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Abstract Section Arachis is the largest of nine sections in
the genus Arachis and includes domesticated peanut, A.
hypogaea L. Most species are diploids (x=10) with two
tetraploids and a few aneuploids. Three genome types
have been recognized in this section (A, B and D), but
the genomes are not well characterized and relationships
of several newly described species are uncertain. To
clarify genomic relationships in section Arachis, cyto-
genetic information and molecular data from amplified
fragment length polymorphism (AFLP) and the #rnT-F
plastid region were used to provide an additional insight
into genome composition and species relationships.
Cytogenetic information supports earlier observations
on genome types of A. cruziana, A. herzogii, A. kempff-
mercadoi and A. kuhlmannii but was inconclusive about
the genome composition of A. benensis, A. hoehnei, A.
ipaensis, A. palustris, A. praecox and A. williamsii. An
AFLP dendrogram resolved species into four major
clusters and showed A. hypogaea grouping closely with
A. ipaensis and A. williamsii. Sequence data of the trnT-
F region provided genome-specific information and
showed for the first time that the B and D genomes are
more closely related to each other than to the A genome.
Integration of information from cytogenetics and bipa-
rentally and maternally inherited genomic regions show
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promise in understanding genome types and relation-
ships in Arachis.

Introduction

Peanut or groundnut, Arachis hypogaea L., is a semi-
tropical legume native to South America and is currently
cultivated in more than 100 countries. The genus Arachis
contains 70-80 species (Krapovickas and Gregory 1994;
C. E. Simpson, personal communication). Most species
in the genus are diploid (2n=2x=20), but tetraploid
(2n=4x=40) and aneuploid (2n=2x=18) species also
have been described (Krapovickas and Gregory 1994;
Lavia 1998). These species are grouped into nine sections
based on morphological characters and geographical
distribution (Krapovickas and Gregory 1994). Section
Arachis is the largest with 26 species and also includes
the allotetraploid cultivated species, A. hypogaea. Most
species of section Arachis possess an A genome, with
only a few having a B and one with a D genome (Smartt
et al. 1978; Stalker 1991; Holbrook and Stalker 2003).
The A-genome species are characterized by the presence
of a small chromosome pair that is lacking in B and D
genome species (Smartt et al. 1978; Stalker 1991). Fur-
ther, the D-genome species, A. glandulifera, has an
asymmetrical karyotype as compared to A and B gen-
ome species (Stalker 1991). Historically, genome analysis
in section Arachis has included somatic karyotyping
using rapidly dividing cells from root tip squashes
stained with basic fuchsin/aceto-carmine (Stalker and
Dalmacio 1981; Singh and Moss 1982). However, such
conventional karyotyping is highly laborious and may
result in ambiguous conclusions about species relation-
ships. Consequently, a series of studies were conducted
to understand the phylogenetic relationships among
species in section Arachis using characters from mor-
phology (Stalker 1990), isozyme variation (Griesham-
mer and Wynne 1990; Lu and Pickersgill 1993; Stalker
et al. 1994), seed storage proteins (Singh et al. 1991;
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Bianchi-Hall et al. 1993), restriction fragment length
polymorphisms (RFLPs) (Halward et al. 1991; Kochert
et al. 1991; Paik-Ro et al. 1992), simple sequence repeats
(SSRs) (Hopkins et al. 1999), randomly amplified poly-
morphic DNAs (RAPDs) (Halward et al. 1992; Lanham
et al. 1992; Hilu and Stalker 1995), amplified fragment
length polymorphisms (AFLPs) (Milla et al. 2005) and
in situ hybridization (Raina and Mukai 1999). However,
ambiguities remain concerning species and genome
relationships due to incongruence and/or incomplete
resolution caused by the nature of the methods used in
these studies. Furthermore, these methods did not gen-
erate fingerprinting characters for the three genomes in
section Arachis.

In theory, the 26 species of section Arachis are cross
compatible with 4. hypogaea, but few attempts have
been made to hybridize these species with peanut and/
or other A and B genome species to clarify genome
identities and species relationships. Although such
information is available for the originally described
section Arachis species (Stalker et al. 1991), it is lack-
ing for many of the newly described species. Thus, the
objective of this study is to provide insight into gen-
ome composition and species relationships in section
Arachis, with emphasis on newly described species of
uncertain genomes. Conventional cytogenetic ap-
proaches such as crossability, male fertility and chro-
mosomal associations in F; hybrids, and molecular
information from AFLPs and the plastid #rnT-F region
are compared and analyzed to assess genome and
species relationships.

Materials and methods
Plant materials

Cytogenetic experiments involved 12 of the 13 diploid
species of section Arachis; excluded one was the D
genome species, A. glandulifera (Table 1). The trnT-F
and AFLP studies included all the 13 species, and also
representatives of the six botanical varieties of 4. hyp-
ogaea as well as additional accessions of A. duranensis
(A genome, KGBSPSc 30073) and A. glandulifera (D
genome, KGSSc 30091 and KGSSc 30098). Addition-
ally, four interspecific F; hybrids (Table 1) were also
examined in the #rnT-F study to determine the inheri-
tance of the plastid genome in Arachis.

Crossability study

Arachis duranensis and A. batizocoi were used as repre-
sentative A and B genome female tester species, respec-
tively, to make crosses with 10 newly described species of
uncertain genome types. The principal reasons for
choosing the tester species are due to the fact that A.
duranensis contains the small chromosome pair charac-
teristic of A-genome species, and that A. batizocoi is the
original B-genome species described. These species are
easily hybridized with other section Arachis species when
compared to earlier published data which used the same
accessions as tester species (Stalker 1991). The crossing

Table 1 Plant materials

analyzed for genome Arachis species

Collector no. PI no. or line

identification and affinities
. duranensis

. duranensis

. batizocoi

. benensis

. cruziana

herzogii

. hoehnei

ipaensis
kempff-mercadoi

. kuhlmannii

. palustris

. praecox

. williamsii

. glandulifera

. glandulifera

. hypogaea Var. hypogaea
. hypogaea Var. hirsuta

. hypogaea Var. fastigiata
. hypogaea Var. vulgaris

. hypogaea Var. peruviana
. hypogaea Var. aequatoriana

F,; Hybrids

N N N N N N N N N Y Y S NN

K 7988 PI 219823
KGBSPSc 30073 PI 468319
K 9484 PI 298639
KGSPSc 35005 PI1475877
KSSc 36024 PI 476003
KSSc 36029 PI 476008
KG 30006 PI 468150
KGBSPSc 30076 PI 468322
KGSSc 30088 PI 468333
VKSSv 8888 -
VPmSv 13023 -
VSGr 6416 PI 476128
WiCla 1118 -
KGSSc 30091 PI 468336
K GSSc 30098 PI 468341
PI 339954& NC 4
PI 501296
PI 339960& NM Valencia C
PI 261924

PI 590455& PI 275751
PI 497615& Grif. 12581

A.batizocoi X A. duranensis (KGBSPSc 30073)
A.duranensis (KGBSPSc 30073) x A. batizocoi
A.duranensis (K 7988) x A. ipaensis

A. glandulifera (KGSSc 30091) x A. herzogii




program was conducted during the summer of 1999 in
the North Carolina State University greenhouses. Plants
were grown in plastic flats. Unopened flower buds of
female parents were emasculated between 3:00 and 5:00
p.M. and pollinations were completed between 8:00 and
10:00 a.m. the following morning. Unemasculated flower
buds were removed throughout the flowering period.
The number of pollinated flowers for each cross was
recorded daily and the number of pegs formed after
pollinations was recorded weekly (Table 2). The for-
mation of pegs following pollinations is an indication of
successful fertilization; and formation of pods with a
mature seed is regarded as a measure of compatibilty of
parental genomes. About 60 days after the last pollina-
tion, pods were harvested, dried and the numbers of
seeds were recorded. Crossability percentage was calcu-
lated from the total number of pods harvested divided
by the total number of pollinations performed (Table 2).

Male fertility (pollen viability)

F, hybrid seeds from the crossability study were planted
in pots in the greenhouse and a single flower was har-
vested between 8:00 and 8:30 AM. in two different days
from each plant. Pollen was squeezed out of the anthers
onto a glass slide and stained with 2% aceto-carmine for
about 2 h. Using a light microscope, darkly stained,
well-formed and large pollen grains were considered
viable whereas unstained, misshaped pollen grains were
classified as non-viable. Percentage of viable pollen was
calculated as the average of viable/total pollen grains of
the two flowers and used as an indicator of pollen via-
bility or male fertility.
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Chromosomal associations in F; hybrids

Immature flower buds were collected between 8:00 and
9:00 AM. and fixed in a 1:3:6 mixture of glacial acetic
acid: chloroform: 70% ethyl alcohol for 48 h, trans-
ferred to 70% alcohol, and stored in a refrigerator.
Anthers were squashed in a drop of 2% aceto-carmine,
and chromosomal associations for each cross were ob-
served in microsporocytes at metaphase I and recorded
as univalents (I), bivalents (II), trivalents (III) and
quadrivalents (IV) (Table 3).

Molecular experiments

Genomic DNA was extracted from fresh leaf material
following Johnson et al. (1995) and Milla et al. (2005),
and stored at —80°C.

AFLP study

PCR amplification and AFLP analysis was conducted
on 13 diploid species of Arachis and 10 genotypes of 4.
hypogaea (Table 1) following Milla et al. (2005). Eight
primer combinations, viz., E-AAC + M-CAT, E-
ACG + M-CAA, E-ACT + M-CAA, E-ACT + M-
CAC, E-ACT + M-CAG, E-ACT + M-CAT,
E-AGT + M-CTA, and E-ATC + M-CGC (Sigma
Genosys, The Woodlands, TX) were used to generate
AFLP fingerprints. AFLP fragments were separated on
a LI-COR 4200 DNA Analyzer Sequencer on 25 cm gels
using 8% denaturing polyacrylamide gels. Near-infra-
red-labeled size standards (LI-COR Inc. Lincoln, NE)

Table 2 Crossability of Arachis

species with representative A Cross Pollinations no. Pegs no. Pods no. Pods/pollinations %

(A. duranensis) and B (4.

batizocoi) genome tester species  A. duranensis (A)
X
A. benensis 44 26 17* 39¢
A. cruziana 42 19 21% 50*
A. herzogii 35 22 8 23
A. hoehnei 38 23 4 11
A. ipaensis 27 15 15 56
A. kempff-mercadoi 26 12 4 15
A. kuhlmannii 29 16 7 24
A. palustris 34 23 12* 35%
A. praecox 20 8 5¢ 25%
A. williamsii 43 24 19 44
A. batizocoi (B)
X
A. benensis 38 21 17* 454
A. cruziana 41 24 23 56
A. herzogii 33 15 7 21
A. hoehnei 27 14 7 26
A. ipaensis 26 14 14 54
A. kempff-mercadoi 34 12 7 21
A. kuhlmannii 27 15 6 22°
A. palustris 31 11 1 354

a A. praecox 17 9 9* 53%

Aborted seeds A. williamsii 29 14 8 28

®Plants did not survive
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Table 3 Pollen viability and

chromosomal associations in F;  Cross Pollen No. of cells Mean chromosome associations
hybrids of Arachis species with viability® analyzed
representative A (A4. duranensis) I I I v
and B (4. batizocoi) genome
tester species A. duranensis (A)
X
A. herzogii 42.9 53 0.5 9.7 0 0.02
A. hoehnei 17.3 8 8.8 5.6 0 0
A. ipaensis 7.1 30 6.3 6.8 0 0
A. kempff-mercadoi 72.0 30 0 10.0 0 0
A. kuhlmannii 58.6 26 0.1 9.9 0 0
A. williamsii 36.8 37 5.4 7.3 0 0
A. batizocoi (B)
X
A. cruziana 36.4 21 0.3 9.9 0 0
A. herzogii 1.0 10 7.6 6.2 0 0
A. hoehnei 1.0 30 3.9 8.0 0 0
A. ipaensis 4.0 20 5.7 6.9 0.2 0
) . A. kempff-mercadoi 1.0 12 9.0 5.5 0 0
“Average of viable pollen/total 4 \yijjiamsii 22 12 8.3 5.8 0 0

pollen grains of two flowers

were loaded on each gel for sizing of the AFLP frag-
ments. The AFLP-Quantar 1.0 (Keygene Products B.V.,
Wageningen, The Netherlands) software package was
used to score the presence or absence of distinct,
reproducible, and unambiguously resolved bands. The
scored bands were visually checked to confirm the con-
sistency of the amplified fragments. Fragments were
scored as a binary unit character (present = 1; absent =
0). A genetic similarity matrix using simple matching
coefficient was generated using NTSYSpc 2.02i and a
dendrogram was computed using the unweighted pair-
group method with arithmetic averages (UPGMA)
clustering method (Rohlf 1998).

The trnT-F study

PCR-amplifications (PTC-100, MJ Research, Waltham,
MA) were performed in 50 pl-reactions containing
1.5 U Taq DNA polymerase (Qiagen, Inc., Valencia,
CA), 1.0 mM dNTPs mix in each 0.25 mM, 1x buffer,
2.0 mM MgCl, and 10 pmol of each amplification pri-
mer, using the primer combination a/b or ¢/f (Taberlet
et al. 1991). Amplification conditions were: 34 cycles of
94°C (1 min) denaturation, 52°C (1 min) annealing,
72°C (2 min) extension, and a 15 min final extension
(72°C). The targeted fragments were either resolved on
1% agarose gel, excised and cleaned using the QIAquick
extraction kit (Qiagen) or directly purified using the
QIAquick PCR purification kit. Cycle sequencing was
performed using the Big Dye Terminator Ready Reac-
tion Kit employing the standard protocol. Extension
products were electrophoresed on Applied Biosystems
373, 377 or 3100 automated sequencers (Applied Bio-
systems Inc., Foster City, CA).

Sequences were aligned manually using QuickAlign
(Miiller 2000), according to the alignment rules laid out
in Kelchner 2000 and Borsch et al. 2003. To illustrate
the phylogenetic information provided by indels in the
data matrix, indels were coded as present = 1 and

absent = 0 and included in Table 4. Phylogenetic
reconstructions based on maximum likelihood (ML)
were conducted with winPAUP*4.0b10 (Swofford 2002),
assuming a general time reversible model (GTR + G +1)
and a rate variation among sites following a gamma
distribution (four categories represented by mean). The
phylogram is unrooted to avoid problems concerning
the choice of potential out-groups; thus, insertion or
deletion (indel) events cannot be determined. Measures
of support for individual clades were based on heuristic
bootstrap searches under likelihood with 500 replicates
and the same options in effect.

Results
Cytogenetic analysis
A. duranensis (A genome) X Arachis species hybrids

The crossability percentages of A. duranensis with the 10
Arachis species ranged from 11% in A. duranensis X A.
hoehnei to 56% in A. duranensis X A. ipaensis (Table 2).
However, four of the 10 crosses (with A. benensis, A.
cruziana, A. palustris, and A. praecox) produced pods
with aborted seeds. Of the remaining six 4. duranensis
hybrids, A. duranensis X A. kempff-mercadoi had the
highest pollen viability (72%) followed by A. duranen-
sis X A. kuhlmannii (59%), A. duranensis X A. herzogii
(43%), and A. duranensis x A. williamsii (37%). The
pollen viability was only 17.3% in A. duranensis X A.
hoehnei, and the lowest pollen viability of 7.1% was
observed in A. duranensis X A. ipaensis (Table 3). The
hybrids with the highest mean bivalent associations in-
cluded the three species, A. kempff-mercadoi (10.0),
A. kuhlmannii (9.9) and A. herzogii (9.7). The mean
number of bivalents ranged from 5.6 to 7.3 in the other
three species hybrids, with corresponding correlation
between low bivalent associations and lower male fer-
tility (Table 3).
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Table 4 Summary of characteristic substitutions and indels observed in the #7nT-F alignment. For illustration, one state for each character

(presence = 1; absence = 0) are shown in bold

Species and hybrids ~ Substitutions Indels
21bp S5bp 4bp 6bp 2bp

A. duranensis 30073 A A AAA A G A G C C A A G C G G G G 1 0 1 1 0
A. duranensis 7988 A A AAA A G A G CCAAGTCGGGG 1 0 1 1 0
Hybrid 7988x30076 A A AAA A G A G C C A A G C G G G G 1 0 1 1 0
A. kuhlmannii A A AAA A G A GCZCAAGCGG GGG 1 1 1 1 0
A. kempff-mercadoi A A AAA A G C G CCAAGZCGG GGG 1 1 1 1 0
A. herzogii A A AAA A G CGCZCAAGCGG GGG 1 0 1 1 0
Hybrid 30073x9484¢ A A AAA A G A G C C A A G C G G G G 1 0 1 1 0
A. hypogaea A A AAA A G AT CUCAAGTCGG GGG 1 0 1 1 0
A. hoehnei A A AAA A G A GCZCAAGTCGGGGO 0 1 1 0
A. praecox A T AAA T C A G CTACCGGGGGDO 0 0 1 1
A. palustris A T TIC T C A G C T A CC G G G G G o 0 0 1 1
A. benensis AT AAA T C A G CTCOCCGGUGGZCO 0 0 0 0
A. williamsii A T AAA T C A G CCCCZCGGGGT«CO 0 0 0 0
A. glandulifera 30098 A T AAA T C A G C T € ¢ C G G G G C o 0 0 0 0
A. glandulifera 30091 A T AAA T C A G C T € C C G G G T C 0 0 0 0 0
Hybrid 30091x36029 A T AAA T C A G C T € € C G G G T C 0 0 0 0 0
A. ipaensis A T TIC T C A G G T A CC G G G G G o0 0 0 0 0
A. cruziana T T TIC T C AT GT A CCGT G G G 0 0 0 0 0
A. batizocoi 9484 T T TTC T C A T G T A C C G T A G G 0 0 0 0 0
Hybrid 9484x30073 T T TIC T C A T G T A C C G T A G G 0 0 0 0 0

A. batizocoi (B genome) X Arachis species hybrids

The crossability percentages of A. batizocoi with the 10
Arachis species ranged from 21% in A. batizocoi x A.
herzogii and A. batizocoi X A. kempff-mercadoi crosses,
to 56% in A. batizocoi X A. cruziana cross (Table 2). The
A. benensis, A. palustris and A. praecox crosses resulted
in pods with aborted seeds and the hybrid seedlings of A4.
batizocoi X A. kuhlmannii died prior to flowering. Thus,
no cytological data are available for these hybrid com-
binations. The remaining six crosses resulted in pods
with mature seeds. In contrast to the A. duranensis hy-
brids, the male fertility of hybrids with A. batizocoi was
significantly lower (Table 3). Only A. batizocoi X A.
cruziana was semi-fertile (36%), whereas each of the
remaining five hybrids had less than 5% pollen viability
(Table 3). The A. batizocoi X A. cruziana hybrid had
mean chromosomal distribution of 0.3 T and 9.9 II
(Table 3). The remaining hybrids displayed more univ-
alents, ranging from 3.9 in A4. batizocoi X A. hoehnei to
9.0 in A. batizocoi x A. kempff-mercadoi, with corre-
spondingly lower male fertility (Table 3).

AFLP analysis

A total of 239 unambiguously resolved, distinct and
reproducible bands were scored from the amplifications of
A. hypogaea and the 13 diploid Arachis species (Table 1).
The scored bands ranged in size from 65 to 760 bp and the
number of scored loci averaged 30 (range = 14 to47). The
reproducibility of banding patterns was confirmed by
duplicate AFLP experiments from 10 random samples
with the same eight primer combinations previously
mentioned. The mean reproducibility (calculated as

percentage of identical bands in the two repeats) ranged
from 96 to 100%. The dendrogram generated from AFLP
data grouped A. hypogaea genotypes in a tight cluster with
similarity coefficients (SC) of 0.96-1.0 (Fig. 1). Arachis
ipaensis and A. williamsii clustered closely (SC 0.84) and
appeared in the same major cluster with 4. hypogaea. The
remaining species formed three major clusters with
A. benensis being the only monospecific cluster. These
clusters were associated with the A. hypogaea-A. ipaen-
sisA. williamsii cluster at the lowest SC value (0.60). One of
the three major clusters included the B genome tester
species A. batizocoi tightly associated (SC 0.92) with the D
genome species 4. glandulifera, and these two species were
most closely linked to A. cruziana (Fig. 1). In a second
major group, one subcluster showed the A genome tester
species, A. duranensis linked to A. herzogii, A. kempff-
mercadoi and A. kuhlmannii and the second subcluster had
A. hoehnei joining at a relatively low SC (0.74) to a tight
cluster of the two aneuploid species A. palustris and
A. praecox.

Phylogenetic analyses of the plastid trnT-F sequences

In total, the sequence alignment comprised of 1949
characters, of which 927 belonged to the rnT-L spacer
(901-924 bp), 568 to the trnL intron, and 369 to the
trnL-F spacer (344-364 bp). Together, both #rnL exons
contributed 85 characters to the matrix. Of the 1949
characters, only 36 were variable, of which 23 were
potentially parsimony informative. Sequence alignment
of the #rnT-F plastid region among species revealed
major and minor insertion and deletion events (indels) as
well as nucleotide substitutions that are effective as
markers for identifying genome types in section Arachis
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Pl 339954
Pl 501296
Pl 275751
Grif 12581
Pl 497615
Pl 590455
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NM Val C

Pl 261924

Pl 339960
A paensis

A. williamsi

A cruziana

A. duranensis
A herzogii
A. kempit-mercadoi

A kuhimannii

A hoehnei
I A palustris

A. praecox
A. benensis

T
0.80

I 1
0.90 1.00

Similarity Coefficient

Fig. 1 Dendrogram representing grouping of Arachis species based on UPGMA analysis of AFLP data. See details of accession numbers

for A. hypogaea in Table 1

(Table 4). The A genome is characterized by a large
indel of 21 bp in the #rnT-L spacer, as well as by a 4-bp
indel in the trnL-F spacer. The B and D genomes share a
6-bp indel in the #rnL-F spacer whereas the two aneu-
ploid species, A. praecox and A. palustris, share a 2-bp
indel in the #rnl-F spacer.

The unrooted ML tree (Lscore 2820.28851) resolved
three major groups that correspond to the A, B and D
genome species (Fig. 2). The B and D genome species
were sister groups, with 4. praecox sister to both. Within
the B genome (83%), A. palustris retained a basal posi-
tion, followed by A. ipaensis (67%) and A. cruziana plus
A. batizocoi (96%). The D genome clade included A4.
glandulifera, A. williamsii, and A. benensis with relatively
low support (69%). Resolution within the A genome
clade was not high. Arachis kempff-mercadoi was close to
A. herzogii, and the two were separated from other A
genome species by 64% support. Appearing in a poly-
tomy in this clade are A. duranensis, A. kuhlmannii, A.
hoehnei and A. hypogaea.

As expected, all hybrids including reciprocals,
grouped with their maternal parent. For example, A.
duranensis (30073) X A. batizocoi (9484) hybrid grouped
with its maternal parent, A. duranensis, and the re-
ciprocal A. batizocoi (9484) x A. duranensis (30073)
grouped with A4. batizocoi (Fig. 2).

Discussion

An assumption in genome analysis studies is that species
with similar genomes (homologous genomes) show high
rates of crossability as opposed to those with dissimilar
genomic backgrounds. Consequently, the resulting hy-
brids are expected to have regular meiosis and high male
(pollen) fertility. On the basis of these assumptions
alone, one can conclude that A. benensis, A. palustris and
A. praecox have significantly divergent genomes from
either of the A and B genome tester species because none
of the harvested pods in the hybrids contained viable
seeds. Arachis benensis is a 20-chromosome species, and
a preliminary karyotype (data not presented) showed
that it has a small pair of chromosomes similar to those
in the A genome species. Hybrids between this species
and the A- and B-genome tester species resulted in pods
without seeds. Arachis benensis has a unique AFLP
fingerprint and appeared as a distinct lineage (Fig. 1),
supporting the genomic divergence observed in the
cytogenetic study. Although the #rnT-F analysis resolved
the affinity of A. benensis with the D genome group, the
support for this relationship is low (bootstrap 69% and
56%). Further investigations are needed to determine
whether A. benensis is a hybrid species or a taxon with a
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Fig. 2 Maximum likelihood tree (GTR + G+ I, Lscore 2820.28851) showing the relationships of the different genomes (A, B, and D)
based on the trnT-F region. Bootstrap support >50% is given along the branches

unique genome. On the other hand, 4. palustris and A.
praecox are aneuploids with a chromosome number of
2n=2x=18 (Lavia 1998) as opposed to 2n=2x=20 in
the two tester species. This difference in chromosome
number presumably resulted in genetic imbalances in the
hybrid embryo and led to abortion. Consequently,
cytogenetic results are inconclusive about the genome
type and the affinities of these two species. Lavia (1998)
concluded that these two species lack the small pair of
chromosomes characteristic of the A genome species.
Therefore, they could either be aneuploids derived from
an A genome species by losing that pair of chromo-
somes, or they were possibly derived from one of the
other genome species. The close grouping in the trnT-F
phylogram of A. praecox and A. palustris with the B and
D clades indicates a close association with these ge-
nomes. Although the pattern of genome evolution can-
not be assumed because the ML tree is not rooted in this
study, the long branch between them and the A genome
lineage underscores high genomic divergence (Fig. 2).
Cytogenetic evidence indicates that A. duranensis has
relatively more genome similarity to 4. kempff-mercadoi
(10 II and 72% male fertility) than to either A. kuhl-
mannii or A. herzogii (Table 3). Both #rnT-F and AFLP
results demonstrate the strong genetic relationships be-
tween A. duranensis and these three species. Information
from cytogenetics, AFLP and #nT-F (substitutions and

indels) demonstrate that 4. herzogii, A. kempff-mercadoi
and A. kuhlmannii possess the A genome.

The placement of A. hoehnei in the A genome clade in
the trnT-F phylogram (Fig. 2) is supported by a 4-bp
indel shared between A. hoehnei and the A genome
species (Table 4). This species was linked to the aneu-
ploid species cluster in the AFLP dendrogram, which in
turn was close to the A genome species cluster (including
A. duranensis, A. herzogii, A. kempff-mercadoi, and A.
kuhlmannii). The AFLP phenetic association is congru-
ent with the phylogenetic relationship depicted by the
trnT-F phylogram. In contrast, hybrids between A.
hoehnei and A. batizocoi displayed a mean chromosome
association of 8 II compared with 5.6 with the A genome
tester species, pointing to relatively higher chromosomal
homology with the B genome species. As a result, the
genomic affinity of A. hoehnei remains unresolved.

The genomes of A. ipaensis and A. williamsii appear
intermediate between the A and B genome tester species
(Tables 2, 3). Chromosome associations in hybrids be-
tween A. ipaensis and both the A and B genome tester
species showed similar frequencies of bivalents (Ta-
ble 3). Previous analyses using molecular markers of
Arachis species (Kochert et al. 1991; Tallury et al. 2001;
Milla et al. 2005) suggested that A4. ipaensis is genetically
different from the B genome species, 4. batizocoi. In
contrast, the #rnT-F study showed A. ipaensis nested
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within the B genome lineage and that it lacks the indels
characteristic of the A genome species (Table 4). On the
other hand, 4. williamsii appeared in a polytomy at the
base of the D-genome species in the in #rnT-F tree, but
the 69% bootstrap support is not conclusive of its D-
genome affinity. Cytogenetic data show mean chromo-
some pairing of 7.3 II in hybrids between A. williamsii
and the A genome tester species and 5.8 II in the hybrid
with the B genome tester. These two values do not point
to a B genome affinity for A. williamsii. In contrast,
AFLP analysis grouped A. ipaensis and A. williamsii into
a tight cluster that is closely associated with 4. hypogaea
(Fig. 1). Both species have been proposed as genomic
donors to A. hypogaea (Kochert et al. 1996; Krapovic-
kas, personal communication (2001); Tallury et al.
2001). Nevertheless, additional crosses of these two
species with other B and D genome species accessions
may clarify the genomic grouping of these two species.

Among the A. batizocoi (B-genome tester) crosses, A.
batizocoi X A. cruziana produced pods with normal
seeds, whereas A. duranensis X A. cruziana resulted in
aborted seeds. Therefore, cytogenetic information pro-
vides strong evidence for A. cruziana as a B-genome
species. The #rnT-F data unequivocally resolved the
placement of A. cruziana within the B genome group and
points to a strong phylogenetic relationship with A.
batizocoi (BS 96%). In the AFLP dendrogram, A. cru-
ziana was linked to the A. batizocoi and A. glandulifera
cluster. These results are in agreement with the cross-
ability-based suggestion of Simpson et al. (1997) that A.
cruziana contains the B genome.

The phylogenetic analysis of the trnT-F region in the
hybrids and their parental species demonstrates the
maternal inheritance of the plastid genome in Arachis.
Because the chloroplast genome is maternally inherited,
the trnT-F phylogram represents the maternal tree. As a
result, none of the B or D genome species evaluated
appears to be a potential maternal donor of A. hypo-
gaea, as the latter was nested in the A genome clade. The
trnT-F results clearly demonstrate closer affinities be-
tween the B and D genome species and their relative
distinctness from the A genome species. This is well
demonstrated by the long branch between the A genome
lineage and the node leading to the B and D genome
lineages. This relationship is supported not only by the
ML analysis but also by the presence of structural
changes (discussed above) in the #rnT-F region that are
synapomorphic to the B and D genomes (Table 4). The
strong grouping revealed by the AFLP markers (SC
0.92; Fig. 1) of A. batizocoi (B genome) with A. glan-
dulifera (D genome) provides further support for the
close genetic relationships between these genomes.
However, the branch length separating the three-genome
groups shows that the node separating the A genome
lineage from the others is long, and those leading to the
B and D genome lineages are relatively short. In addi-
tion, the bootstrap values supporting these two lineages
(83 and 69%) are moderate to low whereas the A lincage
is supported by 100%. Therefore, although the A

genome group appears well diverged, the B and D ge-
nomes are less differentiated from each other.

Although crossability, male fertility and chromo-
somal associations provided clarification of section
Arachis genome affinities, there remain several problem
arcas because of failure to obtain hybrids or sterility.
This may be due to a genetic control mechanism that
regulates crossability as was reported in wheat (Riley
and Chapman 1967), a possibility that is worth investi-
gating in Arachis. In triticale and rye crosses, the
maternal genotype, which influences the rate of cross-
ability and possible meiotic disturbances occurring in
particular genotypic backgrounds, can reduce the
hybridization frequencies (Guedes-Pinto et al. 2001).
Unfortunately, reciprocal crosses were not made in the
present study. Further, sterility of hybrids could be due
to genetic factors such as cryptic structural differentia-
tion of genomes rather than to a total genome diver-
gence.

Unlike cytogenetic approaches, molecular informa-
tion from AFLP and #rnT-F is not influenced by genetic
control mechanisms. The trnT-F phylogram represents a
maternal relationship whereas the AFLP dendrogram
represents the biparental pattern. The mode of inheri-
tance, the type of characters scored, and the phenetic
analysis of the AFLP data versus the phylogenetic
analysis of the #rnT-F characters may account for some
of the discrepancies between the two approaches.

When combined, the three approaches used in this
study have provided valuable insight into the genomic
identities and species relationships in section Arachis.
For instance, the data supported earlier observations
of the A genome identities of 4. kempff-mercadoi, A.
herzogii, and A. kuhlmannii, and the B genomic com-
position of A. cruziana. The trnT-F data clearly show
that the B and D genomes are more related to each
other than to the A genome. The #nT-F plastid se-
quences also provided genome-specific markers and
fingerprints of section Arachis species. The appearance
of the two aneuploid species A. praecox and A. pa-
lustris sister to the B and D genome lineage in the
trnT-F analysis needs further investigation to deter-
mine the exact pattern of chromosome and genome
evolution in section Arachis.
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