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Abstract Section Arachis of the homonymous genus
includes 29 wild diploid species and two allotetraploids (A.
monticola and the domesticated peanut, A. hypogaea L.).
Although, three diVerent genomes (A, B and D) have been
proposed for diploid species with x = 10, they are still not
well characterized. Moreover, neither the relationships
among species within each genome group nor between dip-
loids and tetraploids (AABB) are completely resolved. To
tackle these issues, particularly within the A genome, in
this study the rRNA genes (5S and 18S–26S) and hetero-
chromatic bands were physically mapped using Xuorescent
in situ hybridization (FISH) in 13 species of Arachis. These
molecular cytogenetic landmarks have allowed individual
identiWcation of a set of chromosomes and were used to
construct detailed FISH-based karyotypes for each species.
The bulk of the chromosome markers mapped revealed
that, although the A genome species have a common karyo-
type structure, the species can be arranged in three groups
(La Plata River Basin, Chiquitano, and Pantanal) on the
basis of the variability observed in the heterochromatin and
18S–26S rRNA loci. Notably, these groups are consistent
with the geographical co-distribution of the species. This
coincidence is discussed on the basis of the particular
reproductive traits of the species such as autogamy and
geocarpy. Combined with geographic distribution of the

taxa, the cytogenetic data provide evidence that A. duran-
ensis is the most probable A genome ancestor of tetraploid
species. It is expected that the groups of diploid species
established, and their relation with the cultigen, may aid to
rationally select wild species with agronomic traits desir-
able for peanut breeding programs.

Introduction

Arachis is a South American native genus that comprises
around 80 annual or perennial species arranged in nine tax-
onomic sections on the basis of morphology, cross-compat-
ibility, viability of the hybrids (Krapovickas and Gregory
1994; Valls and Simpson 2005), and cytogenetics (Fernán-
dez and Krapovickas 1994). Among them, section Arachis
is one of the most derived and diverse sections of the genus.

Section Arachis comprises 29 wild diploid species
(2n = 2x = 20, 2n = 2x = 18) and two allopolyploids
(2n = 4x = 40), the cultigen A. hypogaea (peanut) and A.
monticola (Fernández and Krapovickas 1994; Lavia 1996,
1998, 2000; Peñaloza and Valls 2005). The natural distribu-
tion of these species extends in a east–west direction
between the Chapada dos Parecis in the central west of
Mato Grosso State (Brazil) and the northern edge of the
Chacoan region. From this latitudinal central axis, in the east,
the species extend toward the northeast along the Tocantins
River (central Brazil) and southward along the Paraguay–
Paraná and Uruguay River Basins (Paraguay, Argentina
and Uruguay) reaching the northern shore of La Plata
River. In the west, they are found toward the northwest
along the Mamoré and Guaporé Rivers in north Bolivia and
toward the southwest along the Parapetí, Pilcomayo, Berm-
ejo, San Francisco and Juramento River Basins in southern
Bolivia and northern Argentina.
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Within section Arachis, three diVerent genomes have
been proposed for the diploid species with x = 10 according
to their cross-compatibility and chromosome features
(Smartt et al. 1978; Singh and Moss 1982, 1984; Singh
1986; Stalker 1991; Fernández and Krapovickas 1994;
Singh and Smartt 1998). Most of these taxa have symmetric
karyotypes, largely composed of metacentric chromo-
somes, and have been assigned to either the A or the B
genomes. The A genome species are mostly perennials and
karyotypically homogeneous, characterized by a small
chromosome pair [the “A chromosome” after Husted
(1933)]. The remaining species with symmetric karyotypes,
but without the “A chromosome” pair, have been tradition-
ally assigned to the B genome (or non A genome). These
taxa are more diverse in karyotype formula and are annuals.
The D genome, exclusively borne by the annual species, A.
glandulifera (Stalker 1991), is characterized by an asym-
metric karyotype with several submetacentric and subtelo-
centric chromosomes and the absence of the A pair
(Robledo and Seijo 2008). Species with 2n = 40 are allote-
traploid with an AABB genome constitution (Gregory and
Gregory 1976, 1979; Seijo et al. 2007). Diploid species
with x = 9 are not well characterized, and their genome
constitutions still have to be determined.

The 15 wild diploid entities included within the A
genome group (Fernández and Krapovickas 1994; Lavia
1996, 2000; Peñaloza and Valls 2005; Robledo et al.
unpublished) are morphologically similar, cross compati-
ble, and produce fertile hybrids with near normal chromo-
some pairing (Smartt et al. 1978; Stalker and Wynne 1979;
Tallury et al. 2005). Based on these facts, the group has
usually been considered highly homogeneous. However,
the species inhabit extremely diverse ecological regions
and are adapted to localities with very diVerent selective
pressures; that is, from sand dunes in xerophytic chacoan
forest to the Xooded plains of the Pantanal and from equato-
rial to temperate mid latitude climates. Moreover, as
opposed to the modern peanut cultivars, that generally have
a narrow genetic base (Isleib et al. 2001), the A genome
species are genetically diverse (Kochert et al. 1991; Milla
et al. 2005) and possess a number of genes valuable for
peanut improvement, such as resistance/tolerance to early
and late leaf spot, rust, nematodes and abiotic stresses
(Burow et al. 2001; Simpson 2001; Dwivedi et al. 2007).

Concerning the origin of tetraploids, and in particular of
peanut, a number of A genome species has been consid-
ered as putative genome donors on the basis of cytogenetic
and molecular evidence (Gregory and Gregory 1976;
Smartt et al. 1978; Singh 1986, 1988; Kochert et al. 1991;
Fernández and Krapovickas 1994; Singh and Smartt 1998;
Raina and Mukai 1999; Seijo et al. 2004, 2007; Milla et al.
2005). Four of the 15 species of the group have been
proposed as parents of A. hypogaea (Krapovickas and

Rigoni 1951, A. correntina; Gregory and Gregory 1976,
A. cardenasii and A. duranensis; Smartt et al. 1978,
A. cardenasii; Singh 1986, 1988, A. duranensis; Raina
et al. 2001b, A. villosa), and others were revealed as
closely related genetically to the tetraploids (Smartt and
Gregory 1967 A. helodes; Milla et al. 2005, A. helodes and
A simpsonii). Therefore, the relatedness of wild species to
the cultigen is still unresolved, and the subject is a matter
of intense research.

In phylogenetic approaches to the study of Arachis, the
A genome species have always been treated in the context
of the whole section or of the genus, and analyses have
been principally focused on identifying peanut progenitors.
Because of the high similarity of the species’ karyotypes,
intragenomic species relatedness could not be established
in pioneering cytogenetic studies (Fernández and Krapovic-
kas 1994; Lavia 1996, 2000; Peñaloza and Valls 2005). In
view of this concern, a wide spectrum of molecular markers
have been developed and used toward constructing various
phenetic and phylogenetic schemes (Kochert et al. 1991;
Raina et al. 2001b; Gimenes et al. 2002; Moretzsohn et al.
2004; Milla et al. 2005; Tallury et al. 2005). All such analy-
ses revealed the A genome species as a natural group, but
because most of the studies included incomplete and diVer-
ent sets of species and because they were based on diVerent
methods, a comparative analysis of these reports revealed
several inconsistencies. Therefore, a realistic framework of
the species relationships within the A genome group has
still been needed.

The rRNA genes are arranged in tandem repeats and
occupy speciWc regions on one or several chromosomes.
These clusters can change rapidly, both in number and in
chromosomal location (Chung et al. 2008). Physical map-
ping by FISH of these gene clusters has proved to be a use-
ful tool in the study of plant genome organization, the
construction of reference physical maps, and for the analy-
sis of species relationships (Jiang and Gill 1994; Moscone
et al. 1999; Lim et al. 2000; Nakamura et al. 2001; Pires
et al. 2004). This approach has been used for a few species
of Arachis to demonstrate that the number of rDNA loci is
variable (Raina and Mukai 1999). The subsequent mapping
of these sites and heterochromatic bands allowed the dis-
covery of chromosome homologies among some wild spe-
cies and between the wild species and the tetraploids (Seijo
et al. 2004).

Considering the aforementioned, in the present report we
used rDNA FISH mapping and DAPI + heterochromatic
bands in somatic metaphases of 13 species with the A
genome to (1) investigate species relations by analyzing
chromosome homologies among diploids and (2) to com-
prehensively re-evaluate the putative A genome donors of
peanut by comparing the chromosome landmarks between
diploid and tetraploid species. To determine interspeciWc
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homologies, we needed to build detailed cytogenetic maps
for each species. The data provide reliable chromosome
landmarks for FISH-based maps, improve our knowledge
of the relations between the wild Arachis species and the
cultigen, and contribute to the understanding of the vari-
ability harbored in the secondary gene pool of A. hypogaea.

Materials and methods

Plant material

Seeds of the Arachis species used in this study were
obtained from the peanut germplasm collections main-
tained at the INTA Manfredi station in Córdoba, Argentina;
at the Instituto de Botánica del Nordeste in Corrientes,
Argentina; and at the Texas Agriculture Experimental Sta-
tion, Stephenville, Texas, USA. The original provenances
and voucher specimens of the samples studied are cited in
Table 1. Arachis linearifolia and A. microsperma were not
included in this analysis because either there is no material
available in the seed banks or the countries where these
species live restrict germplasm collection and exchange.
Also, A. trinitensis was excluded from the study because it
was reassigned to the B genome. Recent detailed karyotype

analysis revealed that this species lacks the A chromosome
pair (Robledo et al. unpublished). A. chiquitana (formerly
of section Procumbentes) was included in this study since
Lavia (2000) recommended its inclusion within section
Arachis on the basis of the karyotype features (A chromo-
somes and SAT chromosomes type 3) found in analyzed
specimens. The geographic distribution of the diploid spe-
cies analyzed and the center of major diversity of A. hypo-
gaea subsp. hypogaea, which is considered the most
ancestral subspecies of peanut, are shown in Fig. 1.

Chromosome preparations

Plants obtained from seeds were grown in pots under labo-
ratory conditions. Healthy root tips (5–10 mm long) of
seedlings were pretreated with 2 mM 8-hydroxyquinoline
for 3 h at room temperature (Fernández and Krapovickas
1994) and, Wxed in 3:1 absolute ethanol:glacial acetic acid
for at least 12 h at 4°C. Somatic chromosome spreads were
prepared according to Schwarzacher et al. (1980). Root api-
ces were digested in 1% (w/v) cellulose (from Trichoderma
viridae; Onozuka R-10, Serva, Heidelberg, Germany) plus
10% (v/v) pectinase dissolved in 40% glycerol (from
Aspergillus niger, Sigma, St. Louis, Missouri, USA) in
0.01 M citrate buVer, pH 4.8, at 37°C for 2 h. Subsequently,

Table 1 List of the Arachis species studied, their provenance, and life cycle

Bi L. B. Bianchetti, G W. C. Gregory, Gd I. J. de Godoy, K A. Krapovickas, P J. Pietrarelli, Po A. Pott, Ri V. A. Rigoni, S C. E. Simpson, Sa H.
T. Stalker, Sc A. Schinini, Se J. G. Seijo, Sn V. G. Solís NeVa, W W. L. Werneck, V J. F. M. Valls; CTES Corrientes, Argentina, Prov. province,
Dept. department, St. state

a annual, b biannual, p perennial

Taxon Provenance and collection number Life 
cycle

A. cardenasii Krapov. and W. C. Gregory. Bolivia, Dept. Santa Cruz, Prov. Chiquitos, Roboré. K, S, Sc 36015. (CTES) p

A. chiquitana Krapov., 
W. C. Gregory and C. E Simpson.

Bolivia, Dept. Santa Cruz, Prov. Chiquitos, San José de Chiquitos. 
K, S, Sc 36027. (CTES)

p

A. correntina (Burkart) 
Krapov. and W. C. Gregory.

Argentina, Prov. Corrientes, Dept. Ituzaingó. K, Ri, P 7897. (CTES) p

A. diogoi Hoehne. Paraguay, Dept. Alto Paraná, Puerto Casado. G, K 10602. (CTES) p

A. duranensis Krapov. and W. C. Gregory. Argentina, Prov. Salta, Dept. Metán, El Tunal. Se, Sn 2845. (CTES) a

Argentina, Prov. Salta, Dept. Anta, El Ceibalito. Se, Sn 2848. (CTES) a

Argentina, Prov. Salta, Dept. Anta, Cabeza de Anta. Se, Sn 2849. (CTES) a

A. helodes Martius ex Krapov. and Rigoni. Brazil, St. Mato Grosso, Cuiabá. K, G 30029. (CTES) p

A. herzogii Krapov., 
W. C. Gregory and C. E Simpson.

Bolivia, Dept. Santa Cruz, Prov. Chiquitos, San José de Chiquitos. 
K, S, Sc 36029. (CTES)

p

A. kempV-mercadoi Krapov., 
W. C. Gregory and C. E Simpson.

Bolivia, Dept. Santa Cruz, Prov. ÑuXo de Chavez, 
Ascension de Guarayos. K, G 30090. (CTES)

p

A. kuhlmannii Krapov. and W. C. Gregory. Brazil, St. Mato Grosso do Sul, Faz. Guanandi. V, Po, Bi 9235. (CTES) p

A. schininii Krapov. Valls and C. E Simpson. Paraguay, Dept. Amambay, Bella Vista. V, S, W 9923. (CTES) a

A. simpsonii Krapov. and W. C. Gregory. Bolivia, Dept. Santa Cruz, Prov. Sandoval, San Matías. Se, Sn 3722. (CTES) p

A. stenosperma Krapov. and W. C. Gregory. Brazil, St. Mato Grosso, Barra do Garcas. V, S, Sa, Gd, W 7762. (CTES) p

A. villosa Benth. Uruguay. S 862 (CTES) b - p
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the meristematic cells were removed from the root tip and
squashed in 45% acetic acid. After removal of the coverslip
with carbon dioxide, the slides were air dried, aged for
1–2 days at room temperature, and then kept at ¡20°C until
use.

Probe labeling and Xuorescent in situ hybridization

The 5S rDNA and 18S–26S rDNA loci were localized
using probes isolated from genomic DNA of A. hypogaea
subsp. fastigiata Waldron var. aequatoriana Krapov. and
W. C. Gregory (race Zaruma; Ecuador, Quito, collection
no.: Banks, Pietrarelli and Zurita 683) (Robledo and Seijo
2008). The 5S rDNA loci were mapped using the plasmid
clone pA5S, which contains a 326-bp fragment correspond-
ing to the 5S rRNA gene repeated unit, including the adja-
cent intergenic spacer. The 18S–26S rDNA loci were
detected using an equimolar mixture of the plasmid clones
pA18S and pA26S. The clone pA18S contains a 1,572-bp
fragment corresponding to the coding region of the 18S
rRNA gene; and the clone pA26S has a 3366-bp fragment
corresponding to the coding region of the 26S rRNA gene.
Probes were labeled by nick translation with digoxigenin-
11-dUTP (Boehringer Mannheim, Mannheim, Germany) or
biotin-11-dUTP (Sigma Aldrich, St. Louis, Missouri,
USA).

Pretreatment of preparations, chromosome and probe
denaturation, conditions for the in situ hybridization
(hybridization mixes contained DNA probes at a concentra-
tion of 2.5–3.5 ng/�L, with a stringency to allow sequences
with 80–85% identity to remain hybridized), posthybridiza-
tion washing, blocking and indirect detection with Xuoro-
chrome-conjugated antibodies were performed according to
Moscone et al. (1996). The Wrst set of antibodies consisted
of mouse anti-biotin (Dakopatts, Dako, Carpinteria, Cali-
fornia, USA) and sheep anti-digoxigenin conjugated to
Xuorescein isothiocyanate (FITC) (Boehringer Mannheim).
The second set of antibodies consisted of rabbit anti-mouse
conjugated to tetramethyl-rodamine isothiocyanate
(TRITC) (Dakopatts) and FITC-conjugated rabbit anti-
sheep (Dakopatts). Preparations were counterstained and
mounted with Vectashield medium (Vector Laboratories,
Burlingame, California, USA) containing 2 mg/mL of 4�,6-
diamidino-2-phenylindole (DAPI). The counterstaining
with DAPI revealed a C-banding-like pattern, with major
heterochromatic bands Xuorescing more intensely (cf. Seijo
et al. 2004).

Fluorescence microscopy and image acquisition

Chromosomes were analyzed and photographed with a
Leica DMRX epiXuorescence microscope (Leica, Heerbrugg,
Switzerland) equipped with a computer-assisted Leica DC
350 digital camera system. Red, green and blue images
were captured in black and white using appropriate Wlters
for TRITC, FITC, and DAPI excitation, respectively. Digi-
tal images were combined using IM 1000 Leica software
and then imported into Photoshop, version 7.0 (Adobe, San
Jose, California, USA) to process color balance, brightness,
and contrast uniformly across the image.

Karyotype analysis and loci mapping

At least three plants per species and Wve metaphase plates
per individual were used for chromosome measurements
using the free version of the MicroMeasure 3.3 program
(http://www.colostate.edu/Depts/Biology/MicroMeasure/).
The centromeric index (i = short arm length £ 100/chromo-
some length) was used to classify the chromosomes accord-
ing to Levan et al. (1964) as metacentric (m, i = 37.51–50),
submetacentric (sm, i = 25.10–37.50) and subtelocentric (st,
i = 12.51–25). Data from homologous chromosomes were
combined to mean values—Wrst among chromosomes in the
same metaphase and subsequently between chromosomes in
diVerent metaphases of each species.

Mean karyotypic values for each species were repre-
sented as haploid complements in the ideograms. Chromo-
somes were ordered primarily by morphology and then by
decreasing size. Subsequently, some chromosomes within

Fig. 1 Geographic distribution of Arachis species studied. 1
A. kempV-mercadoi; 2 A. cardenasii; 3 A. herzogii; 4 A. chiquitana; 5
A. simpsonii; 6 A. stenosperma; 7 A. helodes; 8 A. kuhlmannii; 9
A. diogoi; 10 A. schininii; 11 A. correntina; 12 A. villosa; 13 A. duran-
ensis; 14 Major center of landraces with ancestral characters of A. hyp-
ogaea. Dark grey shaded Chiquitano group, light grey shaded
Pantanal group and striped La Plata River Basin group. Dashed line
indicates the geographic distribution of section Arachis
123
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each ideogram were rearranged using the nomenclature for
the A genome of A. hypogaea and A. monticola in Seijo
et al. (2004) so as to best Wt the assumption that chromo-
somes fall into homologous groups with respect to the
heterochromatic bands and the probes used.

Results

The general karyotype features, distribution and number of
heterochromatic bands of the 5S and 18S–26S rDNA loci
mapped for 13 Arachis species with the A genome are
listed in Table 2. Representative somatic metaphases are
shown in Fig. 2, and the consensus idiograms for each spe-
cies are illustrated Fig. 3.

General karyotype features

The karyotypes of all species mainly consisted of metacen-
tric chromosomes with a mean length between 2.81 �m
(A. simpsonii) and 4.00 �m (A. kuhlmannii). Eleven entities
had a haploid karyotype formula of 9 m + 1 sm, whereas
A. correntina and A. schininii presented a formula of
8 m + 2 sm and 9 m + 1 st, respectively. The total haploid
karyotype length varied between 28.19 �m in A. simpsonii
and 39.77 �m in A. kuhlmannii (Table 2). The indexes of
intrachromosomal asymmetry (A1) ranged from 0.19 to
0.24, while the interchromosomal asymmetry (A2) ranged

from 0.13 to 0.17. DiVerences in asymmetry were mainly
due to the presence of subtelocentric or submetacentric
pairs in some species. As a whole, the karyotypes of
A. cardenasii, A. correntina and A. schininii had higher
asymmetry, while those of A. chiquitana and A. kempV-
mercadoi were the least asymmetrical (Table 2).

Heterochromatin distribution

Nine species displayed conspicuous C-DAPI + centromeric
bands in all the chromosome pairs; while A. cardenasii,
A. chiquitana, A. herzogii and A. kempV-mercadoi pre-
sented one or two pairs (A7 and A4) with small and faint
bands or without them (Fig. 2). However, the total amount
of heterochromatin was similar in all the taxa and ranged
from 10.28% (A. schininii) to 14.67% (A. simpsonii) of the
karyotype length (Table 2).

In all the species analyzed, the size of the bands in rela-
tion to the chromosome length was homogeneous in most
of the pairs, ranging from 9.33% (A. schininii) to 12.57%
(A. duranensis). Exceptions were the A9 pair, in which
the band ranged from 25.32% (A. schininii) to 46.28%
(A. kempV-mercadoi), and the submetacentric A10 pair, in
which the band ranged from 14.50% (A. correntina) to
20.12% (A. stenosperma). Arachis schininii was the only
species in which the heterochromatic band of A10 pair was
similar in relative size (9.08%) to that observed in the rest
of chromosomes of the complement.

Table 2 Karyotype features of Arachis species

Data correspond to the haploid complement

m metacentric, sm submetacentric, st subtelocentric
a Heterochromatin refers to DAPI + band
b Data correspond to the mean heterochromatin content in all chromosomes except for pairs A9 and A10

Species Karyotype 
formula

Chromosome 
length (�m), 
mean (SE)

Karyotype 
length (�m), 
mean (SE)

Asymmetry 
indexes

Heterochromatin percentage, mean (SE)a

A1 A2 Karyotype A10 pair A9 pair Other 
chromosomesb

A. cardenasii 9 m + 1 sm 3.35 (0.16) 33.57 (0.14) 0.24 0.16 11.90 (0.17) 18.31 (0.27) 39.21 (0.24) 8.82 (0.47)

A. chiquitana 9 m + 1 sm 3.32 (0.14) 33.22 (0.12) 0.19 0.14 14.07 (0.15) 19.60 (0.24) 40.89 (0.22) 11.13 (0.23)

A. correntina 8 m + 2 sm 3.28 (0.16) 32.89 (0.09) 0.24 0.16 12.09 (0.09) 14.50 (0.26) 26.11 (0.28) 10.92 (0.11)

A. diogoi 9 m + 1 sm 3.44 (0.16) 34.36 (0.18) 0.19 0.16 13.44 (0.13) 15.54 (0.34) 29.74 (0.35) 10.99 (0.11)

A. duranensis 9 m + 1 sm 2.89 (0.15) 28.95 (0.11) 0.21 0.15 14.59 (0.08) 19.83 (0.18) 33.81 (0.17) 12.57 (0.14)

A. helodes 9 m + 1 sm 2.98 (0.16) 29.48 (0.13) 0.21 0.16 12.42 (0.10) 17.03 (0.29) 33.64 (0.27) 10.61 (0.08)

A herzogii 9 m + 1 sm 3.77 (0.14) 37.48 (0.17) 0.21 0.14 12.15 (0.09) 16.41 (0.20) 42.05 (0.14) 9.65 (0.28)
A. kempV-mercadoi 9 m + 1 sm 3.56 (0.13) 35.53 (0.13) 0.20 0.13 13.85 (0.07) 17.25 (0.25) 46.28 (0.20) 10.73 (0.34)

A. kuhlmannii 9 m + 1 sm 4.00 (0.17) 39.77 (0.15) 0.22 0.17 12.92 (0.12) 19.85 (0.21) 25.97 (0.27) 11.32 (0.11)

A. schininii 9 m + 1 st 2.93 (0.13) 29.13 (0.13) 0.24 0.13 10.28 (0.18) 9.08 (1.03) 25.32 (0.16) 9.33 (0.27)

A. simpsonii 9 m + 1 sm 2.81 (0.15) 28.19 (0.07) 0.21 0.15 14.67 (0.08) 18.70 (0.18) 44.88 (0.12) 12.12 (0.17)

A. stenosperma 9 m + 1 sm 3.56 (0.15) 35.69 (0.14) 0.19 0.15 13.21 (0.14) 20.12 (0.26) 41.31 (0.19) 9.95 (0.08)

A. villosa 9 m + 1 sm 3.81 (0.16) 38.12 (0.12) 0.20 0.16 11.85 (0.12) 18.20 (0.34) 27.19 (0.14) 10.01 (0.09)
123
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Chromosome mapping of the 5S and 18S–26S rRNA genes 
by FISH

All the diploid species have only one pair of 5S rDNA sites,
localized in the interstitial position of the short arms of
medium-sized metacentric chromosomes (A3), except for
A. duranensis and A. correntina in which it is proximal
(Fig. 3). These loci covered one fourth to one third of the
length of the arms and had a strong Xuorescent signal.

In contrast to the conserved 5S loci; the number, size and
chromosomal localization of the 18S–26S rDNA sites varied
among the diploids. The number of these gene clusters

ranged from two (A. correntina, A. duranensis, A. schininii
and A. villosa) to four pairs (A. cardenasii), with size varia-
tion between the loci of each karyotype (Fig. 2). From the
detailed analysis of the 18S–26S rDNA loci several general
features of the loci distribution within the complements of
the A genome species (Fig. 3) can be discerned. Two pairs
of loci were shared by all the species, one in the long arms
of the A2 pair, and the other in the long arms of the sub-
metacentric/subtelocentric A10 pair (Fig. 2). Both loci had
a strong Xuorescent signal and were localized in proximal
position in almost all species. However, in the A10 pair of
A. herzogii and A. villosa the loci were more interstitial.

Fig. 2 Somatic metaphases of 
Arachis species after double 
Xuorescent in situ hybridization 
(FISH), showing the 5S rDNA 
loci (yellow-green signals), and 
18S-26S rDNA loci (red sig-
nals). DAPI counterstaining 
(light blue) subsequent to the 
FISH procedure was used to 
highlight the heterochromatin 
bands and to stain euchromatin. 
a A. chiquitana; b A. kempV-
mercadoi; c A. cardenasii; 
d A. herzogii; e A. diogoi; 
f A. kuhlmannii; g A. stenosper-
ma; h A. helodes; i A. simpsonii; 
j A. schininii; k A. correntina; 
l A. villosa; m A. duranensis. 
Scale bar 5 �m (color Wgure 
online)
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Nine of the 13 species had 18S–26S rDNA sites in the A7
chromosomes proximally localized on the long arms (usu-
ally in both homologous chromosomes, except in A. diogoi
and A. kuhlmannii). In addition, A. cardenasii had a fourth
pair of signals that mapped in proximal position on the long
arms of A4 chromosomes, while in A. herzogii this locus
was observed in only one of the homologous.

The size and intensity of the signals varied between spe-
cies; however, the hybridization patterns of the 18S–26S
rDNAs had some commonalities (Figs. 2, 3). In general, the
largest loci were located in A10 pair, except for A. duran-
ensis and A. correntina that were in the A2 chromosomes.
In the other species, the A2 pair carried loci of intermediate

size, while the smallest and faintest signals were borne by
the A7 and A4 chromosomes.

According to the number, size, and distribution of the
18S–26S rDNA sites and to the pattern of heterochromatic
bands three groups of species could be established (Fig. 3).
The Wrst one is the Chiquitano group, deWned by having one
or two chromosome pairs with small heterochromatic bands
or without heterochromatin, and by three to four pairs of 18S–
26S rDNA sites. This group includes A. cardenasii,
A. chiquitana, A. herzogii, and A. kempV-mercadoi. The
remaining species, which characteristically had heterochro-
matic bands in all the chromosomes, could be arranged in two
diVerent groups according to the number of 18S–26S rDNA

Fig. 3 Idiograms of Arachis species showing the distribution of 5S
(striped) and 18S–26S rDNA loci (black shaded), DAPI-enhanced
heterochromatic bands (white shaded), DAPI-pale low condensed
euchromatic regions (light grey shaded), and normally condensed
euchromatin (dark grey shaded). Genes were mapped by FISH, and
heterochromatic and diVerentially condensed euchromatic regions
were distinguished by DAPI counterstaining of the FISH preparations.
Asterisks in A4 pair of A. herzogii and A7 pair of A. diogoi and

A. kulhmannii indicate 18S–26S rDNA sites observed in only one
homolog. The ideogram of A. hypogaea/A. monticola was redrawn
from Seijo et al. 2004. In the diploid species, the chromosomes were
ordered by morphology, then according to decreasing size, except
those with tentative homologies with chromosomes of the A. hypo-
gaea. Chromosomes with similar morphology that lack any character-
istic landmark were arranged in groups. Scale bar 3 �m
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sites. One of them, the Pantanal group, includes the species
with three pairs of sites (A. diogoi, A. helodes, A. kuhlmannii,
A. simpsonii, A. stenosperma), and the other, La Plata River
Basin group, is composed of the taxa with two pairs of sites
(A. correntina, A. duranensis, A. schininii, A. villosa).

The comparative analysis of the karyotype formula,
asymmetry indices and morphology of chromosomes with
rDNAs sites showed that the species included in the Chi-
quitano and Pantanal groups are very similar in their gross
karyotype structure, while each of the taxa included in the
third group had its own particular karyotype characteristics.

Chromosomes with nucleolar organizer regions (NORs)

The number of chromosomes with active 18S–26S rDNA
clusters (that is, those clusters that remain uncondensed at
metaphase and show negative DAPI staining) was variable
between species, individuals or even between cells of one
plant, ranging from two to six per plate. In most species, the
two clusters of the A10 homologous were always active. For
the species included in the Pantanal and La Plata River Basin
groups, when additional clusters were active, the third corre-
sponded to one borne by an A2 chromosome and the fourth
to one located on an A7 chromosome. On the contrary, for
the species within the Chiquitano group, the third and fourth
active clusters corresponded to those located on the A7 chro-
mosomes, the Wfth to one on an A2 chromosome, while the
sixth to one on an A4 chromosome. Arachis duranensis and
A. correntina are exceptions to the pattern described because
the most frequently active 18S–26S rDNA sites corre-
sponded to those on the A2 pair, and additional active sites
were located on the A10 pair. Arachis cardenasii is particular
among the Chiquitano group because the third and fourth
active sites corresponded to those on the A4 pair and the Wfth
site to one located on an A2 chromosome.

Discussion

The identiWcation of genomic relations through chromo-
somal analysis is based on the idea that closely related spe-
cies may have karyotypes that are more similar than those
of species that are more distantly related. However, the
cytological data previously published for species with the A
genome (Fernández and Krapovickas 1994; Lavia 1996,
2000; Peñaloza and Valls 2005) contributed little informa-
tion toward this purpose because of the high uniformity of
the karyotypes as revealed by Feulgen staining. Our mor-
phometric analysis on metaphase chromosomes counter-
stained with DAPI (after FISH treatment) is congruent with
previous reports that all the species have very similar
karyotype formulas and that no signiWcant diVerences could
be detected for their total chromosome length and karyo-

type asymmetry indices. Therefore, we exploited the ability
to physically map DNA sequences using FISH combined
with C-DAPI banding to generate additional chromosomal
markers and to investigate species relations within the A
genome group of Arachis.

Chromosomal patterns of heterochromatin 
and 5S and 18S–26S rDNA loci

The present report gives the Wrst description of heterochro-
matic bands and rDNA loci localization for seven species,
conWrms the mapping of these loci in three, and gives addi-
tional information for clarifying the exact number and posi-
tion of the rDNA loci in two taxa for which the published
data were inconsistent. Here, we demonstrate that all the
species included in the A genome group, besides having the
small A chromosomes, have heterochromatic bands in all or
almost all the chromosomes of the complement.

The centromeric bands of heterochromatin observed in
all the species corresponded to AT-rich regions, as demon-
strated by direct staining with DAPI (G. Seijo et al. unpub-
lished). The exclusive position of the bands in the
pericentromeric regions agrees with the patterns previously
reported for a few species of the group (Raina and Mukai
1999; Seijo et al. 2004). According to the criteria used for
other plant groups (Guerra 2000), the common patterns of
heterochromatin distribution and composition observed
between these species suggest a similar genomic organiza-
tion and reXects that the species within the A genome are
phylogenetically closely related. At the chromosome
organization level in the interphasic nucleus, the equilocal-
ization of the AT-rich heterochromatic bands in the com-
plements of these species is congruent with the predictions
of Schweizer and Loidl’s model (1987) for karyotypes
composed of small chromosomes having a Rabl orientation.

The analysis of the 5S rDNA showed that the number,
chromosome location and size were highly conserved
among the complements of all the species. Our Wndings
coincide with the four previously analyzed species except
for A. stenosperma, in which we observed only one pair
instead of the two reported by Raina and Mukai (1999). In
this species, polytypic diVerences in karyotype formula and
in type of SAT chromosomes were found between Brazil-
ian plants from the Pantanal (VSSaGdW 7762, analyzed in
this work) and those from the Atlantic coast (accession
HLK 410, analyzed by Raina and Mukai 1999) (Lavia
1996; Custodio et al. 2005). Therefore, diVerences in 5S
rDNA loci may be attributed to true interpopulation varia-
tion rather than to the lack of detecting one pair of loci.

As opposed to the high homogeneity of the heterochro-
matic patterns and the 5S rDNA loci, the number and distri-
bution of the 18S–26S rDNA loci varied signiWcantly
among the 13 species analyzed. Our results are consistent
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with most of those reported previously for a few species
(Raina and Mukai 1999, Seijo et al. 2004). For those spe-
cies in which a discrepant number of loci were reported,
our results always revealed the highest; that is four sites for
A. villosa (according to Seijo et al. 2004) and eight sites for
A. cardenasii (according to Raina and Mukai 1999). In both
cases, the additional sites we detected corresponded to
small loci. The diVerences observed may correspond to the
better sensitivity of our technique, attributable to the probes
used in each experiment, although interpopulation diVer-
ences cannot be ruled out.

Even though the pattern of hybridization of rDNA loci
showed a high degree of homomorphism in the number,
intensity and size among the homologous chromosomes,
the results showed heteromorphism for the 18S–26S rDNA
in the A7 pair (A. diogoi and A. kuhlmannii) and in the A4
pair (A. herzogii). This heteromorphism could be attributed
to either a true absence of the locus, or alternatively, to the
presence of an undetected small cluster. The latter hypothe-
sis is supported because in FISH analyses the signal
strength of a particular locus is positively related to the
number of copies of the repeated sequences present in the
cluster (Moscone et al. 1999) and are generally only visual-
ized when the target DNA is larger that 10 kb.

Nucleolar organizer region

So far, only one pair of SAT chromosomes has been
reported for diploid Arachis [except for one accession of A.
kulhmanii with two (Fernández and Krapovickas 1994)]
based on classical techniques and molecular cytogenetic
experiments. A detailed analysis of metaphases showed that
some species may have two to six chromosomes with
extended DAPI-negative chromatin regions (secondary
constriction), that hybridized with the 18S–26S rDNA
probe. Decondensation of nucleolar organizer region
sequences during the interphase stage has been correlated
with transcriptional activity (Appels et al. 1986). Moreover,
it has been proposed that the appearance of stretched DAPI-
negative secondary constrictions at metaphase reXects the
remnants of decondensed ribosomal chromatin that was
transcriptionally active in the preceding cell cycle at NORs
(Suja et al. 1997; Pontes et al. 2004; Ansari et al. 2008). In
the interphasic cells of Arachis species, the 18S–26S rDNA
loci were visualized in the form of stretched or diVuse chro-
matin, indicating that the extended secondary constrictions
observed in metaphasic chromosomes correspond to loci
with transcriptional activity in the previous interphase. Var-
iation in the number of active loci per cell of any individual
in Arachis may be related to the epigenetic control of any
particular region and to the number of copies that can be
activated in each locus to accomplish particular demands of
rDNA genes transcription.

Congruence between karyotype homologies and species 
geographic distribution

This study has shown that within the A genome species of
Arachis, the number and positions of major 18S–26S
rDNA sites varied among species. These variations in
rDNA loci distribution may have phylogenetic implications
because the closeness of taxa is usually correlated with
the similarity of their rDNA FISH patterns (Hizume et al.
2002; Liu et al. 2003). Our results showed that three groups
of species could be established on the basis of the karyo-
type homeologies. More interesting is the fact that these
groups are supported by the geographic distribution of the
entities. Species within each group tend to be more closely
distributed than those belonging to diVerent groups. The
Wrst group (Chiquitano) comprised the species that grow in
the southern and western portion of the Chiquitanía biogeo-
graphic region in Santa Cruz Department of Bolivia. Some
of these species (A. cardenasii, A. herzogii, A. chiquitana)
have overlapping distribution around the San José and San-
tiago de Chiquitos ranges (S of the department); while A.
kempV-mercadoi grows in an area located at the NW of the
department (Krapovickas and Gregory 1994). Even though
these areas appear slightly disjunct (separated by around
100 km), the exact boundaries of the species ranges are still
unknown and may probably overlap to some extent. The
second group (Pantanal) includes the species distributed in
the Pantanal biogeographic region, in western Brazil,
northern Paraguay and eastern Bolivia. Arachis diogoi,
although having few known populations, has the broader
natural distribution of the group growing from the nascent
of the Paraguay River in the frontier between Mato Grosso
do Sul State (Brazil) and in the center of the Santa Cruz
department in Bolivia to Puerto Casado in northern Para-
guay. Arachis kuhlmannii lives along the northeastern and
southeastern limits of the Pantanal region, while A. helodes
and A. simpsonii are only distributed in the northeast and
northwest edges of this region, respectively. The last spe-
cies of the group, A. stenosperma, is unique because it has
a disjunct distribution with one set of populations in the
southeast of the Pantanal and the other set on the Atlantic
coast of Paraná State (Brazil). However, it has been pro-
posed that the latter populations originated as a conse-
quence of long-distance dispersal by ancient people
through what it is called the Piauí road (Krapovickas and
Gregory 1994; Custodio et al. 2005; Valls personal com-
munication). The third group (La Plata River Basin) corre-
sponds to the species distributed along the La Plata River
basin (except for the region that comprises the upper
stream of the Paraguay River in the Pantanal). These spe-
cies have a disjunct distribution separated by the Chacoan
region. One of them (A. duranensis) lives in the eastern
edge of Los Andes Mountains and the adjacent lowlands in
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the south of Bolivia and the northwest of Argentina. The
other three species grow in an area limited by the Paraná,
Paraguay, and Uruguay Rivers, from North Paraguay
toward the La Plata River in Uruguay. Arachis schininii
grows in the western lowlands of the Amambay ranges of
northern Paraguay, A. correntina in northwestern Corrien-
tes province (Argentina) and in a region of lateritic soils
close to Asunción city in Paraguay, and A. villosa on the
sandy riversides of the Uruguay River (Krapovickas and
Gregory 1994; Valls and Simpson 2005). Both areas,
although separated by around 1,000 km are linked by the
Pilcomayo, Bermejo and Salado Rivers that cross through-
out the Chacoan region in a NW–SE direction. These rivers
serve as corridors for many plant groups distributed on
both sides of the Chacoan regions (Spichiger et al. 2004;
Popolizio 1982) and probably have also acted as dispersal
pathways for Arachis species.

Of the several molecular analyses of Arachis so far, most
were focused mainly on determining the putative ancestors
of A. hypogaea and usually included few diploids species
with the A genome. Therefore, it is still diYcult to integrate
molecular data with our chromosome results. However,
support for the Pantanal group is found in most of those
reports (Kochert et al. 1991; Raina et al. 2001b; Milla et al.
2005). The Chiquitano group is the least represented in pre-
vious analyses, but whenever A. herzogii and A. kempV-
mercadoi have been included, they always clustered
together (Milla et al. 2005; Tallury et al. 2005). Our Wnding
that the La Plata River group is the most diverse agrees
with the greater genetic distance found for these species in
dendrograms constructed using molecular markers (Milla
et al. 2005). This fact may be due to their disjunct distribu-
tion and to the broader ecological regimes to which the spe-
cies are adapted—from the xerophytic subtropical sand
dunes in the western dry Chacoan region in Bolivia
(A. duranensis) to the mild to cold temperatures of La Plata
River (A. villosa).

It is important to note that despite the overlapping geo-
graphic range of many of the A genome species within each
group, it is very rare to Wnd individuals of diVerent species
living sympatrically (Seijo personal observation). This fact
may be explained by the heterogeneity that each biogeo-
graphical region has at a local scale, where diVerent soil
and vegetation types are arranged as an intermingled set of
patches with particular ecological regimes. Therefore, the
usual allopatric distribution of the Arachis species at a local
scale may be a consequence of the particular ecological
preferences of each species. This local isolation, together
with the predominance of autogamous fertilization, may
also explain the fact that, even though many species of the
A genome can be artiWcially crossed to produce hybrids of
variable fertility, to our knowledge not a single natural
hybrid has so far been identiWed.

Evolution of the 45S and 5S rDNA

Conservation of the 5S rDNA loci is not a common feature
in legumes, for which variability in number, location, or
both has been reported in the well-studied papilionaceous
genera Vicia (Raina et al. 2001a) and Phaseolus (Moscone
et al. 1999). The conserved distribution pattern of these loci
in Arachis may be a consequence of their paracentromeric
localization in the chromosomes (Martins and Galetti
2001), as opposed to other genera in which they are intersti-
tial or distal. This hypothesis is supported by the facts that
proximal regions of small chromosomes (such as those of
Arachis) are rarely involved in structural rearrangements
(Schweizer and Loidl 1987) and that most chiasmata in
wild Arachis occurred distally (Lavia et al. 2001; Rodri-
guez et al. 2004).

Variation in the size and intensity of the hybridization
signal has been inferred to reXect a diVerence in copy num-
ber of the tandemly repeated units (Li et al., 1997; Cerbah
et al. 1998; Murata et al. 1997). Copy number of rDNA has
not been determined in Arachis; however, the uniform size
of the 5S rDNA sites suggests a similar number of copies of
these genes in the clusters of all the analyzed species. By
contrast, the diverse number of sites and intensity observed
in the 45S rDNA loci suggests a variable number of gene
copies both among loci of each complement and between
species.

On the other hand, the variation in number, position, and
size of the 45S rDNA sites observed between Arachis spe-
cies suggest an active mechanism of loci re-patterning. The
general structural similarity among the karyotypes of all the
species studied suggested that major chromosome rear-
rangements are not frequent in this group. Therefore, mech-
anisms such as transposon mobility, ampliWcation of
cryptic minor rDNA sites or reduction of larger loci by
unequal crossing-over rather than chromosomal rearrange-
ments may be involved in the origin of the variation of the
45S rDNA (Schubert and Wobus 1985). Geographically,
the Amambay ranges in Mato Grosso do Sul State of Brazil
and northeast Paraguay is considered the center of origin of
the genus. From this area, the genus extended toward the
north, west and south. Within section Arachis, the species
around the Pantanal would be the ancestral, while those dis-
tributed south- and westward may be derived. Considering
this hypothesis, a reduction in the number of 45S rDNA in
southern species and an increase in sites in western species
would probably have occurred.

Genome donors of A. hypogaea

Several of the A genome species have been proposed as
the genome donors of A. hypogaea. According to the fea-
tures of the A genome of the cultigen, that has all of its
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chromosomes with conspicuous pericentromeric bands and
just two pairs of 18S–26S rDNA loci (Fig. 3), the species
included in the Chiquitano group can be excluded because
they have one or two chromosome pairs without centro-
meric bands and a high number of 18S–26S rDNA sites.
Similarly, the species of the Pantanal group are improbable
genome donors of peanut because they have more 18S–26S
rDNA loci than those observed in A. hypogaea. Within the
species included in the La Plata River Basin, A. schininii
can be easily excluded because of the presence of a subtelo-
centric chromosome pair, and A. correntina by the presence
of an additional submetacentric pair than that borne by the
A complement of A. hypogaea. Considering the remaining
two species (A. duranensis and A. villosa), even though
they are very similar in their chromosome markers, they
are the most distantly distributed taxa within the group.
Arachis duranensis lives close to B genome species like
A. ipaensis and A. batizocoi, and in the area of A. monticola.
In addition, according to the variability of the landraces of
A. hypogaea, an area comprising south Bolivia to north
Argentina is traditionally considered the primary candidate
location for the domestication of peanut, as shown in Fig. 1
(Krapovickas and Gregory 1994). Arachis villosa, however,
lives on the opposite side of the Chacoan region, very far
from any B genome species and downstream of the rivers
that cross it (which makes improbable long-distance
dispersal by Xuvialtile hydrocory toward the area of the
B genome species). Therefore, our analysis of most A
genome species of Arachis supports A. duranensis as the
most probable genome donor of A. hypogaea. These results
are in agreement with a GISH analysis in which the genome
DNA of A. duranensis hybridized more strongly with the A
genome chromosomes of A. hypogaea than with those of
A. villosa (Seijo et al. 2007). Moreover, results on amphi-
diploid resynthesis showed that when A. duranensis and
A. ipaensis are crossed and the chromosomes doubled by
colchicine, the resultant tetraploids are fertile, morphologi-
cally similar to A. monticola, and compatible with the
cultigen (Fávero et al. 2006).

In summary, we have provided detailed karyotypes of
most of the A genome species, which will contribute to the
ongoing construction of physical maps and to their
correlation with the genetic maps. The heterochromatic and
18S–26S rDNA loci patterns provide the Wrst comprehensive
analysis of the species relationship within the A genome
group, in which chromosome variability was geographically
structured, and may reXect the unique genetic system of the
Arachis species, that is autogamy and geocarpy. Addition-
ally, the results provide strong support for A. duranensis as
the most probable A genome donor of A. hypogaea.
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