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Abstract

The cytogenetic characterization of Arachis species is useful for assessing the genomes present in this genus, for
establishing the relationship among their representatives and for understanding the variability in the available
germplasm. In this study, we used fluorescence in situ hybridization (FISH) to examine the distribution patterns of
heterochromatin and rDNA genes in 12 Brazilian accessions of five species of the taxonomic section Arachis. The
heterochromatic pattern varied considerably among the species: complements with centromeric bands in all of the
chromosomes (A. hoehnei) and complements completely devoid of heterochromatin (A. gregoryi, A. magna) were
observed. The number of 45S rDNA loci ranged from two (A. gregoryi) to eight (A. glandulifera), while the number of
5S rDNA loci was more conserved and varied from two (in most species) to four (A. hoehnei). In some species one
pair of 5S rDNA loci was observed adjacent to 45S rDNA loci. The chromosomal markers revealed polymorphism in
the three species with more than one accession (A. gregoryi, A. magna and A. valida) that were tested. The previous
genome assignment for each of the species studied was confirmed, except for A. hoehnei. The intraspecific variabil-
ity observed here suggests that an exhaustive cytogenetic and taxonomic analysis is still needed for some Arachis

species.
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Introduction

Arachis L. is a South American legume genus found
in Argentina, Bolivia, Brazil, Paraguay and Uruguay. This
genus consists of 80 species arranged in nine taxonomic
sections (Krapovickas and Gregory, 1994; Lavia et al.,
2009; Valls and Simpson, 2005). Section Arachis is the
most numerous (33 species) and important since it contains
the cultivated peanut, 4. hypogaea L., and its closest wild
relatives (Moretzsohn et al., 2013). In recent years, there
has been renewed interest in the study and characterization
of wild species of the section Arachis, particularly since
prebreeding programs have shown that agronomic traits
from wild species can be introgressed into the cultivated
peanut (Simpson and Starr, 2001; Favero et al., 2006) and
used for peanut genetic improvement.

Cytogenetically, two basic chromosome numbers and
two levels of ploidy (2n=2x =18, 2n=2x =20 and 2n = 4x
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=40) have been reported for species included in the section
Arachis (Fernandez and Krapovickas, 1994; Lavia, 1996,
1998, 2000; Lavia et al., 2008; Pefialoza and Valls, 2005).
Based on the distribution patterns of heterochromatic bands
and rDNA loci, together with the morphological character-
istics and cross-compatibility relationships, the species
with 2n =20 were arranged in five genomes: A (Robledo et
al.,2009), D (Stalker, 1991; Robledo and Seijo, 2008), B, F
and K (Robledo and Seijo, 2010).

Brazil has the greatest diversity of Arachis species,
with representatives of the nine taxonomic sections. Dip-
loid species of the A, B and D genomes and many local
races of the cultivated peanut belonging to the section
Arachis have been collected throughout the country. Spe-
cies with the B and D genomes are particularly interesting
because their evolutionary relationships are poorly under-
stood and their affinities with the peanut B genome are still
unclear. Five wild species of section Arachis initially con-
sidered to have the B or D genomes (4. glandulifera Stal-
ker, 4. gregoryi C.E. Simpson, Krapov. & Valls, 4. hoehnei
Krapov. & W.C. Greg., 4. magna Krapov., W.C. Greg. &
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C.E. Simpson, and 4. valida Krapov. & W.C. Greg.) grow
in Brazil. The distribution range of A. glandulifera, A.
gregoryi and A. magna extends along the southwest of
Mato Grosso State in Brazil and the northeast of Bolivia.
Arachis hoehnei, the genomic allocation of which is still
unclear, and A. valida are currently found in western Mato
Grosso do Sul State in Brazil. The populations of these spe-
cies are usually small and isolated from other conspecific
populations. Although these species were initially well cir-
cumscribed (Krapovickas and Gregory, 1994; Valls and
Simpson, 2005), new collections have revealed interpopu-
lational morphological variability that has blurred the
interspecies boundaries.

The accessions of 4. glandulifera (D genome) ana-
lyzed so far grow in Bolivia (Stalker, 1991; Fernandez and
Krapovickas, 1994; Robledo and Seijo, 2008). Although
few accessions have been studied, cytogenetic analyses
have revealed interpopulational variability in the karyotype
formula. The only accession of 4. gregoryi (V 14753) ana-
lyzed by fluorescence in situ hybridization (FISH) had a
heterochromatin pattern similar to that of species possess-
ing the B genome (Robledo and Seijo, 2010). Arachis
hoehnei includes accessions that are morphologically simi-
lar to the type specimen. However, the few cytogenetic
studies that have examined this taxon have shown that
some populations need to be segregated into new species
because of differences in their chromosomal complement.
For example, an accession collected in Paraguay and ini-
tially considered to belong to 4. hoehnei (based on morpho-
logical evidence) has been assigned to a new species, A.
schininii Krapov., Valls & C.E. Simpson (Valls and Sim-
pson, 2005), since its chromosomal complement corre-
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sponds to that of A genome species (Pefialoza and Valls,
2005; Robledo et al., 2009).

FISH is a useful tool for characterizing Arachis spe-
cies and for providing information on the karyotype and ge-
nome evolution in this genus. The use of 5S rDNA and 45S
rDNA as probes has revealed polymorphic patterns that
have allowed the delimitation of genomes and geographic
groups within the section Arachis (Seijo et al., 2004;
Robledo and Seijo, 2008, 2010; Robledo et al., 2009), and
genome in situ hybridization (GISH) has allowed the de-
limitation of genomes and the study of polyploids in this
genus (Seijo et al., 2007).

In this work, we used FISH to examine the patterns of
heterochromatin and 5S and 45S rDNA in Brazilian species
of the section Arachis with B or D genomes in an effort to
clarify their genome composition and to provide karyo-
logical information that could be helpful in delimiting the
species involved. The findings of this study should improve
our understanding of the wild genetic resources available
under ex situ conservation in Brazil for the genetic im-
provement of peanut.

Material and Methods

Twelve Brazilian accessions of five Arachis species
maintained in the Wild Arachis Genebank at Embrapa Ge-
netic Resources and Biotechnology in Brasilia, Brazil,
were analyzed (Table 1). Roots were obtained from seeds
germinated under laboratory conditions. Root apices
(1.5 cm) were pre-treated with 2 mM 8-hydroxyquinoline
for 3 h at room temperature and then fixed in Farmer’s solu-
tion (absolute ethanol:glacial acetic acid, 3:1, v/v). Fixed
root apices were digested in a solution containing 2% cellu-

Table 1 - List of the 12 Brazilian accessions of Arachis sect. Arachis and their origins.

Arachis species BRA' Collectors’  Accession State® Municipality Lat(S) Long (W) Alt(m)
A. glandulifera Stalker 038687 VOfSv 14730 MT Vila Bela S. Trindade 15°24° 60°12° 220
A. gregoryi C.E. 012696 VSGr 6389 MT Vila Bela S. Trindade 15°19° 60°06° 210
Simpson, Krapov. & Valls 038733 VOfSv 14743 MT  VilaBelaS.Trindade  1527°  60°10° 210
040002 VS 14957 MT Vila Bela S. Trindade 15°22° 60°14° 210
A. hoehnei Krapov. & W.C. 022659 VPoBi 9146 MS Corumba 19°14° 57°16° 100
Greg.
A. magna Krapov., W.C. Greg. 033804 VSPmSv 13748 MT Porto Esperidido 16°16° 59°24° 400
& C.E. Simpson 034011 VSPmSv 13765 MT Ciceres 15°48" 5823 150
033839 VOfSv 14724 MT Vila Bela S. Trindade 15°19° 60°03° 390
033847 VOfSv 14727 MT Vila Bela S. Trindade 15°21° 60°04° 380
038750 VOfSv 14750 MT Pontes e Lacerda 15°54° 59°31° 320
A. valida Krapov. & W.C. Greg. 022667 VPoBi 9153 MS Corumba 19°11° 57°29° 100
032620  VPzRcSgSv 13514 MS Corumba 19°07° 57°32° 90

'BRA= Brazilan germplasm accession code.

2Collector abbreviations: Bi = L.B. Bianchetti; Gr = A. Gripp; Of =F.O. Freitas; Pm = R.N. Pittman; Po = A. Pott; Pz = E.A. Pizarro; Rc = R.C. Oliveira;

S = C.E. Simpson; Sg = A.K. Singh; Sv=G.P. Silva; V = J.F.M. Valls.
3Brazilian States: MS = Mato Grosso do Sul; MT = Mato Grosso.
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lase (w/v) and 2% pectinase (v/v) dissolved in 0.01 mol/L
citric acid-sodium citrate buffer (pH 4.6-4.8) and squashed
in a drop of 45% acetic acid. Coverslips were removed by
the dry-ice method and slides with metaphases were dried
at room temperature for 1-2 days. The pretreatment of
slides, the chromosome and probe denaturation for FISH
and the post-hybridization washing, blocking and indirect
detection with fluorochrome-conjugated antibodies were
done according to Moscone et al. (1996). The primary anti-
bodies consisted of mouse anti-biotin and sheep anti-digo-
xigenin conjugated to fluorescein isothiocyanate (FITC)
while the secondary antibodies consisted of rabbit anti-
mouse conjugated to tetramethyl-rodamine isothiocyanate
(TRITC) and FITC-conjugated rabbit anti-sheep. Chromo-
somal preparations were stained with 2 mg of 4’-6-dia-
midino-2-phenylindole (DAPI)/mL. The 5S rDNA and 45S
rDNA loci were localized using probes isolated from
genomic DNA of 4. hypogaea and labeled by nick transla-
tion with digoxigenin-11-dUPT or biotin-11-dUPT (Roble-
do and Seijo, 2008). DAPI counterstaining subsequent to
FISH resulted in a C banding-like pattern in which major
heterochromatin bands fluoresced more intensely (Seijo et
al., 2004). Chromosomes were viewed and photographed
with a Leica DMRX epifluorescence microscope (Leica).
Red, green and blue images were captured using appropri-
ate filters for TRICT, FITC and DAPI excitation, respec-
tively. Digital images were combined and processed using
Photoshop v.7.0 (Adobe).

Results

The 12 germplasm accessions of the five species ana-
lyzed had 2n = 2x = 20 chromosomes. Representative
metaphases after FISH treatment are illustrated in Figure 1
and a summary of the heterochromatic pattern and of the
rDNA loci is presented in Table 2.

The karyotype of the accession of A. glandulifera was
very asymmetric and consisted mainly of submetacentric or
subtelocentric chromosomes (Figure 1A). Eight pairs of
chromosomes had large blocks of heterochromatin. Most of
these bands were situated near the centromeric region in
subtelocentric chromosomes and in one metacentric chro-
mosome, while a few slightly smaller bands were observed
interstitially in two pairs of chromosomes (one subtelo-
centric and one metacentric). Eight 45S rDNA loci (four
proximal, two interstitial and two distal) were distributed in
four chromosome pairs of this accession. Six of the ob-
served sites did not correspond to secondary constrictions,
while the remaining two formed extended constrictions that
separated large satellites from the proximal segment of the
respective arms. Two large distal 5S rDNA loci were de-
tected in the long arms of one submetacentric pair of chro-
mosomes.

The complement of A. hoehnei consisted mainly of
metacentric chromosomes of similar size, except for one
pair that was almost half the size of the largest one (Figure
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IB). All of the chromosomes had large heterochromatic
bands in the centromeric region (Figure 1B). Four 45S
rDNA loci were observed in the proximal segment of the
long arm of two chromosomal pairs; three of these loci
formed extended secondary constrictions in most of the
cells analyzed. Four 5S rDNA loci were also observed.
Two of them (the larger ones) were adjacent to the 45S
rDNA loci, the former being located distally with respect to
the latter. The other two (smaller ones) were located on the
remaining chromosomes that bore 45S rDNA loci, but in
the short arms.

The accessions of A. gregoryi had symmetric karyo-
types and their chromosomes did not have centromeric
heterochromatic bands (Figure 1C-E). However, when
prometaphases were analyzed, differentially stained blocks
were observed in the centromeric region of some chromo-
somes of accession V 6389 (Figure 1D). Although these
blocks stained differentially this staining did not corre-
spond to DAPI" heterochromatin such as that seen in other
Arachis species. These blocks may simply correspond to
early chromatin condensation in the centromeric region, as
observed in some Arachis species. Two of the three acces-
sions (Figures 1D,E) had one pair of chromosomes with
proximal 45S rDNA loci located at secondary constric-
tions. The other accession of 4. gregoryi (Figure 1C) has an
additional pair with proximal 45S rDNA loci that were not
associated with secondary constrictions. The two 5S rDNA
loci detected were located proximally in the long arms of a
metacentric chromosomal pair.

The five accessions of 4. magna had chromosomal
complements that consisted exclusively of metacentric
chromosomes (Figure 1F,G). These complements were
completely deprived of heterochromatic blocks. All of the
samples had one pair of 5S rDNA loci located proximally
on the long arm of a metacentric chromosomal pair. In con-
trast, the number 0f 45S rDNA was variable. Two loci were
detected in three accessions (V 13748, V 14727 and V
14750), four in accession V 13765 and six in accession V
14724. In the latter accession and in V 14727, one pair of
45S rDNA loci was adjacent to the 5S rDNA loci.

The two accessions of A. valida analyzed had sym-
metric karyotypes (Figure 1H). There were no centromeric
bands of heterochromatin but in accession V 13514 one
heterochromatic band was located distally on the long arms
of the chromosomal pair bearing the 5S rDNA loci. The
pattern of rDNA was similar in both accessions, i.e., six
458 loci and two 5S rDNA loci, with one pair of 45S loci lo-
cated adjacent to the 5S loci.

Discussion

The Brazilian accession of A. glandulifera had a simi-
lar chromosomal complement and pattern of hetero-
chromatic bands to those found in Bolivian accessions
analyzed so far (Robledo and Seijo, 2008). The number of
45S rDNA sites was the highest detected among the species
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Figure 1 - Somatic metaphases of Brazilian acce s of Arachis, sect. Arachis, after heterochromatin detection and double fluorescence in situ hybrid-
ization (FISH) of the rDNA genes. (A) A. glandulifera (14730), (B) A. hoehnei (V 9146), (C) A. gregoryi (V 14743), (D) A. gregoryi (V 6389), (E) A.
gregoryi (V 14957), (F) A. magna (V 13765), (G) A. magna (V 14724) and (H) 4. valida (V 13514). Yellow-green fluorescein isothiocyanate (FITC) sig-
nals on the chromosomes correspond to the 5SS rDNA probe and red tetramethyl-rhodamine isothiocyanate (TRITC) signals to the 45S rDNA probe.
DAPI counterstaining (light blue) subsequent to FISH was used to highlight the heterochromatin bands and to stain euchromatin. The letter B followed by
numbers (in F and G) indicates possible homeologies between the 4. magna accessions studied here with the chromosomes of 4. ipaé In (H), B10re-
fers to the corresponding chromosomal pair of previously studied accessions of 4. valida. In the cases in which the secondary constriction is extended, the
short arm and the proximal segment of the long arm are indicated by an asterisk and the separated satellite is marked by a degree sign. The satellites and
their proximal segments are linked by a dashed red line. White arrows (in B) indicate the small metacentric pair of chromosomes. Red arrows (in G) indi-
cate telomeric 45S rDNA loci. Empty arrows (in F, G and H) show the sites at which 5S and 45S rDNA co-localize. Inserts in G and H correspond to the
chromosomes in which the 5S and 45S rDNA co-localize, with the hybridization of the 45S loci in red. White arrowheads (in H) indicate distal
heterochromatic bands. Scale bar =5 pm.
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Table 2 - Summary of the chromosomal markers detected in 12 Brazilian accessions of Arachis sect. Arachis. The number and position of rDNA loci and
heterochromatic bands are indicated in brackets. A superscript s indicates 45S loci located on the same chromosome as 5S loci but at different positions,
while those that are co-localized at the same position are indicated with an asterisk. ¢ - centromeric, d - distal, i - interstitial and p - proximal.

Arachis species Accession Number and position of loci Number of heterochromatic bands
45S rDNA 5S rDNA
A. glandulifera VOfSv 14730 8 [4p +2i +2d] 2 (d) 16 [12c and 4i]
A. gregoryi VSGr 6389 2 (p) 2 (p) -
VOfSv 14743 4(p) 2(p) -
VS 14957 2 (p) 2(p) -
A. hoehnei VPoBi 9146 4*(p) 4* (i) 20 (¢)
A. magna VSPmSv 13748 2 (p) 2 (p) -
VSPmSv 13765 4 (2% (p) 2* (p) -
VOfSv 14724 6 (2%) [4p +2d] 2* (p) -
VOfSv 14727 2* (p) 2% (p) -
VOfSv 14750 2 (p) 2 (p) -
A. valida VPoBi 9153 6 (2%) [4p + 2i] 2* (p) 2 (d)
VPzRcSgSv 13514 6 (2%) [4p + 2i] 2* (p) 2(d)

studied here and agreed with that found for one of the three
Bolivian accessions analyzed before (Robledo and Seijo,
2008). The asymmetry of the karyotype of 4. glandulifera
has been used, along with other characteristics, to propose
that this species should be assigned to the D genome (Stal-
ker, 1991). Our results confirmed that this species is pecu-
liar, not only in its gross karyotypic structure but also in the
pattern of heterochromatin and rDNA loci, as observed by
Robledo and Seijo (2008). These differences have ham-
pered the establishment of homeologies with the chromo-
somes of representative species and accessions of the other
genomes described for the section. However, based on the
limited cytogenetic data available, it appears that the D ge-
nome is more related to the K genome than to the other
genomes (Robledo and Seijo, 2008). Studies based on mo-
lecular markers have not fully clarified the relationships of
the D genome. AFLP (Tallury et al., 2005; Milla et al.,
2005), SSR (Moretzsohn et al., 2004), as well as ITS and
5.8S rDNA analyses (Bechara et al., 2010) revealed that the
D genome is closely related to K genome species, whereas
analyses of plastid #7nT-F sequences (Tallury ef al., 2005)
suggested a closer relationship of A. glandulifera with A.
williamsii (B genome) and A. benensis (F genome), al-
though with low support. Indeed, the relationships of this
genome within the section are still unclear.

The pattern of centromeric bands found in accession
V 9146 of A. hoehnei was similar to that observed in spe-
cies of the K and A genomes studied so far (Seijo ef al.,
2004; Robledo et al., 2009; Robledo and Seijo, 2010). Even
though the pair of small chromosomes observed in acces-
sion V 9146 was similar in size to that expected for “A”
chromosomes (which define the A genome), their distal
chromatin did not condense allocyclically in relation to the
proximal chromatin, as is characteristic of A chromosomes.

Molecular markers revealed that this accession shared grea-
ter similarity with species included in the A genome than
with any other taxon (Moretzsohn et al., 2013). Classic
cytogenetic analysis revealed that accession K 30006 (the
type of 4. hoehnei) did not have the A chromosome pair
(Fernandez and Krapovickas, 1994), although this pair is
present in accession V 9923 (Penaloza and Valls, 2005), al-
ready classified as 4. schininii. Based on these findings and
the information provided here, it appears that accessions
corresponding to different biological species are currently
being identified as A. hoehnei. This fact indicates that addi-
tional cytogenetic research is needed to clarify the taxo-
nomic identity of currently recognized 4. hoehnei acces-
sions (except for the type accession).

Two of the three accessions of A. gregoryi showed the
same distribution of rDNA loci previously reported by
Robledo et al. (2010); the differences related to accession V
14743 indicate some degree of variation in this species and
require additional taxonomic evaluation. However, the ab-
sence of large centromeric heterochromatic bands in the
three accessions suggests that they should be classified in
the B genome.

The fact that all of the Brazilian accessions of A.
magna analyzed here lacked heterochromatic bands was
consistent with their placement in the B genome and with
the heterochromatin pattern previously found for this spe-
cies (Robledo and Seijo, 2010). However, four of the five
accessions consistently had bristles in the stipules, as in the
type specimen of A. magna, although bristles were absent
in accession V 14724. The pattern of six 45S rDNA loci and
two 5S r DNA loci in accession V 14724 resembled that re-
ported for A. ipaénsis Krapov. & W.C. Greg. (Seijo ef al.,
2004). The possible homeologies between the chromo-
somes of this accession, currently listed under A. magna,
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with those of chromosomal pairs B3, B7 and B10 of 4.
ipaénsis are indicated in Figure 1G. The only difference is
that in accession V 14724 one pair of 45S rDNA loci is ad-
jacent to the 5S rDNA loci while in A. ipaénsis they
mapped to different arms of the same chromosome (Roble-
do and Seijo, 2010).

The accessions with bristles in the stipules, which
were morphologically closer to the type of 4. magna,
showed even more divergent patterns for the 45S rDNA
loci: V 13765 had four and V 13748,V 14727 and V 14750
had two each. Indeed, none of the foregoing Brazilian ac-
cessions had the eight 45S rDNA loci originally described
for A. magna (Robledo and Seijo, 2010) and at least one of
them appeared to be more closely related to A. ipaénsis.

The findings of this study indicate that a more exten-
sive cytogenetic and morphological analysis of a larger set
of A. magna populations, possibly also including some of
those listed under 4. gregoryi, is needed to precisely define
the B genome taxa. Such an analysis may have an impact in
defining the origin of peanuts since 4. ipaénsis (represented
in genebanks by a single accession to date) has been estab-
lished as the wild donor of the B genome of the cultigen
(Grabiele et al., 2012).

The absence of heterochromatic bands in the two ac-
cessions of 4. valida confirmed the inclusion of this species
in the B genome, as previously proposed (Robledo and
Seijo, 2010). The distally located heterochromatic band on
the long arm of chromosomes bearing the 5S rDNA loci de-
tected in accession V 13514 reinforced the similarity with
the previously described features of the species (Robledo
and Seijo, 2010). However, the 45S rDNA pattern differed
with regard to the number and distribution of loci. The lack
of one of the two 45S rDNA loci previously detected in
chromosome B10 and the presence of a 45S rDNA locus
adjacent to the 5S rDNA loci are very distinctive features of
the accessions analyzed here, a surprising finding since
they are basically sympatric with those analyzed by Roble-
do and Seijo (2010). Accessions KG 30011 and 30147,
both of which have been studied before, and V 9153 and V
13514 where collected in the field in 1976, 1977, 1985 and
1994, respectively, in the same area, no more than three ki-
lometers distant from each other. Cytological data on A.
valida include references to the presence of two pairs of
satellited chromosomes in KG 30147 (Fernandez and
Krapovickas, 1994) and V 13514 (Pefialoza, 2000). The
intraspecific structural polymorphism shown by sympatric
accessions of 4. valida certainly deserves further investiga-
tion.

Conclusions

The genome assignation of the Arachis species here
analyzed was confirmed, except for 4. hoehnei. The cyto-
genetic data obtained for each accession revealed intra-
specific variability in most of the species, both in the
number and distribution of rDNA loci. For the particular
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cases of 4. magna and A. gregoryi, our results suggest that
an exhaustive cytogenetic and taxonomic analysis of the
accession identified under each name is still needed to pre-
cisely delimit the respective species.
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