources of both the cultivated species and related 
wild species are available to peanut breeders; however, 
most peanut breeding programs have traditionally 
relied on the crossing of elite breeding lines for develop- 
ing improved cultivars. As a result, the germplasm base 
of domesticated peanut is relatively narrow. Although 
considerable levels of morphological variability have 
been observed among the germplasm resources of 
cultivated peanut (ICRISAT 1982;Wynne and Hal- 
ward 1989), very little genetic polymorphism has been 
detected with molecular markers among cultivars and 
exotic germplasm lines within A. hypogaea (Griesham- 
mer and Wynne 1990; Halward et al. 1991, 1992). In 
addition A. monticola, the proposed altotetraploid pro- 
genitor of cultivated peanut, invariably produced 
identical banding patterns to A. hypogaea when evalu- 
ated with molecular markers (Halward et al. 1991; 
Kochert et al. 1991). Conversely, abundant polymor- 
phism has been observed among related wild species of 
peanut in the section Arachis with isozymes (Stalker 
et al. 1990), RFLPs (Kochert et al. 1991), and RAPD 
markers (Halward et al. 1992). 

In light of the relatively narrow germplasm base of 
cultivated peanut, a renewed emphasis should be 
placed on the evaluation and utilization of related wild 
species in order to enhance the genetic variability 
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avai lable  for the deve lopmen t  of i m p r o v e d  cult ivars.  
Extensive screening of wild Arachis species has re- 
vealed these genetic resources  to be va luable  as sources 
of disease and  insect resistance (Moss  1980; I C R I S A T  
1982; S u b r a h m a n y a m  et al. 1982), to lerance  to envi- 
r onmen ta l  stresses ( I C R I S A T  1982), and  va r ia t ion  for 
p ro te in  and  oil qual i ty  (Young et al. 1973; A m a y a  et al. 
1977; Cher ry  et al. 1977). The exp lo i t a t ion  of these 
va luable  genetic resources  would  be great ly  enhanced  
th rough  the use of molecu la r  marke r s  to tag  and  follow 
the in t rogress ion  of c h r o m o s o m e  segments  con ta in ing  
desi rable  t rai ts  f rom the wild species into cul t ivated 
peanut ,  and  th rough  the d e v e l o p m e n t  of  a genetic 
l inkage m a p  in peanu t  to expedi te  the loca t ion  and  
transfer  of  these c h r o m o s o m a l  regions. 

At  present ,  there  is no conven t iona l  genetic l inkage 
m a p  avai lable  for peanut .  In  addi t ion ,  no l inkage  
groups  or  genetic maps  based  on molecu la r  m a r k e r  
eva lua t ions  have been r epor t ed  in the l i terature.  How-  
ever, a co l l abora t ive  effort is cur rent ly  unde rway  to 
develop  a genetic l inkage m a p  based  on a c o m b i n a t i o n  
of  molecu la r  and  conven t iona l  markers .  As molecu la r  
marke r s  accumula te  in peanut ,  the l inkage  m a p  will 
become a useful tool  for app l ied  b reed ing  p rograms ,  as 
breeders  will be able to tag  and  follow the in t rogress ion  
of specific c h r o m o s o m e  segments  con ta in ing  desi rable  
genes f rom re la ted  wild species into b reed ing  lines of 
cul t ivated peanut .  

Materials and methods 

Preparation of DNA libraries 

A random genomie DNA library was constructed using the 
peanut cultivar 'GK-7' (Arachis hypogaea, ssp. hypogaea) as the 
genomic DNA source. The library was constructed by cloning 
gel-isolated PstI fragments (1.0-2.0kb in length) into pUC8 
plasmids and transforming the recombinant plasmids into E. coli 
DH5c~ cells according to the procedures of Sambrook et al. 
(1989). Recombinant clones were selected on IPTG-Xgal plates, 
and plasmids were isolated by a miniprep procedure (Wilimzig, 
1985). Recombinant plasmids were digested with PstI and sub- 
jected to electrophoresis on 0.8~ agarose gels. The molecular 
weight of each insert was determined by comparison to molecu- 
lar weight standards, and blots were prepared on nylon filters 
(Gene Screen Plus, Du Pont) following the method of Southern 
(1975). Total peanut DNA was labeled with 32p-dCTP by nick- 
translation (Rigby et al. 1977) and hybridized to the filters to 
detect inserts containing repeated sequences. Cotton chloroplast 
DNA (compliments ofG. Galau, Department of Botany, Univer- 
sity of Georgia) was used to screen the library for members 
containing chloroplast DNA inserts. Those inserts that showed 
no signal with either chloroplast or total peanut DNA were 
assumed to represent low-copy number nuclear sequences and 
were selected for RFLP analysis. 

Two separate cDNA libraries were prepared, one from root 
tissue and one from shoot tissue, using the Stratagene ZAP- 
cDNA GigapackII Gold Cloning Kit, according to the manufac- 
turer's instructions. Approximately 200 seeds of the peanut 
cultivar 'GK-7' were germinated in moist paper towels to yield a 

total of 10-15 g each of root and shoot tissue for the two libraries. 
Poly A + RNA was isolated independently from young shoots 
and young roots according to the procedures described in Hong 
et al. (1989) and used to construct the two cDNA libraries. 

Generation of mapping population 

An F 2 population derived from the interspecific hybridization 
between two diploid wild Arachis species (A. stenosperma • A. 
cardenasii) was chosen for construction of the linkage map. The 
population, consisting of 87 F 2 individuals, was developed at 
North Carolina State University as part of an ongoing inter- 
specific hybridization program. 

Detection of RFLPs and linkage analysis 

Genomic DNA was isolated from the parents, the Fa and F2s of 
the mapping population using a crude nuclear preparation as 
described in Kochert et al. (1991). The parents (A. stenosperma 
and A. cardenasii) were screened for clones that revealed poly- 
morphisms between them. Survey filters consisted of genomic 
DNA from each of the parents digested with seven restriction 
enzymes (BamHI, Dral, EcoRI, EcoRV, HaeIII, HindlII, RsaI). 
Clones that were found to reveal polymorphisms between the 
parents were used to evaluate the F 2 mapping population for 
segregation. 

To analyze segregation, the F2 progeny were scored as either 
'A' [homozygous like parent A (A. stenosperma)], 'B' 
[homozygous like parent B (A. cardenasii)], or 'H' (hetero~ 
zygous). Chi-square analyses were conducted to determine good- 
ness-of-fit of the segregation data to the expected 1:2:1 Men- 
delian ratio. The segregation data obtained were analyzed using 
the MAPMAKER computer package. The locus arrangements 
and map distances for each linkage group were determined based 
on the output from the MAPMAKER program using the Ko- 
sambi mapping function and the constraints of a minimum LOD 
score of 3.0 and a maximum recombination fraction (theta) of 
0.25. RFLP loci detected by different probes were assigned 
different numbers using the following convention: Xuga.pg (or 
cr, or cs) ###, where pg indicates a random genomic clone, while 
cr and cs indicate cDNA clones from the root and shoot libraries, 
respectively. Clones designated cc ### indicate cDNA clones 
which represent genes in the lipid biosynthesis pathway. These 
clones were graciously contributed by Bert Abbott, Clemson 
University. Multiple-segregating loci detected by a single probe 
were assigned the same number followed by a letter (a, b, etc.) to 
indicate each duplicated locus. 

Results 

Description of  linkage map and clones evaluated 

A to ta l  of 100 r a n d o m  genomic  clones and  300 c D N A  
clones have been eva lua ted  to -da te  for p o l y m o r p h i s m  
in our  m a p p i n g  popu la t ion .  Of  these, 15 (15~) of the 
genomic  clones and  190 (63%) of the c D N A  clones were 
p o l y m o r p h i c  with one or  more  enzyme. We concen-  
t ra ted  our  m a p p i n g  efforts using c D N A  clones, as a 

g r e a t e r  percentage  were found  to reveal  p o l y m o r -  
ph isms  in our  m a p p i n g  popu l a t i on  when c o m p a r e d  to 
the r a n d o m  genomic  peanu t  clones evaluated.  Of the 
205 p o l y m o r p h i c  markers ,  132 were ana lyzed  for segre- 



gation, while the other 73 produced complex  banding 
patterns which could not  be mapped.  

Chi-square analyses were conducted to determine 
goodness-of-f i t  of the segregation data to the expected 
1:2:1 Mendel ian ratio. Thirty three of the one hundred 
and thirty two  scored loci  showed deviat ion from the 
expected ratio (P < 0.05). Mos t  of these loci  were found 
to have an excess of one or the other parental type, 
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while four had an excess number of heterozygotes .  
Those  loci  with distorted segregation patterns are in- 
dicated on the map  by a dot  (.) to the right of the marker 
designation (Fig. 1). Loci  with distorted segregation 
ratios were generally scattered a m o n g  l inkage groups 
and unlinked loci, with two notable  exceptions: a small  
cluster of markers in l inkage group lb  showed an 
excess of bands of the parental 'B' type; while l inkage 
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Fig. 1. Peanut RFLP linkage map developed in an F 2 population derived from the interspecific hybridization of two wild diploid 
species in the section Arachis (A. stenosperma x A. cardenasfi). A total of 117 markers are arranged in 11 linkage groups based on the 
output from the MAPMAKER computer package using the following constraints: minimum LOD of 3.0, maximum recombination 
fraction of 0.25. RFLP markers are listed on the right of each linkage group using the nomenclature described in Materials and methods 
('Pg" indicates a random genomic clone; 'cr' and 'cs" indicate cDNA clones from the root and shoot libraries, respectively; and 'cc' 
indicates a cDNA clone obtained from Clemson University). Map distances, in centiMorgans, are listed on the left. Closely-linked 
markers with ambiguous orders, as described in Results, are denoted on the map with a line next to them. Loci with distorted 
segregation ratios from the expected 1 : 2:1 are denoted by a (.) to the right of the marker designation 
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Table 1. Polymorphic markers that have not yet been associated with any other marker in an established linkage group 

Random genomic clones cDNA, roots cDNA, shoots cDNA, Clemson 

Xuga. pg070. Xuga. cr013b Xuga. cs011b Xuga. cc126b 
Xuga. pglll. Xuga. cr061 Xuga. cs023 

Xuga. cr081 Xuga. cs116 
Xuga. crl05 
Xuga. cr167 
Xuga. cr242 
Xuga. cr243 
Xuga. cr269 
Xuga. cr283a 

group 2b consists entirely of markers with an excess of 
bands of the parental 'A' type and may, therefore, 
reflect an artificial linkage arrangement. As additional 
loci are added to the map and the level of marker satura- 
tion increases, this potentially artificial clustering 
should be resolved. 

When F 2 segregation data were analyzed using the 
MAP MAKER  computer package, 117 segregating loci 
were distributed among 11 linkage groups (Fig. 1), 
while 15 have not yet been associated with any other 
marker (Table 1). Although groups la, lb; 2a, 2b; and 
5a, 5b were 239-, 316-, and 562-times, respectively, 
more likely to be linked together as single linkage 
groups (i.e., 1, 2, and 5) than to be unlinked using the 
MAPMAKER 'linked' command, we chose not to 
accept anything below a LOD of 3.0 (1000 x more 
likely) as true linkage. Therefore, we have kept these 
groups separate until additional markers are added to 
the map which confirm their status. Two of the linkage 
groups (10 and 11) are quite small, containing only two 
markers each. These may eventually link up with one of 
the larger linkage groups as additional markers accu- 
mulate. Ultimately, the map should consist of ten 
linkage groups corresponding to the haploid chromo- 
some number of diploid Arachis species. 

A large number of probes (44%) hybridized to more 
than one polymorphic locus, indicating the presence of 
a number of duplicated loci within the peanut genome. 
Unfortunately, the majority of those clones detecting 
duplicated loci produced complex banding patterns 
which were difficult to score and could not be mapped 
with accuracy. As such, we chose not to apply these 
markers to the linkage map. Five clones which hybrid- 
ized to multiple loci were scored and mapped. How- 
ever, multiple loci detected with a single clone could be 
arranged into linkage groups for only one of these 
(Xuga.cr118a,b), with 118a mapping to linkage group 9 
and 118b mapping to linkage group 3. For  the other 
four clones detecting multiple loci which were applied 
to the map, only one of the polymorphic loci mapped 
to an established linkage group (Fig. 1), whereas the 
other polymorphic loci detected by those clones were 
distributed among the unlinked markers (Table 1). 

The majority of probes (64%) detected polymor- 
phisms with more than one restriction enzyme, sug- 
gesting that many of the RFLP markers identified in 
peanut resulted from DNA rearrangements. Similar 
results have been observed in a number of other species 
including soybean (Apuya etal.  1988) and rice 
(MeCouch et al. 1988). Of the eDNA clones evaluated, 
38 produced ladders with one or more restriction 
enzyme suggesting the presence of a number of tandem 
repeat sequences within the peanut genome. Unfortu- 
nately, no variability was observed between the parents 
of our mapping population for these clones; therefore, 
they could not be mapped. 

In some instances, the order of closely-linked 
markers within a given linkage group could not be 
resolved with absolute certainty. Using the 'compare' 
command of multipoint analysis, the preferred orders 
of two or three closely-linked markers often had LOD 
scores differing by a value of 0.1 to 1.0 indicating that 
any of the orders were equally likely. Closely-linked 
markers with an ambiguous order have been denoted 
on the map with a line out to the side (Fig. 1). In 
addition to random genomic clones and cDNA clones 
from our root and shoot libraries, three cDNA clones 
representing genes in the lipid biosynthesis pathway 
have been mapped in peanut. To-date, a total map dis- 
tance of approximately 1063 cM of the diploid peanut 
genome has been covered. 

Discussion 

Mapping population 

A number of factors were taken into consideration 
when selecting an appropriate population for develop- 
ing an RFLP map in peanut. The most important 
factor being insufficient variability observed for 
RFLPs (Halward et al. 1991) or RAPD markers (Hal- 
ward et al. 1992) within A. hypogaea germplasm to 
allow construction of a genetic linkage map directly in 
cultivated peanut. In addition, although most traits in 
cultivated peanut follow a diploid pattern of inherit- 
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ance, many appear to be under the influence of dupli- 
cate loci (Wynne and Halward 1989). As a result, 
segregation analysis of RFLP or RAPD markers is 
more difficult in the allotetraploid cultivated species 
than in the related diploid species. Finally, a complete 
series of aneuploids, often used in the construction of 
RFLP maps (Beckmann and Soller 1986), is not avail- 
able in peanut. For these reasons, the diploid species of 
Arachis were considered the best choice for a mapping 
population. We were fortunate to have available sev- 
eral F 2 populations derived from interspecific crosses 
between various diploid species of Arachis. One such 
population (A. stenosperma x A. cardenasii), devel- 
oped at North Carolina State University, was chosen 
for map construction. 

RFLP maps that have been developed using popula- 
tions derived from interspecific crosses between a culti- 
vated species and a related wild species have proven 
useful for cultivar improvement in such crops as tom- 
ato, Lycopersicon esculentum (Miller and Tanksley 
1990) and soybean Glycine max (Keim et al. 1990). 
Although the peanut RFLP map was developed using 
a population derived from a cross between two wild 
Arachis species, it should also be useful for cultivar 
improvement programs, especially when applied to 
following the introgression of chromosome segments 
from wild species into cultivated peanut. Normal segre- 
gation has been reported in populations derived from 
interspecific hybridization between diploid Arachis 
species with the same genomic complement; only hy- 
bridizations involving A. batizocoi behave abnormally 
during meiosis (Resslar and Gregory 1979; Stalker and 
Wynne 1979; Singh and Moss 1984). This suggests that 
the arrangement of genes on the chromosomes is 
homosequential among species of the section Arachis. 
As such, a linkage map developed in one population 
should be applicable when transferred to other peanut 
populations. However, additional populations involv- 
ing crosses among different Arachis species should be 
evaluated using the Same set of clones employed to 
develop the present map in order to confirm linkage 
relationships across species. We have recently initiated 
such a study using an F 2 population derived from the 
interspecific cross between A. duranensis and A. diogoi. 

The map 

Several enzymes were used in the initial screening of the 
parents for polymorphism, as previous results (unpub- 
lished data) indicated that a given clone often revealed 
polymorphism with some enzymes but not others. By 
simultaneously screening the parents with a number of 
probe-enzyme combinations, a greater number of 
polymorphic clones could be detected. Clones that 
were found to reveal polymorphisms between the par- 
ents were used to evaluate the F 2 mapping population 

for segregation. Initially, only those clones that re- 
vealed polymorphism at a single locus were used in 
construction of the RFLP linkage map. Single-locus 
probes are less ambiguous, especially when transfer- 
ring a linkage map to additional populations. Now 
that a framework is in place, clones detecting multiple 
loci can be added with greater confidence to the devel- 
oping map. The high level of duplication observed 
within the peanut genome, with 44~o of the probes 
hybridizing to more than one polymorphic locus, may 
have important implications regarding genome evol- 
ution in the genus. Therefore, it would be desirable to 
add such clones to the map to determine if duplicated 
regions are clustered within particular linkage groups 
or randomly distributed throughout the genome. 

Applications of the linkage map to peanut 
breedin9 and 9enetics 

Currently, no classical genetic linkage map exists for 
peanut, and no trait has yet been mapped to a specific 
peanut chromosome (Stalker 1991). Without the avail- 
ability of a genetic map, it has not been possible to 
utilize molecular markers in peanut breeding, or to 
combine molecular and conventional genetic tech- 
niques in peanut improvement programs. As the pea- 
nut RFLP map presented here continues to develop, a 
number of potential advantages will be realized in 
peanut improvement programs. Our understanding of 
genetic segregation and linkage relationships will be 
greatly enhanced as molecular markers accumulate in 
peanut. The chromosomal location and distribution of 
duplicated regions within the peanut genome will 
allow for a better understanding of the underlying basis 
for the complex patterns of segregation often observed 
in peanut, particularly among the progeny ofintersub- 
specific crosses (Wynne and Halward 1989; Wynne and 
Coffelt 1980). 

Given the relatively narrow germplasm base avail- 
able in A. hypooaea, and the abundance of polymor- 
phism observed for both morphological traits and 
molecular markers in wild species of Arachis, increased 
emphasis should be placed on the utilization of wild 
relatives in peanut improvement programs. This is 
perhaps the area for which a comprehensive RFLP 
map will be of most benefit to peanut breeders. Only 
limited success has been achieved with a variety of 
methods for attempting to introgress germplasm from 
wild species into cultivated peanut as part of a conven- 
tional peanut breeding program (Singh 1986a, b; Sim- 
pson 1991; Stalker 1992). The development of a genetic 
linkage map in peanut will greatly enhance the ability 
of breeders to tag and follow the introgression of speci- 
fic chromosome segments linked to desirable traits 
from wild species into breeding lines of cultivated pea- 
nut. The peanut RFLP map will be useful for monitor- 
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ing in t rogress ion  fol lowing the m a p p i n g  of va luable  
a g r o n o m i c  trai ts  in wild species. 

We  are current ly  co l l abo ra t ing  with a n u m b e r  of 
researchers  in o ther  l abora to r i es  to screen our  map-  
p ing  p o p u l a t i o n  for several  t rai ts  of interest  inc luding 
resistance to r o o t k n o t  nematode ,  Meloidogyne aran- 
aria (with J im Noe,  Dept .  of  P l an t  Pa tho logy ,  Univ.  of  
Georgia) ,  white  mo ld  (Sclerotium rolfsii) (with Mel  
Ful ler ,  Dept .  of P l an t  Pa tho logy ,  Univ.  of Georgia) ,  
and  bo th  ear ly  (Cercospora arachidicola Hori)  and  late 
[Cercosporidium personatum (Berk. and Curt.) Deighton]  
leafspot  (with K i m  Moore ,  AgraTech  Research). The 
goal  is to eventual ly  add  these t rai ts  to the peanu t  m a p  
such tha t  R F L P s  can be used as marke r s  to fol low their  
in t rogress ion  f rom wild Arachis species into breeding  
lines of cul t iva ted  peanu t  t h rough  backcross  breed ing  
p rograms .  
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