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Summary. Arachis hypogaea (peanut or groundnut) is an 
AABB allotetraploid whose precise ancestry is not yet 
clear. Its closest diploid relatives are the annual and 
perennial wild species included with it in the section 
Arachis. Variation in these species for 11 different en- 
zymes was studied by starch-gel electrophoresis. Differ- 
ences attributed to at least 13 genetic loci were found 
among eight enzymes, while three enzymes appeared uni- 
form throughout the section. Values for Nei's genetic 
distance were calculated for all pairs of species and were 
used to estimate relationships. All diploid species, apart 
from two whose validity had previously been questioned, 
could be distinguished by their overall zymotypes, but 
few contained unique alleles. When species were grouped 
by their mean genetic distances, they formed two clusters, 
which agreed reasonably well with the division of the 
section into annual versus perennial species. The single 
B-genome species was an outlier within the annual 
group. A. hypogaea showed fixed heterozygosity at four 
loci (in ssp. hypogaea) or six loci (in ssp.fastigiata), which 
agrees with previous conclusions that the peanut is an 
allotetraploid. None of the diploids included in this sur- 
vey could be conclusively identified as donors of either 
the A or the B genome to the tetraploids. The two sub- 
species of A. hypogaea differed consistently in two of the 
thirteen putative loci studied. This may call into question 
the simple hypothesis that A. hypogaea originated from 
just two diploid species. 
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Introduction 

The genus Arachis comprises seven sections and many 
species, most of which have not yet been formally de- 
scribed (Gregory etal. 1973; Gregory and Gregory 
1979). Arachis hypogaea, the peanut or groundnut, be- 
longs to the section Araehis and is the principal cultivated 
species in the genus. It is a tetraploid which can be 
crossed with other species in the section Arachis but not 
with species in other sections (Gregory and Gregory 
1979). This implies that its diploid progenitors are mem- 
bers of the section Arachis (Gregory and Gregory 1976). 

There are currently thought to be more than 20 spe- 
cies in the section Arachis (Stalker 1990). All are diploid 
except A. hypogaea and A. monticola, which is the wild 
counterpart of A. hypogaea (Krapovickas 1969, 1973). 
Hybrids between most of these diploids have reduced 
pollen fertility and produce few seeds. Hybrids involving 
A. batizocoi and A. glandulifera are completely sterile and 
have few chiasmata at meiosis (Smartt et al. 1978; Singh 
and Moss 1984; Stalker 1991). Stalker (1991) therefore 
concluded that there are three different genomes in the 
section Arachis: the A genome, present in the majority of 
species; the B genome, known only in A. batizoeoi; and 
the D genome, known only in A. glandulifera. The B- and 
D-genome species are both annuals, like the tetraploids. 
The A-genome species include both annuals and perenni- 
als. Both A. monticola and A. hypogaea are believed to be 
AABB allo- or segmental allo-tetraploids (Smartt et al. 
1978; Singh and Moss 1982, 1984; Singh 1988; Stalker 
1991). A. batizocoi, as the only B-genome species so far 
known, is generally considered to be the source of the B 
genome. Species suggested as the A-genome donor in- 
clude the perennials A. villosa (Varisai Muhammad 1973) 
and A. cardenasii (Smartt et al, 1978; Krishna and Mitra 
1988) and the annuals A. duranensis (Singh 1988; Krish- 
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na and Mi t ra  1988; Kochert  et al. 1991, Singh et al. 1991; 
A. spegazzinii and A. ipaensis (Kochert  et al. 1991). 

A. hypogaea contains two subspecies which differ 
markedly  in their branching pat terns and associated 
physiological  and agronomic traits (Bunting 1955; 
Bunting and Elston 1980) and which also differ slightly 
in karyotype  (Stalker and Dalmacio 1986). Hybr ids  be- 
tween the two subspecies are not  fully fertile (Gregory 
et al. 1980) and the genomes of  the two differ slightly in 
their pair ing affinities with genomes of  the diploid species 
(Singh and Moss  1984). These da ta  suggested to Singh 
and Moss  (1984) and Singh (1988) that  the two subspe- 
cies could have originated independently,  f rom crosses 
between A. batizocoi and two different A-genome 
diploids. However,  recent studies of  var ia t ion in genomic 
D N A  based on restriction fragment  length polymor-  
phisms (RFLPs)  and random amplified polymorphic  
D N A s  (RAPDs)  show very low variabi l i ty  in the te- 
t raploids and have been interpreted as indicating a single 
recent origin of  both  A. hypogaea and A. monticola (Hal- 
ward  et al 1991). 

Isozyme studies have proved useful in investigations 
of  species relationships and in resolving the origin and 
nature of  polyploids  in many genera. Cherry (1975) con- 
ducted the first studies in Arachis species, while 
Gr ieshammer  and Wynne (1990a, b) surveyed isozyme 
variat ion within A. hypogaea. We repor t  here our prelim- 
inary da ta  on isozyme var ia t ion in the section Arachis, 
and on the implications of  these da ta  for understanding 
the origin of  the tetraploids and the relationships among 
the wild diploids. The latter are o f  interest as genetic 
resources for improvement  of  the tetraploids.  

Materials and methods 

Plant materials 

Seeds of 37 accessions representing 12 different species in the 
section Arachis (Table 1) were obtained from Arachis germplasm 
collections at North Carolina State University, USA, and 
ICRISAT, India. No details were available on the numbers of 
wild plants originally sampled or the number and size of the 
generations grown subsequently ex situ. However, it is unlikely 
that the available accessions reflect fully either the genetic diver- 
sity or the genetic structure of the wild populations. Collecting 
Araehis species from the wild is extremely difficult (Valls, per- 
sonal communication) and more satisfactory material is not 
likely to become available in the foreseeable future. 

F 1 hybrids from seven combinations of these accessions 
(Table 1) were also included in the study. Only one of these Fls 
(A. spegazzinii GKP 10038 x A. duranensis GKP 30065) was 
sufficiently fertile to produce an F 2 population of 26 plants. 

Isozyme analysis 

Five plants were studied for each accession. Extracts prepared 
from 20-mg samples of leaflets which were not yet fully expand- 
ed were used for all enzymes studied. Pollen extracts from 10-15 
flowers per sample were prepared by grinding them in extraction 

medium to release both cytosolic and organellar enzymes. These 
extracts were used for studies of malate dehydrogenases, malic 
enzymes, menadione reductases and phosphoglucoisomerases. 
Leachates, prepared by soaking pollen from 10-15 flowers in 
extraction medium for 24h at 0-4~ to release cytosolic en- 
zymes only, were used in addition to ground pollen for malic 
enzyme. 

The extraction medium was that of Roose and Gottlieb 
(1978). PVP-40, PVPP, and mercaptoethanol were omitted from 
the medium used for pollen leachate. Mercaptoethanol was also 
omitted for extracts of ground pollen and for leaf extracts in 
which activities of aminopeptidases, malic enzyme and peroxi- 
dases were to be assessed. Proteins were separated by standard 
horizontal starch-gel electrophoresis in three gel/electrode buff- 
er systems and gel slices were stained for 11 different enzymes 
using techniques based on those of Conkle et al. (1982), Soltis 
et al. (1983), Vallejos (1983) and Gonz/tlez de Ledn (1986). A 
histidine/tris-citrate buffer at pH 7.0 was used for alcohol dehy- 
drogenases (ADH; E.C. 1.1.1.1.), isocitric dehydrogenases 
(IDH; E.C. 1.1.1.42), malate dehydrogenases (MDH; E.C. 
1.1.1.37), menadione reductases (MNR; E.C. 1.6.99.2) and 6- 
phosphogluconate dehydrogenases (6-PGDH; E.C. 1.1.1.44). 
Tris-citrate/borate buffer at pH 7.8 was used for malic enzyme 
(ME; E.C. 1.1.1.39). Tris-EDTA/borate buffer at pH 8.0 (gel) or 
pH 8.5 (electrode) was used for aminopeptidases (AP; E.C. 
3.1.3.2), phosphoglucoisomerases (PGI; E.C. 5.3.1.9), phospho- 
glucomutases (PGM; E.C. 2.7.5.1), peroxidases (PRX; E.C. 
1.11.1.7), and shikimate dehydrogenases (SKDH; E.C. 
1.1.1.25). 

Bands of enzyme activity on the stained gels were assigned 
to regions which were numbered sequentially from the anodal 
end. The numbers of genetic loci and alleles controlling this 
activity were inferred from the banding patterns observed and 
from data on quaternary structure and genetic control of these 
enzymes in other genera (Weeden and Wendel 1989), together 
with F 1 and F 2 data where available. Loci were numbered to 
correspond with the region of the gel in which their products 
were active, thus Pgil controls those PGI bands present in re- 
gion 1. Putative alleles of the various loci were distinguished by 
lower-case letters assigned sequentially so that a designates the 
allele coding for the most anodal band in a particular region. 

Estimation of relationships between species 

Enzymes which did not vary in any of the species studied were 
assumed to be controlled by a single locus, even when more than 
one invariant band was present. Our figures may therefore over- 
estimate distances between species. "Allele" frequencies were 
calculated for the genetically variable loci inferred from the 
observed banding Patterns by pooling data from all accessions 
of each species. An enzyme which is controlled by a single locus 
in the diploids should be controlled by duplicate loci in the 
tetraploids unless one locus has been silenced. Tetraploid geno- 
types aaaa or aabb were attributed to two different homozygous 
loci (with genotypes aa and aa or aa and bb) for tetraploid-te- 
traploid comparisons, which are therefore based on twice as 
many loci as diploid-diploid comparisons. For diploid-te- 
traploid comparisons, we pooled allele frequencies at both of the 
duplicate loci in the tetraploid and treated these as a single locus, 
comparable to the equivalent locus in the diploids. Thus in a 
tetraploid monomorphic for genotype aaaa, the frequency of 
allele a was 1.0, while in a tetraploid monomorphic for genotype 
aabb, the frequency of allele a was considered to be 0.5. Diploid- 
tetraploid comparisons are therefore based on the same number 
of"loci" as diploid-diploid comparisons. No genotypes of forms 
other than homozygotes (e.g., aaaa) or fixed heterozygotes (e.g., 
aabb) were identified in the tetraploids. 
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Table 1. Species accessions and interspecific hybrids used in this study 

Species/variety/hybrid Collector a PI no./cultivar Origin 
and number 

Diploid annuals 
A. duranensis Krap. et Greg. nom. nud. 

A. spegazzinii Greg. et Greg. nora. nud. 
A. stenosperma Greg. et Greg. nora. nud. 

A. batizocoi Krap. et Greg. 

A. glandulifera Stalker 

Diploid perennials 
A. cardenasii Krap. et Greg. nom. nud. 
A. chaeoense Krap. et Greg. nom. nud. 
A. correntina (Burk.) Krap. et Greg. nom. nud. 

A. villosa Benth. 
A. sp. 

Tetraploid annuals 
A. monticola Krap. et Rig. 

A. hypogaea L. 
ssp. hypogaea var. hypogaea (Virginia) 

ssp. fastigiata Waldron var. fastigiata (Valencia) 

var. vulgaris Harz. (Spanish) 

Interspecific hybrids 
A. spegazzinii 10038 x A. duranensis 30065 
A. duranensis 30065 x A. stenosperma 408 
A. spegazzinii 10038 x A. duranensis 30075 
A. batizocoi 9484 x A. cardenasii 10017 
A. batizocoi 9484 x A. hypogaea ssp. hypogaea (NC6) 
A. batizocoi 9484 x A. duranensis 30065 
A. batizocoi 9484 x A. glandulifera 30100 

GKP 30065 468201 Argentina, Salta 
GKP 30072 475847 Bolivia, Tarija 
GKP 30075 468321 Bolivia, Tarija 
K 7988 219833 Argentina, Salta 
GKP 10038 262133 Argentina, Salta 
HLK 408 338279 Bolivia, Parana 
HLK 409 337308 Bolivia, Parana 
HLK 410 338280 Bolivia, Parana 
K 9484 298639 Bolivia, Cordillera 
GKBSPSc 30079 468325 Bolivia, Santa Cruz 
GKBSPSc 30081 468328 Bolivia, Santa Cruz 
GKBSPSc 30082 468326 Bolivia, Santa Cruz 
GKBSPSc 30080 468340 Bolivia, Santa Cruz 
GKSSc 30091 468336 Bolivia, Santa Cruz 
GKSSc 30099 468342 Bolivia, Santa Cruz 
GKSSc 30100 468343 Bolivia, Santa Cruz 

GKP 10017 262141 
GKP 10602 276235 
K7830 262137 
K7897 262134 
GKP 9530 262808 
Bu 22585 298626 
GK30008 468152 

K 7264 
GKBSPSc 30062 

Bolivia, Robore 
Paraguay, Puerto Casado 
Argentina, Corrientes 
Argentina, Corrientes 
Argentina, Corrientes 
Uruguay 
Brazil, Mato Grosso 

219824 Argentina, Jujuy 
468196 Argentina, Jujuy 

Florigiant USA 
Florunner USA 
Robut 33-1 India 
NC6 USA 
NC7 USA 
New Mexico USA 
216192-3 Paraguay 
275751 
Argentina Argentina 
Starr USA 
244177 Bolivia 
261928 Argentina 

" Abbreviations: Bu, Burkart; GK, Gregory-Krapovickas; GKBSPSc, Gregory-Krapovickas-Banks-Simpson-Pietravelli-Scbinini; 
GKP, Gregory-Krapovickas-Pietravelli; GKSSc, Gregory-Krapovickas-Simpson-Schinini; HL, Hammons-Langford; HLK, Ham- 
mons-Langford-Krapovickas; HLKHe, Hammons-Langford-Krapovickas-Hemsy; HLKO, Hammons-Langford-Krapovickas- 
Ojeda; K, Krapovickas 
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Differences between species were estimated using Nei's coef- 
ficient of genetic distance (Nei 1972). Cluster analysis of the 
matrix of distance coefficients was carried out by the unweight- 
ed pair-group method of Sneath and Sokal (1973) and presented 
as a dendrogram using the computer program UPGMA devel- 
oped by Miller (Whitehead Institute, Cambridge, Mass.). 

Results 

Isozyme banding patterns and their genetic control 

Alcohol dehydrogenases (ADH). Diploid and tetraploid 
species all contained a single ADH band, the position of 
which was similar in all species. The section Arachis is 
therefore presumed to be monomorphic for a single allele 
of Adh. 

Aminopeptidases (AP). Identical banding patterns were 
obtained with the substrates for both alanine aminopep- 
tidases and leucine aminopeptidases, so the activity de- 
tected here is attributed to a single group of generalised 
aminopeptidases. 

Each diploid species had two anodal bands (Fig. 1 A) 
each in a distinct region of the gel and hence assumed to 
be controlled by a distinct locus. F 1 hybrids between 
species which differed in the position of bands in region 
1 showed all the bands of both parents but no novel 
bands. The single available F2 family segregated into 
three phenotypes, corresponding to those of the two par- 
ents and the F1. AP in Arachis therefore appears to be a 
monomeric enzyme, controlled by two loci. Variation in 
the position of bands in each region was attributed to two 
alleles at Apl and four alleles at Ap2. 

The tetraploids all had a single band in region 1 and 
two bands in region 2. They must therefore carry an 
identical allele at each of the duplicate loci corresponding 
to Apl (genotype bbbb in our notation), but different 
alleles at the two Ap2 loci (genotype bbdd in our nota- 
tion). No variation in the number or position of bands in 
region 2 was found although we examined many different 
accessions. The wild tetraploid and both subspecies of 
cultivated tetraploid are therefore considered to be fixed 
heterozygotes with respect to Ap2. 

Isocitric dehydrogenases (IDH). A single band, in an 
apparently uniform position, eharacterised all species 
studied. This band is presumed to be controlled by a 
single locus, Idh, with a single allele. 

Malate dehydrogenases (MDH). At least three bands 
were found in leaf extracts of the diploid species. Two 
were present in all species, did not vary in position, and 
were attributed to two loci, Mdhl and Mdh2 (Fig. 1 B). 
Three positions of the third band were detected. F1 hy- 
brids between species which differed in zymotype for this 
band showed bands of both parents plus an extra band 

of intermediate mobility. Region MDH3 thus appears to 
be a dimeric enzyme controlled by a single locus Mdh3 
with three alleles. The wild and cultivated tetraploids all 
had three bands in region 3, so were interpreted as fixed 
heterozygotes for Mdh3. 

Two additional bands, anodal to the fastest band in 
region 1, occurred in leaf extracts of two species and 
pollen extracts of all species. These bands also did not 
vary and may be post-translational modifications of the 
products of Mdhl and/or Mdh2. For the purposes of this 
analysis, these bands were not attributed to any loci. 

Malic enzyme (ME). Leaf extracts showed only a single 
band of enzyme activity, in region 1, whereas extracts of 
ground pollen showed bands in two distinct regions of 
the gel (Fig. 1 c). Pollen leachates usually had bands in 
region 2 only. This suggests that region 2 contains a 
cytosolic ME while region 1 contains an organellar ME. 
The locus coding for the organellar enzyme is designated 
Me1 and that coding for the cytosolic enzyme is designat- 
ed Me2. Only one allele was detected at Mel, but two 
were present at Me2. Pollen extracts of all plants of the 
single available accession of A. cardenasii and one of the 
two accessions of A. correntina had one band in region 1 
but two bands in region 2. These accessions were there- 
fore either uniformly heterozygous for Me2 or carried a 
duplicate Me2 locus. Neither explanation seems very 
likely, but since perennial peanuts produce very little seed 
under greenhouse conditions, even if hand-pollinated, no 
further investigations were possible. Extracts of ground 
pollen of the tetraploid species had only one band in each 
region, so in the tetraploids the duplicate loci coding for 
ME2 must both carry the same allele. 

Menadione reductases (MNR). M N R  activity occurred 
in two regions of the gel (Fig. 1 D). In region 2, leaf 
extracts of most species had a single band in one of two 
positions. F 1 hybrids between species with different band 
positions showed the two parental bands and three inter- 
mediate bands. Some plants of three of the perennial 
species also had 5-banded phenotypes in region 2. Ex- 
tracts from ground pollen of these plants had the fastest 
and the slowest bands but not the three intermediate 
bands. These data indicate that bands in region 2 are 
controlled by a single locus with two alleles, and that the 
active form of MNR2 is a tetramer. The tetraploid spe- 
cies had a single band in region 2, hence must carry the 
same allele at both Mnr2 loci. 

Bands in region I were much fainter than bands in 
region 2. Activity in this region was attributed to a differ- 
ent locus, Mnrl. Diploid species had a single band in this 
region, while the tetraploid species and a diploid inter- 
specific hybrid had two bands in region 1. These data 
suggest that MNR1 is a monomer and that the te- 
traploids are fixed heterozygotes for Mnrl. 



Fig. 1 A - H .  Composite photographs of zymograms of eight enzymes in the diploid species, diploid hybrids (arrow), and tetraploid 
species in the section Arachis. When a zymogram for one enzyme combines results from different gels, the different gels are separated 
by a small gap. Identical bands in different gels may migrate to slightly different positions. Each lane represents a single plant. The 
anode is at the top in all cases and all photographs are of anodal regions, except for peroxidases which include both anodal and 
cathodal regions. Numbers at the right hand margins of photographs indicate regions of activity controlled by different genetic loci. 
The symbols assigned to the lanes correspond to those used for species and accessions in Table 2 while the hybrids (H) are identified 
as follows: H1, A. spegazzinii 10038 (3)x A. duranensis 30065 (2b); H2, A. duranensis 30065 (2b) • A. stenosperma 408 (4); 113, 
A. spegazzinii 10038 (3)• A. duranensis 30075 (2d); H4, A. batizocoi 9484 ( la) x A. cardenasii 10017 (6); H5, A. batizocoi 9484 
(la) x A. hypogaea ssp. hypogaea (NC6, 12b); H6, A. batizoeoi 9484 (la) x A. duranensis 30065 (2b); H7, A. batizoeoi 9484 
(la) x A. glandulifera 30100 (5c). Where leaf and pollen extracts have been compared for the same accession, these are distinguished 
as follows: 1 (leaf), p (ground pollen), s, (pollen leachate). A, AP; B, MDH; C, ME; D, MNR; E, PGI; F, PGM; G, PRX; H, SKDH 
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6-phosphogluconate dehydrogenases (6-PGDH). Two in- 
variant bands of 6-PGDH activity were found in all spe- 
cies studied. 

Phosphoglucose isomerases (PGI). Two regions of activ- 
ity were found (Fig. 1 E). Region 1 contained a single 
band, whose position never varied. In region 2, three 
band positions were detected in the species examined. 
Diploid species had a single band, but hybrids between 
species with different bands had a 3-banded phenotype. 
Leaf extracts of two plants of one of the perennial species 
also had three bands in region 2, whereas extracts of 
ground pollen from these plants had two bands only 
(intermediate band absent). These results indicate that 
the active form of PGI2 is a dimer and that activity in 
region 2 is controlled by a single locus Pgi2 with three 
alleles. Activity in region I was attributed to a different 
locus, Pgil, with only one allele. 

The two subspecies of the cultivated tetraploid A. 
hypogaea differed consistently in their phenotypes for 
PGI2. Ssp. hypogaea had a single band, suggesting that 
both Pgi2 loci were homozygous for the same allele 
(allele b). Ssp.fastigiata had three bands, and so must be 
a fixed heterozygote (genotype bbcc). Both accessions of 
the wild tetraploid A. monticola had the same phenotype 
as A. hypogaea ssp. fastigiata. 

Phosphoglucomutases (PGM). There were two overlap- 
ping regions of activity for PGM (Fig. F). Bands in re- 
gion 1 were attributed to a single locus, Pgml, with three 
alleles. A second locus, Pgm2, appeared to control a 
doublet of bands, the fastest of which apparently migrat- 
ed to the same position on the gel as the slowest band in 
region 1. Two alleles were detected at Pgrn2. Phenotypes 
of F1 hybrids between species with bands in different 
positions fitted this interpretation and indicated that the 
active form of PGM is a monomer. Heterozygous pheno- 
types were observed in some plants of some wild species. 

Peroxidases (PRig). PRX isozymes migrated both an- 
odally and cathodally (Fig. 1 G). There were two anodal 
regions of activity. Region 1 contained a single invariant 
band, attributed to Prxl. Bands in region 2 occurred in 
two different positions. Diploid species produced a single 
band, while hybrids between diploids which differed in 
band position showed both bands. PRX2 is therefore a 
monomer, and is apparently controlled by a single locus, 
Prx2, with two alleles. Cathodally, there were also two 
regions of analysable activity (regions 3 and 4). Each 
diploid species had one band in each region. Phenotypes 
of hybrids between appropriate diploids indicated that 
PRX3 and PRX4 are also monomers. PRX3 is presumed 
to be controlled by a single locus, Prx3, with two alleles. 
The single available F2 population segregated for PRX4 
only, and contained three phenotypes corresponding to 

m 

those of the two parents and their F 1 hybrid. The te- 
traploids have identical genotypes at Prxl, Prx2 and 
Prx4 but differ with respect to Prx3. Ssp. hypogaea con- 
tains the same allele (b) at both duplicate loci, whereas 
ssp. fastigiata is a fixed heterozygote (aabb). Again, the 
wild tetraploid A. monticola has the same phenotype as 
ssp. fastigiata. 

Shikimic dehydrogenases (SKDH). A single region of 
activity, with bands in three different positions, occurred 
in gels stained for SKDH (Fig. IH). Diploid species had 
a single band, while tetraploids had two bands. F~ hy- 
brids between diploids with different band positions 
showed the two parental bands only. SKDH therefore 
appears to be monomeric and to be controlled by a single 
locus with three alleles. The double-banded phenotype of 
the tetraploids must then be attributed to fixed het- 
erozygosity. 

Genotypic variation within and between species 

Table 2 shows the distribution of alMes in accessions and 
species within the section Arachis. Intra-accession poly- 
morphism was very rare and, apart from one example 
(Apl in A. chacoense), consisted entirely of occasional 
heterozygous plants in an otherwise homozygous acces- 
sion. These plants were usually heterozygous at a single 
locus only. Apart from the fixed heterozygosity in the 
tetraploids, only one example of heterozygosity occurred 
in an annual species (in A. duranensis GKP 30075). All 
other examples involved the diploid perennials, A. car&- 
nasii, A. correntina, A. villosa and A. chacoense. 

Polymorphism between different accessions of the 
same species occurred in all diploids of which more than 
one accession was available. Mnrl, Pgi2 and Pgml were 
the loci most likely to vary within species. Some rare 
alleles occurred in only one accession of one species (e.g., 
Pgi2" in a single accession of A. glandulifera; Skdh ~ in a 
single accession of A. batizocoi). Certain other alleles 
were confined to a single species, but were present in all 
accessions of that species (e.g., Ap2 ~ and Prx2 ~ in A. 
batizoeoi). 

The tetraploid species contained no unique alleles. 
They showed fixed heterozygosity at four (A. hypogaea 
ssp. hypogaea) or six (A. hypogaea ssp. fastigiata and A. 
monticola) of the duplicate loci studied here. No differ- 
ences were observed within either subspecies, i.e., the 
Spanish (ssp. fastigiata vat. vulgaris) and Valencia (ssp. 
fastigiata var. fastigiata) accessions used in our analyses 
gave identical banding patterns. Grieshammer and Wyn- 
ne (1990 b) also found no consistent differences between 
Spanish and Valencia peanuts in GOT (not studied by 
us), PGI and IDH. They found variation within Virginia 
peanuts in IDH (we detected no variation in this enzyme) 
and attributed this to recent broadening of the genetic 
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Table 3. Genetic distances among the species of the section Arachis 

Species dur. speg. sten. gland, card. corr. rill. chae. sp.30008 mont. fast. hyp. 

Diploids 
batizocoi 
duranensis 
spegazzinii 
stenosperma 
gtandulifera 
cardenasii 
correntina 
villosa 
chaeoense 
sp.30008 

Tetraploids 
monticola 
ssp. fastigiata 
ssp. hypogaea 

0.37 0.33 0.42 0.28 0.37 0.30 0.25 0.37 0.32 0.22 0.22 0.25 
0.12 0.45 0.04 0.25 0.23 0.20 0.33 0.36 0.23 0.23 0.24 

0.41 0.30 0.29 0.28 0.23 0.36 0.34 0.16 0.16 0.13 
0.30 0.29 0.26 0.29 0.18 0.15 0.33 0.33 0.43 

0.22 0.33 0.28 0.35 0.26 0.13 0.13 0.17 
0.28 0.25 0.41 0.36 0.22 0.22 0.31 

0.01 0.15 0.17 0.30 0.30 0.33 
0.17 0.17 0.25 0.25 0.27 

0.12 0.26 0.26 0.27 
0.20 0.20 0.22 

0.00 0.03 
0.03 

f 
A. batizocoi [D't 

[ A. duranensis ~0 A 

A .  s p e g a z z i n i i  [ I N N  

A. glandulifera | U 

A. monticota ~ rlA.~o~o,, [, s 
] , ' p . f ~  ~" 

D 
A. cardenasii ~ PER 

t I I I 
0.387 0,332 0.277 0.22 1 

A, stenosperma ~ ANN 

P 

L_ a. villom 

A. c h a c o e n s e  

A.sp. 30008 ) L 
S 

t I I 
0.116 0,111 0,055 0 

Fig. 2. Dendrogram among 12 species of the section Arachis 
based on Nei's genetic distances calculated from data on 21 
isozyme-coding loci 

base of Virginia peanuts through intersubspecific cross- 
ing. 

When identical alleles were present at both loci in the 
tetraptoids, these were usually (but not always) most 
widespread among the diploid species. No diploid species 
or accession could be unequivocally identified as a pro- 
genitor of the tetraploids. Those most similar to the te- 
traploids were A. spegazzinii (A genome) and A. glan- 
dulifera (D genome). 

Genetic distance among species in the section Arachis 

Genetic distances were calculated between all pairs of 
species (Table 3), Cluster analysis of this matrix produced 

a dendrogram which separates the species into two 
groups, annuals versus perennials, though one perennial 
species (A. cardenasii) has been grouped with the annu- 
als, and A. stenosperma has been included with the peren- 
nials (Fig. 2). A. stenosperma is placed in the series Annu- 
ae by taxonomists but is considered by Stalker (personal 
communication) to be intermediate between the true an- 
nuals and the perennials. The two subspecies of A. hypo- 
gaea and the wild tetraploid A. monticola are separated 
by very small distances, as are A. villosa and A. cor- 
rentina. Smartt and Stalker (1982) have previously sug- 
gested that A. correntina be treated as a subspecies of A. 
villosa. Similarly A. monticola and A. hypogaea are prob- 
ably not distinct species (Pickersgill 1986). 

The most distinct species in this analysis is the only 
diploid representative of the B genome, A. batizocoi. The 
single D-genome diploid, A. glandulifera, clusters with 
the tetraploids rather than with either the A or the B 
genome diploids. 

Discussion 

Allelic diversity and differentiation 

Wild populations were not sampled directly for these 
studies, and the accessions received from germplasm col- 
lections are likely to contain much less diversity than the 
natural populations. The data reported here must there- 
fore be interpreted very cautiously. However, the limited 
heterozygosity and limited intra-accession polymor- 
phism, compared to polymorphism within or between 
the species studied, do agree with what is known of the 
breeding systems of these species. 

The annual species, both diploid and tetraploid, have 
stigmas which are automatically self-pollinated, often be- 
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fore the flower opens (Lu et al. 1990), though insect visits 
after anthesis may result in some cross-pollination. 
Recorded levels of outcrossing in the cultivated peanut 
are about 2.5% (Norden 1973). Only one heterozygote 
(other than the fixed heterozygotes found in the te- 
traploids) occurred in all the annual plants analysed. The 
perennial species have minute stigmas guarded by hairs 
which prevent self pollen reaching the stigma unless the 
flower is manipulated in some way (Lu et al. 1990). Any 
seeds set by the perennials presumably result from insect- 
mediated cross-pollination, although many of these polli- 
nations may be geitonogamous. We found several het- 
erozygotes amongst the perennials although we cannot 
determine whether both alleles at these loci occurred in 
the original wild populations or whether one was ac- 
quired by outcrossing with other accessions in the 
germplasm collections from which our seeds were ob- 
tained. 

Polymorphism occurs between, rather than within, 
accessions of both annuals and perennials in the section 
Arachis, as would be expected if both groups of species 
are effectively inbred (Gottlieb 1981). This suggests that 
in Arachis, as in other predominantly inbred herbaceous 
plants (Marshall and Brown 1975, 1983), genetic diversi- 
ty will be captured more efficiently by increasing the 
numbers of populations sampled rather than the num- 
bers of plants per population. 

Only a few alleles are diagnostic of particular species. 
However, all species (except those of doubtful taxonomic 
validity) could be identified by their multilocus geno- 
types when several enzymes were surveyed simultaneous- 
ly. Species-specific markers are particularly valuable in 
Arachis because many wild species still lack formal de- 
scriptions. Isozyme phenotypes could provide one means 
of ensuring that accessions in living collections are cor- 
rectly identified and remain true to type. 

Origin(s) of A. hypogaea 

The fixed heterozygosity present at some, but by no 
means all, of the duplicate loci in the tetraploids agrees 
with the widespread view that the tetraploids are allo- or 
segmental allo-tetraploids. It is not yet possible to deter- 
mine which allele at these duplicate loci belongs to which 
genome, hence it is not possible to propose the zymo- 
types to be expected in the diploid progenitors of the 
tetraploids. However, none of the accessions included in 
this study proved a perfect match for the isozyme charac- 
ters expected in the ancestors of the tetraploids. 

Cytological data (Smartt et al. 1978; Singh and Moss 
1984; Singh 1988) suggest that the tetraploids contain the 
A and B genomes. The only known B-genome diploid is 
A. batizocoi. The tetraploids contain three alleles (Mnrl c, 
Mnrl a and Skdh c) which we found otherwise only in A. 
batizocoi. However, the tetraploids lack two alleles (Ap2 a 

and Prx2 a) which characterised all accessions of A. bati- 
zocoi that we studied and should therefore mark the 
batizocoi genome if this is present in the tetraploids. The 
tetraploids are also monomorphic for one allele (Pgml") 
which was not present in any accession of A. batizocoi 
available to us. Studies on RFLPs (Kochert et al., 1991) 
agree with the isozyme evidence in not supporting A. 
batizocoi as a genome donor to the tetraploids. On 
isozyme evidence alone, the D-genome diploid A. glan- 
dulifera is a more plausible source of the non-A genome 
than A. batizocoL because it differs consistently from the 
tetraploids at only two of the loci studied (Mnrl and 
Skdh). However, cytological data and crossing behaviour 
appear to eliminate A. glandulifera as a progenitor of the 
tetraploids (Stalker 1991). 

The DNA studies of Kochert et al. (1991) and Hal- 
ward et al. (1992) suggest that the tetraploids might have 
arisen from a cross between two A-genome diploids, pos- 
sibly related to the annual species A. ipaensis, A. duranen- 
sis and A. spegazzinii. A. ipaensis was not included in our 
analysis, but A. spegazzinii is the A-genome species which 
is isozymically most similar to the tetraploids. It differs 
at two loci, MnrI and Pgrnl, both of which varied within, 
as well as between, species in this study. Only one acces- 
sion of A. spegazzinii was available to us, so it is possible 
that other accessions of this species may contain the 
Mnrl and PgmI alleles present in A. hypogaea. The 
isozyme data do not implicate the A-genome perennials 
as possible ancestors of the tetraploids, but do not rule 
them out either. 

The isozyme genotypes of the tetraploids may have 
diverged from those of their progenitor diploids by either 
mutation or hybridization. Mutation seems unlikely, 
since the tetraploids contain no unique alleles, but only 
alleles found in one or more of the diploid species. 
Diploid and tetraploid species of the section Arachis can 
be crossed and the F 1 may produce occasional viable 
offspring (Singh and Moss 1984). Krapovickas et al. 
(1974) described such a hybrid, involving A. batizocoi 
and A. hypogaea, which after 4 years generated some 
fully fertile tetraploid derivatives morphologically simi- 
lar to A. monticola. They suggested that A. monticola 
could therefore have originated through crossing be- 
tween A. hypogaea and a wild diploid. 

This hypothesis could explain the isozyme differences 
between the two subspecies of A. hypogaea. The original 
tetraploid could have arisen from two progenitor diploid 
species, then spread in association with man into the 
range of a third diploid, with which it hybridised to 
produce a taxonomically distinct subspecies. An alterna- 
tive possibility, which cannot be eliminated on the basis 
of our data, is that there were two independent origins of 
the tetraploids, possibly involving the same B-genome 
diploid but different A-genome species (Singh and Moss 
1984; Singh 1988). 
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Much  remains to be learned about  the dis tr ibut ion 
and diversity of  the diploid relatives of  the cultivated 
peanut.  Certainly the samples which we have studied are 
too limited to suppor t  far-reaching conclusions on the 
origin of  the tetraploids or on species relationships within 
the section Arachis. Recent  collections, which have not  
yet been mult ipl ied or distr ibuted,  reportedly include 
more undescribed species, as well as more accessions of  
some species hi therto known from very limited material.  
Study of  this new mater ial  will advance our unders tand-  
ing of  the genetic diversity and genetic resources in this 
group and may  alter the picture suggested here. 
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